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METHODS AND COMPOSITIONS FOR MODULATING A GENOME

RELATED APPLICATIONS

This application claims priority to U.S. Serial No.: 63/241,931 filed September 8, 2021, the

entire contents of each of which is incorporated herein by reference.

SEQUENCE LISTING
The instant application contains a Sequence Listing which has been submitted
electronically in XML format and is hereby incorporated by reference in its entirety. Said XML
copy, created on September 8, 2021, is named V2065-7020WO_SL.xml and is 11,288,576 bytes

in size.

BACKGROUND

Integration of a nucleic acid of interest into a genome occurs at low frequency and with
little site specificity, in the absence of a specialized protein to promote the insertion event. Some
existing approaches, like CRISPR/Cas9, are more suited for small edits that rely on host repair
pathways, and are less effective at integrating longer sequences. Other existing approaches, like
Cre/loxP, require a first step of inserting a 10xP site into the genome and then a second step of
inserting a sequence of interest into the loxP site. There is a need in the art for improved
compositions (e.g., proteins and nucleic acids) and methods for inserting, altering, or deleting

sequences of interest in a genome.

SUMMARY OF THE INVENTION
This disclosure relates to novel compositions, systems and methods for altering a genome
at one or more locations in a host cell, tissue or subject, in vivo or in vitro. In particular, the
invention features compositions, systems and methods for inserting, altering, or deleting
sequences of interest in a host genome. For example, the disclosure provides systems that are
capable of modulating (e.g., inserting, altering, or deleting sequences of interest) gene activity
and methods of treating disease by administering one or more such systems to alter a genomic

sequence at a nucleotide to correct a pathogenic mutation causing the disease.
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Features of the compositions or methods can include one or more of the following

enumerated embodiments.

1. A gene moditying polypeptide comprising:

a DNA binding domain (DBD) that binds to a target nucleic acid sequence and

a polymerase (Pol) domain of Table 1 or 23, or a sequence having at least 70%, 75%,
80%, 85%, 90%, 95%, 97%, 98%, or 99% identity thereto,

wherein the DBD is heterologous to the Pol domain; and

a linker disposed between the Pol domain and the DBD.

2. A gene modifying polypeptide comprising:

a Cas domain (e.g., a Cas nickase domain, e.g., a Cas9 nickase domain);

a polymerase (Pol) domain of Table 1 or 23, or a sequence having at least 70%, 75%,
80%, 85%, 90%, 95%, 97%, 98%, or 99% identity thereto, wherein the Pol domain is C-terminal
of the Cas domain; and

a linker disposed between the Pol domain and the Cas domain.

3. The gene modifying polypeptide of embodiment 1 or 2, wherein the linker has a sequence
from Table 6, or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, or
99% identity thereto.

4. The gene modifying polypeptide of preceding embodiments, wherein the Pol domain has

a sequence with at least 90% identity to the Pol domain of Table 1 or 23.

5. The gene modifying polypeptide of any of the preceding embodiments, wherein the Pol

domain has a sequence with at least 95% identity to the Pol domain of Table 1 or 23.

6. The gene modifying polypeptide of any of the preceding embodiments, wherein the Pol

domain has a sequence with at least 98% identity to the Pol domain of Table 1 or 23.

7. The gene modifying polypeptide of any of the preceding embodiments, wherein the Pol

domain has a sequence with at least 99% identity to the Pol domain of Table 1 or 23.
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8. The gene modifying polypeptide of any of the preceding embodiments, wherein the Pol
domain has a sequence with 100% identity to the Pol domain of Table 1 or 23.

9. The gene modifying polypeptide of any of the preceding embodiments, wherein the

linker has a sequence with at least 90% identity to the linker sequence from Table 6.

10.  The gene modifying polypeptide of any of the preceding embodiments, wherein the

linker has a sequence with at least 95% identity to the linker sequence from Table 6.

11.  The gene modifying polypeptide of any of the preceding embodiments, wherein the

linker has a sequence with at least 97% identity to the linker sequence from Table 6.

12.  The gene modifying polypeptide of any of the preceding embodiments, wherein the

linker has a sequence with 100% identity to the linker sequence from Table 6.

13.  The gene modifying polypeptide of any of the preceding embodiments, wherein the Cas
domain comprises a sequence of Table 4, or a sequence having at least 70%, 75%, 80%, 85%,

90%, 95%, 98%, or 99% identity thereto.

14.  The gene modifying polypeptide of any of the preceding embodiments, wherein the Cas

domain is a Cas nickase domain.

15.  The gene modifying polypeptide of any of the preceding embodiments, wherein the Cas

domain is a Cas9 nickase domain.

16.  The gene modifying polypeptide of any of the preceding embodiments, wherein the Cas

domain comprises an N863 A mutation.

17.  The gene modifying polypeptide of any of the preceding embodiments, which comprises
an NLS, e.g., wherein the gene modifying polypeptide comprises two NLSs.

(98]
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18.  The gene modifying polypeptide of any of the preceding embodiments, which comprises
an NLS N-terminal of the Cas9 domain.

19.  The gene modifying polypeptide of any of the preceding embodiments, which comprises
an NLS C-terminal of the Pol domain.

20.  The gene modifying polypeptide of any of the preceding embodiments, which comprises
a first NLS which is N-terminal of the Cas9 domain and a second NLS which is C-terminal of

the Pol domain.

21.  Anucleic acid (e.g., DNA or RNA, e.g., mRNA) encoding the gene modifying
polypeptide of any of the preceding embodiments.

22. A cell comprising the gene modifying polypeptide of any of embodiments 1-20 or the

nucleic acid of embodiment 21.

23. A system comprising:
i) the gene modifying polypeptide of any of embodiments 1-20, and
i1) a template nucleic acid (e.g., a template RNA) that comprises:

a) a gRNA spacer that is complementary to a portion a target nucleic acid
sequence;
b) a gRNA scaffold that binds the Cas domain of the gene modifying polypeptide;

¢) a heterologous object sequence; and

d) a primer binding site sequence (PBS sequence).

24.  The system of embodiment 23, wherein the template nucleic acid comprises RNA.

25.  The system of embodiment 23 or 24, wherein the template nucleic acid comprises DNA.
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26.  The system of any of embodiments 23-25, wherein the gRNA spacer and the gRNA
scaffold comprise RNA.

27.  The system of any of embodiments 23-26, wherein the heterologous object sequence

comprises DNA and PBS sequence comprise RNA.

28.  The system of any of embodiments 23-26, wherein the heterologous object sequence and

PBS sequence comprise DNA.

29. A method for modifying a target nucleic acid in a cell (e.g., a human cell), the method
comprising contacting the cell with the system of any of embodiments 23-28, or nucleic acid
encoding the same, thereby modifying the target nucleic acid.
30. A method for treating a subject having a disease or condition associated with a genetic
defect, the method comprising:

administering to the subject a system, polypeptide, template RNA or DNA encoding the
same of any of the preceding embodiments, thereby treating the subject having a disease or

condition associated with a genetic defect.

31.  The method of embodiment 30 wherein the disease or condition associated with a genetic
defect is an indication listed in any of Tables 12-15 and/or wherein the genetic defect is a defect

in a gene listed in any of Tables 12-15.
32. The method of embodiment 30 or 31, wherein the subject is a human patient.

In one aspect, the disclosure relates to a system for modifying a gene comprising (a) a
nucleic acid encoding a gene modifying polypeptide capable of target primed reverse
transcription, the polypeptide comprising (i) a polymerase (Pol) domain and (ii) a Cas9 nickase
that binds DNA and has endonuclease activity, and (b) a template RNA, DNA, or a hybrid
having both ribonucleotide and deoxyribonucleotide residues in the same strand comprising (i) a
gRNA spacer that is complementary to a first portion of the target gene, (ii) a gRNA scaffold that

binds the polypeptide, (iii) a heterologous object sequence comprising a mutation region to
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modify the gene, and (iv) a primer binding site (PBS) sequence comprising at least 3, 4, 5, 6, 7,
or 8 bases of 100% homology to a target DNA strand at the 3" end of the template RNA.

The gRNA spacer may comprise at least 15 bases of 100% homology to the target DNA
at the 5" end of the template RNA. The template RNA may further comprise a PBS sequence
comprising at least 5 bases of at least 80% homology to the target DNA strand. The template
RNA may comprise one or more chemical modifications.

The domains of the gene modifying polypeptide may be joined by a peptide linker. The
polypeptide may comprise one or more peptide linkers. The gene modifying polypeptide may
further comprise a nuclear localization signal. The polypeptide may comprise more than one
nuclear localization signal, e.g., multiple adjacent nuclear localization signals or one or more
nuclear localization signals in different regions of the polypeptide, e.g., one or more nuclear
localization signals in the N-terminus of the polypeptide and one or more nuclear localization
signals in the C-terminus of the polypeptide. The nucleic acid encoding the gene modifying
polypeptide may encode one or more intein domains.

Introduction of the system into a target cell may result in insertion of at least 1, 2, 3, 4, 5,

10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 500, or 1000
base pairs of exogenous DNA. Introduction of the system into a target cell may result in
deletion, wherein the deletion is less than 2, 3, 4, 5, 10, 50, or 100 base pairs of genomic DNA,
upstream or downstream of the insertion. Introduction of the system into a target cell may result
in substitution, e.g., substitution of 1, 2, or 3 nucleotides, e.g., consecutive nucleotides.

The heterologous object sequence may be at least 5, 10, 25, 50, 100, 150, 200, 250, 300,
400, 500, 600, or 700 base pairs.

In one aspect, the disclosure relates to a pharmaceutical composition comprising the
system described above and a pharmaceutically acceptable excipient or carrier, wherein the
pharmaceutically acceptable excipient or carrier is selected from the group consisting of a
plasmid vector, a viral vector, a vesicle, and a lipid nanoparticle. In one aspect, the disclosure
relates to a pharmaceutical composition comprising the system described above and multiple
pharmaceutically acceptable excipients or carriers, wherein the pharmaceutically acceptable
excipients or carriers are selected from the group consisting of a plasmid vector, a viral vector, a

vesicle, and a lipid nanoparticle, e.g., where the system described above is delivered by two
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distinct excipients or carriers, e.g., two lipid nanoparticles, two viral vectors, or one lipid
nanoparticle and one viral vector. The viral vector may be an adeno-associated virus (AAV).

In one aspect, the disclosure relates to a host cell (e.g., a mammalian cell, e.g., a human
cell) comprising the system described above.

In one aspect, the disclosure relates to a method of correcting a mutation in the human
gene in a cell, tissue or subject, the method comprising administering the system described above
to the cell, tissue or subject. The system may be introduced in vivo, in vitro, ex vivo, or in situ.
The nucleic acid of (2) may be integrated into the genome of the host cell. In some
embodiments, the nucleic acid of (a) is not integrated into the genome of the host cell. In some
embodiments, the heterologous object sequence is inserted at only one target site in the host cell
genome. The heterologous object sequence may be inserted at two or more target sites in the
host cell genome, e.g., at the same corresponding site in two homologous chromosomes or at two
different sites on the same or different chromosomes. The heterologous object sequence may
encode a mammalian polypeptide, or a fragment or a variant thereof. The components of the
system may be delivered on 1, 2, 3, 4, or more distinct nucleic acid molecules. The system may
be introduced into a host cell by electroporation or by using at least one vehicle selected from a

plasmid vector, a viral vector, a vesicle, and a lipid nanoparticle.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 depicts a gene modifying system as described herein. The left hand diagram shows the
gene modifying polypeptide, which comprises a Cas nickase domain (e.g., spCas9 N863A) and a
Pol domain which are linked by a linker. The right hand diagram shows the template nucleic
acid which comprises, from 5'to 3', a gRNA spacer, a gRNA scaffold, a heterologous object
sequence, and a primer binding site sequence (PBS sequence). The heterologous object
sequence can comprise a mutation region that comprises one or more sequence differences
relative to the target site. The heterologous object sequence can also comprise a pre-edit
homology region and a post-edit homology region, which flank the mutation region. Without
wishing to be bound by theory, it is thought that the gRNA spacer of the template nucleic acid
binds to the second strand of a target site in the genome, and the gRNA scaffold of the template
nucleic acid binds to the gene modifying polypeptide, e.g., localizing the gene modifying
polypeptide to the target site in the genome. It is thought that the Cas domain of the gene
modifying polypeptide nicks the target site (e.g., the first strand of the target site), e.g., allowing
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the PBS sequence to bind to a sequence adjacent to the site to be altered on the first strand of the
target site. It is thought that the Pol domain of the gene modifying polypeptide uses the first
strand of the target site that is bound to the complementary sequence comprising the PBS
sequence of the template nucleic acid as a primer and the heterologous object sequence of the
template nucleic acid as a template to, e.g., polymerize a sequence complementary to the
heterologous object sequence. Without wishing to be bound by theory, it is thought that DNA
polymerization can then proceed through the pre-edit homology region, then through the
mutation region, and then through the post-edit homology region, thereby producing a DNA

strand comprising a mutation specified by the heterologous object sequence.
FIG. 2 is a diagram showing exemplary truncations of a human DNA polymerase theta.

FIGS. 3A-3B are a series of graphs showing editing activity by Cas-Pol gene modifying
polypeptides for the indicated template nucleic acid molecules in HEK293 cells (FIG. 3A) and
U208 cells (FIG. 3B).

DETAILED DESCRIPTION

Definitions
The term “expression cassetie,” as used berein, refers o a nucleic acid construct

comprising nucleic acid elements sufficient for the expression of the nucleic acid molecule of the

ustant invention,

A “gRNA spacer,” as used herein, refers to a portion of a nucleic acid that has
complementarity to a target nucleic acid and can, together with a gRNA scaffold, target a Cas
protein to the target nucleic acid.

A “gRNA scaffold,” as used herein, refers to a portion of a nucleic acid that can bind a
Cas protein and can, together with a gRNA spacer, target the Cas protein to the target nucleic
acid. In some embodiments, the gRNA scaffold comprises a crRNA sequence, tetraloop, and
tractRNA sequence.

A “gene modifying polypeptide,” as used herein, refers to a polypeptide comprising a
polymerase or retroviral reverse transcriptase, or a polypeptide comprising an amino acid
sequence having at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% amino acid

sequence identity to a polymerase or retroviral reverse transcriptase, which is capable of
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integrating a nucleic acid sequence (e.g., a sequence provided on a template nucleic acid) into a
target DNA molecule (e.g., in a mammalian host cell, such as a genomic DNA molecule in the
host cell). In some embodiments, the gene modifying polypeptide is capable of integrating the
sequence substantially without relying on host machinery. In some embodiments, the gene
modifying polypeptide integrates a sequence into a random position in a genome, and in some
embodiments, the gene modifying polypeptide integrates a sequence into a specific target site. In
some embodiments, a gene modifying polypeptide includes one or more domains that,
collectively, facilitate 1) binding the template nucleic acid, 2) binding the target DNA molecule,
and 3) facilitate integration of the at least a portion of the template nucleic acid into the target
DNA. Gene modifying polypeptides include both naturally occurring polypeptides as well as
engineered variants of the foregoing, e.g., having one or more amino acid substitutions to the
naturally occurring sequence. Gene modifying polypeptides also include heterologous
constructs, e.g., where one or more of the domains recited above are heterologous to each other,
whether through a heterologous fusion (or other conjugate) of otherwise wild-type domains, as
well as fusions of modified domains, e.g., by way of replacement or fusion of a heterologous
sub-domain or other substituted domain. Exemplary gene modifying polypeptides, and systems
comprising them and methods of using them, that can be used in the methods provided herein are
described, e.g., in PCT/US2021/020948, which is incorporated herein by reference with respect
to gene modifying polypeptides that comprise a retroviral reverse transcriptase domain. In some
embodiments, a gene modifying polypeptide integrates a sequence into a gene. In some
embodiments, a gene modifying polypeptide integrates a sequence into a sequence outside of a
gene. A “gene modifying system,” as used herein, refers to a system comprising a gene

modifying polypeptide and a template nucleic acid.

The term “domain” as used herein refers to a structure of a biomolecule that contributes
to a specified function of the biomolecule. A domain may comprise a contiguous region (e.g., a
contiguous sequence) or distinct, non-contiguous regions (e.g., non-contiguous sequences) of a
biomolecule. Examples of protein domains include, but are not limited to, an endonuclease
domain, a DNA binding domain, a polymerase (Pol) domain, a recruitment domain, a reverse
transcription domain; an example of a domain of a nucleic acid is a regulatory domain, such as a

transcription factor binding domain. In some embodiments, a domain (e.g., a Cas domain) can
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comprise two or more smaller domains (e.g., a DNA binding domain and an endonuclease
domain).

As used herein, the term “exogenous,” when used with reference to a biomolecule (such
as a nucleic acid sequence or polypeptide) means that the biomolecule was introduced into a host
genome, cell or organism by the hand of man. For example, a nucleic acid that is as added into
an existing genome, cell, tissue or subject using recombinant DNA techniques or other methods
is exogenous to the existing nucleic acid sequence, cell, tissue or subject.

As used herein, “first strand” and “second strand,” as used to describe the individual
DNA strands of target DNA, distinguish the two DNA strands based upon which strand a Pol
domain initiates polymerization, e.g., based upon where target primed synthesis initiates. The
first strand refers to the strand of the target DNA upon which a Pol domain initiates
polymerization, e.g., where target primed synthesis initiates. The second strand refers to the
other strand of the target DNA. First and second strand designations do not describe the target
site DNA strands in other respects; for example, in some embodiments the first and second
strands are nicked by a polypeptide described herein, but the designations “first’ and ‘second’
strand have no bearing on the order in which such nicks occur.

A “genomic safe harbor site” (GSH site) is a site in a host genome that is able to
accommodate the integration of new genetic material, e.g., such that the inserted genetic element
does not cause significant alterations of the host genome posing a risk to the host cell or
organism. A GSH site generally meets 1,2, 3,4, 5, 6, 7, 8 or 9 of the following criteria: (i) is
located >300kb from a cancer-related gene; (ii) is >300kb from a miRNA/other functional small
RNA; (iii) is >50kb from a 5" gene end; (iv) is >50kb from a replication origin; (v) is >50kb
away from any ultraconservered element; (vi) has low transcriptional activity (i.e. no mRNA +/-
25 kb); (vii) is not in a copy number variable region; (viii) is in open chromatin; and/or (ix) is
unique, with 1 copy in the human genome. Examples of GSH sites in the human genome that
meet some or all of these criteria include (i) the adeno-associated virus site 1 (AAVS1), a
naturally occurring site of integration of AAV virus on chromosome 19; (i1) the chemokine (C-C
motif) receptor S (CCRS) gene, a chemokine receptor gene known as an HIV-1 coreceptor; (iii)
the human ortholog of the mouse Rosa26 locus; (iv) the ribosomal DNA (“rDNA”) locus.
Additional GSH sites are known and described, e.g., in Pellenz et al. epub August 20, 2018
(https://doi.org/10.1101/396390).

10
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The term “heterologous,” as used herein to describe a first element in reference to a
second element means that the first element and second element do not exist in nature disposed
as described. For example, a heterologous polypeptide, nucleic acid molecule, construct or
sequence refers to (a) a polypeptide, nucleic acid molecule or portion of a polypeptide or nucleic
acid molecule sequence that is not native to a cell in which it is expressed, (b) a polypeptide or
nucleic acid molecule or portion of a polypeptide or nucleic acid molecule that has been altered
or mutated relative to its native state, or (¢) a polypeptide or nucleic acid molecule with an
altered expression as compared to the native expression levels under similar conditions. For
example, a heterologous regulatory sequence (e.g., promoter, enhancer) may be used to regulate
expression of a gene or a nucleic acid molecule in a way that is different than the gene or a
nucleic acid molecule is normally expressed in nature. In another example, a heterologous
domain of a polypeptide or nucleic acid sequence (e.g., a DNA binding domain of a polypeptide
or nucleic acid encoding a DNA binding domain of a polypeptide) may be disposed relative to
other domains or may be a different sequence or from a different source, relative to other
domains or portions of a polypeptide or its encoding nucleic acid. In certain embodiments, a
heterologous nucleic acid molecule may exist in a native host cell genome, but may have an
altered expression level or have a different sequence or both. In other embodiments,
heterologous nucleic acid molecules may not be endogenous to a host cell or host genome but
instead may have been introduced into a host cell by transformation (e.g., transfection,
electroporation), wherein the added molecule may integrate into the host genome or can exist as
extra-chromosomal genetic material either transiently (e.g., mRNA) or semi-stably for more than
one generation (e.g., episomal viral vector, plasmid or other self-replicating vector).

As used herein, “insertion” of a sequence into a target site refers to the net addition of
DNA sequence at the target site, e.g., where there are new nucleotides in the heterologous object
sequence with no cognate positions in the unedited target site. In some embodiments, a
nucleotide alignment of the PBS sequence and heterologous object sequence to the target nucleic
acid sequence would result in an alignment gap in the target nucleic acid sequence.

As used herein, a “deletion” generated by a heterologous object sequence in a target site
refers to the net deletion of DNA sequence at the target site, e.g., where there are nucleotides in
the unedited target site with no cognate positions in the heterologous object sequence. In some

embodiments, a nucleotide alignment of the PBS sequence and heterologous object sequence to
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the target nucleic acid sequence would result in an alignment gap in the molecule comprising the

PBS sequence and heterologous object sequence.

The term “inverted terminal repeats” or “ITRs” as used herein refers to AAV viral cis-
elements named so because of their symmetry. These elements promote efficient multiplication
of an AAV genome. Itis hypothesized that the minimal elements for ITR function are a Rep-
binding site (RBS; 5'-GCGCGCTCGCTCGCTC-3" for AAV2) and a terminal resolution site
(TRS; 5-AGTTGG-3" for AAV2) plus a variable palindromic sequence allowing for hairpin
formation. According to the present invention, an ITR comprises at least these three elements
(RBS, TRS, and sequences allowing the formation of a hairpin). In addition, in the present
invention, the term “ITR” refers to ITRs of known natural AAV serotypes (e.g. ITR of a serotype
1,2,3,4,5,6,7,8,9, 10 or 11 AAV), to chimeric ITRs formed by the fusion of ITR elements
derived from different serotypes, and to functional variants thereof. “Functional variant” refers
to a sequence presenting a sequence identity of at least 80%, 85%, 90%, preferably of at least
95% with a known ITR and allowing multiplication of the sequence that includes said ITR in the
presence of Rep proteins.

The term “mutation region,” as used herein, refers to a region in a template nucleic acid
having one or more sequence difference relative to the corresponding sequence in a target
nucleic acid. The sequence difference may comprise, for example, a substitution, insertion,
frameshift, or deletion.

The term “mutated” when applied to nucleic acid sequences means that nucleotides in a
nucleic acid sequence are inserted, deleted, or changed compared to a reference (e.g., native)
nucleic acid sequence. A single alteration may be made at a locus (a point mutation), or multiple
nucleotides may be inserted, deleted, or changed at a single locus. In addition, one or more
alterations may be made at any number of loci within a nucleic acid sequence. A nucleic acid
sequence may be mutated by any method known in the art.

“Nucleic acid molecule” refers to both RNA and DNA molecules including, without
limitation, complementary DNA (“cDNA”), genomic DNA (“gDNA”), and messenger RNA
(“mRNA”), and also includes synthetic nucleic acid molecules, such as those that are chemically
synthesized or recombinantly produced, such as RNA templates, as described herein. The
nucleic acid molecule can be double-stranded or single-stranded, circular, or linear. If

single-stranded, the nucleic acid molecule can be the sense strand or the antisense strand. Unless
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otherwise indicated, and as an example for all sequences described herein under the general
format “SEQ ID NO:,” “nucleic acid comprising SEQ ID NO:1” refers to a nucleic acid, at least
a portion which has either (i) the sequence of SEQ ID NO:1, or (ii) a sequence complimentary to
SEQ ID NO:1. The choice between the two is dictated by the context in which SEQ ID NO:1 is
used. For instance, if the nucleic acid is used as a probe, the choice between the two is dictated
by the requirement that the probe be complementary to the desired target. Nucleic acid
sequences of the present disclosure may be modified chemically or biochemically or may contain
non-natural or derivatized nucleotide bases, as will be readily appreciated by those of skill in the
art. Such modifications include, for example, labels, methylation, substitution of one or more
naturally occurring nucleotides with an analog, inter-nucleotide modifications such as uncharged
linkages (for example, methyl phosphonates, phosphotriesters, phosphoramidates, carbamates,
etc.), charged linkages (for example, phosphorothioates, phosphorodithioates, etc.), pendant
moieties, (for example, polypeptides), intercalators (for example, acridine, psoralen, etc.),
chelators, alkylators, and modified linkages (for example, alpha anomeric nucleic acids, etc.).
Also included are chemically modified bases (see, for example, Table 9, infra), backbones (see,
for example, Table 10, infra), and modified caps (see, for example, Table 11, infra). Also
included are synthetic molecules that mimic polynucleotides in their ability to bind to a
designated sequence via hydrogen bonding and other chemical interactions. Such molecules are
known in the art and include, for example, those in which peptide linkages substitute for
phosphate linkages in the backbone of a molecule, e.g., peptide nucleic acids (PNAs). Other
modifications can include, for example, analogs in which the ribose ring contains a bridging
moiety or other structure such as modifications found in “locked” nucleic acids (LNAs). In
various embodiments, the nucleic acids are in operative association with additional genetic
elements, such as tissue-specific expression-control sequence(s) (e.g., tissue-specific promoters
and tissue-specific microRNA recognition sequences), as well as additional elements, such as
inverted repeats (e.g., inverted terminal repeats, such as elements from or derived from viruses,
e.g., AAV ITRs) and tandem repeats, inverted repeats/direct repeats, homology regions
(segments with various degrees of homology to a target DNA), untranslated regions (UTRs) (5,
3", or both 5" and 3" UTRs), and various combinations of the foregoing. The nucleic acid
elements of the systems provided by the invention can be provided in a variety of topologies,

including single-stranded, double-stranded, circular, linear, linear with open ends, linear with
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closed ends, and particular versions of these, such as doggybone DNA (dbDNA), closed-ended
DNA (ceDNA).

As used herein, a “gene expression unit” is a nucleic acid sequence comprising at least
one regulatory nucleic acid sequence operably linked to at least one effector sequence. A first
nucleic acid sequence is operably linked with a second nucleic acid sequence when the first
nucleic acid sequence is placed in a functional relationship with the second nucleic acid
sequence. For instance, a promoter or enhancer is operably linked to a coding sequence if the
promoter or enhancer affects the transcription or expression of the coding sequence. Operably
linked DNA sequences may be contiguous or non-contiguous. Where necessary to join two
protein-coding regions, operably linked sequences may be in the same reading frame.

The terms “host genome” or “host cell,” as used herein, refer to a cell and/or its genome
into which protein and/or genetic material has been introduced. It should be understood that
such terms are intended to refer not only to the particular subject cell and/or genome, but to the
progeny of such a cell and/or the genome of the progeny of such a cell. Because certain
modifications may occur in succeeding generations due to either mutation or environmental
influences, such progeny may not, in fact, be identical to the parent cell, but are still included
within the scope of the term “host cell” as used herein. A host genome or host cell may be an
isolated cell or cell line grown in culture, or genomic material isolated from such a cell or cell
line, or may be a host cell or host genome which composing living tissue or an organism. In
some instances, a host cell may be an animal cell or a plant cell, e.g., as described herein. In
certain instances, a host cell may be a mammalian cell, a human cell, avian cell, reptilian cell,
bovine cell, horse cell, pig cell, goat cell, sheep cell, chicken cell, or turkey cell. In certain
instances, a host cell may be a corn cell, soy cell, wheat cell, or rice cell.

As used herein, “operative association” describes a functional relationship between two
nucleic acid sequences, such as a 1) promoter and 2) a heterologous object sequence, and means,
in such example, the promoter and heterologous object sequence (e.g., a gene of interest) are
oriented such that, under suitable conditions, the promoter drives expression of the heterologous
object sequence. For instance, a template nucleic acid carrying a promoter and a heterologous
object sequence may be single-stranded, e.g., either the (+) or (-) orientation. An “operative
association” between the promoter and the heterologous object sequence in this template means

that, regardless of whether the template nucleic acid will be transcribed in a particular state,
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when it is in the suitable state (e.g., is in the (+) orientation, in the presence of required catalytic
factors, and NTPs, etc.), it is accurately transcribed. Operative association applies analogously
to other pairs of nucleic acids, including other tissue-specific expression control sequences (such
as enhancers, repressors and microRNA recognition sequences), IR/DR, ITRs, UTRs, or
homology regions and heterologous object sequences or sequences encoding a retroviral RT
domain.

The term “primer binding site sequence” or “PBS sequence,” as used herein, refers to a
portion of a template nucleic acid capable of binding to a region comprised in a target nucleic
acid sequence. In some instances, a PBS sequence is a nucleic acid sequence comprising at least
3,4,5,6,7, or 8 bases with 100% identity to the region comprised in the target nucleic acid
sequence. In some embodiments the primer region comprises at least 5, 6, 7, 8 bases with 100%
identity to the region comprised in the target nucleic acid sequence. Without wishing to be
bound by theory, in some embodiments when a template nucleic acid comprises a PBS sequence
and a heterologous object sequence, the PBS sequence binds to a region comprised in a target
nucleic acid sequence, allowing a Pol domain to use that region as a primer for DNA
polymerization, and to use the heterologous object sequence as a template.

As used herein, a “stem-loop sequence” refers to a nucleic acid sequence (e.g., RNA
sequence) with sufficient self-complementarity to form a stem-loop, e.g., having a stem
comprising at least two (e.g., 3,4, 5, 6, 7, 8, 9, or 10) base pairs, and a loop with at least three
(e.g., four) base pairs. The stem may comprise mismatches or bulges.

As used herein, a “tissue-specific expression-control sequence” means nucleic acid
elements that increase or decrease the level of a transcript comprising the heterologous object
sequence in a target tissue in a tissue-specific manner, e.g., preferentially in on-target tissue(s),
relative to off-target tissue(s). In some embodiments, a tissue-specific expression-control
sequence preferentially drives or represses transcription, activity, or the half-life of a transcript
comprising the heterologous object sequence in the target tissue in a tissue-specific manner, e.g.,
preferentially in an on-target tissue(s), relative to an off-target tissue(s). Exemplary tissue-
specific expression-control sequences include tissue-specific promoters, repressors, enhancers, or
combinations thereof, as well as tissue-specific microRNA recognition sequences. Tissue
specificity refers to on-target (tissue(s) where expression or activity of the template nucleic acid

is desired or tolerable) and off-target (tissue(s) where expression or activity of the template
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nucleic acid is not desired or is not tolerable). For example, a tissue-specific promoter drives
expression preferentially in on-target tissues, relative to off-target tissues. In contrast, a
microRNA that binds the tissue-specific microRNA recognition sequences is preferentially
expressed in off-target tissues, relative to on-target tissues, thereby reducing expression of a
template nucleic acid in off-target tissues. Accordingly, a promoter and a microRNA recognition
sequence that are specific for the same tissue, such as the target tissue, have contrasting functions
(promote and repress, respectively, with concordant expression levels, i.e., high levels of the
microRNA in off-target tissues and low levels in on-target tissues, while promoters drive high
expression in on-target tissues and low expression in off-target tissues) with regard to the

transcription, activity, or half-life of an associated sequence in that tissue.
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Introduction

This disclosure relates to compositions, systems, and methods for targeting, editing,
modifying, or manipulating a DNA sequence (e.g., inserting a heterologous object sequence into
a target site of a mammalian genome) at one or more locations in a DNA sequence in a cell,
tissue or subject, e.g., in vivo, or in vitro. The heterologous object DNA sequence may include,
e.g., a substitution, a deletion, an insertion, e.g., a coding sequence, a regulatory sequence, or a
gene expression unit.

More specifically, the disclosure provides DNA polymerase (Pol) based systems for
altering a genomic DNA sequence of interest, e.g., by inserting, deleting, or substituting one or
more nucleotides into/from the sequence of interest.

Fusions of a Cas9-related functionality to a polymerase functionality may be used to
drive modifications to genomic DNA. The polymerase functionality may be, e.g., a DNA
polymerase that synthesizes DNA from a nucleic acid template. The nucleic acid template may
be, for example, DNA or RNA. In the case of a DNA polymerase that can use an RNA template,
e.g., an RNA-dependent DNA polymerase, e.g., a reverse transcriptase, the gene modifying
polypeptide component may be provided with a template RNA such as described above. One

such example is DNA polymerase 6 (encoded by POLQ, the polypeptide product of which may

17



10

15

20

25

WO 2023/039407 PCT/US2022/076024

be referred to herein as “POLQ” or “Pol6”), a eukaryotic DNA polymerase that has been shown
to use either DNA or RNA as a template. Chandramouly et al. 2021 (DOI:
10.1126/sciadv.abf1771). A Cas9 functionality fused (optionally through a linker) to POLQ (or
a component of POLQ) can therefore be used as a driver for genome modification when
administered to an organism or to cells with a template RNA that targets the genomic site desired
for modification (via the gRNA spacer), recruits the Cas9 functionality (via the gRNA scaffold),
and primes and templates DNA synthesis (via the template RNA).

The disclosure provides, in part, gene modifying systems comprising a gene modifying
polypeptide component and a template nucleic acid (e.g., template RNA) component. In some
embodiments, a gene modifying system can be used to introduce an alteration into a target site in
a genome. In some embodiments, the gene modifying polypeptide component comprises a
writing domain (e.g., a reverse transcriptase domain), a DNA-binding domain, and an
endonuclease domain (e.g., nickase domain). In some embodiments, the template nucleic acid
(e.g., template RNA) comprises a sequence (e.g., a gRNA spacer) that binds a target site in the
genome (e.g., that binds to a second strand of the target site), a sequence (e.g., a gRNA scaffold)
that binds the gene modifying polypeptide component, a heterologous object sequence, and a
PBS sequence. Without wishing to be bound by theory, it is thought that the template nucleic
acid (e.g., template RNA) binds to the second strand of a target site in the genome, and binds to
the gene modifying polypeptide component (e.g., localizing the polypeptide component to the
target site in the genome). It is thought that the endonuclease (e.g., nickase) of the gene
modifying polypeptide component cuts the target site (e.g., the first strand of the target site), e.g,,
allowing the PBS sequence to bind to a sequence adjacent to the site to be altered on the first
strand of the target site. It is thought that the writing domain (e.g., reverse transcriptase domain)
of the polypeptide component uses the first strand of the target site that is bound to the
complementary sequence comprising the PBS sequence of the template nucleic acid as a primer
and the heterologous object sequence of the template nucleic acid as a template to, e.g.,
polymerize a sequence complementary to the heterologous object sequence. Without wishing to
be bound by theory, it is thought that selection of an appropriate heterologous object sequence

can result in substitution, deletion, and/or insertion of one or more nucleotides at the target site.
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Gene modifying systems

In some embodiments, a gene modifying system described herein comprises: (A) a gene
modifying polypeptide or a nucleic acid encoding the gene modifying polypeptide, wherein the
gene modifying polypeptide comprises (i) a reverse transcriptase domain, and either (x) an
endonuclease domain that contains DNA binding functionality or (y) an endonuclease domain
and separate DNA binding domain; and (B) a template RNA. A gene moditfying polypeptide, in
some embodiments, acts as a substantially autonomous protein machine capable of integrating a
template nucleic acid sequence into a target DNA molecule (e.g., in a mammalian host cell, such
as a genomic DNA molecule in the host cell), substantially without relying on host machinery.
For example, the gene modifying protein may comprise a DNA-binding domain, a reverse
transcriptase domain, and an endonuclease domain. In some embodiments, the DNA-binding
function may involve an RNA component that directs the protein to a DNA sequence, e.g., a
gRNA spacer. In other embodiments, the gene modifying polypeptide may comprise a reverse
transcriptase domain and an endonuclease domain. The RNA template element of a gene
modifying system is typically heterologous to the gene modifying polypeptide element and
provides an object sequence to be inserted (reverse transcribed) into the host genome. In some
embodiments, the gene modifying polypeptide is capable of target primed reverse transcription.

In some embodiments, the gene modifying polypeptide is capable of second-strand synthesis.

In some embodiments the gene modifying system is combined with a second polypeptide.
In some embodiments, the second polypeptide may comprise an endonuclease domain. In some
embodiments, the second polypeptide may comprise a polymerase domain, e.g., a reverse
transcriptase domain. In some embodiments, the second polypeptide may comprise a DNA-
dependent DNA polymerase domain. In some embodiments, the second polypeptide aids in
completion of the genome edit, e.g., by contributing to second-strand synthesis or DNA repair
resolution.

A functional gene modifying polypeptide can be made up of unrelated DNA binding,
reverse transcription, and endonuclease domains. This modular structure allows combining of
functional domains, e.g., dCas9 (DNA binding), MMLYV reverse transcriptase (reverse
transcription), FokI (endonuclease). In some embodiments, multiple functional domains may

arise from a single protein, e.g., Cas9 or Cas9 nickase (DNA binding, endonuclease).

19



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

In some embodiments, a gene modifying polypeptide includes one or more domains that,
collectively, facilitate 1) binding the template nucleic acid, 2) binding the target DNA molecule,
and 3) facilitate integration of the at least a portion of the template nucleic acid into the target
DNA. In some embodiments, the gene modifying polypeptide is an engineered polypeptide that
comprises one or more amino acid substitutions to a corresponding naturally occurring sequence.
In some embodiments, the gene modifying polypeptide comprises two or more domains that are
heterologous relative to each other, e.g., through a heterologous fusion (or other conjugate) of
otherwise wild-type domains, or well as fusions of modified domains, e.g., by way of
replacement or fusion of a heterologous sub-domain or other substituted domain. For instance,
in some embodiments, one or more of: the RT domain is heterologous to the DBD; the DBD is
heterologous to the endonuclease domain; or the RT domain is heterologous to the endonuclease

domain.

In some embodiments, a template RNA molecule for use in the system comprises, from
5'to 3’ (1) a gRNA spacer; (2) a gRNA scaffold; (3) heterologous object sequence (4) a primer
binding site (PBS) sequence. In some embodiments:

(1) Is a gRNA spacer of ~18-22 nt, e.g., is 20 nt
(2) Is a gRNA scaffold comprising one or more hairpin loops, e.g., 1, 2, of 3 loops for
associating the template with a Cas domain, e.g., a nickase Cas9 domain. In some

embodiments, the gRNA scaffold comprises the sequence, from 5" to 3/,

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT

GAAAAAGTGGGACCGAGTCGGTCC (SEQ ID NO: 4008).

(3) In some embodiments, the heterologous object sequence is, e.g., 7-74, e.g., 10-20, 20-30,

30-40, 40-50, 50-60, 60-70, or 70-80 nt or, 80-90 nt in length. In some embodiments, the

first (most 5') base of the sequence is not C.

(4) In some embodiments, the PBS sequence that binds the target priming sequence after
nicking occurs is e.g., 3-20 nt, e.g., 7-15 nt, e.g., 12-14 nt. In some embodiments, the

PBS sequence has 40-60% GC content.

In some embodiments, a second gRNA associated with the system may help drive
complete integration. In some embodiments, the second gRNA may target a location that is 0-
200 nt away from the first-strand nick, e.g., 0-50, 50-100, 100-200 nt away from the first-strand

nick. In some embodiments, the second gRNA can only bind its target sequence after the edit is
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made, e.g., the gRNA binds a sequence present in the heterologous object sequence, but not in
the initial target sequence.

In some embodiments, a gene modifying system described herein is used to make an edit
in HEK293, K562, U20S, or HeLa cells. In some embodiment, a gene modifying system is used
to make an edit in primary cells, e.g., primary cortical neurons from E18.5 mice.

In some embodiments, a gene modifying polypeptide as described herein comprises a
reverse transcriptase or RT domain (e.g., as described herein) that comprises a MoMLV RT
sequence or variant thereof. In embodiments, the MoMLV RT sequence comprises one or more
mutations selected from D200N, L603W, T330P, T306K, W3 13F, D524G, E562Q, D583N,
PS1L, S67R, E67K, T197A, H204R, E302K, F309N, L435G, N454K, H594Q, D653N, R110S,
and K103L. In embodiments, the MoMLV RT sequence comprises a combination of mutations,
such as D200N, L603W, and T330P, optionally further including T306K and/or W313F.

In some embodiments, an endonuclease domain (e.g., as described herein) comprises
nCAS9, e.g., comprising the H840A mutation.

In some embodiments, the heterologous object sequence (e.g., of a system as described
herein) is about 1-50, 50-100, 100-200, 200-300, 300-400, 400-500, 500-600, 600-700, 700-800
800-900, 900-1000, or more, nucleotides in length.

3

In some embodiments, the RT and endonuclease domains are joined by a flexible linker,
e.g., comprising the amino acid sequence SGGSSGGSSGSETPGTSESATPESSGGSSGGSS
(SEQ ID NO: 4006).

In some embodiments, the endonuclease domain is N-terminal relative to the RT domain.
In some embodiments, the endonuclease domain is C-terminal relative to the RT domain.

In some embodiments, the system incorporates a heterologous object sequence into a
target site by TPRT, e.g., as described herein.

In some embodiments, a gene modifying polypeptide comprises a DNA binding domain.
In some embodiments, a gene modifying polypeptide comprises an RNA binding domain. In
some embodiments, the RNA binding domain comprises an RNA binding domain of B-box
protein, MS2 coat protein, dCas, or an element of a sequence of a table herein. In some
embodiments, the RNA binding domain is capable of binding to a template RNA with greater
affinity than a reference RNA binding domain.

21



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

In some embodiments, a gene modifying system is capable of producing an insertion into
the target site of at least 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 nucleotides (and
optionally no more than 500, 400, 300, 200, or 100 nucleotides). In some embodiments, a gene
modifying system is capable of producing an insertion into the target site of at least 1, 2, 3, 4, 5,
6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 nucleotides
(and optionally no more than 500, 400, 300, 200, or 100 nuclectides). In some embodiments, a
gene modifying system is capable of producing an insertion into the target site of at least 0.2, 0.3,
0.4,05,06,07,08,09,1,15,2,25,3,3.5,4,45,5,55,6,65,7,7.5,8,8.5,9,9.5 or 10
kilobases (and optionally no more than 1, 5, 10, or 20 kilobases). In some embodiments, a gene
modifying system is capable of producing a deletion of at least 81, 85, 90, 95, 100, 110, 120,
130, 140, 150, 160, 170, 180, 190, or 200 nucleotides (and optionally no more than 500, 400,
300, or 200 nucleotides). In some embodiments, a gene modifying system is capable of
producing a deletion of at least 81, 85, 90, 95, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190,
or 200 nucleotides (and optionally no more than 500, 400, 300, or 200 nucleotides). In some
embodiments, a gene modifying system is capable of producing a deletion of at least 1, 2, 3, 4, S,
6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 110, 120, 130,
140, 150, 160, 170, 180, 190, or 200 nucleotides (and optionally no more than 500, 400, 300, or
200 nucleotides). In some embodiments, a gene modifying system is capable of producing a
deletion of at least 0.2,0.3,0.4,05,0.6,0.7,08,09,1,1.5,2,25,3,3.5,4,45,5,55,6,65,7,
7.5,8,8.5,9,9.5 or 10 kilobases (and optionally no more than 1, 5, 10, or 20 kilobases). In some
embodiments, a gene modifying system is capable of producing a substitution into the target site
ofatleast1,2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, or 100 or more
nucleotides. In some embodiments, a gene modifying system is capable of producing a
substitution in the target site of 1-2, 2-3, 3-4, 4-5, 5-10, 10-15, 15-20, 20-30, 30-40, 40-50, 50-
60, 60-70, 70-80, 80-90, or 90-100 nucleotides.

In some embodiments, the substitution is a transition mutation. In some embodiments, the
substitution is a transversion mutation. In some embodiments, the substitution converts an
adenine to a thymine, an adenine to a guanine, an adenine to a cytosine, a guanine to a thymine, a
guanine to a cytosine, a guanine to an adenine, a thymine to a cytosine, a thymine to an adenine,
a thymine to a guanine, a cytosine to an adenine, a cytosine to a guanine, or a cytosine to a

thymine.
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In some embodiments, an insertion, deletion, substitution, or combination thereof,
increases or decreases expression (e.g. transcription or translation) of a gene. In some
embodiments, an insertion, deletion, substitution, or combination thereof, increases or decreases
expression (e.g. transcription or translation) of a gene by altering, adding, or deleting sequences
in a promoter or enhancer, e.g. sequences that bind transcription factors. In some embodiments,
an insertion, deletion, substitution, or combination thereof alters translation of a gene (e.g. alters
an amino acid sequence), inserts or deletes a start or stop codon, alters or fixes the translation
frame of a gene. In some embodiments, an insertion, deletion, substitution, or combination
thereof alters splicing of a gene, e.g. by inserting, deleting, or altering a splice acceptor or donor
site. In some embodiments, an insertion, deletion, substitution, or combination thereof alters
transcript or protein half-life. In some embodiments, an insertion, deletion, substitution, or
combination thereof alters protein localization in the cell (e.g. from the cytoplasm to a
mitochondria, from the cytoplasm into the extracellular space (e.g. adds a secretion tag)). In
some embodiments, an insertion, deletion, substitution, or combination thereof alters (e.g.
improves) protein folding (e.g. to prevent accumulation of misfolded proteins). In some
embodiments, an insertion, deletion, substitution, or combination thereof, alters, increases,

decreases the activity of a gene, e.g. a protein encoded by the gene.

Exemplary gene modifying polypeptides, and systems comprising them and methods of
using them are described, e.g., in PCT/US2021/020948, which is incorporated herein by
reference with respect to retroviral RT domains, including the amino acid and nucleic acid

sequences therein.

Exemplary gene modifying polypeptides and retroviral RT domain sequences are also
described, e.g., in International Application No. PCT/US21/20948 filed March 4, 2021, e.g., at
Table 30, Table 31, and Table 44 therein; the entire application is incorporated by reference
herein with respect to retroviral RTs, e.g., in said sequences and tables. Accordingly, a gene
modifying polypeptide described herein may comprise an amino acid sequence according to any
of the Tables mentioned in this paragraph, or a domain thereof (e.g., a retroviral RT domain), or
a functional fragment or variant of any of the foregoing, or an amino acid sequence having at

least 70%, 80%, 85%, 90%, 95%, or 99% identity thereto.
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In some embodiments, a polypeptide for use in any of the systems described herein can
be a molecular reconstruction or ancestral reconstruction based upon the aligned polypeptide
sequence of multiple homologous proteins. In some embodiments, a reverse transcriptase
domain for use in any of the systems described herein can be a molecular reconstruction or an
ancestral reconstruction, or can be modified at particular residues, based upon alignments of
reverse transcriptase domains from the same or different sources. A skilled artisan can, based on
the Accession numbers provided herein, align polypeptides or nucleic acid sequences, e.g., by
using routine sequence analysis tools as Basic Local Alignment Search Tool (BLAST) or CD-
Search for conserved domain analysis. Molecular reconstructions can be created based upon
sequence consensus, e.g. using approaches described in Ivics et al., Cell 1997, 501 - 510;

Wagstaff et al., Molecular Biology and Evolution 2013, 88-99.

Polypeptide components of gene modifying systems

In some embodiments, the gene modifying polypeptide possesses the functions of DNA
target site binding, template nucleic acid (e.g., RNA) binding, DNA target site cleavage, and
template nucleic acid (e.g., RNA) writing, e.g., reverse transcription. In some embodiments, each
function is contained within a distinct domain. In some embodiments, a function may be
attributed to two or more domains (e.g., two or more domains, together, exhibit the
functionality). In some embodiments, two or more domains may have the same or similar
function (e.g., two or more domains each independently have DNA-binding functionality, e.g.,
for two different DNA sequences). In other embodiments, one or more domains may be capable
of enabling one or more functions, e.g., a Cas9 domain enabling both DNA binding and target
site cleavage. In some embodiments, the domains are all located within a single polypeptide. In
some embodiments, a first domain is in one polypeptide and a second domain is in a second
polypeptide. For example, in some embodiments, the sequences may be split between a first
polypeptide and a second polypeptide, e.g., wherein the first polypeptide comprises a reverse
transcriptase (RT) domain and wherein the second polypeptide comprises a DNA-binding
domain and an endonuclease domain, e.g., a nickase domain. As a further example, in some
embodiments, the first polypeptide and the second polypeptide each comprise a DNA binding
domain (e.g., a first DNA binding domain and a second DNA binding domain). In some
embodiments, the first and second polypeptide may be brought together post-translationally via a

split-intein to form a single gene modifying polypeptide.
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In some aspects, a gene modifying polypeptide described herein comprises (e.g., a system
described herein comprises a gene modifying polypeptide that comprises): 1) a Cas domain (e.g.,
a Cas nickase domain, e.g., a Cas9 nickase domain); 2) a reverse transcriptase (RT) domain of
Table D, or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, or 99%
identity thereto, wherein the RT domain is C-terminal of the Cas domain; and a linker disposed
between the RT domain and the Cas domain, wherein the linker has a sequence from the same
row of Table D as the RT domain, or a sequence having at least 70%, 75%, 80%, 85%, 90%,
95%, 97%, 98%, or 99% identity thereto.

In some embodiments, the RT domain has a sequence with 100% identity to the RT
domain of Table D and the linker has a sequence with 100% identity to the linker sequence from
the same row of Table D as the RT domain. In some embodiments, the Cas domain comprises a
sequence of Table 4, or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 98%, or
99% identity thereto. In some embodiments, the gene modifying polypeptide comprises an
amino acid sequence according to any of SEQ ID NOs: 1-3332 in the sequence listing, or a
sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, or 99% identity thereto.

In some embodiments, the gene modifying polypeptide comprises a GG amino acid
sequence between the Cas domain and the linker, an AG amino acid sequence between the RT
domain and the second NLS, and/or a GG amino acid sequence between the linker and the RT
domain. In some embodiments, the gene modifying polypeptide comprises a sequence of SEQ
ID NO: 4000 which comprises the first NLS and the Cas domain, or a sequence having at least
70%, 75%, 80%, 85%, 90%, 95%, 98%, or 99% identity thereto. In some embodiments, the
gene modifying polypeptide comprises a sequence of SEQ ID NO: 4001 which comprises the
second NLS, or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 98%, or 99%
identity thereto.

Exemplary N-terminal NLS-Cas9 domain

MPAAKRVKLDGGDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF
DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHP
IFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDV
DKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALS
LGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVN
TEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFY
KFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNR
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EKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKN
LPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVITVKQLK
EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDR
EMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFE
MQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPE
NIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRD
MYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKARGKSDNVPSEEVVKKMKNYWRQ
LLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKL
IREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKG
RDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAY
SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELOQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLEFVEQHKHYLDET
IEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENI IHLFTLTNLGAPAAFKYFDTTIDR

KRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDGG (SEQ ID NO: 4000)

Exemplary C-terminal sequence

AGKRTADGSEFEKRTADGSEFESPKKKAKVE (SEQ ID NO: 4001)

Writing domain

In certain aspects of the present invention, the writing domain of the gene modifying
system utilizes a polymerase functionality to drive modifications to genomic DNA. The
polymerase functionality may be, e.g., a DNA polymerase that synthesizes DNA from a nucleic
acid template. The nucleic acid template may be, for example, DNA or RNA. In the case of a
DNA polymerase that can use an RNA template, e.g., an RNA-dependent DNA polymerase, e.g.,
a reverse transcriptase, the gene modifying polypeptide component may be provided with a
template RNA such as described above. One such example is DNA polymerase 6 (encoded by
POLQ, the polypeptide product of which may be referred to herein as “POLQ” or “Pol6”), a
eukaryotic DNA polymerase that has been shown to use either DNA or RNA as a template.
Chandramouly et al. 2021 (DOI: 10.1126/sciadv.abf1771). A Cas9 functionality fused
(optionally through a linker) to POLQ (or a component of POLQ) can therefore be used as a
driver for genome modification when administered to an organism or to cells with a template
RNA that targets the genomic site desired for modification (via the gRNA spacer), recruits the
Cas9 functionality (via the gRNA scaffold), and primes and templates DNA synthesis (via the
template RNA).
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A DNA polymerase that uses DNA as a template may also be incorporated in a fusion
with a Cas9 functionality to effect genome modification. In this case, the template nucleic acid
is a fusion of an sgRNA and a DNA template, joined end-to-end to one another by a covalent
bond or by a linker. A poltheta (or component thereof) can also function in this way, as poltheta
can synthesize DNA from a DNA template. It is understood that embodiments referring to
template RNAs, as described herein, can include template nucleic acids comprising
ribonucleotides, or template nucleic acid comprising ribonucleotides and deoxyribonucleotides
(e.g., a template RNA comprising one or more RNA regions coupled to one or more DNA
regions.) In some embodiments, a gene modifying polypeptide described herein comprises a
polymerase domain having an amino acid sequence according to Table 1, or a sequence having at
least 70%, 80%, 85%, 90%, 95%, 97%, 98%, or 99% identity thereto. In some embodiments, a
nucleic acid described herein encodes a polymerase domain having an amino acid sequence
according to Table 1, or a sequence having at least 70%, 80%, 85%, 90%, 95%, 97%, 98%, or
99% identity thereto.

It is understood that embodiments referring to reverse transcriptases or reverse

transcriptase domains, as described herein, can include a polymerase as listed in Table 1.

Table 1: Exemplary Polymerases for use in genome engineering polypeptides.

Row |Pol |Sequence Length
MATGQDRVVALYDMDCFFVQVEQRQNPHLRNKPCAVVQYKSWK GGGIIAVSYEARAF GV TRSMWADDAKKLCPDLLLAQVRESR
GKANLTKYREASVEVMEIMSRFAVIERASIDEAYVDLTSAVQERLQKLQGQPISADLLPSTYIEGLPQGPTTAEETVQKEGMRKQGLF
QWLDSLQIDNLTSPDLQLTVGAVIVEEMRAAIERETGFQCSAGISHNKVLAKLACGLNKPNRQTLYSHGSVPQLFSQMPIRKIRSLGG
KLGASVIEILGIEYMGELTQFTESQLQSHFGEKNGSWLYAMCRGIEHDPVKPRQLPKTIGCSKNFPGKTALATREQVQWWLLQLAQ
1 Fta ELEERLTKDRNDNDRVATQLVVSIRVQGDKRLSSLRRCCALTRYDAHKMSHDAFTVIKNCNTSGIQTEWSPPLTMLFLCATKFSASA |7
PSSSTDITSFLSSDPSSLPKVPVTSSEAKTQGSGPAVTATKKATTSLESFFQKAAERQKVKEASLSSLTAPTQAPMSNSPSKPSLPF
QTSQSTGTEPFFKQKSLLLKQKQLNNSSVSSPQQNPWSNCKALPNSLPTEYPGCVPYCEGYSKLEESSKATPAEMDLAHNSQSM
HASSASKSVLEVTQKATPNPSLLAAEDQVPCEKCGSLYPYWDMPEHMDYHFALELQKSFLQPHSSNPQVVSAVSHQGKRNPKSPL
ACTNKRPRPEGMQTLESFFKPLTH
MEKLGVEPEEEGGGDDDEEDAEAWAMELADVGAAASSQGYHDQYLPTPNASSRYIVHVDLDCFYAQVEMISNPELKDKPLGVQQ
KYLWTCNYEARKLGVKKLMNVRDAKEKCPQLVLVNGEDLTRYREMSYKVTELLEEFSPVVERLGFDENFVDLTEMVEKRLQQLQS
DELSAVTVSCHVYNNQSINLLDVLHIRLLVGS QIAAEMREAMYNQLGLTGCAGVASNKLLAKLYSGVFKPNQQTVLLPESCQHLIHSL
NHIKEIPGIGYKTAKCLEALGINSVRDLQTFSPKILEKELGISVAQRIQKLSFGEDNSPVILSGPPQSF SEEDSFKKCSSEVEAKNKIEEL
2 lota (1) |LASLLNRVCQDGRKPHTVRLIIRRYSSEKHYGRESRQCPIPSHVIQKLGTGNYDVMTPMVDILMKLFRNMVNVKMPFHLTLLSVCFC {740
NLKALNTAKKGLIDYYLMPSLSTTSRSGKHSFKMKDTHMEDFPKDKETNRDFLPSGRIESTRTRESPLDTTNFSKEKDINEFPLCSLP
EGVDQEVFKQLPVDIQEEILSGKSREKFQGKGSVSCPLHASRGVLSFFSKKQMQDIPINPRDHLSSSKQVSSVSPCEPGTSGFNSS
SSSYMSSQKDYSYYLDNRLKDERISQGPKEPQGFHFTNSNPAVSAFHSFPNLQSEQLFSRNHTTDSHKQTVATDSHEGLTENREP
DSVDEKITFPSDIDPQVFYELPEAVQKELLAEWKRAGSDFHIGHK

3
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Row

Pol

Sequence

Length

Kappa
©

MDSTKEKCDSYKDDLLLRMGLNDNKAGMEGLDKEKINKIMEATKGSRFYGNELKKEKQVNQRIENMMQQKAQITSQQLRKAQLQY
DRFAMELEQSRNLSNTIVHIDMDAFYAAVEMRDNPELKDKPIAVGSMSMLSTSNYHARRFGVRAAMPGFIAKRLCPQLIIVPPNFDK
'YRAVSKEVKEILADYDPNFMAMSLDEAYLNITKHLEERQNWPEDKRRYFIKMGSSVENDNPGKEVNKLSEHERSISPLLFEESPSDY
QPPGDPFQVNFEEQNNPQILQNSYVFGTSAQEVVKEIRFRIEQKTTLTASAGIAPNTMLAKVCSDKNKPNGQYQILPNRQAVMDFIK
DLPIRKYSGIGKVTEKMLKALGIITCTELYQQRALLSLLFSETSWHYFLHISLGLGSTHLTRDGERKSMSVERTFSEINKAEEQYSLCQ
ELCSELAQDLQKERLKGRTVTIKLKNVNFEVKTRASTYSSVVSTAEEIFAIAKELLKTEIDADFPHPLRLRLMGVRISSFPNEEDRKHQ
QRSIIGFLQAGNQALSATECTLEKTDKDKFVKPLEMSHKKSFFDKKRSERKWSHQDTFKCEAVNKQSFQTSQPFQVLKKKMNENLE
ISENSDDCQILTCPVCFRAQGCISLEALNKHVDECLDGPSISENFKMFSCSHVSATKVNKKENYPASSLCEKQDYEAHPKIKEISSVD
CIALVDTIDNSSKAESIDALSNKHSKEECSSLPSKSFNIEHCHQNSSSTVSLENEDVGSFRQEYRQPYLCEVKTGQALVCPYCNVEQ
KTSDLTLFNVHVDVCLNKSFIQELRKDKFNPYNQPKESSRSTGSSSGVQKAVTRTKRPGLMTKYSTSKKIKPNNPKHTLDIFFK

REV1

MRRGGWRKRAENDGWETWGGYMAAKVQKLEEQFRSDAAMQKDGTSSTIFSGVAIYVNGYTDPSAEELRKLMMLHGGQYHVYYS
RSKTTHIIATNLPNAKIKELKGEKVIRPEWIVESIKAGRLLSYIPYQLYTKQSSYQKGLSFNPYCRPEDPLPGPSNIAKQLNNRVNHIVK
KIETENEVKVNGMNSWNEEDENNDFSFVDLEQTSPGRKQNGIPHPRGSTAIFNGHTPSSNGALK TQDCLYPMYNSVASRLSPAFS
QEEDKAEKSSTDFRDCTLQQLQQSTRNTDALRNPHRTNSFSLSPLHSNTKINGAHHSTVQGPSSTKSTSSVS TFSKAAPSVPSKPS
DCNFISNFYSHSRLHHISMWKCELTEFVNTLQRQSNGIFPGREKLKKMKTGRSALVWTDTGDMSVLNSPRHQSCIMHVDMDCFFVS
VGIRNRPDLKGKPVAVTSNRGTGRAPLRPGANPQLEWQYYQNKILKGKAADIPDSSLWENPDSAQANGIDSVLSRAEIASCSYEAR
QLGIKNGMFFGHAKQLCPNLQAVPYDFHAYKEVAQTLYETLASY THNIEAVSCDEALVDITEILAETKLTPDEFANAVRMEIKDQTKC
AASVGIGSNILLARMATRKAKPDGQYHLKPEEVDDFIRGQLVTNLPGYGHSMESKLASLGIKTCGDLQYMTMAKLQKEFGPKTGQM
LYRFCRGLDDRPVRTEKERKSVSAEINYGIRFTQPKEAEAFLLSL SEEIQRRLEATGMKGKRLTLKIMVRKPGAPVETAKFGGHGICD
NIARTVTLDQATDNAKIIGKAMLNMFHTMKLNISDMRGYGIHVNQLYPTNLNPSTCPSRPSVQSSHFPSGS Y SVRDVFQVQKAKKST
EEEHKEVFRAAVDLEISSASRTCTFLPPFPAHLPTSPDTNKAESSGKWNGLHTPYSVQSRLNLSIEVPSPSQLDQSVLEALPPDLRE
QVEQVCAVQQAESHGDKKKEPYNGCNTGILPQPYGTVLLQIPEPQESNSDAGINLIALPAFSQVDPEVFAALPAELQRELKAAYDQR
QRQGENSTHQQSASASYPKNPLLHLKAAVKEKKRNKKKKTIGSPKRIQSPLNNKLLNSPAKTLPGACGSPQKLIDGFLKHEGPPAEK
PLEELSASTSGVPGLSSLQSDPAGCYRPPAPNLAGAVEFNDVKTLLREWITTISDPMEEDILQVVKYCTDLIEEKDLEKLDLVIKYMKR
LMQQSYESVWNMAFDFILDNVQWLQQTYGSTLKVT

1251

Beta

MSKRKAPQETLNGGITDMLTELANFEKNVSQAIHKYNAYRKAASVIAKYPHKIK SGAEAKKLPGYGTKIAEKIDEFLATGKLRKLEKIR
QDDTSSSINFLTRVSGIGPSAARKFVDEGIKTLEDLRKNEDKLNHHQRIGLKYFGDFEKRIPREEMLQMQDIVLNEVKKVDSEYIATY
CGSFRRGAESSGDMDVLLTHPSFTSESTKQPKLLHQVVEQLQKVHFITDTLSKGETKFMGVCQLPSKNDEKEYPHRRIDIRLIPKDQ
YYCGVLYFTGSDIFNKNMRAHALEKGFTINEYTIRPLGVTGVAGEPLPYDSEKDIFDYIQWKYREPKDRSE

Lamb
da(A)

MDPRGILKAFPKRQKIHADAS SKVLAKIPRREEGEEAEEWLSSLRAHVVYRTGIGRARAELFEKQIVQHGGQLCPAQGPGYTHIVVDE
GMDYERALRLLRLPQLPPGAQLYKSAWLSLCLQERRLYDVAGFSIFIPSRYLDHPQPSKAEQDASIPPGTHEALLQTALSPPPPPTR

PVSPPQKAKEAPNTQAQPISDDEASDGEETQVSAADLEALISGHYPTSLEGDCEPSPAPAVLDKWYCAQPSSQKATNHNLHITEKL

EVLAKAYSVQGDKWRALGYAKAINALKSFHKPYTSYQEACSIPGIGKRMAEKIIEILESGHLRKLDHISESVPYLELFSNIWGAGTKTA
QMWYQQGFRSLEDIRSQASL TTQQAIGLKHYSDFLERMPREEATEIEQTVQKAAQAFNSGLLCYACGSYRRGKATCGDVDVLITHP
DGRSHRGIFSRLLDSLRQEGFLTDDLYSQEENGQQQKYLGYCRLPGPGRRHRRLDIIVYPYSEFACALLYFTGSAHFNRSMRALAK

TKGMSLSEHALSTAVVRNTHGCKVGPGRVLPTPTEKDVFRLLGLPYREPAERDW

575

Mu (W)

MLPKRRRARVGSPSGDAASSTPPSTRFPGVAIYLVEPRMGRSRRAFLTGLARSKGFRVLDACSSEATHVWMEETSAEEAVSWQER
RMAAAPPGCTPPALLDISWLTESLGAGQPYPVECRHRLEVAGPRKGPLSPAWMPAYACQRPTPLTHHNTGLSEALEILAEAAGFEG
SEGRLLTFCRAASVLKALPSPVTTLSQLQGLPHFGEHSSRVVQELLEHGVCEEVERVRRSERYQTMKLFTQIFGVGVKTADRWYRE
GLRTLDDLREQPQKLTQQQKAGLQHHQDLSTPVLRSDVDALQQVVEEAVGQALPGATVTLTGGFRRGKLQGHDVDFLITHPKEGQ
EAGLLPRVMCRLQDQGLILYHQHQHSCCESPTRLAQQSHMDAFERSFCIFRLPQPPGAAVGGSTRPCPSWKAVRVDLVVAPYSQF
PFALLGWTGSKLFQRELRRFSRKEK GLWLNSHGLFDPEQKTFFQAASEEDIFRHLGLEYLPPEQRNA

TdT

MDPPRASHLSPRKKRPRQTGALMASSPQDIKFQDLVVFILEKKMGTTRRAFLMELARRKGFRVENELSDSVTHIVAENNSGSDVLE
WLQAQKVQVSSQPELLDVSWLIECIRAGKPYEMTGKHQLYVRRDYSDSTNPGPPKTPPIAVQKISQYACQRRTTLNNCNQIFTDAF
DILAENCEFRENEDSCVTFMRAASVLKSLPFTIISMKDTEGIPCLGSKVKGIIEEIIEDGESSEVKAVLNDERYQSFKLFTSVFGVGLKT

508
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Row

Pol

Sequence

Length

SEKWFRMGFRTLSKVRSDKSLKFTRMQKAGFLYYEDLY SCVTRAEAEAVSVLVKEAVWAFLPDAFVTMTGGFRRGKKMGHDYDF
LITSPGSTEDEEQLLQKVMNLWEKK GLLLYYDLVESTFEKLRLPSRKVDALDHFQKCFLIFKLPRQRVDSDQSSWQEGKTWKAIRVD
LVLCPYERRAFALLGWTGSRQFERDLRRYATHERKMILDNHAL YDKTKRIFLKAESEEEIFAHLGLDYIEPWERNA

Theta

MNLLRRSGKRRRSESGSDSFSGSGGDSSASPQFLSGSVLSPPPGLGRCLKAAAAGECKPTVPDYERDKLLLANWGLPKAVLEKYH
SFGVKKMFEWQAECLLLGQVLEGKNLYYSAPTSAGKTLVAELLILKRVLEMRKKALFILPFVSVAKEKKYYLQSLFQEVGIKVDGYMG
STSPSRHFSSLDIAVCTIERANGLINRLIEENKMDLLGMVVVDELHMLGDSHRGYLLELLLTKICYITRKSASCQADLASSLSNAVQIVG
MSATLPNLELVASWLNAELYHTDFRPVPLLESVKVGNSIYDSSMKLVREFEPMLQVKGDEDHVVSLCYETICDNHSVLLFCPSKKW
CEKLADIAREFYNLHHQAEGLVKPSECPPVILEQKELLEVMDQLRRLPSGLDSVLQKTVPWGVAFHHAGLTFEERDIEGAFRQGLI
RVLAATSTLSSGVNLPARRVIIRTPIFGGRPLDILTYKQMVGRAGRKGVDTVGESILICKNSEKSKGIALLQGSLKPVRSCLQRREGEE
VTGSMIRAILEIVGGVASTSQDMHTYAACTFLAASMKEGKQGIQRNQESVQL GAIEACYMWLLENEFIQSTEASDGTEGKVYHPTH
LGSATLSSSLSPADTLDIFADLQRAMKGFVLENDLHILYLVTPMFEDWTTIDWYRFFCLWEKLPTSMKRVAELVGVEEGFLARCVKG
KVVARTERQHRQMAIHKRFFTSLVLLDLISEVPLREINQKYGCNRGQIQSLQQSAAVYAGMITVFSNRLGWHNMELLLSQFQKRLTF
GIQRELCDLYRVSLLNAQRARVLYASGFHTVADLARANIVEVEVILKNAVPFKSARKAVDEEEEAVEERRNMRTIWWTGRKGLTERE
AAALIVEEARMILQQDLVEMGVQWNPCALLHSSTCSLTHSESEVKEHTFISQTKSSYKKLTSKNKSNTIFSDSYIKHSPNIVQDLNKSR
EHTSSFNCNFQNGNQEHQTCSIFRARKRASLDINKEKPGASQNEGKTSDKKVVQTFSQKTKKAPLNFNSEKMSRSFRSWKRRKHL
KRSRDSSPLKDSGACRIHLQGQTLSNPSLCEDPFTLDEKKTEFRNSGPFAKNVSLSGKEKDNKTSFPLQIKQNCSWNITLTNDNFVE
HIVTGSQSKNVTCQATSVWSEKGRGVAVEAEKINEVLIQNGSKNQNVYMKHHDIHPINQYLRKQSHEQTSTITKQKNIERQMPCEAY
SSYINRDSNVTINCERIKLNTEENKPSHFQALGDDISRTVIPSEVLPSAGAFSKSEGQHENFLNISRLQEKTGTYTTNKTKNNHVSDLG
LVLCDFEDSFYLDTQSEKIQQMATENAKLGAKDTNLAAGIMQKSLVQQNSMNSFQKECHIPFPAEQHPLGATKIDHLDLKTVGTMK
QSSDSHGVDILTPESPIFHSPILLEENGLFLKKNEVSVTDSQLNSFLQGYQTQETVKPVILLIPQKRTPTGVEGECLPVPETSLNMSDS
LLFDSFSDDYLVKEQLPDMQMKEPLPSEVTSNHFSDSLCLQEDLIKKSNVNENQDTHQQLTCSNDESIIFSEMDSVQMVEALDNVDI
FPVQEKNHTVVSPRALELSDPYLDEHHQGDQDGGDQDERAEKSKLTGTRONHSFIWSGASFDLSPGLQRILDKVSSPLENEKLKS
MTINFSSLNRKNTELNEEQEVISNLETKQVQGISFSSNNEVKSKIEMLENNANHDETSSLLPRKESNIVDDNGLIPPTPIPTSASKLTFP
GILETPYNPWKTNNVLQPGESYLFGSPSDIKNHDL SPGSRNGFKDNSPISDTSFSLQLSQDGLQLTPASSSSESLSIIDVASDQNLFQ
TFIKEWRCKKRFSISLACEKIRSLTSSKTATIGSRFKQASSPQEIPIRDDGFPIKGCDDTLVVGLAVCWGGRDAYYFSLQKEQKHSEIS
ASLVPPSLDPSLTLKDRMWYLQSCLRKESDKECSVVIYDFIQSYKILLLSCGISLEQSYEDPKVACWLLDPDSQEPTLHSIVTSFLPHE
LPLLEGMETSQGIQSLGLNAGSEHSGRYRASVESILIFNSMNQLNSLLQKENLQDVFRKVEMPSQYCLALLELNGIGFSTAECESQK
HIMQAKLDAIETQAY QLAGHSFSFTSSDDIAEVLFLELKLPPNREMKNQGSKKTLGSTRRGIDNGRKLRLGRQFSTSKDVLNKLKALH
PLPGLILEWRRITNAITKVVFPLQREKCLNPFLGMERIYPYSQSHTATGRITFTEPNIQNVPRDFEIKMPTLVGESPPSQAVGKGLLPM
GRGKYKKGFSYNPRCQAQMEERAADRGMPFSISMRHAFYPFPGCSILAADYS QLELRILAHLSHDRRLIQVLNTGADVFRSIAAEW
KMIEPESVGDDLRQQAKQICYGIIYGMGAKSLGEQMGIKENDAACYIDSFKSRYTGINQFMTETVKNCKRDGFVQTILGRRRYLPGIK
DNNPYRKAHAERQAINTIVQGSAADIVKIATYNIQKQLETFHSTFKSHGHREGMLQSDQTGLSRKRKLQGMFCPIRGGFFILQLHDEL
LYEVAEEDVVQVAQIVKNEMESAVKLSVKLKVKVKIGASWGELKDFDV

2530

Nu (v

MENYEALVGFDLCNTPLSSVAQKIMSAMHSGDLVDSKTWGKSTETMEVINKSSVKYSVQLEDRKTQSPEKKDLKSLRSQTSRGSA

KLSPQSFSVRLTDQLSADQKQKSISSLTLSSCLIPQYNQEASVLQKKGHKRKHFLMENINNENK GSINLKRKHITYNNLSEKTSKQMA
LEEDTDDAEGYLNSGNSGALKKHFCDIRHLDDWAKSQLIEMLKQAAALVITVMYTDGSTQLGADQTPVSSVRGIVVLVKRQAEGGH

GCPDAPACGPVLEGFVSDDPCIYIQIEHSAIWDQEQEAHQQFARNVLFQTMKCKCPVICFNAKDFVRIVLQFFGNDGSWKHVADFIG
LDPRIAAWLIDPSDATPSFEDLVEKYCEKSITVKVNSTYGNSSRNIVNQNVRENLKTLYRLTMDLCSKLKDY GLWQLFRTLELPLIPIL

AVMESHAIQUNKEEMEKTSALLGARLKELEQEAHFVAGERFLITSNNQLREILFGKLKLHLLSQRNSLPRTGLQKYPSTSEAVLNALR
DLHPLPKIILEYRQVHKIKSTFVDGLLACMKKGSISSTWNQTGTVTGRLSAKHPNIQGISKHPIQITTPKNFKGKEDKILTISPRAMFVS

SKGHTFLAADFSQIELRILTHLSGDPELLKLFQESERDDVFSTLTSQWKDVPVEQVTHADREQTKKVVYAVVYGAGKERLAACLGVP
IQEAAQFLESFLQKYKKIKDFARAAIAQCHQT GCVVSIMGRRRPLPRIHAHDQQLRAQAERQAVNFVVQGSAADLCKLAMIHVFTAV

AASHTLTARLVAQIHDELLFEVEDPQIPECAALVRRTMESLEQVQALELQLQVPLKVSLSAGRSWGHLYPLQEAWGPPPGPCRTES
PSNSLAAPGSPASTQPPPLHFSPSFCL
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Table 1a: Properties of polymerases listed in Table 1

. . Catalytic - N
Row | Family | Pol Host Gene UmProt_ UniProt Subunit Addlthnal Biological Templ_ate )
Symbol | Accession | Name Subunits Pathway(s) Nucleic Acid
Mass (kDa)
1|y Bam | 1™ | poH | ovoss POLH_HUMAN | 78 Monomer | TLS
sapiens
2 |y o) | 1™ |pou | counae | PoLLHUMAN | 80 Monomer | TLS
saplens
3 |y Kappa | Homo | ooy | ogusTs | POLK HUMAN | 76 Monomer | TLS
(K) sapiens
4 |y Revi | MMt eev | ouBze | REVI_HUMAN | 138 Monomer | TLS
sapiens
5 | X Beta (B) Ea";i‘e"ns POLB | PO6746 DPOLB_HUMAN | 39 Monomer | BER
Leambda | Homo BER, NHEJ,
6 X N sapiens POLL QQUGP5 DPOLL_HUMAN | 66 Monomer LS
7 X Mu (y) ':a";e"ns POLM | QSNPS7 | DPOLM_HUMAN | 55 Monomer | NHEJ, V(D)J
8 | x Tar | MM onmr | poaoss | TOT HUMAN | 56 Monomer | V(D) Template-
sapiens independent
Theta Homo TLS, MMEJ, | DNA and/or
9 | A @ waplons | POLQ | 075417 DPOLQ_HUMAN | 290 Monomer | ot RA
0 |A Nu (v) ?:;i‘:ns POLN | Q72505 | DPOLN_HUMAN | 100 Monomer | ICL Repair

For biological pathways, TLS = translesion synthesis; BER = base-excision repair; NHEJ = non-homologous end
joining; V(D)J = V(D)J recombination process; MMEJ = microhomology-mediated end joining; RTDR = RNA-
templated DNA repair.

In certain aspects of the present invention, the writing domain of the gene modifying
system possesses reverse transcriptase activity and is also referred to as a reverse transcriptase
domain (a RT domain). In some embodiments, the RT domain comprises an RT catalytic

portion and RNA-binding region (e.g., a region that binds the template RNA).

In some embodiments, a nucleic acid encoding the reverse transcriptase is altered from its
natural sequence to have altered codon usage, e.g. improved for human cells. In some
embodiments the reverse transcriptase domain is a heterologous reverse transcriptase from a
retrovirus. In some embodiments, the RT domain comprising a gene modifying polypeptide has
been mutated from its original amino acid sequence, e.g., has atleast 1, 2,3,4,5,6,7, 8,9, 10,
20, 30, 40, 50, 60, 70, 80, 90, or 100 substitutions. In some embodiments, the RT domain is
derived from the RT of a retrovirus, e.g., HIV-1 RT, Moloney Murine Leukemia Virus (MMLYV)
RT, avian myeloblastosis virus (AMV) RT, or Rous Sarcoma Virus (RSV) RT.

In some embodiments, the retroviral reverse transcriptase (RT) domain exhibits enhanced
stringency of target-primed reverse transcription (TPRT) initiation, e.g., relative to an
endogenous RT domain. In some embodiments, the RT domain initiates TPRT when the 3 nt in
the target site immediately upstream of the first strand nick, e.g., the genomic DNA priming the

RNA template, have at least 66% or 100% complementarity to the 3 nt of homology in the RNA
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template. In some embodiments, the RT domain initiates TPRT when there are less than 5 nt
mismatched (e.g., less than 1, 2, 3, 4, or 5 nt mismatched) between the template RNA homology
and the target DNA priming reverse transcription. In some embodiments, the RT domain is
modified such that the stringency for mismatches in priming the TPRT reaction is increased, e.g.,
wherein the RT domain does not tolerate any mismatches or tolerates fewer mismatches in the
priming region relative to a wild-type (e.g., unmodified) RT domain. In some embodiments, the
RT domain comprises a HIV-1 RT domain. In embodiments, the HIV-1 RT domain initiates
lower levels of synthesis even with three nucleotide mismatches relative to an alternative RT
domain (e.g., as described by Jamburuthugoda and Eickbush J Mol Biol 407(5):661-672 (2011);
incorporated herein by reference in its entirety). In some embodiments, the RT domain forms a
dimer (e.g., a heterodimer or homodimer). In some embodiments, the RT domain is monomeric.
In some embodiments, an RT domain, naturally functions as a monomer or as a dimer (e.g.,
heterodimer or homodimer). In some embodiments, an RT domain naturally functions as a
monomer, e.g., is derived from a virus wherein it functions as a monomer. In embodiments, the
RT domain is selected from an RT domain from murine leukemia virus (MLV; sometimes
referred to as MoMLYV) (e.g., P03355), porcine endogenous retrovirus (PERV) (e.g., UniProt
Q4VFZ2), mouse mammary tumor virus (MMTYV) (e.g., UniProt P03365), Mason-Pfizer
monkey virus (MPMYV) (e.g., UniProt P07572), bovine leukemia virus (BLV) (e.g., UniProt
P03361), human T-cell leukemia virus-1 (HTLV-1) (e.g., UniProt P03362), human foamy virus
(HFV) (e.g., UniProt P14350), simian foamy virus (SFV) (e.g., UniProt P23074), or bovine
foamy/syncytial virus (BFV/BSV) (e.g., UniProt 041894), or a functional fragment or variant
thereof (e.g., an amino acid sequence having at least 70%, 80%, 90%, 95%, or 99% identity
thereto). In some embodiments, an RT domain is dimeric in its natural functioning. In some
embodiments, the RT domain is derived from a virus wherein it functions as a dimer. In
embodiments, the RT domain is selected from an RT domain from avian sarcoma/leukemia virus
(ASLV) (e.g., UniProt AOA142BKHT1), Rous sarcoma virus (RSV) (e.g., UniProt P03354), avian
myeloblastosis virus (AMV) (e.g., UniProt Q83133), human immunodeficiency virus type I
(HIV-1) (e.g., UniProt P03369), human immunodeficiency virus type Il (HIV-2) (e.g., UniProt
P15833), simian immunodeficiency virus (SIV) (e.g., UniProt P05896), bovine
immunodeficiency virus (BIV) (e.g., UniProt P19560), equine infectious anemia virus (EIAV)
(e.g., UniProt P03371), or feline immunodeficiency virus (FIV) (e.g., UniProt P16088)
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(Herschhorn and Hizi Cell Mol Life Sci 67(16):2717-2747 (2010)), or a functional fragment or
variant thereof (e.g., an amino acid sequence having at least 70%, 80%, 90%, 95%, or 99%
identity thereto). Naturally heterodimeric RT domains may, in some embodiments, also be
functional as homodimers. In some embodiments, dimeric RT domains are expressed as fusion
proteins, e.g., as homodimeric fusion proteins or heterodimeric fusion proteins. In some
embodiments, the RT function of the system is fulfilled by multiple RT domains (e.g., as
described herein). In further embodiments, the multiple RT domains are fused or separate, e.g.,
may be on the same polypeptide or on different polypeptides.

In some embodiments, a gene modifying system described herein comprises an integrase
domain, e.g., wherein the integrase domain may be part of the RT domain. In some
embodiments, an RT domain (e.g., as described herein) comprises an integrase domain. In some
embodiments, an RT domain (e.g., as described herein) lacks an integrase domain, or comprises
an integrase domain that has been inactivated by mutation or deleted. In some embodiment, a
gene modifying system described herein comprises an RNase H domain, e.g., wherein the RNase
H domain may be part of the RT domain. In some embodiments, the RNase H domain is not part
of the RT domain and is covalently linked via a flexible linker. In some embodiments, an RT
domain (e.g., as described herein) comprises an RNase H domain, e.g., an endogenous RNAse H
domain or a heterologous RNase H domain. In some embodiments, an RT domain (e.g., as
described herein) lacks an RNase H domain. In some embodiments, an RT domain (e.g., as
described herein) comprises an RNase H domain that has been added, deleted, mutated, or
swapped for a heterologous RNase H domain. In some embodiments, the polypeptide comprises
an inactivated endogenous RNase H domain. In some embodiments, an endogenous RNase H
domain from one of the other domains of the polypeptide is genetically removed such that it is
not included in the polypeptide, e.g., the endogenous RNase H domain is partially or completely
truncated from the comprising domain. In some embodiments, mutation of an RNase H domain
yields a polypeptide exhibiting lower RNase activity, e.g., as determined by the methods
described in Kotewicz et al. Nucleic Acids Res 16(1):265-277 (1988) (incorporated herein by
reference in its entirety), e.g., lower by at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or
90% compared to an otherwise similar domain without the mutation. In some embodiments,

RNase H activity is abolished.
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In some embodiments, an RT domain is mutated to increase fidelity compared to an
otherwise similar domain without the mutation. For instance, in some embodiments, a YADD or
YMDD motif in an RT domain (e.g., in a reverse transcriptase) is replaced with YVDD. In
embodiments, replacement of the YADD or YMDD or YVDD results in higher fidelity in
retroviral reverse transcriptase activity (e.g., as described in Jamburuthugoda and Eickbush J
Mol Biol 2011; incorporated herein by reference in its entirety).

In some embodiments, a gene modifying polypeptide described herein comprises an RT
domain having an amino acid sequence according to Table 2, or a sequence having at least 70%,
80%, 85%, 90%, 95%, 97%, 98%, or 99% identity thereto. In some embodiments, a nucleic acid
described herein encodes an RT domain having an amino acid sequence according to Table 2, or

a sequence having at least 70%, 80%, 85%, 90%, 95%, 97%, 98%, or 99% identity thereto.

Table 2: Exemplary reverse transcriptase domains from retroviruses

ﬁeTnme RT amino acid sequence
TAPLEEEYRLFLEAPIQNVTLLEQWKREIPKVWAEINPPGLASTQAPIHVQLLSTALPYRVRQYPITLEAKRSLRETIRKFRAAGILRPVHSPWNTPLLP
VRKSGTSEYRMVQDLREVYNKRVETIHPTVPNPYTLLSLLPPDRIWYSVLDLKDAFFCIPLAPESQLIFAFEWADAEE GESGQLTWTRLPQGFKNSPT

AVIRE LFDEALNRDLQGFRLDHPSVSLLQYVDDLLIAADTQAACLSATRDLLMTLAELGYRVSGKKAQLCQEEVTYLGFKIHKGSRSLSNSRTQAILQIPVPK

PO3360 TKRQVREFLGTIGYCRLWIPGFAELAQPLYAATRGGNDPLVWGEKEEEAFQSLKLALTQPPALALPSLDKPFQLFVEETSGAAKGVLTQALGPWKR

PVAYLSKRLDPVAAGWPRCLRAIAAAALLTREASKLTFGQDIEITSSHNLESLLRSPPDKWLTNARITQYQVLLLDPPRVRFKQTAALNPATLLPETD
DTLPIHHCLDTLDSLTSTRPDLTDQPLAQAEATLFTDGSSYIRDGKRYAGAAVVTLDSVIWAEPLPIGTSAQKAELIALTKALEWSKDKSVNIYTDSRY
AFATLHVHGMIYRERGLLTAGGKAIKNAPEILALLTAVWLPKRVAVMHCKGHQKDDAPTSTGNRRADEVAREVAIRPLSTQATIS

TAPLEEEYRLFLEAPIQNVTLLEQWKREIPKVWAEINPPGLAS TQAPIHVQLLSTALPYRVRQYPITLEAKRSLRETIRKFRAAGILRPVHSPWNTPLLP
VRKSGTSEYRMVQDLREVNKRVETIHPTVPNPYTLLSLLPPDRIWYSVLDLKDAFFCIPLAPESQLIFAFEWADAEEGESGQLTWTRLPQGFKNSPT
AVIRE_ | LFNEALNRDLQGFRLDHPSVSLLQYVDDLLIAADTQAACLSATRDLLMTLAELGYRVSGKKAQLCQEEVTYLGFKIHKGSRSLSNSRTQAILQIPVPK
P03360 | TKRQVREFLGTIGYCRLWIPGFAELAQPLYAATRPGNDPLVYWGEKEEEAFQSLKLALTQPPALALPSLDKPFQLFVEETSGAAKGYLTQALGPWKR
_3mut | PVAYLSKRLDPVAAGWPRCLRAIAAAALLTREASKLTFGQDIEITSSHNLESLLRSPPDKWLTNARITQYQVLLLDPPRVRFKQTAALNPATLLPETD
DTLPIHHCLDTLDSLTSTRPDLTDQPLAQAEATLFTDGSSYIRDGKRYAGAAVVTLDSVIWAEPLPIGT SAQKAELIALTKALEWSKDKSVNIYTDSRY
AFATLHVHGMIYRERGWLTAGGKAIKNAPEILALL TAVWLPKRVAVMHCKGHQKDDAPTSTGNRRADEVAREVAIRPLSTQATIS

TAPLEEEYRLFLEAPIQNVTLLEQWKREIPKVWAEINPPGLASTQAPIHVQLLSTALPVRVRQYPITLEAKRSLRETIRKFRAAGILRPVHSPWNTPLLP
VRKSGTSEYRMYQDLREVNKRVETIHPTVPNPYTLLSLLPPDRIWYSVLDLKDAFFCIPLAPESQLIFAFEWADAEEGESGQLTWTRLPQGFKNSPT
AVIRE_ | LFNEALNRDLQGFRLDHPSVSLLQYVDDLLIAADTQAACLSATRDLLMTLAELGYRVSGKKAQLCQEEVTYLGFKIHKGSRSLSNSRTQAILQIPVPK
P03360 | TKRQVREFLGKIGYCRLFIPGFAELAQPLYAATRPGNDPLVWGEKEEEAFQSLKLALTQPPALALPSLDKPFQLFYEETSGAAKGVLTQALGPWKR
_3mutA | PVAYLSKRLDPVAAGWPRCLRAIAAAALLTREASKLTFGQDIEITSSHNLESLLRSPPDKWLTNARITQYQVLLLDPPRVRFKQTAALNPATLLPETD
DTLPIHHCLDTLDSLTSTRPDLTDQPLAQAEATLFTDGSSYIRDGKRYAGAAVVTLDSVIWAEPLPIGTSAQKAELIALTKALEWSKDKSVNIYTDSRY
AFATLHVHGMIYRERGWLTAGGKAIKNAPEILALL TAVWLPKRVAVMHCKGHQKDDAPTSTGNRRADEVAREVAIRPLSTQATIS

TVSLQDEHRLFDIPVTTSLPDVWLQDFPQAWAETGGLGRAKCQAPIIIDLKPTAVPVSIKQYPMSLEAHMGIRQHIIKFLELGVLRPCRSPWNTPLLP

VKKPGTQDYRPVQDLREINKRTVDIHPTVPNPYNLLSTLKPDYSWYTVLDLKDAFFCLPLAPQSQELFAFEWKDPERGISGQLTWTRLPQGFKNSP
BAEVM [ TLFDEALHRDLTDFRTQHPEVTLLQYVDDLLLAAPTKKACTQGTRHLLQELGEKGYRASAKKAQICQTKVTYLGYILSEGKRWLTPGRIETVARIPPP
_P1027 | RNPREVREFLGTAGFCRLWIPGFAELAAPLYALTKESTPFTWQTEHQLAFEALKKALLSAPALGLPDTSKPFTLFLDERQGIAKGVLTQKLGPWKRP
2 VAYLSKKLDPVAAGWPPCLRIMAATAMLVKDSAKLTLGQPLTVITPHTLEAIVRQPPDRWITNARLTHYQALLLDTDRVQFGPPVTLNPATLLPYPEN
QPSPHDCRQVLAETHGTREDLKDQELPDADHTWY TDGSSYLDSGTRRAGAAVVDGHNTIWAQSLPPGTSAQKAELIALTKALELSKGKKANIYTD

SRYAFATAHTHGSIYERRGLLTSEGKEIKNKAEIALLKALFLPQEVAIHCPGHQKGQDPVAVGNRQADRVARQAAMAEVLTLATEPDNTSHIT

TVSLQDEHRLFDIPVTTSLPDVWLQDFPQAWAETGGLGRAKCQAPIIIDLKPTAVPVSIKQYPMSLEAHMGIRQHIIKFLELGVLRPCRSPWNTPLLP
VKKPGTQDYRPVQDLREINKRTVDIHPTVPNPYNLLSTLKPDYSWYTVLDLKDAFFCLPLAPQSQELFAFEWKDPERGISGQLTWTRLPQGFKNSP
BAEVM [ TLFNEALHRDLTDFRTQHPEYTLLQYVDDLLLAAPTKKACTQGTRHLLQELGEKGYRASAKKAQICQTKVTYLGYILSEGKRWLTPGRIETVARIPPP
_P1027 | RNPREVREFLGTAGFCRLWIPGFAELAAPLYALTKPSTPFTWQTEHQLAFEALKKALLSAPALGLPDTSKPFTLFLDERQGIAKGVLTQKLGPWKRP
2_3mut | VAYLSKKLDPVAAGWPPCLRIMAATAMLVKDSAKLTLGQPLTVITPHTLEAIVRQPPDRWITNARLTHYQALLLDTDRVQFGPPVTLNPATLLPVPEN
QPSPHDCRQVLAETHGTREDL KDQELPDADHTWY TDGSSYLDSGTRRAGAAVDGHNTIWAQSLPPGTSAQKAELIALTKALELSKGKKANIYTD
SRYAFATAHTHGSIYERRGWLTSEGKEIKNKAEIIALLKALFLPQEVAIIHCPGHQKGQDPYAVGNRQADRVARQAAMAEVLTLATEPDNTSHIT

BAEVM | TVSLQDEHRLFDIPVTTSLPDVWLQDFPQAWAETGGLGRAKCQAPIIDLKPTAVPVSIKQYPMSLEAHMGIRQHIIKFLELGYLRPCRSPWNTPLLP

_P1027 | VKKPGTQDYRPVQDLREINKRTVDIHPTVPNPYNLLSTLKPDYSWYTVLDLKDAFFCLPLAPQSQELFAFEWKDPERGISGQLTWTRLPQGFKNSP
2_3mut | TLFNEALHRDLTDFRTQHPEVTLLQYVDDLLLAAPTKKACTQGTRHLLQELGEKGYRASAKKAQICQTKVTYLGYILSEGKRWLTPGRIETVARIPPP
A RNPREVREFLGKAGFCRLFIPGFAELAAPLYALTKPSTPFTWQTEHQLAFEALKKALLSAPALGLPDTSKPFTLFLDERQGIAKGVLTQKLGPWKRP
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RT
Name

RT amino acid sequence

VAYLSKKLDPVAAGWPPCLRIMAATAMLYVKDSAKLTLGQPLTVITPHTLEAIVRQPPDRWITNARLTHYQALLLDTDRVQFGPPVTLNPATLLPVPEN
QPSPHDCRQVLAETHGTREDLKDQELPDADHTWY TDGSSYLDSGTRRAGAAVDGHNTIWAQSLPPGTSAQKAELIALTKALELSKGKKANIYTD
SRYAFATAHTHGSIYERRGWLTSEGKEIKNKAEIIALLKALFLPQEVAIIHCPGHQKGQDPVAVGNRQADRVARQAAMAEVLTLATEPDNTSHIT

BLVAU
_P2505
9

GVLDAPPSHIGLEHLPPPPEVPQFPLNLERLQAL QDLYHRSLEAGYISPWDGPGNNPYFPYRKPNGAWRFVHDLRVTNALTKPIPALSPGPPDLTAI
PTHLPHIICLDLKDAFFQIPVEDRFRSYFAFTLPTPGGLQPHRRFAWRVLPQGFINSPALFERALQEPLRQVSAAFSQSLLYSYMDDILYVSPTEEQR
LQCYQTMAAHLRDLGFQVASEKTRQTPSPVPFLGQMVHERMVTYQSLPTLQISSPISLHQLQTVLGDLQWVSRGTPTTRRPLQLLYSSLKGIDDPR
AlIHLSPEQQQGIAELRQALSHNARSRYNEQEPLLAYVHLTRAGSTLYLFQKGAQFPLAYFQTPLTDNQASPWGLLLLLGCQYLQAQALSSYAKTILK
YYHNLPKTSLDNWIQSSEDPRVQELLQLWPQISSQGIQPPGPWKTLYTRAEVFLTPQFSPEPIPAALCLFSDGAARRGAYCLWKDHLLDFQAVPAP
ESAQKGELAGLLAGLAAAPPEPLNIWVDSKYLYSLLRTLVLGAWLQPDPVPSYALL YKSLLRHPAIFVGHVRSHSSASHPIASLNNYVDQL

BLVAU
_P2505
9_2mut

GVLDAPPSHIGLEHLPPPPEVPQFPLNLERLQAL QDLYHRSLEAGYISPWDGPGNNPYFPYRKPNGAWRFVHDLRVTNALTKPIPALSPGPPDLTAI
PTHLPHIICLDLKDAFFQIPVEDRFRSYFAFTLPTPGGLQPHRRFAWRVLPQGFINSPALFQRALQEPLRQVSAAFSQSLLVSYMDDILYVSPTEEQR
LQCYQTMAAHLRDLGFQVASEKTRQTPSPYPFLGQMVHERMYTYQSLPTLQISSPISLHQLQTVLGDLQWVSRGTPTTRRPLQLLYSSLKPIDDPR
AlIHLSPEQQQGIAELRQALSHNARSRYNEQEPLLAYVHLTRAGSTLVLFQKGAQFPLAYFQTPLTDNQASPWGLLLLLGCQYLQAQALSSYAKTILK
YYHNLPKTSLDN'WMIQSSEDPRVQELLQLWPQISSQGIQPPGPWKTLYTRAEVFLTPQFSPEPIPAALCLFSDGAARRGAYCLWKDHLLDFQAVPAP
ESAQK GELAGLLAGLAAAPPEPLNIWVDSKYLYSLLRTLVLGAWLQPDPVPSYALL YKSLLRHPAIFVGHVRSHSSASHPIASLNNYVDQL

BLVJ_P
03361

GVLDTPPSHIGLEHLPPPPEVPQFPLNLERLQALQDLVHRSLEAGYISPWDGPGNNPYFPYRKPNGAWRFYHDLRATNALTKPIPALSPGPPDLTAI
PTHPPHIICLDLKDAFFQIPVEDRFRFYLSFTLPSPGGLQPHRRFAWRVLPQGFINSPALFERALQEPLRQVSAAFSQSLLVSYMDDILYASPTEEQR
SQCYQALAARLRDLGFQVASEKTSQTPSPVPFLGQMVHEQIVTYQSLPTLQISSPISLHQLQAVLGDLQWVSRGTPTTRRPLALLY SSLKRHHDPR
AlIQLSPEQLQGIAELRQALSHNARSRYNEQEPLLAYVHLTRAGSTLVLFQKGAQFPLAYFQTPLTDNQASPWGLLLLLGCQYLQTQALSSYAKPILK
YYHNLPKTSLDNWIQSSEDPRVQELLQLWPQISSQGIQPPGPWKTLITRAEVFLTPQF SPDPIPAALCLFSDGATGRGAYCLWK DHLLDFQAVPAPE
SAQKGELAGLLAGLAAAPPEPYNIWVDSKYLYSLLRTLVLGAWLQPDPYPSYALLYKSLLRHPAIVVGHVRSHSSASHPIASLNNYVDQL

BLVJ_P
03361_
2mut

GVLDTPPSHIGLEHLPPPPEVPQFPLNLERLQALQDLVHRSLEAGYISPWDGPGNNPYFPYRKPNGAWRFVHDLRATNALTKPIPALSPGPPDLTAI
PTHPPHIICLDLKDAFFQIPVEDRFRFYLSFTLPSPGGLQPHRRFAWRVLPQGFINSPALFNRALQEPLRQVSAAFSQSLLVSYMDDILYASPTEEQR
SQCYQALAARLRDLGFQVASEKTSQTPSPVPFLGQMVHEQIVTYQSLPTLQISSPISLHQLQAVLGDLQWYSRGTPTTRRPLQLLYSSLKRHHDPR

AlIQLSPEQLQGIAELRQALSHNARSRYNEQEPLLAYVHLTRAGSTLVLFQKGAQFPLAYFQTPLTDNQASPWGLLLLLGCQYLQTQALSSYAKPILK
YYHNLPKTSLDNWIQSSEDPRVQELLQLWPQISSQGIQPPGPWKTLITRAEVFLTPQFSPDPIPAALCLFSDGATGRGAY CLWK DHLLDFQAVPAPE
SAQKGELAGLLAGLAAAPPEPYNIWVDSKYLYSLLRTWVLGAWLQPDPVPSYALLYKSLLRHPAIVY GHVRSHS SASHPIASLNNYVDQL

BLVJ_P
03361_
2mutB

GVLDTPPSHIGLEHLPPPPEVPQFPLNLERLQALQDLVHRSLEAGYISPWDGPGNNPYFPYRKPNGAWRFVHDLRATNALTKPIPALSPGPPDLTA
PPTHPPHIICLDLKDAFFQIPVEDRFRFYLSFTLPSPGGLQPHRRFAWRVLPQGFINSPALFQRALQEPLRQVSAAFSQSLLYSYMDDILYASPTEEQ
RSQCYQALAARLRDLGFQVASEKTSQTPSPVPFLGQMVHEQIVTYQSLPTLQISSPISLHQLQAVLGDLQWVSRGTPTTRRPLQLLYSSLKRHHDP
RAIIQLSPEQLQGIAELRQALSHNARSRYNEQEPLLAYVHLTRAGSTLVLFQKGAQFPLAYFQTPLTDNQASPWGLLLLLGCQYLQTQALSSYAKPIL
KYYHNLPKTSLDNWIQSSEDPRVQELLQLWPQISSQGIQPPGPWKTLITRAEVFLTPQFSPDPIPAALCLF SDGATGRGAYCLWKDHLLDFQAVPAP
ESAQK GELAGLLAGLAAAPPEPYNIWVDSKYLYSLLRTWVLGAWLQPDPYPSYALLYKSLLRHPAIVYGHVRSHS SASHPIASLNNYVDQL

FFV_O
93209

MDLLKPLTVERKGVKIKGYWNSQADITCYPKDLLQGEEPYRQQNVTTIHGTQEGDVYYVNLKIDGRRINTEVIGTTLDYAITPGDVPWILKKPLELTIK
LDLEEQQGTLLNNSILSKKGKEELKQLFEKYSALWQSWENQVGHRRIRPHKIATGTVKPTPQKQYHINPKAKPDIQIVINDLLKQGVLIQKESTMNTP
VYPVPKPNGRWRMVLDYRAVNKVTPLIAVQNQHSYGILGSLFKGRYKTTIDLSNGFWAHPIVPEDYWITAF TWQGKQYCWTVLPQGFLNSPGLFT
GDVVDLLQGIPNVEVYVDDVYISHDSEKEHLEYLDILFNRLKEAGYIISLKKSNIANSIVDFLGFQITNEGRGLTDTFKEKLENITAPTTLKQLQSILGLLN
FARNFIPDFTELIAPLYALIPKSTKNYVPWQIEHSTTLETLITKLNGAEYLQGRKGDKTLIMKVNASYTTGYIRYYNEGEKKPISYVSIVFSKTELKFTEL
EKLLTTVHKGLLKALDLSMGQNIHVYSPIVSMQNIQKTPQTAKKALASRWLSWLSYLEDPRIRFFYDPQMPALKDLPAVDTGKDNKKHPSNFQHIFY
TDGSAITSPTKEGHLNAGMGIVYFINKDGNLQKQQEWSISLGNHTAQFAEIAAFEFALKKCLPLGGNILVVTDSNYVAKAYNEELDVWASNGFVNNR
KKPLKHISKWKSVADLKRLRPDVVVTHEPGHQKLDSSPHAYGNNLADQLATQASFKVH

FFV_O
93209_
2mut

MDLLKPLTVERKGVKIKGYWNSQADITCYPKDLLQGEEPYRQQNVTTIHGTQEGDVYYVNLKIDGRRINTEVIGTTLDYAITPGDVPWILKKPLELTIK
LDLEEQQGTLLNNSILSKKGKEELKQLFEKYSALWQSWENQVGHRRIRPHKIATGTVKPTPQKQYHINPKAKPDIQIVINDLLKQGVLIQKESTMNTP

VYPVPKPNGRWRMVLDYRAVNKVTPLIAVONQHSYGILGSLFKGRYKTTIDLSNGFWAHPIVPEDYWITAFTWQGKQYCWTVLPQGFLNSPGLFN

GDVVDLLQGIPNVEVYYDDVYISHDSEKEHLEYLDILFNRLKEAGYIISLKKSNIANSIVDFLGFQITNEGRGLTDTFKEKLENITAPTTLKQLQSILGLLN
FARNFIPDFTELIAPLYALIPKSPKNYVPWQIEHSTTLETLITKLNGAEYLQGRKGDKTLIMKVNASYTTGYIRYYNEGEKKPISYVSIVFSKTELKFTEL

EKLLTTVHKGLLKALDLSMGQNIHVYSPIVSMQNIQKTPQTAKKALASRWLSWLSYLEDPRIRFFYDPQMPALKDLPAVDTGKDNKKHPSNFQHIFY
TDGSAITSPTKEGHLNAGMGIVYFINKDGNLQKQQEWSISLGNHTAQFAEIAAFEFALKKCLPLGGNILVYTDSNYVAKAYNEELDVWASNGFVNNR
KKPLKHISKWKSVADLKRLRPDVVWTHEPGHQKLDSSPHAYGNNLADQLATQASFKVH

FFV_0
93209_
2mutA

MDLLKPLTVERKGVKIKGYWNSQADITCYPKDLLQGEEPYRQQNVTTIHGTQEGDVYYVNLKIDGRRINTEVIGTTLDYAITPGDVPWILKKPLELTIK
LDLEEQQGTLLNNSILSKKGKEELKQLFEK YSALWQSWENQVGHRRIRPHKIATGTVKPTPQKQYHINPKAKPDIQIVINDLLKQGYLIQKESTMNTP

VYPYPKPNGRWRMVLDYRAVNKVTPLIAYQNQHSYGILGSLFKGRYKTTIDLSNGFWAHPIVPEDYWITAFTWQGKQYCWTVLPQGFLNSPGLFN

GDVVDLLQGIPNVEVYYDDVYISHDSEKEHLEYLDILFNRLKEAGYIISLKKSNIANSIVDFLGFQITNEGRGLTDTFKEKLENITAPTTLKQLQSILGKLN
FARNFIPDFTELIAPLYALIPKSPKNYVPWQIEHSTTLETLITKLNGAEYLQGRKGDKTLIMKVNASYTTGYIRYYNEGEKKPISYVSIVFSKTELKFTEL

EKLLTTVHKGLLKALDLSMGQNIHVYSPIVSMQNIQKTPQTAKKALASRWLSWLSYLEDPRIRFFYDPQMPALKDLPAVDTGKDNKKHPSNFQHIFY
TDGSAITSPTKEGHLNAGMGIVYFINKDGNLQKQQEWSISLGNHTAQFAEIAAFEFALKKCLPLGGNILVVTDSNYVAKAYNEELDVWASNGFVNNR
KKPLKHISKWKSVADLKRLRPDVVWTHEPGHQKLDSSPHAY GNNLADQLATQASFKVH

FFV_0
93209-
Pro

VPWILKKPLELTIKLDLEEQQGTLLNNSILSKKGKEELKQLFEKYSALWQSWENQVGHRRIRPHKIATGTVKPTPQKQYHINPKAKPDIQIVINDLLKQ
GVLIQKESTMNTPVYPVPKPNGRWRMVLDYRAVNKVTPLIAVONQHSYGIL GSLFKGRYKTTIDLSNGFWAHPIVPEDYWITAFTWQGKQY CWTVL
PQGFLNSPGLFTGDVVDLLQGIPNVEVYVDDVYISHDSEKEHLEYLDILFNRLKEAGYIISLKKSNIANSIVDFLGFQITNEGRGLTDTFKEKLENITAPT
TLKQLQSILGLLNFARNFIPDFTELIAPLYALIPKSTKNYVPWQIEHSTTLETLITKLNGAEYLQGRKGDKTLIMKVNASYTTGYIRYYNEGEKKPISYVSI
VFSKTELKFTELEKLLTTVHKGLLKALDLSMGQNIHVYSPIVSMQNIQKTPQTAKKALASRWLSWLSYLEDPRIRFFYDPQMPALKDLPAVDTGKDN
KKHPSNFQHIFYTDGSAITSPTKEGHLNAGMGIVYFINKDGNLQKQQEWSISLGNHTAQFAEIAAFEFALKKCLPLGGNILVWTDSNYVAKAYNEELD
VWASNGFVNNRKKPLKHISKWKSVADLKRLRPDVVVTHEPGHQKLDSSPHAY GNNLADQLATQASFKVH

FFV_0
93209-

VPWILKKPLELTIKLDLEEQQGTLLNNSILSKKGKEELKQLFEKYSALWQSWENQVGHRRIRPHKIATGTVKPTPQKQYHINPKAKPDIQIVINDLLKQ
GVLIQKESTMNTPVYPVPKPNGRWRMVLDYRAVNKVTPLIAVONQHSYGILGSLFKGRYKTTIDLSNGFWAHPIVPEDYWITAFTWQGKQYCWTVL
PQGFLNSPGLFNGDVVDLLQGIPNVEVYVDDVYISHDSEKEHLEYLDILFNRLKEAGYIISLKKSNIANSIVDFLGFQITNEGRGLTDTFKEKLENITAPT
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Pro_2m
ut

TLKQLQSILGLLNFARNFIPDFTELIAPLYALIPKSPKNYVPWQIEHSTTLETLITKLNGAEYLQGRKGDKTLIMKVNASYTTGYIRYYNEGEKKPISYVSI
VFSKTELKFTELEKLLTTVHKGLLKALDLSMGQNIHVYSPIVSMQNIQKTPQTAKKALASRWLSWLSYLEDPRIRFFYDPQMPALKDLPAVDTGKDN
KKHPSNFQHIFYTDGSAITSPTKEGHLNAGMGIVYFINKDGNLQKQQEWSISLGNHTAQFAEIAAFEFALKKCLPLGGNILVWTDSNYVAKAYNEELD
VWASNGFVNNRKKPLKHISKWKSVADLKRLRPDVVVTHEPGHQKLDSSPHAY GNNLADQLATQASFKVH

FFV_O

93209-

Pro_2m
utA

VPWILKKPLELTIKLDLEEQQGTLLNNSILSKKGKEELKQLFEKYSALWQSWENQVGHRRIRPHKIATGTVKPTPQKQYHINPKAKPDIQIVINDLLKQ

GVLIQKESTMNTPVYPVPKPNGRWRMVLDYRAVNKVTPLIAVONQHSYGILGSLFKGRYKTTIDLSNGFWAHPIVPEDYWITAFTWQGKQY CWTVL
PQGFLNSPGLFNGDVVDLLQGIPNVEVYYDDVYISHDSEKEHLEYLDILFNRLKEAGYIISLKKSNIANSIVDFLGFQITNEGRGLTDTFKEKLENITAPT
TLKQLQSILGKLNFARNFIPDFTELIAPLYALIPKSPKNYVPWQIEHSTTLETLITKLNGAEYLQGRKGDKTLIMKYNASYTTGYIRYYNEGEKKPISYVS
IVFSKTELKFTELEKLLTTVHKGLLKALDLSMGQNIHVYSPIVSMQNIQKTPQTAKKALASRWLSWLSYLEDPRIRFFYDPQMPALKDLPAVDTGKDN

KKHPSNFQHIFYTDGSAITSPTKEGHLNAGMGIVYFINKDGNLQKQQEWSISLGNHTAQFAEIAAFEFALKKCLPLGGNILVWTDSNYVAKAYNEELD
VWASNGFVNNRKKPLKHISKWKSVADLKRLRPDVVVTHEPGHQKLDSSPHAY GNNLADQLATQASFKVH

FLV_P1
0273

TLQLEEEYRLFEPESTQKQEMDIWLKNFPQAWAETGGMGTAHCQAPVLIQLKATATPISIRQYPMPHEAYQGIKPHIRRMLDQGILKPCQSPWNTP

LLPVKKPGTEDYRPYQDLREVNKRVEDIHPTVPNPYNLLSTLPPSHPWYTVLDLKDAFFCLRLHSESQLLFAFEWRDPEIGLSGQLTWTRLPQGFK

NSPTLFDEALHSDLADFRVRYPALVLLQYVDDLLLAAATRTECLEGTKALLETLGNKGYRASAKKAQICLQEVTYLGYSLKDGQRWLTKARKEAILSI

PVPKNSRQVREFLGTAGYCRLWIPGFAELAAPLYPLTRPGTLFQWGTEQQLAFEDIKKALLSSPALGLPDITKPFELFIDENSGFAK GVLVQKLGPW
KRPVAYLSKKLDTVASGWPPCLRMVAAIAILVKDAGKLTLGQPLTILTSHPVEALVRQPPNKWLSNARMTHYQAMLLDAERVHFGPTVSLNPATLLP
LPSGGNHHDCLQILAETHGTRPDLTDQPLPDADLTWYTDGSSFIRNGEREAGAAVTTESEVIWAAPLPPGTSAQRAELIALTQALKMAEGKKLTVYT
DSRYAFATTHVHGEIYRRRGLLTSEGKEIKNKNEILALLEALFLPKRLSIIHCPGHQKGDSPQAKGNRLADDTAKKAATETHSSLTVLP

FLV_P1
0273_3
mut

TLQLEEEYRLFEPESTQKQEMDIWLKNFPQAWAETGGMGTAHCQAPVLIQLKATATPISIRQYPMPHEAYQGIKPHIRRMLDQGILKPCQSPWNTP

LLPVKKPGTEDYRPYQDLREVNKRVEDIHPTVPNPYNLLSTLPPSHPWYTVLDLKDAFFCLRLHSESQLL FAFEWRDPEIGL SGQLTWTRLPQGFK

NSPTLFNEALHSDLADFRVRYPALVLLQYVDDLLLAAATRTECLEGTKALLETLGNKGYRASAKKAQICLQEVTYLGYSLKDGQRWLTKARKEAILSI

PVPKNSRQVREFLGTAGYCRLWIPGFAELAAPLYPLTRPGTLFQWGTEQQLAFEDIKKALLSSPALGLPDITKPFELFIDENSGFAK GVLVQKLGPW
KRPVAYLSKKLDTVASGWPPCLRMVAAIAILVKDAGKLTLGQPLTILTSHPVEALVRQPPNKWLSNARMTHYQAMLLDAERVHFGPTVSLNPATLLP
LPSGGNHHDCLQILAETHGTRPDLTDQPLPDADLTWYTDGSSFIRNGEREAGAAVTTESEVIWAAPLPPGTSAQRAELIALTQALKMAEGKKLTVYT
DSRYAFATTHVHGEIYRRRGWLTSEGKEIKNKNEILALLEALFLPKRLSIIHCPGHQKGDSPQAKGNRLADDTAKKAATETHSSLTVLP

FLV_P1
0273_3
mutA

TLQLEEEYRLFEPESTQKQEMDIWLKNFPQAWAETGGMGTAHCQAPVLIQLKATATPISIRQYPMPHEAYQGIKPHIRRMLDQGILKPCQSPWNTP

LLPVKKPGTEDYRPYQDLREVNKRVEDIHPTVPNPYNLLSTLPPSHPWYTVLDLKDAFFCLRLHSESQLLFAFEWRDPEIGLSGQLTWTRLPQGFK

NSPTLFNEALHSDLADFRVRYPALVLLQYVDDLLLAAATRTECLEGTKALLETLGNKGYRASAKKAQICLQEVTYLGYSLKDGQRWLTKARKEAILSI
PVPKNSRQVREFLGKAGYCRLFIPGFAELAAPLYPLTRPGTLFQWGTEQQLAFEDIKKALLSSPALGLPDITKPFELFIDENSGFAKGVLVQKLGPWK
RPVAYLSKKLDTVASGWPPCLRMVAAIAILYKDAGKLTLGQPLTILTSHPVEALVRQPPNKWLSNARMTHY QAMLLDAERVHFGPTVSLNPATLLPL
PSGGNHHDCLQILAETHGTRPDLTDQPLPDADLTWYTDGSSFIRNGEREAGAAVT TESEVIWAAPLPPGTSAQRAELIALTQALKMAEGKKLTVYT

DSRYAFATTHVHGEIYRRRGWLTSEGKEIKNKNEILALLEALFLPKRLSIIHCPGHQKGDSPQAKGNRLADDTAKKAATETHSSLTVLP

FOAMY
_P1435

MNPLQLLQPLPAEIKGTKLLAHWNSGATITCIPESFLEDEQPIKKTLIKTIHGEKQQNVYYVTFKVKGRKVEAEVIASPYEYILLSPTDVPWLTQQPLQL
TILVPLQEYQEKILSKTALPEDQKQQLKTLFVKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQK QYPINPKAKPSIQIVIDDLLKQGVLTPQNSTM
NTPVYPVPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPESYWLTAFTWQGKQYCWTRLPQGFLNSPA
LFTADVVDLLKEIPNYQVYYDDIYLSHDDPKEHVQQLEKVFQILLQAGYVVSLKKSEIGQKTVEFLGFNITKEGRGLTDTFKTKLLNITPPKDLKQLQSI
LGLLNFARNFIPNFAELVQPLYNLIASAKGKYIEWSEENTKQLNMVIEALNTASNLEERLPEQRLVIKVNTSPSAGYVRYYNETGKKPIMYLNYVFSKA
ELKFSMLEKLLTTMHKALIKAMDLAMGQEILYYSPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVY TSSQSPVKHPSQ
YEGVFYTDGSAIKSPDPTKSNNAGMGIVHATYKPEYQVLNQWSIPLGNHTAQMAEIAAVEFACKKALKIPGPVLVITDSFYVAESANKELPYWKSNG
FVNNKKKPLKHISKWK SIAECLSMKPDITIQHEK GISLQIPVFILKGNALADKLATQGS YVVN

FOAMV
_P1435
0_2mut

MNPLQLLQPLPAEIKGTKLLAHWNSGATITCIPESFLEDEQPIKKTLIKTIHGEKQQNVYYVTFKVKGRKVEAEVIASPYEYILLSPTDVPWLTQQPLQL
TILVPLQEYQEKILSKTALPEDQKQQLKTLFVKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLKQGYLTPQNSTM
NTPVYPVPKPDGRWRIMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPESYWLTAFTWQGKQYCWTRLPQGFLNSPA
LFNADVVDLLKEIPNVQVYVDDIYLSHDDPKEHVQQLEKVFQILLQAGYVVSLKKSEIGQKTVEFLGFNITKEGRGLTDTFKTKLLNITPPKDLKQLQSI
LGLLNFARNFIPNFAELVQPLYNLIAPAKGKYIEWSEENTKQLNMVIEALNTASNLEERLPEQRLVIKYNTSPSAGYVRYYNETGKKPIMYLNYVFSKA
ELKFSMLEKLLTTMHKALIKAMDLAMGQEILYYSPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVYTSSQSPVKHPSQ
YEGVFYTDGSAIKSPDPTKSNNAGMGIVHATYKPEYQVLNQWSIPLGNHTAQMAEIAAVEFACK KALKIPGPVLVITDSFYVAESANKELPYWKSNG
FVNNKKKPLKHISKWKSIAECLSMKPDITIQHEKGISLQIPVFILKGNALADKLATQGS YVVN

FOAMV
_P1435
0_2mut

MNPLQLLQPLPAEIKGTKLLAHWNSGATITCIPESFLEDEQPIKKTLIKTIHGEKQQNVY YVTFKVKGRKVEAEVIASPYEYILLSPTDVPWLTQQPLQL
TILVPLQEYQEKILSKTALPEDQKQQLKTLFVKYDNLWQHWENQYGHRKIRPHNIATGDYPPRPQK QYPINPKAKPSIQIVIDDLLKQGYLTPQNSTM

NTPVYPVPKPDGRWRIMYLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPESYWL TAFTWQGKQYCWTRLPQGFLNSPA

LFNADVVDLLKEIPNVQVYVDDIYLSHDDPKEHVQQLEKVFQILLQAGYVVSLKKSEIGQKTVEFLGFNITKEGRGLTDTFKTKLLNITPPKDLKQLQSI
LGKLNFARNFIPNFAELVQPLYNLIAPAK GKYIEWSEENTKQLNMYIEALNTASNLEERLPEQRLYIKVNTSPSAGYVRYYNETGKKPIMYLNYVFSKA
ELKFSMLEKLLTTMHKALIKAMDLAMGQEILYYSPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVY TSSQSPVKHPSQ

YEGVFYTDGSAIKSPDPTKSNNAGMGIVHATYKPEYQVLNQWSIPLGNHTAQMAEIAAVEFACKKALKIPGPVLVITDSFYVAESANKELPYWKSNG

FYNNKKKPLKHISKWK SIAECLSMKPDITIQHEKGISLQIPVFILKGNALADKLATQGSYVVN

FOAMV
_P1435
0-Pro

VPWLTQQPLQLTILVPLQEYQEKILSKTALPEDQKQQLKTLFVKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQY PINPKAKPSIQIVIDDLLK
QGVLTPQNSTMNTPVYPYPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPESYWLTAF TWQGKQYCWT
RLPQGFLNSPALFTADVVDLLKEIPNVQVYVDDIYLSHDDPKEHVQQLEKVFQILLQAGYVYSLKKSEIGQKTVEFLGFNITKEGRGLTDTFKTKLLNI
TPPKDLKQLQSILGLLNFARNFIPNFAELYQPLYNLIASAKGKYIEWSEENTKQLNMVIEALNTASNLEERLPEQRLVIKVNTSPSAGYVRYYNETGKK
PIMYLNYVFSKAELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRWMTWMTYLEDPRIQFHYDKTLPELKHIPDVYT
SSQSPVKHPSQYEGVFYTDGSAIKSPDPTKSNNAGMGIVHATYKPEYQVLNQWSIPLGNHTAQMAEIAAVEFACKKALKIPGPVLVITDSFYVAESA
NKELPYWKSNGFVNNKKKPLKHISKWKSIAECLSMKPDITIQHEKGISLQIPVFILKGNALADKLATQGSYVVN

FOAMV
P1435

0

VPWLTQQPLQLTILVPLQEY QEKILSKTALPEDQKQQLKTLFVKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLTPQNSTMNTPVYPVPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPESYWLTAF TWQGKQYCWT
RLPQGFLNSPALFNADVVDLLKEIPNVQVYVDDIYLSHDDPKEHVQQLEKVFQILLQAGYVVSLKKSEIGQK TVEFLGFNITKEGRGLTDTFKTKLLNI

TPPKDLKQLQSILGLLNFARNFIPNFAELVQPLYNLIAPAKGKYIEWSEENTKQLNMVIEALNTASNLEERLPEQRLVIKVNTSPSAGYVRYYNETGKK
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Pro_2m
ut

PIMYLNYVFSKAELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRMTWMTYLEDPRIQFHYDKTLPELKHIPDVYT
SSQSPVKHPSQYEGVFYTDGSAIKSPDPTKSNNAGMGIVHATYKPEYQVLNQWSIPLGNHTAQMAEIAAVEFACKKALKIPGPVLVITDSFYVAESA
NKELPYWKSNGFVNNKKKPLKHISKWKSIAECLSMKPDITIQHEK GISLQIPVFILKGNALADKLATQGSYVVN

FOAMYV
_P1435

Pro_2m
utA

VPWLTQQPLQLTILVPLQEY QEKILSKTALPEDQKQQLKTLFVKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLTPQNSTMNTPVYPVYPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPESYWLTAF TWQGKQYCWT
RLPQGFLNSPALFNADVVDLLKEIPNVQVYVDDIYLSHDDPKEHVQQLEKVFQILLQAGYVVSLKKSEIGQK TVEFLGFNITKEGRGLTDTFKTKLLNI

TPPKDLKQLQSILGKLNFARNFIPNFAELVQPLYNLIAPAKGKYIEWSEENTKQLNMVIEALNTASNLEERLPEQRLVIKVNTSPSAGYVRYYNETCKK
PIMYLNYVFSKAELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRWM TWMTYLEDPRIQFHYDKTLPELKHIPDVYT
SSQSPVKHPSQYEGVFYTDGSAIKSPDPTKSNNAGMGIVHATYKPEY QVLNQWSIPLGNHTAQMAEIAAVEFACKKALKIPGPVLVITDSFYVAESA
NKELPYWKSNGFYNNKKKPLKHISKWKSIAECLSMKPDITIQHEKGISLQIPVFILKGNALADKLATQGSYVVN

GALV_
P21414

VLNLEEEYRLHEKPVPSSIDPSWLQLFPTVWAERAGMGLANQYPPVVVELRSGASPVAVRQYPMSKEAREGIRPHIQKFLDLGVLVPCRSPWNTP
LLPVKKPGTNDYRPYQDLREINKRVQDIHPTVPNPYNLLSSLPPSYTWYSYLDLKDAFFCLRLHPNSQPLFAFEWKDPEKGNTGQLTWTRLPQGFK
NSPTLFDEALHRDLAPFRALNPQVVLLQYVDDLLVAAPTYEDCKKGTQKLLQELSKLGYRVSAKKAQLCQREVTYLGYLLKEGKRWLTPARKATVM
KIPVPTTPRQVREFLGTAGFCRLWIPGFASLAAPLY PLTKESIPFIWTEEHQQAFDHIKKALLSAPALALPDLTKPFTLYIDERAGVARGVLTQTLGPW
RRPVAYLSKKLDPYASGWPTCLKAVAAVALLLKDADKLTLGQNVTVIASHSLESIVRQPPDRWMTNARMTHYQSLLLNERVSFAPPAVLNPATLLPY
ESEATPYHRCSEILAEETGTRRDLEDQPLPGYVPTWYTDGSSFITEGKRRAGAPIVDGKRTVWASSLPEGTSAQKAELVALTQALRLAEGKNINIYTD
SRYAFATAHIHGAIYKQRGLLTSAGKDIKNKEEILALLEAIHLPRRVAIIHCPGHQRGSNPVATGNRRADEAAKQAALSTRVLAGTTKP

GALV_
P21414
_3mut

VLNLEEEYRLHEKPVPSSIDPSWLQLFPTVWAERAGMGLANQYPPVVVELRSGASPVAVRQYPMSKEARECIRPHIQKFLDLGVLYPCRSPWNTP
LLPVKKPGTNDYRPYQDLREINKRVQDIHPTVPNPYNLLSSLPPSYTWYSYLDLKDAFFCLRLHPNSQPLFAFEWKDPEKGNTGQLTWTRLPQGFK
NSPTLFNEALHRDLAPFRALNPQVVLLQYVDDLLVAAPTYEDCKKGTQKLLQELSKLGYRVSAKKAQLCQREVTYLGYLLKEGKRWLTPARKATVM
KIPVPTTPRQVREFLGTAGFCRLWIPGFASLAAPLY PLTKPSIPFIWTEEHQQAFDHIKKALLSAPALALPDLTKPFTLYIDERAGVARGVLTQTLGPW
RRPVAYLSKKLDPVASGWPTCLKAVAAVALLLKDADKLTLGQNVTVIASHSLESIVRQPPDRWMTNARMTHYQSLLLNERVSFAPPAVLNPATLLPY
ESEATPYHRCSEILAEETGTRRDLEDQPLPGYPTWYTDGSSFITEGKRRAGAPIVDGKRTVWASSLPEGTSAQKAELVALTQALRLAEGKNINIYTD
SRYAFATAHIHGAIYKQRGWLTSAGKDIKNKEEILALLEAIHLPRRYAIIHCPGHQRGSNPVATGNRRADEAAKQAALSTRVLAGTTKP

GALV_
P21414
_3mutA

VLNLEEEYRLHEKPVPSSIDPSWLQLFPTVWAERAGMGLANQVPPVWVELRSGASPVAVRQYPMSKEAREGIRPHIQKFLDLGVLVPCRSPWNTP
LLPVKKPGTNDYRPYQDLREINKRVQDIHPTVPNPYNLLSSLPPSYTWYSVLDLKDAFFCLRLHPNSQPLFAFEWKDPEKGNTGQLTWTRLPQGFK
NSPTLFNEALHRDLAPFRALNPQVVLLQYVDDLLVAAPTYEDCKKGTQKLLQELSKLGYRVSAKKAQLCQREVTYLGYLLKEGKRWLTPARKATVM
KIPYPTTPRQVREFLGKAGFCRLFIPGFASLAAPLYPLTKPSIPFIWTEEHQQAFDHIKKALLSAPALALPDLTKPFTLYIDERAGVARGVLTQTLGPW

RRPVAYLSKKLDPYASGWPTCLKAVAAVALLLKDADKLTLGQNYTVIASHSLESIVRQPPDRWMTNARMTHYQSLLLNERVSFAPPAVLNPATLLPY
ESEATPVHRCSEILAEETGTRRDLEDQPLPGVPTWYTDGSSFITEGKRRAGAPIVDGKRTVWASSLPEGTSAQKAELVALTQALRLAEGKNINIYTD
SRYAFATAHIHGAIYKQRGWLTSAGKDIKNKEEILALLEAIHLPRRYAIHCPGHQRGSNPVATGNRRADEAAKQAALSTRVLAGTTKP

HTL1A
_P0336

AVLGLEHLPRPPQISQFPLNPERLQALQHLVRKALEAGHIEPYTGPGNNPYVFPVKKANGTWRFIHDLRATNSLTIDLSSSSPGPPDLSSLPTTLAHLQ
TIDLRDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWKVLPQGFKNSPTLFEMQLAHILQPIRQAFPQCTILQYMDDILLASPSHEDLLLLSEATM
ASLISHGLPYSENKTQQTPGTIKFLGQIISPNHLTYDAVPTVPIRSRWALPELQALLGEIQWYSKGTPTLRQPLHSLY CALQRHTDPRDQIYLNPSQV
QSLVQLRQALSQNCRSRLVQTLPLLGAIMLTLTGTTTVWFQSKEQWPLVWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISTQT
FNQFIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTAAPLAPVKALMPVFTLSPVIINTAPCLFSDGSTSRAAYILWDKQILSQRSFPLPPPHKS
AQRAELLGLLHGLSSARSWRCLNIFLDSKYLYHYLRTLALGTFQGRSSQAPFQALLPRLLSRKVVYLHHVRSHTNLPDPISRLNALTDALLITPVLQL

HTL1A
_P0336
2_2mut

AVLGLEHLPRPPQISQFPLNPERL QALQHLVRKALEAGHIEPYTGPGNNPYFPYKKANGTWRFIHDLRATNSLTIDLSSSSPGPPDLSSLPTTLAHLQ
TIDLRDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWKVLPQGFKNSPTLFQMQLAHILQPIRQAFPQCTILQYMDDILLASPSHEDLLLLSEATM
ASLISHGLPVSENKTQQTPGTIKFLGQIISPNHLTYDAVPTVPIRSRWALPELQALLGEIQWVSKGTPTLRQPLHSLY CALQPHTDPRDQIYLNPSQV
QSLVQLRQALSQNCRSRLVQTLPLLGAIMLTLTGTTTVVFQSKEQWPLVWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISTQT
FNQFIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTAAPLAPVKALMPVFTLSPVIINTAPCLFSDGSTSRAAYILWDKQILSQRSFPLPPPHKS
AQRAELLGLLHGLSSARSWRCLNIFLDSKYLYHYLRTLALGTFQGRSSQAPFQALLPRLLSRKVVYLHHVRSHTNLPDPISRLNALTDALLITPYLQL

HTL1A
_P0336
2_2mut

AVLGLEHLPRPPQISQFPLNPERLQALQHLVRKALEAGHIEPYTGPGNNPVFPVKKANGTWRFIHDLRATNSLTIDLSSSSPGPPDLSSPPTTLAHLQ
TIDLRDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWKVLPQGFKNSPTLFQMQLAHILQPIRQAFPQCTILQYMDDILLASPSHEDLLLLSEATM
ASLISHGLPVSENKTQQTPGTIKFLGQIISPNHLTYDAVPTVPIRSRWALPELQALLGEIQWVSKGTPTLRQPLHSLY CALQPHTDPRDQIYLNPSQY
QSLVQLRQALSQNCRSRLVQTLPLLGAIMLTLTGTTTVVFQSKEQWPLVWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISTQT
FNQFIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTAAPLAPVKALMPVFTLSPVINTAPCLFSDGSTSRAAYILWDKQILSQRSFPLPPPHKS
AQRAELLGLLHGLSSARSWRCLNIFLDSKYLYHYLRTLAL GTFQGRSSQAPFQALLPRLLSRKVVYLHHVRSHTNLPDPISRLNAL TDALLITPVLQL

HTL1C
_P1407

AVLGLEHLPRPPEISQFPLNPERLQALQHLVRKALEAGHIEPYTGPGNNPVFPYKKANGTWRFIHDLRATNSLTIDLSSSSPGPPDLSSLPTTLAHLQ
TIDLKDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWRVLPQGFKNSPTLFEMQLAHILQPIRQAFPQCTILQYMDDILLASPSHADLQLLSEATM
ASLISHGLPVSENKTQQTPGTIKFLGQIISPNHLTYDAVPKVPIRSRWALPELQALLGEIQWYSKGTPTLRQPLHSLYCALQRHTDPRDQIYLNPSQY
QSLVQLRQALSQNCRSRLVQTLPLLGAIMLTLTGTTTVVFQSKQQWPLVWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISTQT
FNQFIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTTAPLAPVKALMPVFTLSPVIINTAPCLF SDGSTSQAAYILWDKHILSQRSFPLPPPHKS
AQRAELLGLLHGLSSARSWRCLNIFLDSKYLYHYLRTLALGTFQGRSSQAPFQALLPRLLSRKVVYLHHVRSHTNLPDPISRLNALTDALLITPYLQL

HTL1C
_P1407
8_2mut

AVLGLEHLPRPPEISQFPLNPERL QALQHLYRKALEAGHIEPYTGPGNNPVFPYKKANGTWRFIHDLRATNSLTIDLSSSSPGPPDLSSLPTTLAHLQ
TIDLKDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWRVLPQGFKNSPTLFQMQLAHILQPIRQAFPQCTILQYMDDILLASPSHADLQLLSEATM
ASLISHGLPVSENKTQQTPGTIKFLGQIISPNHLTYDAVPKVPIRSRWALPELQALLGEIQWVSKGTPTLRQPLHSLYCALQPHTDPRDQIYLNPSQV
QSLVQLRQALSQNCRSRLVQTLPLLGAIMLTLTGTTTVVFQSKQQWPLYWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISTQT
FNQFIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTTAPLAPVKALMPVFTLSPVIINTAPCLFSDGSTSQAAYILWDKHILSQRSFPLPPPHKS
AQRAELLGLLHGLSSARSWRCLNIFLDSKYLYHYLRTLALGTFQGRSSQAPFQALLPRLLSRKVVYLHHVRSHTNLPDPISRLNALTDALLITPVLQL

HTL1L.
PoC211

GLEHLPRPPEISQFPLNPERLQALQHLYRKALEAGHIEPYTGPGNNPVFPVKKANGTWRFIHDLRATNSLTVDLSSSSPGPPDLSSLPTTLAHLQTID
LKDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWKVLPQGFKNSPTLFEMQLASILQPIRQAFPQCVILQYMDDILLASPSPEDLQQLSEATMAS
LISHGLPYSQDKTQQTPGTIKFLGQISPNHITYDAVPTVPIRSRWALPELQALLGEIQWYSKGTPTLRQPLHSLYCALQGHTDPRDQIYLNPSQVQSL
MQLQQALSQNCRSRLAQTLPLLGAIMLTLTGTTTVVFQSKQQWPLVWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISIQTFNQ
FIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTAAPLAPVKALTPVFTLSPIIINTAPCLFSDGS TSQAAYILWDKHILSQRSFPLPPPHKSAQQA
ELLGLLHGLSSARSWHCLNIFLDSKYLYHYLRTLALGTFQGKSSQAPFQALL PRLLAHKVIYLHHVRSHTNLPDPISKLNALTDALLITPIL
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HTLIL.
POC211
_2mut

GLEHLPRPPEISQFPLNPERLQALQHLVRKALEAGHIEPYTGPGNNPVFPVKKANGTWRFIHDLRATNSLTVDLSS SSPGPPDLSSLPTTLAHLQTID
LKDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWKVLPQGFKNSPTLFQMQLASILQPIRQAFPQCVILQYMDDILLASPSPEDLQQLSEATMAS
LISHGLPVSQDKTQQTPGTIKFLGQISPNHITYDAVPTVPIRSRWALPELQALLGEIQWVSKGTPTLRQPLHSLYCALQGHTDPRDQIYLNPSQVQSL
MQLQQALSQNCRSRLAQTLPLLGAIMLTLTGTTTVVFQSKQQWPLVWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISIQTFNG
FIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTAAPLAPVKALTPVFTLSPIIINTAPCLFSDGS TSQAAYILWDKHILSQRSFPLPPPHKSAQQA
ELLGLLHGLSSARSWHCLNIFLDSKYLYHYLRTLAWGTFQGKSSQAPFQALLPRLLAHKVIYLHHVRSHTNLPDPISKLNALTDALLITPIL

HTL1L_
P0oC211
_2mutB

GLEHLPRPPEISQFPLNPERLQALQHLYRKALEAGHIEPYTGPGNNPVFPVKKANGTWRFIHDLRATNSLTVDLSSSSPGPPDLSSPPTTLAHLQTID
LKDAFFQIPLPKQFQPYFAFTVPQQCNYGPGTRYAWKVLPQGFKNSPTLFQMQLASILQPIRQAFPQCVILQYMDDILLASPSPEDLQQLSEATMAS
LISHGLPVSQDKTQQTPGTIKFLGQISPNHITYDAVPTVPIRSRWALPELQALLGEIQWVSKGTPTLRQPLHSLY CALQGHTDPRDQIYLNPSQVQSL
MQLQQALSQNCRSRLAQTLPLLGAIMLTLTGTTTVVFQSKQQWPLVWLHAPLPHTSQCPWGQLLASAVLLLDKYTLQSYGLLCQTIHHNISIQTFNG
FIQTSDHPSVPILLHHSHRFKNLGAQTGELWNTFLKTAAPLAPVKALTPVFTLSPIIINTAPCLFSDGS TSQAAYILWDKHILSQRSFPLPPPHKSAQQA
ELLGLLHGLSSARSWHCLNIFLDSKYLYHYLRTLAWGTFQGKSSQAPFQALLPRLLAHKVIYLHHVRSHTNLPDPISKLNALTDALLITPIL

HTL32_
QORSR

GLEHLPPPPEVSQFPLNPERLQALTDLVSRALEAKHIEPYQGPGNNPIFPVKKPNGKWRFIHDLRATNSY TRDLASPSPGPPDLTSLPQGLPHLRTI

DLTDAFFQIPLPTIFQPYFAFTLPQPNNYGPGTRYSWRVLPQGFKNSPTLFEQQLSHILTPYRKTFPNSLIIQYMDDILLASPAPGELAALTDKYTNAL
TKEGLPLSPEKTQATPGPIHFLGQVISQDCITYETLPSINVKSTWSLAELQSMLGELQWVSKGTPVLRSSLHQLYLALRGHRDPRDTIKLTSIQVQAL
RTIQKALTLNCRSRLYNQLPILALIMLRPTGTTAVLFQTKQKWPLVWLHTPHPATSLRPWGQLLANAVIILDKY SLQHYGQVCKSFHHNISNQALTYY
LHTSDQSSVAILLQHSHRFHNLGAQPSGPWRSLLQMPQIFQNIDVLRPPFTISPVWINHAPCLFSDGSASKAAFIIWDRQVIHQQVLSLPSTCSAQAG
ELFGLLAGLQKSQPWVALNIFLDSKFLIGHLRRMALGAFPGPSTQCELHTQLLPLLQGKTVYVHHVRSHTLLQDPISRLNEATDALMLAPLLPL

HTL32_
QOR5R
2_2mut

GLEHLPPPPEVSQFPLNPERLQALTDLVSRALEAKHIEPYQGPGNNPIFPVKKPNGKWRFIHDLRATNSYTRDLASPSPGPPDLTSLPQGLPHLRTI

DLTDAFFQIPLPTIFQPYFAFTLPQPNNYGPGTRYSWRVLPQGFKNSPTLFQQQLSHILTPYRKTFPNSLIIQYMDDILLASPAPGELAALTDKVTNAL
TKEGLPLSPEKTQATPGPIHFLGQVISQDCITYETLPSINVKSTWSLAELQSMLGELQWVSKGTPVLRSSLHQLYLALRGHRDPRDTIKLTSIQVQAL
RTIQKALTLNCRSRLYNQLPILALIMLRPTGTTAVLFQTKQKWPLVWLHTPHPATSLRPWGQLLANAVIILDKY SLQHYGQVCKSFHHNISNQALTYY
LHTSDQSSVAILLQHSHRFHNLGAQPSGPWRSLLQMPQIFQNIDVLRPPFTISPVWINHAPCLFSDGSASKAAFIIWDRQVIHQQVLSLPSTCSAQAG
ELFGLLAGLQKS QPWVALNIFLDSKFLIGHLRRMAWGAFPGPSTQCELHTQLLPLLQGKTVYVHHVRSHTLL QDPISRLNEATDALMLAPLLPL

HTL32_
QORBR
2_2mut
B

GLEHLPPPPEVSQFPLNPERLQALTDLVSRALEAKHIEPYQGPGNNPIFPVKKPNGKWRFIHDLRATNSYTRDLASPSPGPPDLTSPPQGLPHLRTI
DLTDAFFQIPLPTIFQPYFAFTLPQPNNYGPGTRYSWRVLPQGFKNSPTLFQQQALSHILTPYRKTFPNSLIIQYMDDILLASPAPGELAALTDKVTNAL
TKEGLPLSPEKTQATPGPIHFLGQVISQDCITYETLPSINVKSTWSLAELQSMLGELQWVSKGTPYLRSSLHQLYLALRGHRDPRDTIKLTSIQVQAL
RTIQKALTLNCRSRLYNQLPILALIMLRPTGTTAVLFQTKQKWPLVWLHTPHPATSLRPWGQLLANAVIILDKY SLQHYGQVCKSFHHNISNQALTYY
LHTSDQSSVAILLQHSHRFHNLGAQPSGPWRSLLQMPQIFQNIDYLRPPFTISPVWINHAPCLFSDGSASKAAFIIWDRQVIHQQVLSLPSTCSAQAG
ELFGLLAGLQKS QPWVALNIFLDSKFLIGHLRRMAWGAFPGPSTQCELHTQLLPLLQGKTVYVHHVRSHTLL QDPISRLNEATDALMLAPLLPL

HTL3P
_Q4uo
X6

GLEHLPPPPEVSQFPLNPERLQALTDLYVSRALEAKHIEPYQGPGNNPIFPVKKPNGKWRFIHDLRATNSLTRDLASPSPGPPDLTSLPQDLPHLRTID
LTDAFFQIPLPAVFQPYFAFTLPQPNNHGPGTRYSWRVLPQGFKNSPTLFEQQLSHILAPYRKAFPNSLIIQYMDDILLASPALRELTALTDKVTNALT
KEGLPMSLEKTQATPGSIHFLGQVISPDCITYETLPSIHVKSIWSLAELQSMLGELQWVSKGTPVLRSSLHQLYLALRGHRDPRDTIELTSTQVQALK
TIQKALALNCRSRLVSQLPILALILRPTGTTAVLFQTKQKWPLVWLHTPHPATSLRPWGQLLANAIITLDKYSLQHY GQICKSFHHNISNQALTYYLHT
SDQSSVAILLQHSHRFHNLGAQPSGPWRSLLQVPQIFQNIDVLRPPFIISPYWIDHAPCLFSDGATSKAAFILWDKQVIHQQVLPLPS TCSAQAGELF
GLLAGLQKSKPWPALNIFLDSKFLIGHLRRMALGAFLGPSTQCDLHARLFPLLQGKTVYVHHVRSHTLLQDPISRLNEATDALMLAPLLPL

HTL3P
_Q4uU0
X6_2m

GLEHLPPPPEVSQFPLNPERLQALTDLYSRALEAKHIEPY QGPGNNPIFPVKKPNGKWRFIHDLRATNSLTRDLASPSPGPPDLTSLPQDLPHLRTID
LTDAFFQIPLPAVFQPYFAFTLPQPNNHGPGTRYSWRVLPQGFKNSPTLFQQQLSHILAPVRKAFPNSLIIQYMDDILLASPALRELTALTDKVTNALT
KEGLPMSLEKTQATPGSIHFLGQVISPDCITYETLPSIHVKSIWSLAELQSMLGELQWVSKGTPVLRSSLHQLYLALRGHRDPRDTIELTSTQVQALK
TIQKALALNCRSRLVSQLPILALILRPTGTTAVLFQTKQKWPLVWLHTPHPATSLRPWGQLLANAITLDKYSLQHY GQICKSFHHNISNQALTYYLHT
SDQSSVAILLQHSHRFHNLGAQPSGPWRSLLQVPQIFQNIDVLRPPFIISPVWIDHAPCLFSDGATSKAAFILWDKQVIHQQVLPLPSTCSAQAGELF
GLLAGLQKSKPWPALNIFLDSKFLIGHLRRMAWGAFLGPSTQCDLHARLFPLLQGKTVYVHHVRSHTLLQDPISRLNEATDALMLAPLLPL

HTL3P
_Q4uo
X6_2m
utB

GLEHLPPPPEVSQFPLNPERLQALTDLYSRALEAKHIEPY QGPGNNPIFPVKKPNGKWRFIHDLRATNSLTRDLASPSPGPPDLTSPPQDLPHLRTI
DLTDAFFQIPLPAVFQPYFAFTLPQPNNHGPGTRY SWRVLPQGFKNSPTLFQQQLSHILAPYRKAFPNSLIIQYMDDILLASPALRELTALTDKVTNAL
TKEGLPMSLEKTQATPGSIHFLGQVISPDCITYETLPSIHVKSIWSLAEL QSMLGELQWYSKGTPVLRSSLHQLYLALRGHRDPRDTIELTSTQVQAL
KTIQKALALNCRSRLYSQLPILALILRPTGTTAVLFQTKQKWPLVWLHTPHPATSLRPWGQLLANAITLDKYSLQHYGQICKSFHHNISNQALTYYLH
TSDQSSVAILLQHSHRFHNLGAQPSGPWRSLLQVPQIFQNIDVLRPPFIISPVVIDHAPCLFSDGATSKAAFILWDKQVIHQQVLPLPSTCSAQAGELF
GLLAGLQKSKPWPALNIFLDSKFLIGHLRRMAWGAFLGPSTQCDLHARLFPLLQGKTVYVHHVRSHTLLQDPISRLNEATDALMLAPLLPL

HTLV2
_P0336
3_2mut

HLPPPPQVDQFPLNLPERLQALNDLVSKALEAGHIEPYSGPGNNPVFPVKKPNGKWRFIHDLRATNAITTTLTSPSPGPPDLTSLPTALPHLQTIDLT

DAFFQIPLPKQYQPYFAFTIPQPCNYGPGTRYAWTVLPQGFKNSPTLFQQQLAAVLNPMRKMFPTSTIVQYMDDILLASPTNEELQQLSQLTLQALT
THGLPISQEKTQQTPGQIRFLGQVISPNHITYESTPTIPIKSQWTLTELQVILGEIQWVSKGTPILRKHLQSL YSALHPYRDPRACITLTPQQLHALHAIQ
QALQHNCRGRLNPALPLLGLISLSTSGTTSVIFQPKQNWPLAWLHTPHPPTSLCPWGHLLACTILTLDKY TLQHYGQLCQSFHHNMSKQALCDFLR

NSPHPSVGILIHHMGRFHNLGSQPSGPWKTLLHLPTLLQEPRLLRPIFTLSPVVLDTAPCLFSDGSPQKAAYVLWDQTILQQDITPLPSHETHSAQKG
ELLALICGLRAAKPWPSLNIFLDSKYLIKYLHSLAIGAFL GTSAHQTLQAALPPLLQGKTIYLHHVRSHTNLPDPISTFNEYTDSLILAPLYPL

JSRV_
P31623

PLGTSDSPVTHADPIDWKSEEPVWYDQWPLTQEKLSAAQQLYQEQLRLGHIEPSTSAWNSPIFVIKKKSGKWRLLQDLRKYNETMMHMGALQPGL
PTPSAIPDKSYIIVIDLKDCFYTIPLAPQDCKRFAFSLPSVNFKEPMQRYQWRVLPQGMTNSPTLCQKFVATAIAPYRQRFPQLYLVHYMDDILLAHT
DEHLLY QAFSILKQHLSLNGLVIADEKIQTHFPYNYLGFSLYPRVYNTQLVKLQTDHLKTLNDFQKLLGDINWIRPYLKLPTYTLQPLFDILKGDSDPAS
PRTLSLEGRTALQSIEEAIRQQQITYCDYQRSWGLYILPTPRAPTGYLYQDKPLRWIYLSATPTKHLLPYYELVAKIIAKGRHEAIQYFGMEPPFICVPY
ALEQQDWLFQF SDNWSIAFANYPGQITHHYPSDKLLQFASSHAFIFPKIVRRQPIPEATLIFTDGSSNGTAALIINHQTYYAQTSFSSAQWELFAVHQ
ALLTVPTSFNLFTDSSYVVGALQMIETVPIGTTSPEVLNLFTLIQQVLHCRQHPCFFGHIRAHSTLPGALVQGNHTADVLTKQVFFQS

JSRV_
P31623
_2mutB

PLGTSDSPVTHADPIDWKSEEPYWVDQWPLTQEKLSAAQQLYQEQLRLGHIEPSTSAWNSPIFVIKKKS GKWRLLQDLRKYNETMMHMGALQPGL
PTPSPIPDKSYIIVIDLKDCFYTIPLAPQDCKRFAFSLPSVYNFKEPMQRYQWRVLPQGMTNSPTLCQKFVATAIAPYRQRFPQLYLVHYMDDILLAHT
DEHLLY QAFSILKQHLSLNGLVIADEKIQTHFPYNYLGFSLYPRVYNTQLVKLQTDHLKTLNDFQKLLGDINWIRPYLKLPTYTLQPLFDILKGDSDPAS
PRTLSLEGRTALQSIEEAIRQQQITYCDYQRSWGLYILPTPRAPTGVLYQDKPLRWIYLSATPTKHLLPYYELVAKIIAKGRHEAIQYFGMEPPFICYPY
ALEQQDWLFQF SDNWSIAFANYPGQITHHYPSDKLLQFASSHAFIFPKIVRRQPIPEATLIFTDGSSNGTAALINHQTYYAQTSFSSAQWELFAVHQ
ALLTVPTSFNLFTDSSYVVGALQMIETVPIGTTSPEVLNLFTLIQQVLHCRQHPCFFGHIRAHSTLPGALVQGNHTADVLTKQVFFQS
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KORV_
Q9TTC

TLGDQGSRGSDPLPEPRVTLTVEGIPTEFLYNTGAEHSVLTKPMGKMGSKRTVVAGATGSKVYPWTTKRLLKIGQKQVTHSFLVIPECPAPLLGRD
LLTKLKAQIQFSTEGPQVTWEDRPAMCLVLNLEEEYRLHEKPYPPSIDPSWLQLFPMVWAEKAGMGLANQVPPYWVELKSDASPVAVRQYPMSKE
AREGIRPHIQRFLDLGILVPCQSPWNTPLLPVKKPGTNDYRPYQDLREVNKRVQDIHPTVPNPYNLLSSLPPSHTWY SVLDLKDAFFCLKLHPNSQP
LFAFEWRDPEKGNTGQLTWTRLPQGFKNSPTLFDEALHRDLASFRALNPQVWMLQYVDDLLVAAPTYRDCKEGTRRLLQELSKLGYRVSAKKAQL
CREEVTYLGYLLKGGKRWLTPARKATVMKIPTPTTPRQVREFLGTAGFCRLWIPGFASLAAPLYPLTREKVPFTWTEAHQEAFGRIKEALLSAPALA
LPDLTKPFALYVDEKEGVARGVLTQTLGPWRRPVAYLSKKLDPVASGWPTCLKAIAAVALLLKDADKLTLGQNVLVIAPHNLESIVRQPPDRWMTNA
RMTHYQSLLLNERVSFAPPAILNPATLLPVESDDTPIHICSEILAEETGTRPDLRDQPLPGVPAWYTDGSSFIMDGRRQAGAAIVDNKRTVWASNLP
EGTSAQKAELIALTQALRLAEGKSINIYTDSRYAFATAHVHGAIY KQRGLLTSAGKDIKNKEEILALLEAIHLPKRVAIIHCPGHQRGTDPVATGNRKAD
EAAKQAAQSTRILTETTKN

KORV_
Q9TTC
1_3mut

TLGDQGSRGSDPLPEPRVTLTVECIPTEFLYNTGAEHSVLTKPMGKMGSKRTVVAGATGSKVYPWTTKRLLKIGQKQVTHSFLVIPECPAPLLGRD
LLTKLKAQIQFSTEGPQVTWEDRPAMCLVLNLEEEYRLHEKPVPPSIDPSWLQLFPMVWAEKAGMGLANQVPPYVVELKSDASPVAVRQYPMSKE
AREGIRPHIQRFLDLGILYPCQSPWNTPLLPVKKPGTNDYRPYQDLREVNKRYQDIHPTYPNPYNLLSSLPPSHTWY SVLDLKDAFFCLKLHPNSQP
LFAFEWRDPEKGNTGQLTWTRLPQGFKNSPTLFNEALHRDLASFRALNPQVVMLQYVDDLLVAAPTYRDCKEGTRRLLQELSKLGYRVSAKKAQL
CREEVTYLGYLLKGGKRWLTPARKATVMKIPTPTTPRQVREFLGTAGFCRLWIPGFASLAAPLYPLTRPKVPFTWTEAHQEAFGRIKEALLSAPALA
LPDLTKPFALYVDEKEGVARGYLTQTLGPWRRPVAYLSKKLDPVASGWPTCLKAIAAVALLLKDADKLTLGQNVLVIAPHNLESIVRQPPDRWMTNA
RMTHYQSLLLNERVSFAPPAILNPATLLPVESDDTPIHICSEILAEETGTRPDLRDQPLPGVPAWYTDGSSFIMDGRRQAGAAIVDNKRTVWASNLP
EGTSAQKAELIALTQALRLAEGKSINIYTDSRYAFATAHVHGAIY KQRGWLTSAGK DIKNKEEILALLEAIHLPKRVAIHCPGHQRGTDPVATGNRKA
DEAAKQAAQSTRILTETTKN

KORV_
Q9TTC
1_3mut

TLGDQGSRGSDPLPEPRVTLTVEGIPTEFLYNTGAEHSVLTKPMGKMGSKRTVVAGATGSKYYPWTTKRLLKIGQKQVTHSFLVIPECPAPLLGRD
LLTKLKAQIQFSTEGPQVTWEDRPAMCLVLNLEEEYRLHEKPVPPSIDPSWLQLFPMVWAEKAGMGLANQVPPYVVELKSDASPVAVRQYPMSKE
AREGIRPHIQRFLDLGILVPCQSPWNTPLLPVKKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLSSLPPSHTWY SVLDLKDAFFCLKLHPNSQP
LFAFEWRDPEKGNTGQLTWTRLPQGFKNSPTLFNEALHRDLASFRALNPQVVMLQYVDDLLVAAPTYRDCKEGTRRLLQELSKLGYRVSAKKAQL
CREEVTYLGYLLKGGKRWLTPARKATVMKIPTPTTPRQVREFLGKAGFCRLFIPGFASLAAPLY PLTRPK VPFTWTEAHQEAFGRIKEALLSAPALAL
PDLTKPFALYVDEKEGYARGVLTQTLGPWRRPVAYLSKKLDPVASGWPTCLKAIAAVALLLKDADKLTLGQNVLVIAPHNLESIVRQPPDRWMTNA
RMTHYQSLLLNERVSFAPPAILNPATLLPVESDDTPIHICSEILAEETGTRPDLRDQPLPGVPAWYTDGSSFIMDGRRQAGAAIVDNKRTVWASNLP
EGTSAQKAELIALTQALRLAEGKSINIYTDSRYAFATAHVHGAIY KQRGWLTSAGKDIKNKEEILALLEAIHLPKRVAIIHCPGHQRGTDPVATGNRKA
DEAAKQAAQSTRILTETTKN

KORV_
Q9TTC
1-Pro

LLGRDLLTKLKAQIQFSTEGPQVTWEDRPAMCLVLNLEEEYRLHEKPYPPSIDPSWLQLFPMVWAEKAGMGLANQVPPVWWELKSDASPVAVRQY
PMSKEAREGIRPHIQRFLDLGILYPCQSPWNTPLLPVKKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLSSLPPSHTWYSVLDLKDAFFCLKLH
PNSQPLFAFEWRDPEKGNTGQLTWTRLPQGFKNSPTLFDEALHRDLASFRALNPQUVMLQYVDDLLVYAAPTYRDCKEGTRRLLQELSKLGYRVSA
KKAQLCREEVTYLGYLLKGGKRWLTPARKATVMKIPTPTTPRQVREFLGTAGFCRLWIPGFASLAAPLYPLTREKVPFTWTEAHQEAFGRIKEALLS
APALALPDLTKPFALYVDEKEGVARGVLTQTLGPWRRPVAYLSKKLDPVASGWPTCLKAIAAVALLLKDADKLTLGQNVLVIAPHNLESIVRQPPDR
WMTNARMTHYQSLLLNERVSFAPPAILNPATLLPVESDDTPIHICSEILAEETGTRPDLRDQPLPGVPAWYTDGSSFIMDGRRQAGAAIVDNKRTVW
ASNLPEGTSAQKAELIALTQALRLAEGKSINIYTDSRYAFATAHVHGAIYKQRGLLTSAGK DIKNKEEILALLEAIHLPKRVAIIHCPGHQRGTDPYATG
NRKADEAAKQAAQSTRILTETTKN

KORV_
Q9TTC

Pro_3m
ut

LLGRDLLTKLKAQIQFSTEGPQVTWEDRPAMCLVLNLEEEYRLHEKPYPPSIDPSWLQLFPMVWAEKAGMGLANQVPPVWELKSDASPVAVRQY
PMSKEAREGIRPHIQRFLDLGILYPCQSPWNTPLLPVKKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLSSLPPSHTWYSVLDLKDAFFCLKLH
PNSQPLFAFEWRDPEKGNTGQLTWTRLPQGFKNSPTLFNEALHRDLASFRALNPQVVMLQYVDDLLYAAPTYRDCKEGTRRLLQELSKLGYRVSA
KKAQLCREEVTYLGYLLKGGKRWLTPARKATVMKIPTPTTPRQVREFLGTAGFCRLWIPGFASLAAPLYPLTRPKVPFTWTEAHQEAFGRIKEALLS
APALALPDLTKPFALYVDEKEGVARGVLTQTLGPWRRPVAYLSKKLDPVASGWPTCLKAIAAVALLLKDADKLTLGQNYLVIAPHNLESIVRQPPDR
WMTNARMTHYQSLLLNERVSFAPPAILNPATLLPVESDDTPIHICSEILAEETGTRPDLRDQPLPGVPAWYTDGSSFIMDGRRQAGAAIVDNKRTVW
ASNLPEGTSAQKAELIALTQALRLAEGKSINIYTDSRYAFATAHVHGAIYKQRGWLTSAGKDIKNKEEILALLEAIHLPKRVAIHCPGHQRGTDPVATG
NRKADEAAKQAAQSTRILTETTKN

KORV_
Q9TTC

Pro_3m
UtA

LLGRDLLTKLKAQIQFSTEGPQVTWEDRPAMCLVLNLEEEYRLHEKPYPPSIDPSWLQLFPMVWAEKAGMGLANQVPPYWWELKSDASPVAVRQY
PMSKEAREGIRPHIQRFLDLGILYPCQSPWNTPLLPVKKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLSSLPPSHTWYSVLDLKDAFFCLKLH
PNSQPLFAFEWRDPEKGNTGQLTWTRLPQGFKNSPTLFNEALHRDLASFRALNPQVWMLQYVDDLLYAAPTYRDCKEGTRRLLQELSKLGYRVSA
KKAQLCREEVTYLGYLLKGGKRWLTPARKATVMKIPTPTTPRQVREFLGKAGFCRLFIPGFASLAAPLYPLTRPKVPFTWTEAHQEAFGRIKEALLS
APALALPDLTKPFALYVDEKEGVARGVLTQTLGPWRRPVAYLSKKLDPVASGWPTCLKAIAAVALLLKDADKLTLGQNVLVIAPHNLESIVRQPPDR
WMTNARMTHYQSLLLNERVSFAPPAILNPATLLPVESDDTPIHICSEILAEETGTRPDLRDQPLPGVPAWYTDGSSFIMDGRRQAGAAIVDNKRTVW
ASNLPEGTSAQKAELIALTQALRLAEGKSINIYTDSRYAFATAHVHGAIYKQRGWLTSAGKDIKNKEEILALLEAIHLPKRVAIHCPGHQRGTDPVATG
NRKADEAAKQAAQSTRILTETTKN

MLVAV
_P0335

TLNLEDEYRLYETSAEPEVSPGS TWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEAKLGIKPHIQRLLDQGILVPCQSPWNTP
LLPVKKPGTNDYRPYQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHRWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGF
KNSPTLFDEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLLTLGNLGYRASAKKAQLCQKQVKYLGYLLKEGQRWLTEARKETVM
GQPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWCGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKL
GPWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLRK DAGKL TMGQPLVILAPHAVEALYKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALN
PATLLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGK
RLNVYTDSRYAFATAHIHGEIYRRRGLLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVAV
_P0335
6_3mut

TLNLEDEYRLYETSAEPEVSPGS TWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEAKLGIKPHIQRLLDQGILVPCQSPWNTP
LLPVKKPGTNDYRPYQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHRWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGF
KNSPTLFNEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLLTLGNLGYRASAKKAQLCQKQVKYLGYLLKEGQRWLTEARKETVM
GQPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKL
GPWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLRKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALN
PATLLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGK
RLNVYTDSRYAFATAHIHGEIYRRRGWL TSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVAV
_P0335

TLNLEDEYRLYETSAEPEVSPGS TWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEAKLGIKPHIQRLLDQGILVPCQSPWNTP
LLPVKKPGTNDYRPYQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHRWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGF
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6_3mut

KNSPTLFNEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLLTLGNLGYRASAKKAQLCQKQVKYLGYLLKEGQRWLTEARKETVM
GQPTPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKL

GPWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLRKDAGKL TMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALN
PATLLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGK
RLNVYTDSRYAFATAHIHGEIYRRRGWLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVBM
_Qrsv
K7

TLGIEDEYRLHETSTEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIQQYPMSHEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGFK
NSPTLFDEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLREGQRWLTEARKETVMG
QPVPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFSWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALNPA
TLLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWAGALPAGTSAQRAELIALTQALKMAEGKRL
NVYTDSRYAFATAHIHGEIYRRRGLLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVBM
_Qrsv
K7

TLGIEDEYRLHETSTEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIQQYPMSHEARL GIKPHIQRLLDQGILYPCQSPWNTPL
LPVKKPGTNDYRPYQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGFK
NSPTLFDEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLREGQRWLTEARKETVMG
QPYPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFSWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPYVALNPA
TLLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWAGALPAGTSAQRAELIALTQALKMAEGKRL
NVYTDSRYAFATAHIHGEIYRRRGLLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVBM
_Qrsv

K7_3m

ut

TLGIEDEYRLHETSTEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIQQYPMSHEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLREGQRWLTEARKETVMG
QPVPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFSWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALNPA
TLLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWYTDGSSH.QEGQRKAGAAVTTETEVIWAGALPAGTSAQRAELIALTQALKMAEGKRL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQK GDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVBM
_Qrsv

K7_3m

ut

TLGIEDEYRLHETSTEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIQQYPMSHEARL GIKPHIQRLLDQGILYPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLREGQRWLTEARKETVMG
QPVPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFSWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLYILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALNPA
TLLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWAGALPAGTSAQRAELIALTQALKMAEGKRL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQK GDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVBM
_Qrsv
K7_3m
utA_W

LGIEDEYRLHETSTEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIQQYPMSHEARLGIKPHIQRLLDQGILYPCQSPWNTPLL
PVKKPGTNDYRPYQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWY TVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGFKN
SPTLFNEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLREGQRWLTEARKETYMGQ
PVPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFSWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGP
WRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKL TMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALNPAT
LLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWY TDGSSFLQEGQRKAGAAVTTETEVIWAGALPAGTSAQRAELIALTQALKMAEGKRLN
VYTDSRYAFATAHIHGEIYRRRGWLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLLI

MLVBM
_Qrev
K7_3m
utA_W

LGIEDEYRLHETSTEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIQQYPMSHEARLGIKPHIQRLLDQGILVPCQSPWNTPLL
PVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWY TVLDLKDAFFCLRLHPTSQPLFAFEWRDPGMGISGQLTWTRLPQGFKN
SPTLFNEALHRDLADFRIQHPDLILLQYVDDILLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLREGQRWLTEARKETYMGQ
PVPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFSWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGP
WRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHY QAMLLDTDRVQFGPVVALNPAT
LLPLPEEGAPHDCLEILAETHGTRPDLTDQPIPDADHTWY TDGSSFLQEGQRKAGAAVTTETEVIWAGALPAGTSAQRAELIALTQALKMAEGKRLN
VYTDSRYAFATAHIHGEIYRRRGWLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLLI

MLVCB
_P0836

TLNIEDEYRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK

NSPTLFDEALHRDLAGFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETYMG
QPIPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWGPDQQKAFQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGP
WRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPAT

LLPLPEEGLQHDCLDILAEAHGTRSDLMDQPLPDADHTWYTDGSSFLQEGQRKAGAAY TTETEVIWARALPAGTSAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGLLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNSAEARGNRMADQAAREVATRETPETSTLL

MLVCB
_P0836
1_3mut

TLNIEDEYRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK

NSPTLFNEALHRDLAGFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPIPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAFQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGP
WRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPAT

LLPLPEEGLQHDCLDILAEAHGTRSDLMDQPLPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNSAEARGNRMADQAAREVATRETPETSTLL

MLVCB
_P0836
1_3mut

TLNIEDEYRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILYPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLAGFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPIPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAFQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGP
WRRPVAYLSKKLDPYAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALYKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPAT
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LLPLPEEGLQHDCLDILAEAHGTRSDLMDQPLPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNSAEARGNRMADQAAREVATRETPETSTLL

MLVF5
_P2681

(=1

TLNIEDEYRLHETSKGPDVPLGS TWLSDFPQAWAETGGMGLAFRQAPLIISLKATSTPVSIKQYPMSQEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQSLFAFEWKDPEMGISGQLTWTRLPQGFK
NSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETYMG
QPTPKTPRQLREFLGTAGLCRLWIPGFAEMAAPLYPLTKTGTLFKWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDVGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHY QALLLDTDRVQFGPIVALNPAT
LLPLPEEGLQHDCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSFLQEGQRRAGAAVTTETEVIWAKALPAGTSAQRAELIAL TQALKMAAGKKL
NVYTDSRYAFATAHIHGEIYRRRGLLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNHAEARGNRMADQAAREVATRETPETSTLL

MLVF5
_P2681
0_3mut

TLNIEDEYRLHETSKGPDVPLGS TWLSDFPQAWAETGGMGLAFRQAPLIISLKATSTPVSIKQYPMSQEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQSLFAFEWKDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGTAGLCRLWIPGFAEMAAPLYPLTKPGTLFKWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDVGKLTMGQPLYILAPHAVEALYKQPPDRWLSNARMTHY QALLLDTDRVQFGPIVALNPAT
LLPLPEEGLQHDCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSFLQEGQRRAGAAVTTETEVIWAKALPAGTSAQRAELIAL TQALKMAAGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNHAEARGNRMADQAAREVATRETPETSTLL

MLVF5
_P2681
0_3mut

TLNIEDEYRLHETSKGPDVPLGS TWLSDFPQAWAETGGMGLAFRQAPLIISLKATSTPYSIKQYPMSQEARL GIKPHIQRLLDQGILYPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQSLFAFEWKDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGKAGLCRLFIPGFAEMAAPLYPLTKPGTLFKWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGP
WRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDVGKL TMGQPLVILAPHAVEALVKQPPDRWLSNARMTHY QALLLDTDRVQFGPIVALNPATL
LPLPEEGLQHDCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSFLQEGQRRAGAAVTTETEVIWAKALPAGTSAQRAELIALTQALKMAAGKKLN
VYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNHAEARGNRMADQAAREVATRETPETSTLL

MLVFF
_P2680
9_3mut

TLNIEDEYRLHETSKGPDVPLGSTWLSDFPQAWAE TGGMGLAVRQAPLIIPLKATSTPYSIKQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQSLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETYMG
QPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFEWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHY QALLLDTDRVQFGPIVALNPAT
LLPLPEEGLQHDCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVWWAKALPAGTSAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNRAEARGNRMADQAAREVATRETPETSTLL

MLVFF
_P2680
9_3mut

TLNIEDEYRLHETSKGPDVPLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILYPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQSLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGDLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETYMG
QPTPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFEWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGP
WRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHY QALLLDTDRY QFGPIVALNPATL
LPLPEEGLQHDCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVVWAKALPAGTSAQRAELIALTQALKMAEGKKLN
VYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGNRAEARGNRMADQAAREVATRETPETSTLL

MLVMS
P0335

|,

TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGCMGLAVRQAPLIIPLKATSTPYSIKQYPMSQEARL CIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK

NSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETYMG
QPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG

PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGLLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGHSAEARGNRMADQAARKAAITETPDTSTLL

MLVMS
P0335

(S0

TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPYSIKQYPMSQEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK

NSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG

PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGLLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGHSAEARGNRMADQAARKAAITETPDTSTLL

MLVMS
_P0335
5_3mut

TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGCMGLAVRQAPLIIPLKATSTPYSIKQYPMSQEARL GIKPHIQRLLDQGILYPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK

NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDGQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQK GHSAEARGNRMADQAARKAAITETPDTSTLL

MLVMS
_P0335
5_3mut

TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGCMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK

NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQKGHSAEARGNRMADQAARKAAITETPDTSTLL

MLVMS
_P0335

TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
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5_3mut
A_WS

NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQK GHSAEARGNRMADQAARKAAITETPDTSTLL

MLVMS
_P0335
5_3mut
A_WS

TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARL GIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETYMG
QPTPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLYILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRYQFGPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQK GHSAEARGNRMADQAARKAAITETPDTSTLL

MLVMS
_P0335
5 PLVS
19

TLNIEDEYRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPYQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLYILAPHAVEALYKQPPDRWLSNARMTHYQALLLDTDRYQF GPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQK GHSAEARGNRMADQAARKAAITETPDTSTLLIENSSP
SGGSKRTADGSEFE

MLVMS
_P0335
5_PLV9
19

TLNIEDEYRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMG
QPTPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG
PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDRVQFGPVVALNPA
TLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSLLQEGQRKAGAAVTTETEVIWAKALPAGT SAQRAELIALTQALKMAEGKKL
NVYTDSRYAFATAHIHGEIYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSIIHCPGHQK GHSAEARGNRMADQAARKAAITETPDTSTLLIENSSP
SGGSKRTADGSEFE

MLVRD
_P1122

~

TLNIEDEYRLHEISTEPDVSPGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEAKLGIKPHIQRLLDQGILYPCQSPWNTPL

LPVKKPGTNDYRPVQGLREVNKRVEDIHPTVPNPYNLLSGLPTSHRWYTVLDLKDAFFCLRLHPTS QPLFASEWRDPGMGISGQLTWTRLPQGFK

NSPTLFDEALHRGLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLKTLGNLGYRASAKKAQICQKQVKYLGYLLREGQRWLTEARKETVMG
QPTPKTPRQLREFLGTAGFCRLWIPRFAEMAAPLYPLTKTGTLFNWGPDQQKAYHEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG

PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALNPA
TLLPLPEEGAPHDCLEILAETHGTEPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGKRL
NVYTDSRYAFATAHIHGEIYKRRGLLTSEGREIKNKSEILALLKALFLPKRLSIIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLL

MLVRD
_P1122
7_3mut

TLNIEDEYRLHEISTEPDVSPGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEAKLGIKPHIQRLLDQGILVPCQSPWNTPL

LPVKKPGTNDYRPVQGLREVNKRVEDIHPTVPNPYNLLSGLPTSHRWYTVLDLKDAFFCLRLHPTSQPLFASEWRDPGMGISGQLTWTRLPQGFK

NSPTLFNEALHRGLADFRIQHPDLILLQYVDDLLLAATSELDCQQGTRALLKTLGNLGYRASAKKAQICQK QVKYLGYLLREGQRWLTEARKETYMG
QPTPKTPRQLREFLGTAGFCRLWIPRFAEMAAPLYPLTKPGTLFNWGPDQQKAYHEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLG

PWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALNPA
TLLPLPEEGAPHDCLEILAETHGTEPDLTDQPIPDADHTWYTDGSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGKRL

NVYTDSRYAFATAHIHGEIYKRRGWLTSEGREIKNKSEILALLKALFLPKRLSIHCLGHQKGDSAEARGNRLADQAAREAAIKTPPDTSTLL

MMTVB
_P0336

WVQEISDSRPMLHIYLNGRRFLGLLNTGADKTCIAGRDWPANWPIHQTESSLQCLGMACGVARSSQPLRWQHEDKS GIIHPFVIPTLPFTLWGRDI

MKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWRLLQD
LRAVNATMHDMGALQPGLPSPVAVPKGWEINIDLQDCFFNIKLHPEDCKRFAFSYPSPNFKRPY QRFQWKVLPQGMKNSPTLCQKFYDKAILTVRD
KYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLYVSTEKIQKYDNLKYLGTHIQGDSYSYQKLQIRTDKLRTLNDFQKLLGNINWIRPFLKLT

TGELKPLFEILNGDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEY TPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIIKG
RHRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPII
KENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHT GLPGPLAQGNAYADSLTRI
LT

MMTVB
_P0336
5

WVQEISDSRPMLHIYLNGRRFLGLLNTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDI

MKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWRLLQD
LRAVNATMHDMGALQPGLPSPVAVPKGWEINIIDLQDCFFNIKLHPEDCKRFAFSYPSPNFKRPY QRFQWKVLPQGMKNSPTLCQKFVDKAILTVRD
KYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLYVSTEKIQKYDNLKYLGTHIQGDSYSYQKLQIRTDKLRTLNDFQKLLGNINWIRPFLKLT

TGELKPLFEILNGDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEY TPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIIKG

RHRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPII
KENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHT GLPGPLAQGNAYADSLTRI
LT

MMTVB
_P0336
5_2mut

WVQEISDSRPMLHIYLNGRRFLGLLNTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKS GIIHPFVIPTLPFTLWGRDI
MKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWRLLQD
LRAVNATMHDMGALQPGLPSPVAVPKGWEINIIDLQDCFFNIKLHPEDCKRFAF SYPSPNFKRPY QRFQWKVLPQGMKNSPTLCQKFVDKAILTVRD
KYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLYVSTEKIQKYDNLKYLGTHIQGDSVSYQKLQIRTDKLRTLNDFQKLLGNINWIRPFLKLT
TGELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEY TPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIIKG
RHRSKELFSKDPDYIVWPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPII
KENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSLTRI
LT
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RT

Name RT amino acid sequence
VQEISDSRPMLHIYLNGRRFLGLLDTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDIM
KDIKYRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPVWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKK SGKWRLLQDL

MMTVB | RAVNATMHDMGALQPGLPSPVAVPKGWEIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAILTVRDK

_P0336 | YQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSYVSY QKLQIRTDKLRTLNDF QKLLGNINWIRPFLKLTT

5_2mut | GELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIKGR

_ws HRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFL GEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPIK
ENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSLTRIL
TA
VQEISDSRPMLHIYLNGRRFLGLLDTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDIM
KDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKK SGKWRLLQDL

MMTVB | RAVNATMHDMGALQPGLPSPVAVPKGWEIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAILTVRDK

_P0336 | YQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSY QKLQIRTDKLRTLNDF QKLLGNINWIRPFLKLTT

5_2mut | GELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIKGR

WS HRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPIIK
ENTQNTAQQAEIVAVITAFEEYSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSLTRIL
TA
WVQEISDSRPMLHIYLNGRRFLGLLNTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDI
MKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWRLLQD

MMTVB | LRAVNATMHDMGALQPGLPSPVAPPKGWEIIIIDLQDCFFNIKLHPEDCKRFAFSVYPSPNFKRPY QRFQWKVLPQGMKNSPTLCQKFVDKAILTVRD

_P0336 | KYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSYQKLQIRTDKLRTLNDFQKLLGNINWIRPFLKLT

5 2mut | TGELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGYVEWIHLPHISPKVITPYDIFCTQLIIKG

B RHRSKELFSKDPDYIVWPYTKVQFDLLLQEKEDWPISLL GFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPII
KENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHT GLPGPLAQGNAYADSLTRI
LT
WVQEISDSRPMLHIYLNGRRFLGLLNTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDI
MKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPVWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWRLLQD

MMTVB | LRAVNATMHDMGALQPGLPSPVAPPKGWEIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAILTVRD

_P0336 | KYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLYVSTEKIQKYDNLKYLGTHIQGDSYSYQKLQIRTDKLRTLNDFQKLLGNINWIRPFLKLT

5_2mut | TGELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVWEWIHLPHISPKVITPYDIFCTQLIIKG

B RHRSKELFSKDPDYIVWPYTKVQFDLLLQEKEDWPISLL GFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPII
KENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHT GLPGPLAQGNAYADSLTRI
LT
VQEISDSRPMLHIYLNGRRFLGLLDTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIHPFVIPTLPFTLWGRDIM
KDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPVWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKK SGKWRLLQDL

MMTVB | RAVNATMHDMGALQPGLPSPPAVPKGWEIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAILTVRDK

_P0336 | YQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSY QKLQIRTDKLRTLNDF QKLLGNINWIRPFLKLTT

5_2mut | GELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIKGR

B_WS HRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFL GEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPIIK
ENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSLTRIL
TA
VQEISDSRPMLHIYLNGRRFLGLLDTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDIM
KDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKK SGKWRLLQDL

MMTVB | RAVNATMHDMGALQPGLPSPPAVPKGWEIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAILTVRDK

_P0336 | YQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSY QKLQIRTDKLRTLNDFQKLLGNINWIRPFLKLTT

5 2mut | GELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIKGR

B_WS HRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPIIK
ENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSLTRIL
TA
VQEISDSRPMLHIYLNGRRFLGLLDTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDIM
KDIKYRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKK SGKWRLLQDL

MMTVE RAVNATMHDMGALQPGLPSPVAVPKGWEINIDLQDCFFNIKLHPEDCKRFAFSYPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAILTVRDK

PO336 YQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSYSY QKLQIRTDKLRTLNDF QKLLGNINWIRPFLKLTT
5 WS GELKPLFEILNGDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIKGR
- HRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPIIK
ENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSLTRIL
TA
VQEISDSRPMLHIYLNGRRFLGLLDTGADKTCIAGRDWPANWPIHQTESSLQGLGMACGVARSSQPLRWQHEDKSGIIHPFVIPTLPFTLWGRDIM
KDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPVWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKK SGKWRLLQDL
MMTVB RAVNATMHDMGALQPGLPSPVAVPKGWEIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAILTVRDK
PO336 YQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSY QKLQIRTDKLRTLNDFQKLLGNINWIRPFLKLTT
T ws GELKPLFEILNGDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQLIKGR
- HRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGREPIIK
ENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIYTELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSLTRIL
TA

MMTVB | GRDIMKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWR

_P0336 | LLQDLRAVNATMHDMGALQPGLPSPVAVPKGWEIIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAIL

5-Pro TVRDKYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSYQKLQIRTDKLRTLNDFQKLLGNINWIRPF
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RT
Name

RT amino acid sequence

LKLTTGELKPLFEILNGDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGYVEWIHLPHISPKVITPYDIFCTQL
IIKGRHRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGR
EPIIKENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIY TELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSL
TRILT

MMTVB
_P0336
5-Fro

GRDIMKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPVWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWR

LLQDLRAVNATMHDMGALQPGLPSPVAVPKGWEINIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAIL
TVRDKYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSYSYQKLQIRTDKLRTLNDFQKLLGNINWIRPF
LKLTTGELKPLFEILNGDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQL
IIKGRHRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGR
EPIIKENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIY TELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSL
TRILT

MMTVB
_P0336
5-
Pro_2m
ut

GRDIMKDIKVRLMTDSPDDS QDLMIGAIESNLFADQISWKSDQPVWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWR

LLQDLRAVNATMHDMGALQPGLPSPYAVPKGWEIIIIDLQDCFFNIKLHPEDCKRFAF SVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAIL
TVRDKYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSYSYQKLQIRTDKLRTLNDFQKLLGNINWIRPF
LKLTTGELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQL
IIKGRHRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGR
EPIIKENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIY TELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSL
TRILT

MMTVB
_P0336
5
Pro_2m
ut

GRDIMKDIKVRLMTDSPDDS QDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWR

LLQDLRAVNATMHDMGALQPGLPSPYAVPKGWEIIIIDLQDCFFNIKLHPEDCKRFAF SVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAIL
TVRDKYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSYQKLQIRTDKLRTLNDFQKLLGNINWIRPF
LKLTTGELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQL
IIKGRHRSKELFSKDPDYIVVPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGR
EPIIKENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIY TELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSL
TRILT

MMTVB
_P0336
5.
Pro_2m
utB

GRDIMKDIKVRLMTDSPDDSQDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWR

LLQDLRAVNATMHDMGALQPGLPSPVAPPKGWEIIIIDLQDCFFNIKLHPEDCKRFAFSVPSPNFKRPYQRFQWKVLPQGMKNSPTLCQKFVDKAIL
TVRDKYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSYQKLQIRTDKLRTLNDFQKLLGNINWIRPF
LKLTTGELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQL
IIKGRHRSKELFSKDPDYIVWPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGR
EPIIKENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIY TELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSL
TRILT

MMTVB
_P0336
5.
Pro_2m
utB

GRDIMKDIKVRLMTDSPDDS QDLMIGAIESNLFADQISWKSDQPYWLNQWPLKQEKLQALQQLVTEQLQLGHLEESNSPWNTPVFVIKKKSGKWR

LLQDLRAVNATMHDMGALQPGLPSPYAPPKGWEINIIDLQDCFFNIKLHPEDCKRFAF SVPSPNFKRPYQRFQWKYLPQGMKNSPTLCQKFVDKAIL
TVRDKYQDSYIVHYMDDILLAHPSRSIVDEILTSMIQALNKHGLVVSTEKIQKYDNLKYLGTHIQGDSVSYQKLQIRTDKLRTLNDFQKLLGNINWIRPF
LKLTTGELKPLFEILNPDSNPISTRKLTPEACKALQLMNERLSTARVKRLDLSQPWSLCILKTEYTPTACLWQDGVVEWIHLPHISPKVITPYDIFCTQL
IIKGRHRSKELFSKDPDYIVWPYTKVQFDLLLQEKEDWPISLLGFLGEVHFHLPKDPLLTFTLQTAIIFPHMTSTTPLEKGIVIFTDGSANGRSVTYIQGR
EPIIKENTQNTAQQAEIVAVITAFEEVSQPFNLYTDSKYVTGLFPEIETATLSPRTKIY TELKHLQRLIHKRQEKFYIGHIRGHTGLPGPLAQGNAYADSL
TRILT

MPMV_
P07572

LTAAIDILAPQQCAEPITWKSDEPVWVDQWPLTNDKLAAAQQLYQEQLEAGHITESSSPWNTPIFVIKKKSGKWRLLQDLRAVNATMVLMGALQPG
LPSPVAIPQGYLKIIIDLKDCFFSIPLHPSDQKRFAFSLPSTNFKEPMQRFQWKVLPQGMANSPTLCQKYVATAIHKVRHAWKQMYIIHYMDDILIAGK
DGQQVLQCFDQLKQELTAAGLHIAPEKVQLQDPYTYLGFELNGPKITNQKAVIRKDKLQTLNDFQKLLGDINWLRPYLKLTTGDLKPLFDTLKGDSD

PNSHRSLSKEALASLEKVETAIAEQFVTHINYSLPLIFLIFNTALTPTGLFWQDNPIMWIHLPASPKKVLLPYYDAIADLILGRDHSKKYFGIEPSTIIQPY
SKSQIDWLMQNTEMWPIACASFVGILDNHYPPNKLIQFCKLHTFVFPQIISKTPLNNALLVFTDGSSTGMAAY TLTDTTIKFQTNLNSAQLVELQALIA

VLSAFPNQPLNIYTDSAYLAHSIPLLETVAQIKHISETAKLFLQCQGLIYNRSIPFYIGHVRAHSGLPGPIAQGNQRADLATKIVASNINT

MPMV_
PO7572
_2mutB

LTAAIDILAPQQCAEPITWKSDEPVWVDQWPLTNDKLAAAQQLVQEQLEAGHITESSSPWNTPIFVIKKKSGKWRLLQDLRAVNATMVLMGALQPG
LPSPVAPPQGYLKINIDLKDCFFSIPLHPSDQKRFAFSLPSTNFKEPMQRFQWKVLPQGMANSPTLCQKYVATAIHKVRHAWKQMYIIHYMDDILIAG
KDGQQVLQCFDQLKQELTAAGLHIAPEKVQLQDPYTYLGFELNGPKITNQKAVIRKDKLQTLNDFQKLLGDINWLRPYLKLTTGDLKPLFDTLKPDS
DPNSHRSLSKEALASLEKVETAIAEQFVTHINYSLPLIFLIFNTALTPTGLFWQDNPIMWIHLPASPKKVLLPYYDAIADLILGRDHSKKYFGIEPSTIIQP
YSKSQIDWLMQONTEMWPIACASFVGILDNHYPPNKLIQFCKLHTFVFPQIISKTPLNNALLYFTDGSSTGMAAYTLTDTTIKFQTNLNSAQLVELQALI
AVLSAFPNQPLNIYTDSAYLAHSIPLLETVAQIKHISETAKLFLQCQQLIYNRSIPFYIGHVRAHSGLPGPIAQGNQRADLATKIVASNINT

PERV_
Q4VFZ

TLQLDDEYRLYSPLVKPDQNIQFWLEQFPQAWAETAGMGLAKQVPPQVIQLKASATPVSVRQYPLSKEAQEGIRPHVQRLIQQGILVPVQSPWNTP
LLPVRKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLCALPPQRSWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGTGRTGQLTWTRLPQGF
KNSPTIFDEALHRDLANFRIQHPQVTLLQYVDDLLLAGATKQDCLEGTKALLLELSDLGYRASAKKAQICRREVTYLGYSLRDGQRWLTEARKKTVV

QIPAPTTAKQVREFLGTAGFCRLWIPGFATLAAPLYPLTKEKGEFSWAPEHQKAFDAIKKALLSAPALALPDVTKPFTLYVDERKGVARGVLTQTLGP
WRRPVAYLSKKLDPVASGWPVCLKAIAAVAILVKDADKLTLGQNITVIAPHALENIVRQPPDRWMTNARMTHYQSLLLTERVTFAPPAALNPATLLPE
ETDEPVTHDCHQLLIEETGVRKDLTDIPLTGEVLTWFTDGSSYVVEGKRMAGAAVVDGTRTIWASSLPEGTSAQKAELMALTQALRLAEGKSINIYT

DSRYAFATAHVHGAIYKQRGLLTSAGREIKNKEEILSLLEALHLPKRLAIIHCPGHQKAKDPISRGNQMADRVAKQAAQGVNLL

PERV_
Q4VFZ

TLQLDDEYRLYSPLVKPDQNIQFWLEQFPQAWAETAGMGLAKQVPPQVIQLKASATPVSVRQYPLSKEAQEGIRPHVQRLIQQGILVPVQSPWNTP
LLPYRKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLCALPPQRSWY TVLDLKDAFFCLRLHPTSQPLFAFEWRDPGTGRTGQLTWTRLPQGF
KNSPTIFDEALHRDLANFRIQHPQVTLLQYVDDLLLAGATKQDCLEGTKALLLELSDLGYRASAKKAQICRREVTYLGYSLRDGQRWLTEARKKTVV

QIPAPTTAKQVREFLGTAGFCRLWIPGFATLAAPLYPLTKEKGEFSWAPEHQKAFDAIKKALLSAPALALPDVTKPFTLYVDERKGVARGVLTQTLGP
WRRPVAYLSKKLDPVYASGWPVCLKAIAAVAILVKDADKLTLGQNITVIAPHALENIVRQPPDRWMTNARMTHYQSLLLTERVTFAPPAALNPATLLPE
ETDEPYTHDCHQLLIEETGVRKDLTDIPLTGEVLTWFTDGSSYVVEGKRMAGAAVVDGTRTIWASSLPEGTSAQKAELMALTQALRLAEGKSINIYT

DSRYAFATAHVHGAIYKQRGLLTSAGREIKNKEEILSLLEALHLPKRLAIIHCPGHQKAKDPISRGNQMADRVAKQAAQGYNLL
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PERV_
Q4VFZ
2_3mut

TLQLDDEYRLYSPLVKPDQNIQFWLEQFPQAWAETAGMGLAKQVPPQVIQLKASATPVSVRQYPLSKEAQEGIRPHVQRLIQQGILVPVQSPWNTP
LLPVRKPGTNDYRPVQDLREVYNKRVQDIHPTVPNPYNLLCALPPQRSWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPGTGRTGQLTWTRLPQGF
KNSPTIFNEALHRDLANFRIQHPQVTLLQYVDDLLLAGATKQDCLEGTKALLLELSDLGYRASAKKAQICRREVTYLGYSLRDGQRWLTEARKKTVV
QIPAPTTAKQVREFLGTAGFCRLWIPGFATLAAPLYPLTKPKGEF SWAPEHQKAFDAIKKALLSAPALALPDVTKPFTLYVDERKGVARGVLTQTLGP
WRRPVAYLSKKLDPVASGWPVCLKAIAAVAILVKDADKLTLGQNITVIAPHALENIVRQPPDRWMTNARMTHYQSLLLTERVTFAPPAALNPATLLPE
ETDEPYTHDCHQLLIEETGVRKDLTDIPLTGEVLTWFTDGSSYVVEGKRMAGAAVVDGTRTIWASSLPEGTSAQKAELMALTQALRLAEGKSINIYT

DSRYAFATAHVHGAIYKQRGWL TSAGREIKNKEEILSLLEALHLPKRLAIIHCPGHQKAKDPISRGNQMADRVAKQAAQGVNLL

PERV_
QAVFZ
2_3mut

TLQLDDEYRLYSPLVKPDQNIQFWLEQFPQAWAETAGMGLAKQVPPQVIQLKASATPVSVRQYPLSKEAQEGIRPHVQRLIQQGILVPVQSPWNTP
LLPVRKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLCALPPQRSWY TVLDLKDAFFCLRLHPTSQPLFAFEWRDPGTGRTGQLTWTRLPQGF
KNSPTIFNEALHRDLANFRIQHPQVTLLQYVDDLLLAGATKQDCLEGTKALLLELSDLGYRASAKKAQICRREVTYLGYSLRDGQRWLTEARKKTVY

QIPAPTTAKQVREFLGTAGFCRLWIPGFATLAAPLYPLTKPKGEFSWAPEHQKAFDAIKKALLSAPALALPDVTKPFTLYVDERKGVARGVLTQTLGP
WRRPVAYLSKKLDPVASGWPYCLKAIAAVAILVKDADKLTLGQNITVIAPHALENIVRQPPDRWMTNARMTHYQSLLLTERVTFAPPAALNPATLLPE
ETDEPVTHDCHQLLIEETGVRKDLTDIPLTGEVLTWFTDGSSYVVEGKRMAGAAVVDGTRTIWASSLPEGTSAQKAELMALTQALRLAEGKSINIYT

DSRYAFATAHVHGAIYKQRGWL TSAGREIKNKEEILSLLEALHLPKRLAIIHCPGHQKAKDPISRGNQMADRVAKQAAQGVNLL

PERV_
Q4VFZ
2_3mut
A_WS

LDDEYRLY SPLVKPDQNIQFWLEQFPQAWAETAGMGLAKQVPPQVIQLKASATPYSVRQYPLSKEAQEGIRPHVQRLIQQGILYPVQSPWNTPLLP
VRKPGTNDYRPVQDLREYNKRYQDIHPTVPNPYNLLCALPPQRSWY TVLDLKDAFFCLRLHPTSQPLFAFEWRDPGTGRTGQLTWTRLPQGFKN
SPTIFNEALHRDLANFRIQHPQVTLLQYVDDLLLAGATKQDCLEGTKALLLEL SDLGYRASAKKAQICRREVTYLGYSLRDGQRWLTEARKKTVVQIP
APTTAKQVREFLGKAGFCRLFIPGFATLAAPLYPLTKPKGEFSWAPEHQKAFDAIKKALLSAPALALPDVTKPFTLYVDERKGVARGVLTQTLGPWR
RPVAYLSKKLDPYASGWPVCLKAIAAVAILVK DADKLTLGQNITVIAPHALENIVRQPPDRWMTNARMTHYQSLLLTERVTFAPPAALNPATLLPEET
DEPVTHDCHQLLIEETGVRKDLTDIPLTGEVLTWFTDGSSYVVEGKRMAGAAVVDGTRTIWASSLPEGTSAQKAELMALTQALRLAEGKSINIYTDS
RYAFATAHVHGAIYKQRGWLTSAGREIKNKEEILSLLEALHLPKRLAIIHCPGHQKAKDPISRGNQWADRVAKQAAQGVNLLP

PERV_
Q4VFZ
2_3mut
A_WS

LDDEYRLY SPLVKPDQNIQFWLEQFPQAWAETAGMGLAKQVPPQVIQLKASATPYSVRQYPLSKEAQEGIRPHVQRLIQQGILYPVQSPWNTPLLP
VRKPGTNDYRPVQDLREVNKRVQDIHPTVPNPYNLLCALPPQRSWY TVLDLKDAFFCLRLHPTSQPLFAFEWRDPGTGRTGQLTWTRLPQGFKN
SPTIFNEALHRDLANFRIQHPQVTLLQYVDDLLLAGATKQDCLEGTKALLLELSDLGYRASAKKAQICRREVTYLGYSLRDGQRWLTEARKKTVVQIP
APTTAKQVREFLGKAGFCRLFIPGFATLAAPLYPLTKPKGEFSWAPEHQKAFDAIKKALLSAPALALPDVTKPFTLYVDERKGVARGVLTQTLGPWR
RPVAYLSKKLDPVASGWPVCLKAIAAVAILVK DADKLTLGQNITVIAPHALENIVRQPPDRWMTNARMTHYQSLLLTERVTFAPPAALNPATLLPEET
DEPVTHDCHQLLIEETGYRKDLTDIPLTGEVLTWFTDGSSYVVEGKRMAGAAVVDGTRTIWASSLPEGTSAQKAELMALTQALRLAEGKSINIYTDS
RYAFATAHVHGAIYKQRGWL TSAGREIKNKEEILSLLEALHLPKRLAIIHCPGHQKAKDPISRGNQMADRVAKQAAQGVNLLP

SFV1_
P23074

MDPLQLLQPLEAEIKGTKLKAHWNSGATITCVPEAFLEDERPIQTMLIKTIHGEKQQDVYYLTFKVQGRKVEAEVLASPYDYILLNPSDVPWLMKKPL
QLTVLVPLHEYQERLLQQTALPKEQKELLQKLFLKYDALWQHWENQVGHRRIKPHNIATGTLAPRPQKQYPINPKAKPSIQIVIDDLLKQGVLIQQNS
TMNTPVYPVPKPDGKWRMYLDYREVNKTIPLIAAQNQHSAGILSSIYRGKYKTTLDLTNGFWAHPITPESYWLTAFTWQGKQY CWTRLPQGFLNSP
ALFTADVVDLLKEIPNVQAYVDCIYISHDDPQEHLEQLEKIFSILLNAGYVVSLKKSEIAQREVEFLGFNITKEGRGLTDTFKQKLLNITPPKDLKQLQSI

LGLLNFARNFIPNYSELVKPLYTIVANANGKFISWTEDNSNQLQHIISVLNQADNLEERNPETRLIIKVNSSPSAGYIRYYNEGSKRPIMYVNYIFSKAE

AKFTQTEKLLTTMHKGLIKAMDLAMGQEILVYSPIVSMTKIQRTPLPERKALPYRWITWMTYLEDPRIQFHYDKSLPELQQIPNVTEDVIAKTKHPSEF
AMVFYTDGSAIKHPDVNKSHSAGMGIAQVQFIPEYKIVHQWSIPLGDHTAQLAEIAAVEFACKKALKISGPVLIVTDSFYVAESANKELPYWKSNGFL

NNKKKPLRHVSKWKSIAECLQLKPDIIMHEKGHQQPMTTLHTEGNNLADKLATQGSYVVH

SFV1_
P23074
_2mut

MDPLQLLQPLEAEIKGTKLKAHWNSGATITCVPEAFLEDERPIQTMLIKTIHGEK QQDVYYLTFKVQGRKVEAEVLASPYDYILLNPSDVPWLMKKPL
QLTVLVPLHEYQERLLQQTALPKEQKELLQKLFLKYDALWQHWENQVGHRRIKPHNIATGTLAPRPQKQYPINPKAKPSIQIVIDDLLK QGVLIQQNS
TMNTPVYPVPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIYRGKYKTTLDLTNGFWAHPITPESYWLTAFTWQGKQY CWTRLPQGFLNSP
ALFNADVVDLLKEIPNVQAYVDDIYISHDDPQEHLEQLEKIFSILLNAGYVVSLKKSEIAQREVEFLGFNITKEGRGLTDTFKQKLLNITPPKDLKQLQSI
LGLLNFARNFIPNYSELVKPLYTIVAPANGKFISWTEDNSNQLQHIISVLNQADNLEERNPETRLIIKVNSSPSAGYIRYYNEGSKRPIMYVNYIFSKAE
AKFTQTEKLLTTMHKGLIKAMDLAMGQEILVYSPIVSMTKIQRTPLPERKALPYRWITWMTYLEDPRIQFHYDKSLPELQQIPNVTEDVIAKTKHPSEF
AMVFYTDGSAIKHPDVYNKSHSAGMGIAQVQFIPEYKIVHQWSIPLGDHTAQLAEIAAVEFACKKALKISGPVLIVTDSFYVAESANKELPYWKSNGFL
NNKKKPLRHVSKWKSIAECLQLKPDIIMHEKGHQQPMTTLHTEGNNLADKLATQGSYVVH

SFVI_
P23074
_2mutA

MDPLQLLQPLEAEIKGTKLKAHWNSGATITCVPEAFLEDERPIQTMLIKTIHGEK QQDVYYLTFKVQGRKVEAEVLASPYDYILLNPSDVPWLMKKPL
QLTVLVPLHEYQERLLQQTALPKEQKELLQKLFLKYDALWQHWENQVGHRRIKPHNIATGTLAPRPQKQYPINPKAKPSIQIVIDDLLKQGVLIQQNS
TMNTPVYPVPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIYRGKYKTTLDLTNGFWAHPITPESYWLTAF TWQGKQY CWTRLPQGFLNSP
ALFNADVVDLLKEIPNVQAYVDDIYISHDDPQEHLEQLEKIFSILLNAGYVVSLKKSEIAQREVEFLGFNITKEGRGLTDTFKQKLLNITPPKDLKQLQSI

LGKLNFARNFIPNYSELVKPLYTIVAPANGKFISWTEDNSNQLQHIISVLNQADNLEERNPETRLIIKVNSSPSAGYIRYYNEGSKRPIMYVNYIFSKAE

AKFTQTEKLLTTMHKGLIKAMDLAMGQEILVYSPIVSMTKIQRTPLPERKALPYRWITWMTYLEDPRIQFHYDKSLPEL QQIPNVTEDVIAKTKHPSEF
AMVFYTDGSAIKHPDVNKSHSAGMGIAQVQFIPEYKIVHQWSIPLGDHTAQLAEIAAVEFACKKALKISGPVLIVTDSFYVAESANKELPYWKSNGFL

NNKKKPLRHVSKWKSIAECLQLKPDIIMHEKGHQQPMTTLHTEGNNLADKLATQGSYVVH

SFV1_
P23074
-Pro

VPWLMKKPLQLTVLVPLHEYQERLLQQTALPKEQKELLQKLFLKYDALWQHWENQVGHRRIKPHNIATGTLAPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLIQANSTMNTPYYPVPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIYRGKYKTTLDLTNGFWAHPITPESYWLTAFTWQGKQYCWTR
LPQGFLNSPALFTADVVDLLKEIPNVQAYVDDIYISHDDPQEHLEQLEKIFSILLNAGYVVSLKKSEIAQREVEFLGFNITKEGRGLTDTFKQKLLNITPP
KDLKQLQSILGLLNFARNFIPNY SELVKPLYTIVANANGKFISWTEDNSNQLQHIISVLNQADNLEERNPETRLIIKVNSSPSAGYIRYYNEGSKRPIMY
VNYIFSKAEAKFTQTEKLLT TMHKGLIKAMDLAMGQEILVYSPIVSMTKIQRTPLPERKALPYRWITWMTYLEDPRIQFHYDKSLPELQQIPNVTEDVI
AKTKHPSEFAMVFYTDGSAIKHPDVNKSHSAGMGIAQVQFIPEYKIVHQWSIPLGDHTAQLAEIAAVEFACKKALKISGPYLIVIDSFYVAESANKELP
YWKSNGFLNNKKKPLRHVSKWKSIAECLQLKPDIIMHEKGHQQPMTTLHTEGNNLADKLATQGSYVVH

SFV1_
P23074

Pro_2m
ut

VPWLMKKPLQLTVLVPLHEYQERLLQQTALPKEQKELLQKLFLKYDALWQHWENQVGHRRIKPHNIATGTLAPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLIQANSTMNTPYYPYPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIYRGKYKTTLDLTNGFWAHPITPESYWL TAFTWQGKQYCWTR
LPQGFLNSPALFNADVYDLLKEIPNVQAYVDDIYISHDDPQEHLEQLEKIFSILLNAGYVVSLKKSEIAQREVEFLGFNITKEGRGLTDTFKQKLLNITPP
KDLKQLQSILGLLNFARNFIPNYSELVKPLYTIVAPANGKFISWTEDNSNQLQHIISVLNQADNLEERNPETRLIIKVNSSPSAGYIRYYNEGSKRPIMY
VNYIFSKAEAKFTQTEKLLT TMHKGLIKAMDLAMGQEILVYSPIVSMTKIQRTPLPERKALPYRWITWMTYLEDPRIQFHYDKSLPELQQIPNVTEDVI
AKTKHPSEFAMVFYTDGSAIKHPDVNKSHSAGMGIAQVQFIPEYKIVHQWSIPLGDHTAQLAEIAAVEFACKKALKISGPYLIVIDSFYVAESANKELP
YWKSNGFLNNKKKPLRHVSKWKSIAECLQLKPDIIMHEKGHQQPMTTLHTEGNNLADKLATQGSYVVH
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SFVI_
P23074

Pro_2m

VPWLMKKPLQLTVLVPLHEYQERLLQQTALPKEQKELLQKLFLKYDALWQHWENQVGHRRIKPHNIATGTLAPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLIQQNSTMNTPYYPYPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIYRGKYKTTLDLTNGFWAHPITPESYWL TAFTWQGKQYCWTR
LPQGFLNSPALFNADVVDLLKEIPNVQAYVDDIYISHDDPQEHLEQLEKIFSILLNAGYVVSLKKSEIAQREVEFLGFNITKEGRGLTDTFKQKLLNITPP
KDLKQLQSILGKLNFARNFIPNYSELVKPLYTIVAPANGKFISWTEDNSNQLQHIISYLNQADNLEERNPETRLIIKVNSSPSAGYIRYYNEGSKRPIMY
VNYIFSKAEAKFTQTEKLLTTMHKGLIKAMDLAMGQEILVYSPIVSMTKIQRTPLPERKALPYRWITWMTYLEDPRIQFHYDKSLPELQQIPNVTEDVI
AKTKHPSEFAMVFYTDGSAIKHPDVNKSHSAGMGIAQVQFIPEYKIVHQWSIPLGDHTAQLAEIAAVEFACKKALKISGPYLIVIDSFYVAESANKELP
YWKSNGFLNNKKKPLRHYSKWKSIAECLQLKPDIIMHEKGHQQPMTTLHTEGNNLADKLATQGSYVVH

SFV3L_
P27401

MDPLQLLQPLEAEIKGTKLKAHWNSGATITCVPQAFLEEEVPIKNIWIKTIHGEKEQPVYYLTFKIQGRKVEAEVISSPYDYILVSPSDIPWLMKKPLQL
TTLVPLQEYEERLLKQTMLTGSYKEKLQSLFLKYDALWQHWENQVGHRRIKPHHIATGTVNPRPQKQYPINPKAKASIQTVINDLLKQGVLIQQNSIM
NTPVYPVPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIFRGKYKTTLDLSNGFWAHSITPESYWLTAFTWLGQQYCWTRLPQGFLNSPAL

FTADVVDLLKEVPNVQVYVDDIYISHDDPREHLEQLEKVFSLLLNAGYVVSLKKSEIAQHEVEFLGFNITKEGRGLTETFKQKLLNITPPRDLKQLQSIL
GLLNFARNFIPNFSELVKPLYNIIATANGKYITWTTDNSQQLQNIISMLNSAENLEERNPEVRLIMKYNTSPSAGYIRFYNEFAKRPIMYLNYVY TKAEY
KFTNTEKLLTTIHKGLIKALDLGMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMSYLEDPRIQFHYDKTLPELQQVPTYTDDIIAKIKHPSEFSMY
FYTDGSAIKHPNVYNKSHNAGMGIAQYQFKPEFTVINTWSIPLGDHTAQLAEVAAVEFACKKALKIDGPVLIVTDSFYVAESYNKELPYWQSNGFFNN

KKKPLKHVSKWKSIADCIQLKPDINIHEKGHQPTASTFHTEGNNLADKLATQGSYVVN

SFV3L_
P27401
_2mut

MDPLQLLQPLEAEIKGTKLKAHWNSGATITCVPQAFLEEEVPIKNIWIKTIHGEKEQPVYYLTFKIQGRKVEAEVISSPYDYILVSPSDIPWLMKKPLQL
TTLVPLQEYEERLLKQTMLTGSYKEKLQSLFLKYDALWQHWENQVGHRRIKPHHIATGTVNPRPQKQYPINPKAKASIQTVINDLLKQGVLIQQNSIM
NTPVYPVPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIFRGKYKTTLDLSNGFWAHSITPESYWLTAFTWLGQQYCWTRLPQGFLNSPAL

FNADVVDLLKEVPNYQVYVDDIYISHDDPREHLEQLEKVFSLLLNAGYVVSLKKSEIAQHEVEFLGFNITKEGRGLTETFKQKLLNITPPRDLKQLQSIL
GLLNFARNFIPNFSELVKPLYNIIATAPGKYITWTTDNSQQLQNIISMLNSAENLEERNPEVRLIMKYNTSPSAGYIRFYNEFAKRPIMYLNYVYTKAEV
KFTNTEKLLTTIHKGLIKALDLGMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMSYLEDPRIQFHYDKTLPELQQVPTVTDDIIAKIKHPSEFSMV
FYTDGSAIKHPNYNKSHNAGMGIAQYQFK PEFTVINTWSIPLGDHTAQLAEVAAVEFACKKALKIDGPVLIVTDSFYVAESYNKELPYWQSNGFFNN

KKKPLKHYSKWKSIADCIQLKPDIINIIHEKGHQPTASTFHTEGNNLADKLATQGSYVVN

SFV3L_
P27401
_2mutA

MDPLQLLQPLEAEIKGTKLKAHWNSGATITCYPQAFLEEEVPIKNIWIKTIHGEKEQPYYYLTFKIQGRKVEAEVISSPYDYILVSPSDIPWLMKKPLQL
TTLVPLQEYEERLLKQTMLTGSYKEKLQSLFLKYDALWQHWENQVGHRRIKPHHIATGTVNPRPQKQYPINPKAKASIQTVINDLLKQGVLIQQNSIM
NTPVYPVPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIFRGKYKTTLDLSNGFWAHSITPESYWLTAFTWLGQQYCWTRLPQGFLNSPAL

FNADVVDLLKEVPNYQVYVDDIYISHDDPREHLEQLEKVFSLLLNAGYVVSLKKSEIAQHEVEFLGFNITKEGRGLTETFKQKLLNITPPRDLKQLQSIL
GKLNFARNFIPNFSELVKPLYNIATAPGKYITWTTDNSQQLQNIISMLNSAENLEERNPEVRLIMKVNTSPSAGYIRFYNEFAKRPIMYLNYVYTKAEV
KFTNTEKLLTTIHKGLIKALDLGMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMSYLEDPRIQFHYDKTLPELQQVPTYTDDIIAKIKHPSEFSMV
FYTDGSAIKHPNYNKSHNAGMGIAQVQFK PEF TVINTWSIPLGDHTAQLAEVAAVEFACKKALKIDGPVLIVTDSFYVAESYNKEL PYWQSNGFFNN

KKKPLKHVSKWKSIADCIQLKPDINHEKGHQPTASTFHTEGNNLADKLATQGSYVYN

SFV3L_
P27401
-Pro

IPWLMKKPLQLTTLVPLQEYEERLLKQTMLTGSYKEKLQSLFLKYDALWQHWENQVGHRRIKPHHIATGTVNPRPQKQYPINPKAKASIQTVINDLLK
QGVLIQQNSIMNTPVYPYPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIFRGKYKTTLDLSNGFWAHSITPESYWLTAFTWLGQQYCWTR
LPQGFLNSPALFTADVVDLLKEVPNVQVYVDDIYISHDDPREHLEQLEKVFSLLLNAGYVVSLKKSEIAQHEVEFLGFNITKEGRGLTETFKQKLLNIT
PPRDLKQLQSILGLLNFARNFIPNFSELVKPLYNIIATANGKYITWTTDNSQQLQNIISMLNSAENLEERNPEVRLIMKVNTSPSAGYIRFYNEFAKRPI
MYLNYVYTKAEVKFTNTEKLLTTIHKGLIKALDLGMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMSYLEDPRIQFHYDKTLPELQQVPTVTDDII
AKIKHPSEFSMVFYTDGSAIKHPNYNKSHNAGMGIAQVQFKPEFTVINTWSIPLGDHTAQLAEVAAVEFACKKALKIDGPYLIVTDSFYVAESYNKEL
PYWQSNGFFNNKKKPLKHVSKWKSIADCIQLKPDIIIHEKGHQPTASTFHTEGNNLADKLATQGSYVVN

SFV3L_
P27401

Pro_2m
ut

IPWLMKKPLQLTTLVPLQEYEERLLKQTMLTGSYKEKLQSLFLKYDALWQHWENQVGHRRIKPHHIATGTVNPRPQKQYPINPKAKASIQTVINDLLK
QGVLIQANSIMNTPVYPYPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIFRGKYKTTLDLSNGFWAHSITPESYWLTAFTWLGQQYCWTR
LPQGFLNSPALFNADVYDLLKEVPNVQVYVDDIYISHDDPREHLEQLEKVFSLLLNAGYVVSLKKSEIAQHEVEFLGFNITKEGRGLTETFKQKLLNIT
PPRDLKQLQSILGLLNFARNFIPNFSELVKPLYNIIATAPGKYITWTTDNSQQLQNIISMLNSAENLEERNPEVRLIMKVNTSPSAGYIRFYNEFAKRPI
MYLNYVYTKAEVKFTNTEKLLTTIHKGLIKALDLGMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMSYLEDPRIQFHYDKTLPELQQVPTVTDDII
AKIKHPSEFSMVFYTDGSAIKHPNYNKSHNAGMGIAQVQFKPEF TVINTWSIPLGDHTAQLAEVAAVEFACKKALKIDGPVLIVTDSFYVAESVYNKEL
PYWQSNGFFNNKKKPLKHVSKWKSIADCIQLKPDIIIHEKGHQPTASTFHTEGNNLADKLATQGSYVVN

SFV3L_
P27401

Pro_2m
UtA

IPWLMKKPLQLTTLVPLQEYEERLLKQTMLTGSYKEKLQSLFLKYDALWQHWENQVGHRRIKPHHIATGTVNPRPQKQYPINPKAKASIQTVINDLLK
QGVLIQQNSIMNTPVYPYPKPDGKWRMVLDYREVNKTIPLIAAQNQHSAGILSSIFRGKYKTTLDLSNGFWAHSITPESYWLTAFTWLGQQYCWTR
LPQGFLNSPALFNADVYDLLKEVPNVQVYVDDIYISHDDPREHLEQLEKVFSLLLNAGYVVSLKKSEIAQHEVEFLGFNITKEGRGLTETFKQKLLNIT
PPRDLKQLQSILGKLNFARNFIPNFSELVKPLYNIATAPGKYITWTTDNSQQLQNIISMLNSAENLEERNPEVRLIMKVNTSPSAGYIRFYNEFAKRPI
MYLNYVYTKAEVKFTNTEKLLTTIHKGLIKALDLGMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMSYLEDPRIQFHYDKTLPELQQVPTVTDDII
AKIKHPSEFSMVFYTDGSAIKHPNYNKSHNAGMGIAQVQFKPEF TVINTWSIPLGDHTAQLAEVAAVEFACKKALKIDGPYLIVTDSFYVAESYNKEL
PYWQSNGFFNNKKKPLKHVSKWKSIADCIGLKPDIIIHEKGHQPTASTFHTEGNNLADKLATQGSYVVN

SFVCP
_Q8704
0

MNPLQLLQPLPAEVK GTKLLAHWNSGATITCIPESFLEDEQPIKQTLIKTIHGEKQQNVYYLTFKVKGRKVEAEVIASPYEYILLSPTDVPWLTQQPLQ

LTILVPLQEYQDRILNKTALPEEQKQQLKALFTKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLKQGYLTPQNST

MNTPVYPYPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPDSYWLTAFTWQGKQYCWTRLPQGFLNSP
ALFTADAVDLLKEVPNVQVYVDDIYLSHDNPHEHIQQLEKVFQILLQAGYVVSLKKSEIGQRTVEFLGFNITKEGRGLTDTFKTKLLNVTPPKDLKQLQ
SILGLLNFARNFIPNFAELVQTLYNLIASSKGKYIEWTEDNTKQLNKVIEALNTASNLEERLPDQRLVIKVNTSPSAGYVRYYNESGKKPIMYLNYVFSK
AELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVYTSSIPPLKHPSQ

YEGVFCTDGSAIKSPDPTKSNNAGMGIVHAIYNPEYKILNQWSIPLGHHTAQMAEIAAVEFACKKALKVPGPVLVITDSFYVAESANKELPYWKSNGF
VNNKKEPLKHISKWKSIAECLSIKPDITIQHEKGHQPINTSIHTEGNALADKLATQGSYVVN

SFVCP
_Q8ro4
0_2mut

MNPLQLLQPLPAEVKGTKLLAHWNSGATITCIPESFLEDEQPIKQTLIKTIHGEKQQNVYYLTFKVKGRKVEAEVIASPYEYILLSPTDVPWLTQQPLQ
LTILVPLQEYQDRILNKTALPEEQKQQLKALFTKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLKQGYLTPQNST
MNTPVYPYPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPDSY WLTAFTWQGKQYCWTRLPQGFLNSP
ALFNADAVDLLKEVPNYQVYYDDIYLSHDNPHEHIQQLEKVFQILLQAGYVVSLKKSEIGQRTVEFLGFNITKEGRGLTDTFKTKLLNVTPPKDLKQLQ
SILGLLNFARNFIPNFAELVQTLYNLIASSPGKYIEWTEDNTK QLNKVIEALNTASNLEERLPDQRLVIKVNTSPSAGYVRYYNESGKKPIMYLNYVFSK
AELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVYTSSIPPLKHPSQ
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RT
Name

RT amino acid sequence

YEGVFCTDGSAIKSPDPTKSNNAGMGIVHAIYNPEYKILNQWSIPLGHHTAQMAEIAAVEFACKKALKVPGPVLVITDSFYVAESANKELPYWKSNGF
VNNKKEPLKHISKWKSIAECLSIKPDITIQHEKGHQPINTSIHTEGNALADKLATQGSYVVN

SFVCP
_Q8ro4
0_2mut

MNPLQLLQPLPAEVK GTKLLAHWNSGATITCIPESFLEDEQPIKQTLIKTIHGEKQQNVYYLTFKVKGRKVEAEVIASPYEYILLSPTDVPWLTQQPLQ
LTILVPLQEYQDRILNKTALPEEQKQQLKALFTKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLKQGYLTPQNST
MNTPVYPYPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPDSYWLTAFTWQGKQYCWTRLPQGFLNSP
ALFNADAVDLLKEVPNVQVYVDDIYLSHDNPHEHIQQLEKVFQILLQAGYVVSLKKSEIGQRTVEFLGFNITKEGRGLTDTFKTKLLNVTPPKDLKQLQ
SILGKLNFARNFIPNFAELVQTLYNLIASSPGKYIEWTEDNTK QLNKVIEALNTASNLEERLPDQRLVIKVNTSPSAGYVRYYNESGKKPIMYLNYVFS
KAELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVYTSSIPPLKHPS
QYEGVFCTDGSAIKSPDPTKSNNAGMGIVHAIYNPEYKILNQWSIPLGHHTAQMAEIAAVEFACKKALKVPGPVLVITDSFYVAESANKELPYWKSN
GFVNNKKEPLKHISKWKSIAECLSIKPDITIQHEKGHQPINTSIHTEGNALADKLATQGSYVVN

SFVCP
_Q8704
0-Pro

VPWLTQQPLQLTILVPLQEYQDRILNKTALPEEQKQQLKALFTKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLTPQNSTMNTPVYPYPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPDSYWLTAFTWQGKQYCWT
RLPQGFLNSPALFTADAVDLLKEVPNVQVYVDDIYLSHDNPHEHIQQLEKVFQILLQAGYWVSLKKSEIGQRTVEFLGFNITKEGRGLTDTFKTKLLNY
TPPKDLKQLQSILGLLNFARNFIPNFAELVQTLYNLIASSKGKYIEWTEDNTKQLNKVIEALNTASNLEERLPDQRLVIKVNTSPSAGYVRYYNESGKK
PIMYLNYVFSKAELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRWMTWMTYLEDPRIQFHYDKTLPELKHIPDVYT
SSIPPLKHPSQYEGVFCTDGSAIKSPDPTKSNNAGMGIVHAIYNPEYKILNQWSIPLGHHTAQMAEIAAVEFACKKALKVPGPVLVITDSFYVAESAN
KELPYWKSNGFVNNKKEPLKHIS KWKSIAECLSIKPDITIQHEKGHQPINTSIHTEGNALADKLATQGSYVVN

SFVCP
_Q8704

Pro_2m
ut

VPWLTQQPLQLTILVPLQEYQDRILNKTALPEEQKQQLKALFTKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLTPQNSTMNTPVYPVPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPDSYWLTAFTWQGKQYCWT
RLPQGFLNSPALFNADAVDLLKEVPNVQVYVDDIYLSHDNPHEHIQQLEKVFQILLQAGYVVSLKKSEIGQRTVEFLGFNITKEGRGLTDTFKTKLLN
VTPPKDLKQLQSILGLLNFARNFIPNFAELVQTLYNLIASSPGKYIEWTEDNTKQLNKVIEALNTASNLEERLPDQRLVIKYNTSPSAGYVRYYNESGK
KPIMYLNYVFSKAELKFSMLEKLLTTMHKALIKAMDLAMGQEILVYSPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVY
TSSIPPLKHPSQYEGVFCTDGSAIKSPDPTKSNNAGMGIVHAIYNPEYKILNQWSIPLGHHTAQMAEIAAVEFACKKALKVPGPVLVITDSFYVAESAN
KELPYWKSNGFVNNKKEPLKHISKWKSIAECLSIKPDITIQHEKGHQPINTSIHTEGNALADKLATQGSYVVN

SFVCP
_Q8704

Pro_2m
UtA

VPWLTQQPLQLTILVPLQEYQDRILNKTALPEEQKQQLKALFTKYDNLWQHWENQVGHRKIRPHNIATGDYPPRPQKQYPINPKAKPSIQIVIDDLLK
QGVLTPQNSTMNTPVYPYPKPDGRWRMVLDYREVNKTIPLTAAQNQHSAGILATIVRQKYKTTLDLANGFWAHPITPDSYWLTAFTWQGKQYCWT
RLPQGFLNSPALFNADAVDLLKEVPNVQVYVDDIYLSHDNPHEHIQQLEKVFQILLQAGYVVSLKKSEIGQRTVEFLGFNITKEGRGLTDTFKTKLLN
VTPPKDLKQLQSILGKLNFARNFIPNFAELVQTLYNLIASSPGKYIEWTEDNTKQLNKVIEALNTASNLEERLPDQRLVIKVNTSPSAGYVRYYNESGK
KPIMYLNYVFSKAELKFSMLEKLL TTMHKALIKAMDLAMGQEILVY SPIVSMTKIQKTPLPERKALPIRWITWMTYLEDPRIQFHYDKTLPELKHIPDVY
TSSIPPLKHPSQYEGVFCTDGSAIKSPDPTKSNNAGMGIVHAIYNPEYKILNQWSIPLGHHTAQMAEIAAVEFACKKALKVPGPVLVITDSFYVAESAN
KELPYWKSNGFVNNKKEPLKHISKWKSIAECLSIKPDITIQHEKGHQPINTSIHTEGNALADKLATQGSYVVN

SMRVH
_P0336

PRSRAIDIPYPHADKISWKITDPYWYDQWPLTYEKTLAAIALVQEQLAAGHIEPTNSPWNTPIFIIKKKSGSWRLLQDLRAVNKVMYPMGALQPGLPS
PVAIPLNYHKIVIDLKDCFFTIPLHPEDRPYFAFSVPQINFQSPMPRY QWKVLPQGMANSPTLCQKFVAAAIAPYRSQWPEAYILHYMDDILLACDSA

EAAKACYAHIISCLTSYGLKIAPDKVQVSEPFSYLGFELHHQQVFTPRVCLKTDHLKTLNDFQKLLGDIQWLRPYLKLPTSALVPLNNILK GDPNPLSY
RALTPEAKQSLALINKAIQNQSVQQISYNLPLVLLLLPTPHTPTAVFWQPNGTDPTKNGSPLLWLHLPASPSKVLLTYPSLLAMLIIKGRYTGRQLFGR
DPHSIIIPYTQDQLTWLLQTSDEWAIALSSFTGDIDNHYPSDPVIQFAKLHQFIFPKITKCAPIPQATLVFTDGSSNGIAAYVIDNQPISIKSPYLSAQLVE
LYAILQVFTVLAHQPFNLYTDSAYIAQSVPLLETVPFIKSSTNATPLFSKLQQLILNRQHPFFIGHLRAHLNLPGPLAEGNALADAATQIFPIISD

SMRVH
_P0336
4_2mut

PRSRAIDIPYPHADKISWKITDPYWYDQWPLTYEKTLAAIALVQEQLAAGHIEPTNSPWNTPIFIIKKKSGSWRLLQDLRAVNKYVMYPMGALQPGLPS
PVAIPLNYHKIVIDLKDCFFTIPLHPEDRPYFAFSVPQINFQSPMPRY QWKVLPQGMANSPTLCQKFVAAAIAPYRSQWPEAYILHYMDDILLACDSA

EAAKACYAHIISCLTSYGLKIAPDKVQVSEPFSYLGFELHHQQVFTPRVCLKTDHLKTLNDFQKLLGDIQWLRPYLKLPTSALVPLNNILKPDPNPLSY
RALTPEAKQSLALINKAIQNQSVQQISYNLPLVLLLLPTPHTPTAVFWQPNGTDPTKNGSPLLWLHLPASPSKVLLTYPSLLAMLIIKGRYTGRQLFGR
DPHSIIIPYTQDQLTWLLQTSDEWAIALSSFTGDIDNHYPSDPVIQFAKLHQFIFPKITKCAPIPQATLVFTDGSSNGIAAYVIDNQPISIKSPYLSAQLVE
LYAILQVFTVLAHQPFNLYTDSAYIAQSVPLLETVPFIKSSTNATPLFSKLQQLILNRQHPFFIGHLRAHLNLPGPLAEGNALADAATQIFPIISD

SMRVH
_P0336
4_2mut

PRSRAIDIPVPHADKISWKITDPYWVDQWPLTYEKTLAAIALVQEQLAAGHIEPTNSPWNTPIFIIKKKSGSWRLLQDLRAVNKVMVPMGALQPGLPS
PVAPPLNYHKIVIDLKDCFFTIPLHPEDRPYFAFSYPQINFQSPMPRYQWKVLPQGMANSPTLCQKFVAAAIAPVRSQWPEAYILHYMDDILLACDSA
EAAKACYAHIISCLTSYGLKIAPDKVQVSEPFSYLGFELHHQQVFTPRVCLKTDHLKTLNDFQKLLGDIQWLRPYLKLPTSALVPLNNILKPDPNPLSY
RALTPEAKQSLALINKAIQNQSVQQISYNLPLVLLLLPTPHTPTAVFWQPNGTDPTKNGSPLLWLHLPASPSKVLLTYPSLLAMLIIKGRYTGRQLFGR
DPHSIIIPYTQDQLTWLLQTSDEWAIALSSFTGDIDNHYPSDPVIQFAKLHQFIFPKITKCAPIPQATLVFTDGSSNGIAAYVIDNQPISIKSPYLSAQLVE
LYAILQVFTVLAHQPFNLYTDSAYIAQSVPLLETVPFIKSSTNATPLFSKLQQLILNRQHPFFIGHLRAHLNLPGPLAEGNALADAATQIFPIISD

SRv2_
P51517

LATAVDILAPQRYADPITWK SDEPVWVDQWPLTQEKLAAAQQLVQEQLQAGHIIESNSPWNTPIFVIKKK SGKWRLLQDLRAVNATMVLMGALQPG
LPSPVAIPQGYFKIVIDLKDCFFTIPLQPVDQKRFAFSLPSTNFKQPMKRYQWKVLPQGMANSPTLCQKYVAAAIEPYRKSWAQMYIIHYMDDILIAG
KLGEQVLQCFAQLKQALTTTGLQIAPEKVQLQDPYTYLGFQINGPKITNQKAVIRRDKLQTLNDFQKLLGDINWLRPYLHLTTGDLKPLFDILKGDSN
PNSPRSLSEAALASL QKVETAIAEQFVTQIDYTQPLTFLIFNTTLTPTGLFWQNNPYMWVYHLPASPKKVLLPYYDAIADLILGRDNSKKYFGLEPSTII
QPYSKSQIHWLMQNTETWPIACASYAGNIDNHYPPNKLIQF CKLHAVVFPRIISKTPLDNALLVF TDGSSTGIAAYTFEKTTVRFKTSHTSAQLVELQA
LIAVLSAFPHRALNVYTDSAYLAHSIPLLETVSHIKHISDTAKFFLQCQQLIYNRSIPFYLGHIRAHSGLPGPLS QGNHITDLATKWATTLTT

SRV2_
P51517
_2mutB

LATAVDILAPQRYADPITWK SDEPVWVDQWPLTQEKLAAAQQLVQEQLQAGHIIESNSPWNTPIFVIKKK SGKWRLLQDLRAVNATMVLMGALQPG
LPSPVAPPQGYFKIVIDLKDCFFTIPLQPVDQKRFAFSLPSTNFKQPMKRY QWKVLPQGMANSPTLCQKYVAAAIEPYRKSWAQMYIIHYMDDILIAG
KLGEQVLQCFAQLKQALTTTGLQIAPEKVQLQDPYTYLGFQINGPKITNQKAVIRRDKLQTLNDFQKLLGDINWLRPYLHLTTGDLKPLFDILKGDSN
PNSPRSLSEAALASLQKVETAIAEQFVTQIDYTQPLTFLIFNTTLTPTGLFWQNNPYMWVYHLPASPKKVLLPYYDAIADLILGRDNSKKYFGLEPSTII
QPYSKSQIHWLMQNTETWPIACASYAGNIDNHYPPNKLIQFCKLHAVVFPRIISKTPLDNALLVFTDGSSTGIAAYTFEKTTVRFKTSHTSAQLVELQA
LIAVLSAFPHRALNVYTDSAYLAHSIPLLETVSHIKHISDTAKFFLQCQQLIYNRSIPFYLGHIRAHSGLPGPLS QGNHITDLATKVWATTLTT

WDSV_
092815

SCQTKNTLNIDEYLLQFPDQLWASLPTDIGRMLVPPITIKIKDNASLPSIRQYPLPKDKTEGLRPLISSLENQGILIKCHSPCNTPIFPIKKAGRDEYRMI
HDLRAINNIVAPLTAVVASPTTVLSNLAPSLHWFTVIDLSNAFFSVPIHKDSQYLFAFTFEGHQYTWTVLPQGFIHSPTLFSQALYQSLHKIKFKISSEIC
[YMDDVLIASKDRDTNLKDTAVMLQHLASEGHKYSKKKLQLCQQEVVYLGQLLTPEGRKILPDRKYTVSQFQQPTTIRQIRAFLGLYGYCRHWIPEF
SIHSKFLEKQLKKDTAEPFQLDDQQVEAFNKLKHAITTAPVLVVPDPAKPFQLYTSHSEHASIAVLTQKHAGRTRPIAFLSSKFDAIESGLPPCLKACA
SIHRSLTQADSFILGAPLIYTTHAICTLLQRDRSQLVTASRFSKWEADLLRPELTFVACSAVSPAHLYMQSCENNIPPHDCVLLTHTISRPRPDLSDLP
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RT
Name

RT amino acid sequence

IPDPDMTLFSDGSYTTGRGGAAYYMHRPVTDDFIIIHQQPGGASAQTAELLALAAACHLATDKTYNIYTDSRYAYGVYHDFGHLWMHRGFVTSAGT
PIKNHKEIEYLLKQIMKPKQVSVIKIEAHTKGVSMEVRGNAAADEAAKNAVFLVQR

WDSV_
092815
_2mut

SCQTKNTLNIDEYLLQFPDQLWASLPTDIGRMLVPPITIKIKDNASLPSIRQYPLPKDKTEGLRPLISSLENQGILIKCHSPCNTPIFPIKKAGRDEYRMI
HDLRAINNIVAPLTAVVASPTTVLSNLAPSLHWFTVIDLSNAFFSVPIHKDSQYLFAFTFEGHQYTWTVLPQGFIHSPTLFNQALYQSLHKIKFKISSEIC
IYMDDVLIASKDRDTNLKDTAVMLQHLASEGHKVSKKKLQLCQQEVVYLGQLLTPEGRKILPDRKY TVSQFQQPTTIRQIRAFLGLYGYCRHWIPEF
SIHSKFLEKQLKPDTAEPFQLDDQQVEAFNKL KHAITTAPVLVVPDPAKPFQLYTSHSEHASIAVLTQKHAGRTRPIAFLSSKFDAIESGLPPCLKACA
SIHRSLTQADSFILGAPLIYTTHAICTLLQRDRSQLVTASRFSKWEADLLRPELTFVACSAVSPAHLYMQSCENNIPPHDCVLLTHTISRPRPDLSDLP
IPDPDMTLFSDGSYTTGRGGAAVVMHRPVTDDFIIIHQQPGGASAQTAELLALAAACHLATDKTYNIYTDSRYAYGVVHDFGHLWMHRGFVTSAGT
PIKNHKEIEYLLKQIMKPKQVSVIKIEAHTKGVSMEVRGNAAADEAAKNAVFLVQR

WDSV_
092815
_2mutA

SCQTKNTLNIDEYLLQFPDQLWASLPTDIGRMLVPPITIKIKDNASLPSIRQYPLPKDKTEGLRPLISSLENQGILIKCHSPCNTPIFPIKKAGRDEYRMI
HDLRAINNIVAPLTAVVASPTTVLSNLAPSLHWFTVIDLSNAFFSVPIHKDSQYLFAF TFEGHQYTWTVLPQGFIHSPTLFNQALYQSLHKIKFKISSEIC
[YMDDVLIASKDRDTNLKDTAVMLQHLASEGHKVSKKKLQLCQQEVVYLGQLLTPEGRKILPDRKYTVSQFQQPTTIRQIRAFLGKYGYCRHFIPEFS
IHSKFLEKQLKPDTAEPFQLDDQQVEAFNKLKHAITTAPVLVVPDPAKPFQLYTSHSEHASIAVLTQKHAGRTRPIAFLS SKFDAIESGLPPCLKACASI
HRSLTQADSFILGAPLIYTTHAICTLLQRDRSQLVTASRFSKWEADLLRPELTFVACSAVSPAHLYMQSCENNIPPHDCYLLTHTISRPRPDLSDLPIP
DPDMTLFSDGSYTTGRGGAAVVMHRPYTDDFIIHQQPGGASAQTAELLALAAACHLATDKTYNIYTDSRYAYGVVHDFGHLWMHRGFVTSAGTPI
KNHKEIEYLLKQIMKPK QVSVIKIEAHTKGYSMEVRGNAAADEAAKNAVFLVQR

WMSY
_P0335

w©w

VLNLEEEYRLHEKPVPSSIDPSWLQLFPTVWAERAGMGLANQVPPVVVELRSGASPVAVRQYPMSKEARECGIRPHIQRFLDLGVLVPCQSPWNTP
LLPVKKPGTNDYRPYQDLREINKRVQDIHPTVPNPYNLLSSLPPSHTWYSVLDLKDAFFCLKLHPNSQPLFAFEWRDPEKGNTGQLTWTRLPQGFK
NSPTLFDEALHRDLAPFRALNPQVVLLQYVDDLLVAAPTYRDCKEGTQKLLQELSKLGYRVSAKKAQLCQKEVTYLGYLLKEGKRWLTPARKATVM
KIPPPTTPRQVREFLGTAGFCRLWIPGFASLAAPLY PLTKESIPFIWTEEHQKAFDRIKEALLSAPALALPDLTKPFTLYVDERAGVARGVLTQTLGPW
RRPVAYLSKKLDPVYASGWPTCLKAVAAVALLLKDADKLTLGQNVTVIASHSLESIVRQPPDRWMTNARMTHYQSLLLNERVSFAPPAVLNPATLLPY
ESEATPYHRCSEILAEETGTRRDLKDQPLPGYPAWYTDGSSFIAEGKRRAGAAIVDGKRTYWASSLPEGTSAQKAELVALTQALRLAEGKDINIYTD
SRYAFATAHIHGAIYKQRGLLTSAGKDIKNKEEILALLEAHLPKRVAIIHCPGHQKGNDPYATGNRRADEAAKQAALSTRVLAETTKP

WMSV
_P033%
9_3mut

VLNLEEEYRLHEKPVPSSIDPSWLQLFPTVWAERAGMGLANQVPPVVVELRSGASPVAVRQYPMSK EAREGIRPHIQRFLDLGVLVPCQSPWNTP
LLPVKKPGTNDYRPYQDLREINKRVQDIHPTVPNPYNLLSSLPPSHTWYSVLDLKDAFFCLKLHPNSQPLFAFEWRDPEKGNTGQLTWTRLPQGFK
NSPTLFNEALHRDLAPFRALNPQVVLLQYVDDLLVAAPTYRDCKEGTQKLLQELSKLGYRVSAKKAQLCQKEVTYLGYLLKEGKRWLTPARKATVM
KIPPPTTPRQVREFLGTAGFCRLWIPGFASLAAPLY PLTKPSIPFIWTEEHQKAFDRIKEALLSAPALALPDLTKPFTLYVDERAGVARGVLTQTLGPW
RRPVAYLSKKLDPYASGWPTCLKAVAAVALLLKDADKLTLGQNVTVIASHSLESIVRQPPDRWMTNARMTHYQSLLLNERVSFAPPAVLNPATLLPY
ESEATPYHRCSEILAEETGTRRDLKDQPLPGVPAWYTDGSSFIAEGKRRAGAAIVDGKRTYWASSLPEGTSAQKAELVALTQALRLAEGKDINIYTD
SRYAFATAHIHGAIYKQRGWLTSAGKDIKNKEEILALLEAIHLPKRVAIIHCPGHQKGNDPVATGNRRADEAAKQAALSTRVLAETTKP

WMSV
_P0335
9_3mut

VLNLEEEYRLHEKPVPSSIDPSWLQLFPTVWAERAGMGLANQVPPVVVELRSGASPVAVRQYPMSKEARECGIRPHIQRFLDLGVLVPCQSPWNTP
LLPVKKPGTNDYRPYQDLREINKRVQDIHPTVPNPYNLLSSLPPSHTWYSVLDLKDAFFCLKLHPNSQPLFAFEWRDPEKGNTGQLTWTRLPQGFK
NSPTLFNEALHRDLAPFRALNPQVVLLQYVDDLLVAAPTYRDCKEGTQKLLQELSKLGYRVSAKKAQLCQKEVTYLGYLLKEGKRWLTPARKATVM
KIPPPTTPRQVREFLGKAGFCRLFIPGFASLAAPLYPLTKPSIPFIWTEEHQKAFDRIKEALLSAPALALPDLTKPFTLYVDERAGVARGVLTQTLGPW
RRPVAYLSKKLDPYASGWPTCLKAVAAVALLLKDADKLTLGQNVTVIASHSLESIVRQPPDRWMTNARMTHYQSLLLNERVSFAPPAVLNPATLLPY
ESEATPYHRCSEILAEETGTRRDLKDQPLPGYPAWYTDGSSFIAEGKRRAGAAIVDGKRTYWASSLPEGTSAQKAELVALTQALRLAEGKDINIYTD
SRYAFATAHIHGAIYKQRGWLTSAGKDIKNKEEILALLEAIHLPKRVAIIHCPGHQKGNDPVATGNRRADEAAKQAALSTRVLAETTKP

XMRVG
_A1Z65

TLNIEDEYRLHETSKEPDVPLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAATSEQDCQRGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVM
GQPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKL
GPWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALN
PATLLPLPEKEAPHDCLEILAETHGTRPDLTDQPIPDADY TWYTDGSSFLQEGQRRAGAAVT TETEVIWARALPAGTSAQRAELIALTQALKMAEGK
KLNVYTDSRYAFATAHVHGEIYRRRGLLTSEGREIKNKNEILALLKALFLPKRLSIIHCPGHQKGNSAEARGNRMADQAAREAAMKAVLETSTLL

XMRV6
_A1Z65
1_3mut

TLNIEDEYRLHETSKEPDVPLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSEQDCQRGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVM
GQPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKL
GPWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALN
PATLLPLPEKEAPHDCLEILAETHGTRPDLTDQPIPDADYTWYTDGSSFLQEGQRRAGAAVT TETEVIWARALPAGTSAQRAELIALTQALKMAEGK
KLNVYTDSRYAFATAHVHGEIYRRRGWLTSEGREIKNKNEILALL KALFLPKRLSIIHCPGHQKGNSAEARGNRMADQAAREAAMKAVLETSTLL

XMRV6
_A1Z65
1_3mut

TLNIEDEYRLHETSKEPDVPLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSIKQYPMSQEARLGIKPHIQRLLDQGILYPCQSPWNTPL
LPVKKPGTNDYRPVQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGISGQLTWTRLPQGFK
NSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSEQDCQRGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVM
GQPTPKTPRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGYLTQKL
GPWRRPVAYLSKKLDPVAAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQAMLLDTDRVQFGPVVALN
PATLLPLPEKEAPHDCLEILAETHGTRPDLTDQPIPDADY TWYTDGSSFLQEGQRRAGAAVTTETEVIWARALPAGTSAQRAELIALTQALKMAEGK
KLNVYTDSRYAFATAHVHGEIYRRRGWLTSEGREIKNKNEILALL KALFLPKRLSIIHCPGHQKGNSAEARGNRMADQAAREAAMKAVLETSTLL

In some embodiments, reverse transcriptase domains are modified, for example by site-

specific mutation. In some embodiments, reverse transcriptase domains are engineered to have

improved properties, e.g. SuperScript IV (SSIV) reverse transcriptase derived from the MMLV
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RT. In some embodiments, the reverse transcriptase domain may be engineered to have lower
error rates, e.g., as described in WO2001068895, incorporated herein by reference. In some
embodiments, the reverse transcriptase domain may be engineered to be more thermostable. In
some embodiments, the reverse transcriptase domain may be engineered to be more processive.
In some embodiments, the reverse transcriptase domain may be engineered to have tolerance to
inhibitors. In some embodiments, the reverse transcriptase domain may be engineered to be
faster. In some embodiments, the reverse transcriptase domain may be engineered to better
tolerate modified nucleotides in the RNA template. In some embodiments, the reverse
transcriptase domain may be engineered to insert modified DNA nucleotides. In some
embodiments, the reverse transcriptase domain is engineered to bind a template RNA. In some
embodiments, one or more mutations are chosen from D200N, L603W, T330P, D524G, E562Q,
D583N, PS1L, S67R, B67K, T197A, H204R, E302K, F309N, W313F, L435G, N454K, H594Q,
L671P, E69K, or D653N in the RT domain of murine leukemia virus reverse transcriptase or a
corresponding mutation at a corresponding position of another RT domain.

In some embodiments, a gene modifying polypeptide comprises the RT domain from a
retroviral reverse transcriptase, e.g., a wild-type M-MLV RT, e.g., comprising the following
sequence:

M-MLV (WT):
TLNIEDEYRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSI
KQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPLLPVKKPGTNDYRPVQDLREVNK
RVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGIS
GQLTWTRLPQGFKNSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQG
TRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMGQPTPKT
PRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWGPDQQKAYQEIKQALLTAP
ALGLPDLTKPFELFVDEKQGYAKGVLTQKLGPWRRPVAYLSKKLDPVAAGWPPCLRM
VAATAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDR
VQFGPVVALNPATLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSL
LQEGQRKAGAAVTTETEVIWAKALPAGTSAQRAELIALTQALKMAEGKKLNVYTDSRY
AFATAHIHGEIYRRRGLLTSEGKEIKNKDEILALLKALFLPKRLSITHCPGHQKGHSAEAR
GNRMADQAARKAAITETPDTSTLLI (SEQ ID NO: 4012)
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In some embodiments, a gene modifying polypeptide comprises the RT domain from a
retroviral reverse transcriptase, e.g., an M-MLV RT, e.g., comprising the following sequence:
TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSI
KQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPLLPVKKPGTNDYRPVQDLREVNK
RVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGIS
GQLTWTRLPQGFKNSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQG
TRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMGQPTPKT
PRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWGPDQQKAYQEIKQALLTAP
ALGLPDLTKPFELFVDEKQGYAKGVLTQKLGPWRRPVAYLSKKLDPVAAGWPPCLRM
VAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDR
VQFGPVVALNPATLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSL
LQEGQRKAGAAVTTETEVIWAKALPAGTSAQRAELIALTQALKMAEGKKLNVYTDSRY
AFATAHIHGEIYRRRGLLTSEGKEIKNKDEILALLKALFLPKRLSITHCPGHQKGHSAEAR
GNRMADQAARKAAITETPDTSTLL (SEQ ID NO: 4013)

In some embodiments, a gene modifying polypeptide comprises the RT domain from a
retroviral reverse transcriptase comprising the sequence of amino acids 659-1329 of NP _057933.
In embodiments, the gene modifying polypeptide further comprises one additional amino acid at
the N-terminus of the sequence of amino acids 659-1329 of NP_057933, e.g., as shown below:

TLNIEDEHRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIIPLKATSTPVSI
KQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPLLPVKKPGTNDYRPVQDLREVN
KRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDP
EMGISGQLTWTRLPQGFKNSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAAT
SELDCQQGTRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKE
TVMGQPTPKTPRQLREFLGTAGFCRLWIPGFAEMAAPLYPLTKTGTLFNWGPDQQKAY
QEIKQALLTAPALGLPDLTKPFELFVDEKQGYAKGVLTQKLGPWRRPVAYLSKKLDPV
AAGWPPCLRMVAAIAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTH
YQALLLDTDRVQFGPVVALNPATLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDAD
HIWYTDGSSLLOEGORKAGAAVTTETEVIWAKALPAGTSAQRAELIAL TOALKMAEGK
KINVYTDSRYAFATAHIHGEIYRRRGLLTSEGKEIKNKDEIL ALLKALFLPKRI SITHCPG
HOKGHSAEARGNRMADQAARKAA (SEQ ID NO: 4014)

Core RT (bold), annotated per above
RNAseH (underlined), annotated per above
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In embodiments, the gene modifying polypeptide further comprises one additional amino
acid at the C-terminus of the sequence of amino acids 659-1329 of NP_057933. In
embodiments, the gene modifying polypeptide comprises an RNaseH1 domain (e.g., amino acids
1178-1318 of NP_057933).

In some embodiments, a retroviral reverse transcriptase domain, e.g., M-MLV RT, may
comprise one or more mutations from a wild-type sequence that may improve features of the RT,
e.g., thermostability, processivity, and/or template binding. In some embodiments, an M-MLV
RT domain comprises, relative to the M-MLV (WT) sequence above, one or more mutations,
e.g., selected from D200N, L603W, T330P, T306K, W313F, D524G, E562Q, D583N, PSIL,
S67R, E67K, T197A, H204R, E302K, F309N, L435G, N454K, H594Q, D653N, R110S, K103L,
e.g., a combination of mutations, such as D200N, L603W, and T330P, optionally further
including T306K and W313F. In some embodiments, an M-MLV RT used herein comprises the
mutations D200N, L603W, T330P, T306K and W313F. In embodiments, the mutant M-MLV

RT comprises the following amino acid sequence:

M-MLV (PE2):
TLNIEDEYRLHETSKEPDVSLGSTWLSDFPQAWAETGGMGLAVRQAPLIPLKATSTPVSI
KQYPMSQEARLGIKPHIQRLLDQGILVPCQSPWNTPLLPVKKPGTNDYRPVQDLREVNK
RVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRLHPTSQPLFAFEWRDPEMGIS
GQLTWTRLPQGFKNSPTLFNEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQQG
TRALLQTLGNLGYRASAKKAQICQKQVKYLGYLLKEGQRWLTEARKETVMGQPTPKT
PRQLREFLGKAGFCRLFIPGFAEMAAPLYPLTKPGTLFNWGPDQQKAYQEIKQALLTAP
ALGLPDLTKPFELFVDEKQGYAKGVLTQKLGPWRRPVAYLSKKLDPVAAGWPPCLRM
VAATAVLTKDAGKLTMGQPLVILAPHAVEALVKQPPDRWLSNARMTHYQALLLDTDR
VQFGPVVALNPATLLPLPEEGLQHNCLDILAEAHGTRPDLTDQPLPDADHTWYTDGSSL
LQEGQRKAGAAVTTETEVIWAKALPAGTSAQRAELIALTQALKMAEGKKLNVYTDSRY
AFATAHIHGEITYRRRGWLTSEGKEIKNKDEILALLKALFLPKRLSITHCPGHQKGHSAEAR
GNRMADQAARKAAITETPDTSTLLI (SEQ ID NO: 4015)

In some embodiments, a writing domain (e.g., RT domain) comprises an RNA-binding

domain, e.g., that specifically binds to an RNA sequence. In some embodiments, a template
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RNA comprises an RNA sequence that is specifically bound by the RNA-binding domain of the

writing domain.

In some embodiments, the reverse transcription domain only recognizes and reverse
transcribes a specific template, e.g., a template RNA of the system. In some embodiments, the
template comprises a sequence or structure that enables recognition and reverse transcription by
a reverse transcription domain. In some embodiments, the template comprises a sequence or
structure that enables association with an RNA-binding domain of a polypeptide component of a
genome engineering system described herein. In some embodiments, the genome engineering
system reverse preferably transcribes a template comprising an association sequence over a
template lacking an association sequence.

The writing domain may also comprise DNA-dependent DNA polymerase activity, e.g.,
comprise enzymatic activity capable of writing DNA into the genome from a template DNA
sequence. In some embodiments, DNA-dependent DNA polymerization is employed to
complete second-strand synthesis of a target site edit. In some embodiments, the DNA-
dependent DNA polymerase activity is provided by a DNA polymerase domain in the
polypeptide. In some embodiments, the DNA-dependent DNA polymerase activity is provided
by a reverse transcriptase domain that is also capable of DNA-dependent DNA polymerization,
e.g., second-strand synthesis. In some embodiments, the DNA-dependent DNA polymerase
activity is provided by a second polypeptide of the system. In some embodiments, the DNA-
dependent DNA polymerase activity is provided by an endogenous host cell polymerase that is

optionally recruited to the target site by a component of the genome engineering system.

In some embodiments, the reverse transcriptase domain has a lower probability of
premature termination rate (Pof) in vitro relative to a reference reverse transcriptase domain. In
some embodiments, the reference reverse transcriptase domain is a viral reverse transcriptase
domain, e.g., the RT domain from M-MLV.

In some embodiments, the reverse transcriptase domain has a lower probability of
premature termination rate (Pofr) in vitro of less than about 5 x 10~/nt, 5 x 10"¥/nt, or 5 x 10"%/nt,
e.g., as measured on a 1094 nt RNA. In embodiments, the in vitro premature termination rate is
determined as described in Bibillo and Eickbush (2002) J Biol Chem 277(38):34836-34845

(incorporated by reference herein its entirety).

51



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

In some embodiments, the reverse transcriptase domain is able to complete at least about
30% or 50% of integrations in cells. The percent of complete integrations can be measured by
dividing the number of substantially full-length integration events (e.g., genomic sites that
comprise at least 98% of the expected integrated sequence) by the number of total (including
substantially full-length and partial) integration events in a population of cells. In embodiments,
the integrations in cells is determined (e.g., across the integration site) using long-read amplicon
sequencing, e.g., as described in Karst et al. (2020) bioRxiv doi.org/10.1101/645903
(incorporated by reference herein in its entirety).

In embodiments, quantifying integrations in cells comprises counting the fraction of
integrations that contain at least about 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or
100% of the DNA sequence corresponding to the template RNA (e.g., a template RNA having a
length of at least 0.05, 0.1,0.5,0.6,0.7,0.8,0.9,1, 15,2, 3, 4, or 5 kb, e.g., alength between
0.5-0.6, 0.6-0.7,0.7-0.8, 0.8-0.9, 1.0-1.2, 1.2-14, 1.4-1.6, 1.6-1.8, 1.8-2.0, 2-3, 3-4, or 4-5 kb).

In some embodiments, the reverse transcriptase domain is capable of polymerizing
dNTPs in vitro. In embodiments, the reverse transcriptase domain is capable of polymerizing
dNTPs in vitro at a rate between 0.1 — 50 nt/sec (e.g., between 0.1-1, 1-10, or 10-50 nt/sec). In
embodiments, polymerization of dNTPs by the reverse transcriptase domain is measured by a
single-molecule assay, e.g., as described in Schwartz and Quake (2009) PNAS 106(48):20294-
20299 (incorporated by reference in its entirety).

In some embodiments, the reverse transcriptase domain has an in vitro error rate (e.g.,
misincorporation of nucleotides) of between 1 x 10° —1x 10 or 1 x 10* =1 x 107
substitutions/nt , e.g., as described in Yasukawa et al. (2017) Biochem Biophys Res Commun
492(2):147-153 (incorporated herein by reference in its entirety). In some embodiments, the
reverse transcriptase domain has an error rate (e.g., misincorporation of nucleotides) in cells
(e.g., HEK293T cells) of between 1 x 10 — 1 x 10 or 1 x 10 — 1 x 107 substitutions/nt, e.g ,
by long-read amplicon sequencing, e.g., as described in Karst et al. (2020) bioRxiv
doi.org/10.1101/645903 (incorporated by reference herein in its entirety).

In some embodiments, the reverse transcriptase domain is capable of performing reverse
transcription of a target RNA in vitro. In some embodiments, the reverse transcriptase requires a
primer of at least 3 nucleotides to initiate reverse transcription of a template. In some

embodiments, reverse transcription of the target RNA is determined by detection of cDNA from
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the target RNA (e.g., when provided with a ssDNA primer, e.g., which anneals to the target with
atleast3,4,5,6,7,8,9,or 10nt atthe 3" end), e.g., as described in Bibillo and Eickbush (2002)
J Biol Chem 277(38):34836-34845 (incorporated herein by reference in its entirety).

In some embodiments, the reverse transcriptase domain performs reverse transcription at
least 5 or 10 times more efficiently (e.g., by cDNA production), e.g., when converting its RNA
template to cDNA, for example, as compared to an RNA template lacking the protein binding
motif (e.g., a3 UTR). In embodiments, efficiency of reverse transcription is measured as
described in Yasukawa et al. (2017) Biochem Biophys Res Commun 492(2):147-153
(incorporated by reference herein in its entirety).

In some embodiments, the reverse transcriptase domain specifically binds a specific RNA
template with higher frequency (e.g., about 5 or 10-fold higher frequency) than any endogenous
cellular RNA, e.g., when expressed in cells (e.g., HEK293T cells). In embodiments, frequency
of specific binding between the reverse transcriptase domain and the template RNA are
measured by CLIP-seq, e.g., as described in Lin and Miles (2019) Nucleic Acids Res
47(11):5490-5501 (incorporated herein by reference in its entirety).

Template nucleic acid binding domain

The gene modifying polypeptide typically contains regions capable of associating with
the template nucleic acid (e.g., template RNA). In some embodiments, the template nucleic acid
binding domain is an RNA binding domain. In some embodiments, the RNA binding domain is
a modular domain that can associate with RNA molecules containing specific signatures, e.g.,
structural motifs. In other embodiments, the template nucleic acid binding domain (e.g., RNA
binding domain) is contained within the reverse transcription domain, e.g., the reverse

transcriptase-derived component has a known signature for RNA preference.

In other embodiments, the template nucleic acid binding domain (e.g., RNA binding
domain) is contained within the target DNA binding domain. For example, in some
embodiments, the DNA binding domain is a CRISPR-associated protein that recognizes the
structure of a template nucleic acid (e.g., template RNA) comprising 2 gRNA. In some
embodiments, a gene modifying polypeptide comprises a DNA-binding domain comprising a
CRISPR-associated protein that associates with a gRNA scaffold that allows the DNA-binding

domain to bind a target genomic DNA sequence. In some embodiments, the gRNA scaffold and
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gRNA spacer is comprised within the template nucleic acid (e.g., template RNA), thus the DNA-
binding domain is also the template nucleic acid binding domain. In some embodiments, the
polypeptide possesses RNA binding function in multiple domains, e.g., can bind a gRNA
structure in a CRISPR-associated DNA binding domain and an additional sequence or structure

in a reverse transcriptase domain.

In some embodiments, the RNA binding domain is capable of binding to a template RNA
with greater affinity than a reference RNA binding domain. In some embodiments, the reference
RNA binding domain is an RNA binding domain from Cas9 of S. pyogenes. In some
embodiments, the RNA binding domain is capable of binding to a template RNA with an affinity
between 100 pM — 10 nM (e.g., between 100 pM-1 nM or 1 nM — 10 nM). In some
embodiments, the affinity of an RNA binding domain for its template RNA is measured in vitro,
e.g., by thermophoresis, e.g., as described in Asmari et al. Methods 146:107-119 (2018)
(incorporated by reference herein in its entirety). In some embodiments, the affinity of an RNA
binding domain for its template RNA is measured in cells (e.g., by FRET or CLIP-Seq).

In some embodiments, the RNA binding domain is associated with the template RNA in
vitro at a frequency at least about 5-fold or 10-fold higher than with a scrambled RNA. In some
embodiments, the frequency of association between the RNA binding domain and the template
RNA or scrambled RNA is measured by CLIP-seq, e.g., as described in Lin and Miles (2019)
Nucleic Acids Res 47(11):5490-5501 (incorporated by reference herein in its entirety). In some
embodiments, the RNA binding domain 1s associated with the template RNA in cells (e.g., in
HEK293T cells) at a frequency at least about 5-fold or 10-fold higher than with a scrambled
RNA. In some embodiments, the frequency of association between the RNA binding domain
and the template RNA or scrambled RNA is measured by CLIP-seq, e.g., as described in Lin and
Miles (2019), supra.

Endonuclease domains and DNA binding domains

In some embodiments, a gene modifying polypeptide possesses the function of DNA
target site cleavage via an endonuclease domain. In some embodiments, a gene modifying
polypeptide comprises a DNA binding domain, e.g., for binding to a target nucleic acid. In some
embodiments, a domain (e.g., a Cas domain) of the gene modifying polypeptide comprises two

or more smaller domains, e.g., a DNA binding domain and an endonuclease domain. It is
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understood that when a DNA binding domain (e.g., a Cas domain) is said to bind to a target
nucleic acid sequence, in some embodiments, the binding is mediated by a gRNA.

In some embodiments, a domain has two functions. For example, in some embodiments,
the endonuclease domain is also a DNA-binding domain. In some embodiments, the
endonuclease domain is also a template nucleic acid (e.g., template RNA) binding domain. For
example, in some embodiments, a polypeptide comprises a CRISPR-associated endonuclease
domain that binds a template RNA comprising a gRNA, binds a target DNA sequence (e.g., with
complementarity to a portion of the gRNA), and cuts the target DNA sequence. In some
embodiments, an endonuclease domain or endonuclease/DNA-binding domain from a
heterologous source can be used or can be modified (e.g., by insertion, deletion, or substitution
of one or more residues) in a gene modifying system described herein.

In some embodiments, a nucleic acid encoding the endonuclease domain or
endonuclease/DNA binding domain is altered from its natural sequence to have altered codon
usage, e.g. improved for human cells. In some embodiments, the endonuclease element is a
heterologous endonuclease element, such as a Cas endonuclease (e.g., Cas9), a type-II restriction
endonuclease (e.g., Fok1), a meganuclease (e.g., [-Scel), or other endonuclease domain.

In certain aspects, the DNA-binding domain of a gene modifying polypeptide described
herein is selected, designed, or constructed for binding to a desired host DNA target sequence.

In certain embodiments, the DNA-binding domain of the polypeptide is a heterologous DNA-
binding element. In some embodiments the heterologous DNA binding element is a zinc-finger
element or a TAL effector element, e.g., a zinc-finger or TAL polypeptide or functional fragment
thereof. In some embodiments the heterologous DNA binding element is a sequence-guided
DNA binding element, such as Cas9, Cpfl, or other CRISPR-related protein that has been altered
to have no endonuclease activity. In some embodiments the heterologous DNA binding element
retains endonuclease activity. In some embodiments, the heterologous DNA binding element
retains partial endonuclease activity to cleave ssDNA, e.g., possesses nickase activity. In
specific embodiments, the heterologous DNA-binding domain can be any one or more of Cas9,
TAL domain, ZF domain, Myb domain, combinations thereof, or multiples thereof.

In some embodiments, DNA-binding domains are modified, for example by site-specific
mutation, increasing or decreasing DNA-binding elements (for example, number and/or

specificity of zinc fingers), etc., to alter DNA-binding specificity and affinity. In some
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embodiments a nucleic acid sequence encoding the DNA binding domain is altered from its
natural sequence to have altered codon usage, e.g. improved for human cells. In embodiments,
the DNA binding domain comprises one or more modifications relative to a wild-type DNA
binding domain, e.g., a modification via directed evolution, e.g., phage-assisted continuous
evolution (PACE).

In some embodiments, the DNA binding domain comprises a meganuclease domain (e.g.,
as described herein, e.g., in the endonuclease domain section), or a functional fragment thereof.
In some embodiments, the meganuclease domain possesses endonuclease activity, e.g., double-
strand cleavage and/or nickase activity. In other embodiments, the meganuclease domain has
reduced activity, e.g., lacks endonuclease activity, e.g., the meganuclease is catalytically
inactive. In some embodiments, a catalytically inactive meganuclease is used as a DNA binding
domain, e.g., as described in Fonfara et al. Nucleic Acids Res 40(2):847-860 (2012),
incorporated herein by reference in its entirety.

In some embodiments, a gene modifying polypeptide comprises a modification to a
DNA-binding domain, e.g., relative to the wild-type polypeptide. In some embodiments, the
DNA-binding domain comprises an addition, deletion, replacement, or modification to the amino
acid sequence of the original DNA-binding domain. In some embodiments, the DNA-binding
domain is modified to include a heterologous functional domain that binds specifically to a target
nucleic acid (e.g., DNA) sequence of interest. In some embodiments, the functional domain
replaces at least a portion (e.g., the entirety of) the prior DNA-binding domain of the
polypeptide. In some embodiments, the functional domain comprises a zinc finger (e.g., a zinc
finger that specifically binds to the target nucleic acid (e.g., DNA) sequence of interest. In some
embodiments, the functional domain comprises a Cas domain (e.g., a Cas domain that
specifically binds to the target nucleic acid (e.g., DNA) sequence of interest. In some
embodiments, the Cas domain comprises a Cas9 or a mutant or variant thereof (e.g., as described
herein). In embodiments, the Cas domain is associated with a guide RNA (gRNA), e.g., as
described herein. In embodiments, the Cas domain is directed to a target nucleic acid (e.g.,
DNA) sequence of interest by the gRNA. In embodiments, the Cas domain is encoded in the
same nucleic acid (e.g., RNA) molecule as the gRNA. In embodiments, the Cas domain is

encoded in a different nucleic acid (e.g., RNA) molecule from the gRNA.
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In some embodiments, the DNA binding domain is capable of binding to a target
sequence (e.g., a dASDNA target sequence) with greater affinity than a reference DNA binding
domain. In some embodiments, the reference DNA binding domain is a DNA binding domain
from Cas9 of S. pyogenes. In some embodiments, the DNA binding domain is capable of
binding to a target sequence (e.g., a dSDNA target sequence) with an affinity between 100 pM —
10 nM (e.g., between 100 pM-1 nM or 1 nM - 10 nM).

In some embodiments, the affinity of a DNA binding domain for its target sequence (e.g.,
dsDNA target sequence) is measured in vitro, e.g., by thermophoresis, e.g., as described in
Asmari et al. Methods 146:107-119 (2018) (incorporated by reference herein in its entirety).

In embodiments, the DNA binding domain is capable of binding to its target sequence
(e.g., dsDNA target sequence), e.g, with an affinity between 100 pM — 10 nM (e.g., between 100
pM-1 nM or 1 nM — 10 nM) in the presence of a molar excess of scrambled sequence competitor
dsDNA, e.g., of about 100-fold molar excess.

In some embodiments, the DNA binding domain is found associated with its target
sequence (e.g., dSDNA target sequence) more frequently than any other sequence in the genome
of a target cell, e.g., human target cell, e.g., as measured by ChIP-seq (e.g., in HEK293T cells),
e.g., as described in He and Pu (2010) Curr. Protoc Mol Biol Chapter 21 (incorporated herein by
reference in its entirety). In some embodiments, the DNA binding domain is found associated
with its target sequence (e.g., dSDNA target sequence) at least about 5-fold or 10-fold, more
frequently than any other sequence in the genome of a target cell, e.g., as measured by ChIP-seq
(e.g., in HEK293T cells), e.g., as described in He and Pu (2010), supra.

In some embodiments, the endonuclease domain has nickase activity and cleaves one
strand of a target DNA. In some embodiments, nickase activity reduces the formation of double-
stranded breaks at the target site. In some embodiments, the endonuclease domain creates a
staggered nick structure in the first and second strands of a target DNA. In some embodiments, a
staggered nick structure generates free 3’ overhangs at the target site. In some embodiments, free
3" overhangs at the target site improve editing efficiency, e.g., by enhancing access and annealing
of a 3" homology region of a template nucleic acid. In some embodiments, a staggered nick
structure reduces the formation of double-stranded breaks at the target site.

In some embodiments, the endonuclease domain cleaves both strands of a target DNA,

e.g., results in blunt-end cleavage of a target with no ssDNA overhangs on either side of the cut-
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site. The amino acid sequence of an endonuclease domain of a gene modifying system described
herein may be at least about 50%, at least about 60%, at least about 70%, at least about 80%, at
least about 85%, at least about 90%, at least about 95%, at least about 96%, at least about 97%,
at least about 98%, at least about 99% identical to the amino acid sequence of an endonuclease
domain described herein.

In certain embodiments, the heterologous endonuclease is Fok1 or a functional fragment
thereof. In certain embodiments, the heterologous endonuclease is a Holliday junction resolvase
or homolog thereof, such as the Holliday junction resolving enzyme from Sulfolobus
solfataricus—Ssol Hje (Govindaraju et al., Nucleic Acids Research 44:7, 2016). In certain
embodiments, the heterologous endonuclease is the endonuclease of the large fragment of a
spliceosomal protein, such as Prp8 (Mahbub et al., Mobile DNA 8:16, 2017). In certain
embodiments, the heterologous endonuclease is derived from a CRISPR-associated protein, e.g.,
Cas9. In certain embodiments, the heterologous endonuclease is engineered to have only ssDNA
cleavage activity, e.g., only nickase activity, e.g., be a Cas9 nickase, e.g., SpCas9 with D10A,
H840A, or N863 A mutations. Table 3 provides exemplary Cas proteins and mutations
associated with nickase activity. In still other embodiments, homologous endonuclease domains
are modified, for example by site-specific mutation, to alter DNA endonuclease activity. In still
other embodiments, endonuclease domains are modified to reduce DNA-sequence specificity,
e.g., by truncation to remove domains that confer DNA-sequence specificity or mutation to
inactivate regions conferring DNA-sequence specificity.

In some embodiments, the endonuclease domain has nickase activity and does not form
double-stranded breaks. In some embodiments, the endonuclease domain forms single-stranded
breaks at a higher frequency than double-stranded breaks, e.g., at least 90%, 95%, 96%, 97%,
98%, or 99% of the breaks are single-stranded breaks, or less than 10%, 5%, 4%, 3%, 2%, or 1%
of the breaks are double-stranded breaks. In some embodiments, the endonuclease forms
substantially no double-stranded breaks. In some embodiments, the endonuclease does not form
detectable levels of double-stranded breaks.

In some embodiments, the endonuclease domain has nickase activity that nicks the target
site DNA of the first strand; e.g., in some embodiments, the endonuclease domain cuts the
genomic DNA of the target site near to the site of alteration on the strand that will be extended

by the writing domain. In some embodiments, the endonuclease domain has nickase activity that
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nicks the target site DNA of the first strand and does not nick the target site DNA of the second
strand. For example, when a polypeptide comprises a CRISPR-associated endonuclease domain
having nickase activity, in some embodiments, said CRISPR-associated endonuclease domain
nicks the target site DNA strand containing the PAM site (e.g., and does not nick the target site
DNA strand that does not contain the PAM site). As a further example, when a polypeptide
comprises a CRISPR-associated endonuclease domain having nickase activity, in some
embodiments, said CRISPR-associated endonuclease domain nicks the target site DNA strand
not containing the PAM site (e.g., and does not nick the target sitt DNA strand that contains the
PAM site).

In some other embodiments, the endonuclease domain has nickase activity that nicks the
target site DNA of the first strand and the second strand. Without wishing to be bound by
theory, after a writing domain (e.g., RT domain) of a polypeptide described herein polymerizes
(e.g., reverse transcribes) from the heterologous object sequence of a template nucleic acid (e.g.,
template RNA), the cellular DNA repair machinery must repair the nick on the first DNA strand.
The target site DNA now contains two different sequences for the first DNA strand: one
corresponding to the original genomic DNA (e.g., having a free 5' end) and a second
corresponding to that polymerized from the heterologous object sequence (e.g., having a free 3’
end). It is thought that the two different sequences equilibrate with one another, first one
hybridizing the second strand, then the other, and which sequence the cellular DNA repair
apparatus incorporates into its repaired target site may be a stochastic process. Without wishing
to be bound by theory, it is thought that introducing an additional nick to the second-strand may
bias the cellular DNA repair machinery to adopt the heterologous object sequence-based
sequence more frequently than the original genomic sequence (Anzalone et al. Nature 576:149-
157 (2019)). In some embodiments, the additional nick is positioned at least 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 130, 135, 140,
145, or 150 nucleotides 5" or 3 of the target site modification (e.g., the insertion, deletion, or
substitution) or to the nick on the first strand.

Alternatively, or additionally, without wishing to be bound by theory, it is thought that an
additional nick to the second strand may promote second-strand synthesis. In some

embodiments, where the gene modifying system has inserted or substituted a portion of the first
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strand, synthesis of a new sequence corresponding to the insertion/substitution in the second
strand is necessary.

In some embodiments, the polypeptide comprises a single domain having endonuclease
activity (e.g., a single endonuclease domain) and said domain nicks both the first strand and the
second strand. For example, in such an embodiment the endonuclease domain may be a
CRISPR-associated endonuclease domain, and the template nucleic acid (e.g., template RNA)
comprises a gRNA spacer that directs nicking of the first strand and an additional gRNA spacer
that directs nicking of the second strand. In some embodiments, the polypeptide comprises a
plurality of domains having endonuclease activity, and a first endonuclease domain nicks the
first strand and a second endonuclease domain nicks the second strand (optionally, the first
endonuclease domain does not (e.g., cannot) nick the second strand and the second endonuclease
domain does not (e.g., cannot) nick the first strand).

In some embodiments, the endonuclease domain is capable of nicking a first strand and a
second strand. In some embodiments, the first and second strand nicks occur at the same
position in the target site but on opposite strands. In some embodiments, the second strand nick
occurs in a staggered location, e.g., upstream or downstream, from the first nick. In some
embodiments, the endonuclease domain generates a target site deletion if the second strand nick
is upstream of the first strand nick. In some embodiments, the endonuclease domain generates a
target site duplication if the second strand nick is downstream of the first strand nick. In some
embodiments, the endonuclease domain generates no duplication and/or deletion if the first and
second strand nicks occur in the same position of the target site. In some embodiments, the
endonuclease domain has altered activity depending on protein conformation or RNA-binding
status, e.g., which promotes the nicking of the first or second strand (e.g., as described in
Christensen et al. PNAS 2006; incorporated by reference herein in its entirety).

In some embodiments, the endonuclease domain comprises a meganuclease, or a
functional fragment thereof. In some embodiments, the endonuclease domain comprises a
homing endonuclease, or a functional fragment thereof. In some embodiments, the endonuclease
domain comprises a meganuclease from the LAGLIDADG, GIY-YIG, HNH, His-Cys Box, or
PD-(D/E) XK families, or a functional fragment or variant thereof, e.g., which possess conserved
amino acid motifs, e.g., as indicated in the family names. In some embodiments, the

endonuclease domain comprises a meganuclease, or fragment thereof, chosen from, e.g., I-
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SmaMI (Uniprot F7TWD42), I-Scel (Uniprot P03882), I-Anil (Uniprot P03880), I-Dmol (Uniprot
P21505), I-Crel (Uniprot P05725), I-TevI (Uniprot P13299), I-Onul (Uniprot Q4VWWS5), or I-
Bmol (Uniprot Q9ANRG). In some embodiments, the meganuclease is naturally monomeric,
e.g., I-Scel, [-Tevl, or dimeric, e.g., I-Crel, in its functional form. For example, the
LAGLIDADG meganucleases with a single copy of the LAGLIDADG motif generally form
homodimers, whereas members with two copies of the LAGLIDADG motif are generally found
as monomers. In some embodiments, a meganuclease that normally forms as a dimer is
expressed as a fusion, e.g., the two subunits are expressed as a single ORF and, optionally,
connected by a linker, e.g., an [-Crel dimer fusion (Rodriguez-Fornes et al. Gene Therapy 2020;
incorporated by reference herein in its entirety). In some embodiments, a meganuclease, or a
functional fragment thereof, is altered to favor nickase activity for one strand of a double-
stranded DNA molecule, e.g., I-Scel (K122I and/or K2231I) (Niu et al. ] Mol Biol 2008), I-Anil
(K227M) (McConnell Smith et al. PNAS 2009), I-Dmol (Q42A and/or K120M) (Molina et al. J
Biol Chem 2015). In some embodiments, a meganuclease or functional fragment thereof
possessing this preference for single-strand cleavage is used as an endonuclease domain, e.g.,
with nickase activity. In some embodiments, an endonuclease domain comprises a
meganuclease, or a functional fragment thereof, which naturally targets or is engineered to target
a safe harbor site, e.g., an I-Crel targeting SH6 site (Rodriguez-Fornes et al., supra). In some
embodiments, an endonuclease domain comprises a meganuclease, or a functional fragment
thereof, with a sequence tolerant catalytic domain, e.g., I-Tevl recognizing the minimal motif
CNNNG (Kleinstiver et al. PNAS 2012). In some embodiments, a target sequence tolerant
catalytic domain is fused to a DNA binding domain, e.g., to direct activity, e.g., by fusing [-Tevl
to: (i) zinc fingers to create Tev-ZFEs (Kleinstiver et al. PNAS 2012), (ii) other meganucleases
to create MegaTevs (Wolfs et al. Nucleic Acids Res 2014), and/or (iii) Cas9 to create TevCas9
(Wolfs et al. PNAS 2016).

In some embodiments, the endonuclease domain comprises a restriction enzyme, e.g., a
Type IIS or Type IIP restriction enzyme. In some embodiments, the endonuclease domain
comprises a Type IIS restriction enzyme, e.g., Fokl, or a fragment or variant thereof. In some
embodiments, the endonuclease domain comprises a Type IIP restriction enzyme, e.g., Pvull, or

a fragment or variant thereof. In some embodiments, a dimeric restriction enzyme is expressed
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as a fusion such that it functions as a single chain, e.g., a FokI dimer fusion (Minczuk et al.
Nucleic Acids Res 36(12):3926-3938 (2008)).

The use of additional endonuclease domains is described, for example, in Guha and
Edgell Int J Mol Sci 18(22):2565 (2017), which is incorporated herein by reference in its
entirety.

In some embodiments, a gene modifying polypeptide comprises a modification to an
endonuclease domain, e.g., relative to a wild-type Cas protein. In some embodiments, the
endonuclease domain comprises an addition, deletion, replacement, or modification to the amino
acid sequence of the wild-type Cas protein. In some embodiments, the endonuclease domain is
modified to include a heterologous functional domain that binds specifically to and/or induces
endonuclease cleavage of a target nucleic acid (e.g., DNA) sequence of interest. In some
embodiments, the endonuclease domain comprises a zinc finger. In embodiments, the
endonuclease domain comprising the Cas domain is associated with a guide RNA (gRNA), e.g.,
as described herein. In some embodiments, the endonuclease domain is modified to include a
functional domain that does not target a specific target nucleic acid (e.g., DNA) sequence. In

embodiments, the endonuclease domain comprises a Fok1 domain.

In some embodiments, the endonuclease domain is associated with the target dASDNA in
vitro at a frequency at least about 5-fold or 10-fold higher than with a scrambled dsDNA. In
some embodiments, the endonuclease domain is associated with the target dsSDNA in vifro at a
frequency at least about 5-fold or 10-fold higher than with a scrambled dsDNA, e.g., in a cell
(e.g., a HEK293T cell). In some embodiments, the frequency of association between the
endonuclease domain and the target DNA or scrambled DNA is measured by ChIP-seq, e.g., as
described in He and Pu (2010) Curr. Protoc Mol Biol Chapter 21 (incorporated by reference
herein in its entirety).

In some embodiments, the endonuclease domain can catalyze the formation of a nick at a
target sequence, €.g., to an increase of at least about 5-fold or 10-fold relative to a non-target
sequence (e.g., relative to any other genomic sequence in the genome of the target cell). In some
embodiments, the level of nick formation is determined using NickSeq, e.g., as described in
Elacqua et al. (2019) bioRxiv doi.org/10.1101/867937 (incorporated herein by reference in its
entirety).
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In some embodiments, the endonuclease domain is capable of nicking DNA in vitro. In
embodiments, the nick results in an exposed base. In embodiments, the exposed base can be
detected using a nuclease sensitivity assay, e.g., as described in Chaudhry and Weinfeld (1995)
Nucleic Acids Res 23(19):3805-3809 (incorporated by reference herein in its entirety). In
embodiments, the level of exposed bases (e.g., detected by the nuclease sensitivity assay) is
increased by at least 10%, 50%, or more relative to a reference endonuclease domain. In some
embodiments, the reference endonuclease domain is an endonuclease domain from Cas9 of S.
pyogenes.

In some embodiments, the endonuclease domain is capable of nicking DNA in a cell. In
embodiments, the endonuclease domain is capable of nicking DNA in a HEK293T cell. In
embodiments, an unrepaired nick that undergoes replication in the absence of Rad51 results in
increased NHEIJ rates at the site of the nick, which can be detected, e.g., by using a RadS1
inhibition assay, e.g., as described in Bothmer et al. (2017) Nat Commun 8:13905 (incorporated
by reference herein in its entirety). In embodiments, NHEJ rates are increased above 0-5%. In
embodiments, NHE]J rates are increased to 20-70% (e.g., between 30%-60% or 40-50%), e.g.,
upon Rad51 inhibition.

In some embodiments, the endonuclease domain releases the target after cleavage. In
some embodiments, release of the target is indicated indirectly by assessing for multiple
turnovers by the enzyme, e.g., as described in Yourik at al. RNA 25(1):35-44 (2019)
(incorporated herein by reference in its entirety) and shown in FIG. 2. In some embodiments, the
kexp of an endonuclease domain is 1 x 10 — 1 x 10°5 min-1 as measured by such methods.

In some embodiments, the endonuclease domain has a catalytic efficiency (kca/Km)
greater than about 1 x 10® s M in vifro. In embodiments, the endonuclease domain has a
catalytic efficiency greater than about 1 x 10°, 1 x 10%, 1 x 107, or 1 x 108, s M in vitro. In
embodiments, catalytic efficiency is determined as described in Chen et al. (2018) Science
360(6387):436-439 (incorporated herein by reference in its entirety). In some embodiments, the
endonuclease domain has a catalytic efficiency (kea/Km) greater than about 1 x 108 51 M1 in
cells. In embodiments, the endonuclease domain has a catalytic efficiency greater than about 1 x

10 1x10% 1x 107, or 1 x 10® s M in cells.
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Gene modifying polypeptides comprising Cas domains

In some embodiments, a gene modifying polypeptide described herein comprises a Cas
domain. In some embodiments, the Cas domain can direct the gene modifying polypeptide to a
target site specified by a gRNA spacer, thereby modifying a target nucleic acid sequence in
“cis.” In some embodiments, a gene modifying polypeptide is fused to a Cas domain. In some
embodiments, a gene modifying polypeptide comprises a CRISPR/Cas domain (also referred to
herein as a CRISPR-associated protein). In some embodiments, a CRISPR/Cas domain
comprises a protein involved in the clustered regulatory interspaced short palindromic repeat
(CRISPR) system, e.g., a Cas protein, and optionally binds a guide RNA, e.g., single guide RNA
(sgRNA).

CRISPR systems are adaptive defense systems originally discovered in bacteria and
archaea. CRISPR systems use RNA-guided nucleases termed CRISPR-associated or “Cas”
endonucleases (e. g., Cas9 or Cpfl) to cleave foreign DNA. For example, in a typical CRISPR-
Cas system, an endonuclease is directed to a target nucleotide sequence (e. g., a site in the
genome that is to be sequence-edited) by sequence-specific, non-coding “guide RNAs” that
target single- or double-stranded DNA sequences. Three classes (I-IIT) of CRISPR systems have
been identified. The class II CRISPR systems use a single Cas endonuclease (rather than
multiple Cas proteins). One class II CRISPR system includes a type I Cas endonuclease such as
Cas9, a CRISPR RNA (“crRNA”), and a trans-activating crRNA (“tractRNA”). The crRNA
contains a “spacer” sequence, a typically about 20-nucleotide RNA sequence that corresponds to
a target DNA sequence (“protospacer”). In the wild-type system, and in some engineered
systems, crRNA also contains a region that binds to the tractRNA to form a partially double-
stranded structure that is cleaved by RNase 111, resulting in a ctRNA/tractrRNA hybrid molecule.
A crRNA/tracrRNA hybrid then directs the Cas endonuclease to recognize and cleave a target
DNA sequence. A target DNA sequence is generally adjacent to a “protospacer adjacent motif”
(“PAM”) that is specific for a given Cas endonuclease and required for cleavage activity at a
target site matching the spacer of the crRNA. CRISPR endonucleases identified from various
prokaryotic species have unique PAM sequence requirements, e.g., as listed for exemplary Cas
enzymes in Table 3; examples of PAM sequences include 5'-NGG (Streptococcus pyogenes), 5'-
NNAGAA (Streptococcus thermophilus CRISPR1), 5"-NGGNG (Streptococcus thermophilus
CRISPR3), and 5'-NNNGATT (Neisseria meningiditis). Some endonucleases, e.g., Cas9
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endonucleases, are associated with G-rich PAM sites, e. g, 5'-NGG, and perform blunt-end
cleaving of the target DNA at a location 3 nucleotides upstream from (5" from) the PAM site.
Another class I CRISPR system includes the type V endonuclease Cpf1, which is smaller than
Cas9; examples include AsCpf1 (from Acidaminococcus sp.) and LbCpf1 (from
Lachnospiraceae sp.). Cpfl-associated CRISPR arrays are processed into mature crRNAs
without the requirement of a tracrRNA; in other words, a Cpf1 system, in some embodiments,
comprises only Cpfl nuclease and a crRNA to cleave a target DNA sequence. Cpfl
endonucleases, are typically associated with T-rich PAM sites, e. g., 5'-TTN. Cpf1 can also
recognize a 5'-CTA PAM motif. Cpfl typically cleaves a target DNA by introducing an offset
or staggered double-strand break with a 4- or 5-nucleotide 5" overhang, for example, cleaving a
target DNA with a 5-nucleotide offset or staggered cut located 18 nucleotides downstream from
(3" from) from a PAM site on the coding strand and 23 nucleotides downstream from the PAM
site on the complimentary strand; the 5-nucleotide overhang that results from such offset
cleavage allows more precise genome editing by DNA insertion by homologous recombination
than by insertion at blunt-end cleaved DNA. See, e.g., Zetsche et al. (2015) Cell, 163:759 — 771.
A variety of CRISPR associated (Cas) genes or proteins can be used in the technologies
provided by the present disclosure and the choice of Cas protein will depend upon the particular
conditions of the method. Specific examples of Cas proteins include class II systems including
Casl, Cas2, Cas3, Cas4, Cas5, Cas6, Cas7, Cas8, Cas9, Cas10, Cpfl, C2C1, or C2C3. In some
embodiments, a Cas protein, e.g., a Cas9 protein, may be from any of a variety of prokaryotic
species. In some embodiments a particular Cas protein, e.g., a particular Cas9 protein, is selected
to recognize a particular protospacer-adjacent motif (PAM) sequence. In some embodiments, a
DNA-binding domain or endonuclease domain includes a sequence targeting polypeptide, such
as a Cas protein, e.g., Cas9. In certain embodiments a Cas protein, e.g., a Cas9 protein, may be
obtained from a bacteria or archaea or synthesized using known methods. In certain
embodiments, a Cas protein may be from a gram-positive bacteria or a gram-negative bacteria.
In certain embodiments, a Cas protein may be from a Streptococcus (e.g., a S. pyogenes, or a S.
thermophilus), a Francisella (e.g., an F. novicida), a Staphylococcus (e.g., an S. aureus), an
Acidaminococcus (e.g., an Acidaminococcus sp. BV3L6), a Neisseria (e.g., an N. meningitidis),
a Cryptococcus, a Corynebacterium, a Haemophilus, a Eubacterium, a Pasteurella, a Prevotella, a

Veillonella, or a Marinobacter.
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In some embodiments, a gene modifying polypeptide may comprise a Cas domain as

listed in Table 3 or 4, or a functional fragment thereof, or a sequence having at least 70%, 75%,

80%, 85%, 90%, 95%, 96%, 97%, 98%, 99% identity thereto.

Table 3. CRISPR/Cas Proteins, Species, and Mutations

Name | Enzyme Species #of PAM Mutations to alter PAM Mutations fo make
AAs recoghition catalytically dead
FnCas9 | Cas9 Francisella novicida 1629 | 5-NGG-3' Wit D11AHIEIA/NIIA
Fn %aleg Cas9 Francisella novicida | 1629 | 5-YG-3' E1369R/E1449H/R 1556A D11AHIBIANII5A
SaCas9 | Casd :;";‘e’gé”"”““s 1053 | 5-NNGRRT-3 | Wt D10AHS57A
SaCasd | oq Staphylococaus 1053 | 5-NNNRRT-3 | E782K/N968K/R1015H D10AHS57A
KKH aureus
SpCas9 | Caso Streptococcs 1368 | 5-NGG3' m D10ADS39AHBA0ANEB3A
pyogenes
SpCas | oo Streptococcus 1368 | 5:NGA-3 D1135V/R1335Q/T1337R D10A/D839AHBA0ANSE3A
VQR pyogenes
AsCpft RR | Cpft gf\“/’gfg”‘”"“’m“s | 4307 | 5TYCVS S542RIKE07R E993A
AsCpft Acidaminococcus sp. ) ,
g | Ceft Vil 1307 | 5-TATV-3 $542RIK548VINS52R E993A
FnCpft | Coft Franciselfa novicida | 1300 | 5-NTTN-3' Wt D91 7AE1006AD1255A
NmCas9 | Cas9 Neisseria 1082 | 5NNNGATT-3' | Wt D16AD567 AH588ANG! 1A
meningitidis

Table 4 Amino Acid Sequences of CRISPR/Cas Proteins, Species, and Mutations

Variant

Parental
Host(s)

Protein Sequence

Nickase

(HNH)

Nickase

(HNH)

Nickase

(RuvC)

Nme2Cas9

Neisseria
meningitidis

MAAFKPNPINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAEVPK
TGDSLAMARRLARSVRRLTRRRAHRLLRARRLLKREGYLQAADFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELG
ALLKGVANNAHALQTGDFRTPAELALNKFEKESGHIRNQRGDYSHTFSRKD
LQAELILLFEKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCT
FEPAEPKAAKNTYTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRK
SKLTYAQARKLLGLEDTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEG
LKDKKSPLNLSSELQDEIGTAFSLFKTDEDITGRLKDRVQPEILEALLKHISFDKF
VQISLKALRRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRN
PVVLRALSQARKVINGVVRRYGSPARIHIETAREVGKSFKDRKEIEKRQEENR
KDREKAAAKFREYFPNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLVRLNE
KGYVEIDHALPFSRTWDDSFNNKVLVLGSENQNKGNQTPYEYFNGKDNSR
EWQEFKARVETSRFPRSKKQRILLQKFDEDGFKECNLNDTRYVNRFLCQFVA
DHILLTGKGKRRVFASNGQITNLLRGFWGLRKVRAENDRHHALDAVVVACS
TVAMQQKITRFVRYKEMNAFDGKTIDKETGKVLHQKTHFPQPWEFFAQEY
MIRVFGKPDGKPEFEEADTPEKLRTLLAEKLSSRPEAVHEYVTPLFVSRAPNR
KMSGAHKDTLRSAKRFVKHNEKISVKRVWLTEIKLADLENMVNYKNGREIEL
YEALKARLEAYGGNAKQAFDPKDNPFYKKGGQLVKAVRVEKTQESGVLLNK
KNAYTIADNGDMVRVDVFCKVDKKGKNQYFIVPIYAWQVAENILPDIDCKG
YRIDDSYTFCFSLHKYDLIAFQKDEKSKVEFAYYINCDSSNGRFYLAWHDKGS
KEQQFRISTONLVLIQKYQVNELGKEIRPCRLKKRPPVR

N611A

H588A

D16A

PpnCas9

Pasteurella
pneumotropica

MQNNPLNYILGLDLGIASIGWAVVEIDEESSPIRLIDVGVRTFERAEVAKTGE

SLALSRRLARSSRRLIKRRAERLKKAKRLLKAEKILHSIDEKLPINVWQLRVKGL
KEKLERQEWAAVLLHLSKHRGYLSQRKNEGKSDNKELGALLSGIASNHQML
QSSEYRTPAEIAVKKFQVEEGHIRNQRGSYTHTFSRLDLLAEMELLFQRQAEL

N605A

H582A

D13A
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GNSYTSTTLLENLTALLMWQKPALAGDAILKMLGKCTFEPSEYKAAKNSYSA
ERFVWLTKLNNLRILENGTERALNDNERFALLEQPYEKSKLTYAQVRAMLAL
SDNAIFKGVRYLGEDKKTVESKTTLIEMKFYHQIRKTLGSAELKKEWNELKGN
SDLLDEIGTAFSLYKTDDDICRYLEGKLPERVLNALLENLNFDKFIQLSLKALHQ
ILPLMLQGQRYDEAVSAIYGDHYGKKSTETTRLLPTIPADEIRNPVVLRTLTQA
RKVINAVVRLYGSPARIHIETAREVGKSYQDRKKLEKQQEDNRKQRESAVKK
FKEMFPHFVGEPKGKDILKMRLYELQQAKCLYSGKSLELHRLLEKGYVEVDH
ALPFSRTWDDSFNNKVLVLANENOQNKGNLTPYEWLDGKNNSERWQHFVV
RVQTSGFSYAKKQRILNHKLDEKGFIERNLNDTRYVARFLCNFIADNMLLVG
KGKRNVFASNGQITALLRHRWGLQKVREQNDRHHALDAVVYVACSTVAMQ
QKITRFVRYNEGNVFSGERIDRETGEIIPLHFPSPWAFFKENVEIRIFSENPKLE
LENRLPDYPQYNHEWVQPLFVSRMPTRKMTGQGHMETVKSAKRLNEGLS
VLKVPLTQLKLSDLERMVNRDREIALYESLKARLEQFGNDPAKAFAEPFYKKG
GALVKAVRLEQTQKSGVLVRDGNGVADNASMVRVDVFTKGGKYFLVPIYT
WOQVAKGILPNRAATQGKDENDWDIMDEMATFQFSLCONDLIKLVTKKKTI
FGYFNGLNRATSNINIKEHDLDKSKGKLGIYLEVGVKLAISLEKYQVDELGKNI

RPCRPTKRQHVR
SauCas9 Staphylococcus [ MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGA | N580A H557A D10A
aureus RRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSA

ALLHLAKRRGYHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKK
DGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYE
GPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLN
NLVITRDENEKLEYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTST
GKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSE
LTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPKKV
DLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYGLPNDIIIELAREKNSK
DAQKMINEMQKRNRQTNERIEEIRTTGKENAKYLIEKIKLHDMQEGKCLYS
LEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKGNRTPFQ
YLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINRNL
VDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQ
EYKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVN
NLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPL
YKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKL
SLKPYRFDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQA
EFIASFYNNDLIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPP
RIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKG

SauCas9- Staphylococcus | MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGA | N580A H557A D10A
KKH aureus RRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSA
ALLHLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKK
DGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYE

GPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSYKYAYNADLYNALNDLN
NLVITRDENEKLEYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTST
GKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSE
LTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPKKY
DLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIKKYGLPNDIIIELAREKNSK
DAQKMINEMQKRNRQTNERIEEIRTTGKENAKYLIEKIKLHDMQEGKCLYS
LEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKGNRTPFQ
YLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINRNL
VDTRYATRGLMNLLRSYFRYNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQ
EYKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDKGNTLIV

NNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNP
LYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVK
LSLKPYRFDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQ,
AEFIASFYKNDLIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRP
PHIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKG
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SauriCas9 Staphylococcus | MOENQQKQNYILGLDIGITSVGYGLIDSKTREVIDAGVRLFPEADSENNSNR | N588A H565A D15A
auricularis RSKRGARRLKRRRIHRLNRVKDLLADYQMIDLNNVPKSTDPYTIRVKGLREPL
TKEEFAIALLHIAKRRGLHNISVSMGDEEQDNELSTKQQLQKNAQQLQDKY
VCELQLERLTNINKVRGEKNRFKTEDFVKEVKQLCETQRQYHNIDDQFIQQY
IDLVSTRREYFEGPGNGSPYGWDGDLLKWYEKLMGRCTYFPEELRSVKYAYS
ADLFNALNDLNNLVVTRDDNPKLEYYEKYHIIENVFKQKKNPTLKQIAKEIGY
QDYDIRGYRITKSGKPQFTSFKLYHDLKNIFEQAKYLEDVEMLDEIAKILTIYQ
DEISIKKALDQLPELLTESEKSQIAQLTGYTGTHRLSLKCIHIVIDELWESPENQ
MEIFTRLNLKPKKVEMSEIDSIPTTLVDEFILSPVVKRAFIQSIKVINAVINRFGL
PEDIIELAREKNSKDRRKFINKLQKQNEATRKKIEQLLAKYGNTNAKYMIEKI
KLHDMQEGKCLYSLEAIPLEDLLSNPTHYEVDHIIPRSVSFDNSLNNKVLVKQ,
SENSKKGNRTPYQYLSSNESKISYNQFKQHILNLSKAKDRISKKKRDMLLEER
DINKFEVQKEFINRNLVDTRYATRELSNLLKTYFSTHDYAVKVKTINGGFTNH
LRKVWDFKKHRNHGYKHHAEDALVIANADFLFKTHKALRRTDKILEQPGLE
VNDTTVKVDTEEKYQELFETPKQVKNIKQFRDFKYSHRVDKKPNRQLINDTL
YSTREIDGETYVVQTLKDLYAKDNEKVKKLFTERPQKILMYQHDPKTFEKLM
TILNQYAEAKNPLAAYYEDKGEYVTKYAKKGNGPAIHKIKYIDKKLGSYLDVS
NKYPETQNKLVKLSLKSFRFDIYKCEQGYKMVSIGYLDVLKKDNYYYIPKDKYE
AEKQKKKIKESDLFVGSFYYNDLIMYEDELFRVIGVNSDINNLVELNMVDITY
KDFCEVNNVTGEKRIKKTIGKRVYLIEKYTTDILGNLYKTPLPKKPQLIFKRGEL

SauriCas9- Staphylococcus | MQENQQKQNYILGLDIGITSVGYGLIDSKTREVIDAGVRLFPEADSENNSNR | N588A H565A D15A
KKH auricularis RSKRGARRLKRRRIHRLNRVKDLLADYQMIDLNNVPKSTDPYTIRVKGLREPL
TKEEFAIALLHIAKRRGLHNISVSMGDEEQDNELSTKQQLQKNAQQLQDKY
VCELQLERLTNINKVRGEKNRFKTEDFVKEVKQLCETQRQYHNIDDQFIQQY
IDLVSTRREYFEGPGNGSPYGWDGDLLKWYEKLMGRCTYFPEELRSVKYAYS
ADLFNALNDLNNLVVTRDDNPKLEYYEKYHIIENVFKQKKNPTLKQIAKEIGV
QDYDIRGYRITKSGKPQFTSFKLYHDLKNIFEQAKYLEDVEMLDEIAKILTIYQ
DEISIKKALDQLPELLTESEKSQIAQLTGYTGTHRLSLKCIHIVIDELWESPENQ
MEIFTRLNLKPKKVEMSEIDSIPTTLYDEFILSPYVKRAFIQSIKVINAVINRFGL
PEDIIELAREKNSKDRRKFINKLOQKQNEATRKKIEQLLAKYGNTNAKYMIEKI
KLHDMQEGKCLYSLEAIPLEDLLSNPTHYEVDHIIPRSVSFDNSLNNKVLVKQ,
SENSKKGNRTPYQYLSSNESKISYNQFKQHILNLSKAKDRISKKKRDMLLEER
DINKFEVQKEFINRNLVDTRYATRELSNLLKTYFSTHDYAVKVKTINGGFTNH
LRKVWDFKKHRNHGYKHHAEDALVIANADFLFKTHKALRRTDKILEQPGLE
VNDTTVKVDTEEKYQELFETPKQVKNIKQFRDFKYSHRVDKKPNRKLINDTL
YSTREIDGETYVVQTLKDLYAKDNEKVKKLFTERPQKILMYQHDPKTFEKLM
TILNQYAEAKNPLAAYYEDKGEYVTKYAKKGNGPAIHKIKYIDKKLGSYLDVS
NKYPETQNKLVKLSLKSFRFDIYKCEQGYKMVSIGYLDVLKKDNYYYIPKDKYE
AEKQKKKIKESDLFVGSFYKNDLIMYEDELFRVIGVNSDINNLVELNMVDITY
KDFCEVNNVTGEKHIKKTIGKRVVLIEKYTTDILGNLYKTPLPKKPQLIFKRGEL

ScaCas9- Streptococcus MEKKYSIGLDIGTNSYGWAVITDDYKVPSKKFKVLGNTNRKSIKKNLMGALL | N872A H849A D10A
Sct++ canis FDSGETAEATRLKRTARRRYTRRKNRIRYLQEIFANEMAKLDDSFFQRLEESF
LVEEDKKNERHPIFGNLADEVAYHRNYPTIYHLRKKLADSPEKADLRLIYLALA
HIIKFRGHFLIEGKLNAENSDVAKLFYQLIQTYNQLFEESPLDEIEVDAKGILSA
RLSKSKRLEKLIAVFPNEKKNGLFGNIIALALGLTPNFKSNFDLTEDAKLQLSKD
TYDDDLDELLGQIGDQYADLFSAAKNLSDAILLSDILRSNSEVTKAPLSASMV
KRYDEHHQDLALLKTLVRQQFPEKYAEIFKDDTKNGYAGYVGADKKLRKRS
GKLATEEEFYKFIKPILEKMDGAEELLAKLNRDDLLRKQRTFDNGSIPHQIHLK
ELHAILRRQEEFYPFLKENREKIEKILTFRIPYYVGPLARGNSRFAWLTRKSEEA
ITPWNFEEVVDKGASAQSFIERMTNFDEQLPNKKVLPKHSLLYEYFTVYNEL
TKVKYVTERMRKPEFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEIIGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIE
ERLKTYAHLFDDKVMKQLKRRHYTGWGRLSRKMINGIRDKQSGKTILDFLKS
DGFSNRNFMQLIHDDSLTFKEEIEKAQVSGQGDSLHEQIADLAGSPAIKKGIL
QTVKIVDELYKVMGHKPENIVIEMARENQTTTKGLQQSRERKKRIEEGIKELE
SQILKENPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP
QSFIKDDSIDNKVLTRSVENRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQ
RKFDNLTKAERGGLSEADKAGFIKRQLYETRQITKHVARILDSRMNTKRDKN
DKPIREVKVITLKSKLVSDFRKDFQLYKVRDINNYHHAHDAYLNAVVGTALIK
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KYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKRFFYSNIMNFFKTEVKL
ANGEIRKRPLIETNGETGEVVWNKEKDFATVRKVLAMPQVNIVKKTEVQTG
GFSKESILSKRESAKLIPRKKGWDTRKYGGFGSPTVAYSILYVAKVEKGKAKKL
KSVKVLVGITIMEKGSYEKDPIGFLEAKGYKDIKKELIFKLPKYSLFELENGRRR
MLASAKELQKANELYLPQHLVRLLYYTQNISATTGSNNLGYIEQHREEFKEIF
EKIIDFSEKYILKNKVNSNLKSSFDEQFAVSDSILLSNSFVSLLKYTSFGASGGFT
FLDLDVKQGRLRYQTVTEVLDATLIYQSITGLYETRTDLSQLGGD

SpyCas9 Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDOQSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVYMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKY
VDELVKVMGRHKPENIVIEMARENQTTOQKGQKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLONEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
GELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEII
EQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAF
KYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
NG pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDOSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKY
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLONEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
IRPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVVAKVEKGKSKKLKSYKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
RFLOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEII
EQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPRAF
KYFDTTIDRKVYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD
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SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
SpRY pyogenes DSGETAERTRLKRTARRRYTRRKNRICYLQEIFSNEMAKYDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLQNEKLYLYYLONGRDMYVDQELDINRLSDYDYDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLYSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
IRPKRNSDKLIARKKDWDPKKYGGFLWPTVAYSVLVVAKVEKGKSKKLKSVK
ELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLAS
AKQLQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDE
IIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTRLGAPRAF
KYFDTTIDPKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

St1Cas9 Streptococcus MSDLVLGLDIGIGSVGVGILNKVTGEIIHKNSRIFPAAQAENNLVRRTNRQG N622A H599A DOA
thermophilus RRLARRKKHRRVRLNRLFEESGLITDFTKISINLNPYQLRVKGLTDELSNEELFI

ALKNMVKHRGISYLDDASDDGNSSYGDYAQIVKENSKQLETKTPGQIQLER
YQTYGQLRGDFTVEKDGKKHRLINVFPTSAYRSEALRILQTQQEFNPQITDEF
INRYLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEF
RAAKASYTAQEFNLLNDLNNLTVPTETKKLSKEQKNQIINYVKNEKAMGPAK
LFKYIAKLLSCDVADIKGYRIDKSGKAEIHTFEAYRKMKTLETLDIEQMDRETL
DKLAYVLTLNTEREGIQEALEHEFADGSFSQKQVDELVQFRKANSSIFGKGW
HNFSVKLMMELIPELYETSEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEEIY

NPVVAKSVRQAIKIVNAAIKEYGDFDNIVIEMARETNEDDEKKAIQKIQKAN

KDEKDAAMLKAANQYNGKAELPHSVFHGHKQLATKIRLWHQQGERCLYT

GKTISIHDLINNSNQFEVDHILPLSITFDDSLANKVLVYATANQEKGQRTPYQ,
ALDSMDDAWSFRELKAFVRESKTLSNKKKEYLLTEEDISKFDVRKKFIERNLV

DTRYASRVVLNALQEHFRAHKIDTKVSVVRGQFTSQLRRHWGIEKTRDTYH

HHAVDALIIAASSQLNLWKKQKNTLVSYSEDQLLDIETGELISDDEYKESVFK

APYQHFVDTLKSKEFEDSILFSYQVDSKFNRKISDATIYATRQAKVGKDKADE
TYVLGKIKDIYTQDGYDAFMKIYKKDKSKFLMYRHDPQTFEKVIEPILENYPN

KQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLKYYDSKLGNHIDIT
PKDSNNKVVLQSYSPWRADVYFNKTTGKYEILGLKYADLQFEKGTGTYKISQ
EKYNDIKKKEGYDSDSEFKFTLYKNDLLLYKDTETKEQQLFRFLSRTMPKQKH
YVELKPYDKQKFEGGEALIKVLGNVANSGQCKKGLGKSNISIYKVRTDVLGN

QHIIKNEGDKPKLDF

BlatCas9 Brevibacillus MAYTMGIDVGIASCGWAIVDLERQRIIDIGVRTFEKAENPKNGEALAVPRRE | N607A H584A D8A
laterosporus ARSSRRRLRRKKHRIERLKHMFVRNGLAVDIQHLEQTLRSQNEIDVWQLRY
DGLDRMLTQKEWLRVLIHLAQRRGFQSNRKTDGSSEDGQVLVNVTENDRL
MEEKDYRTVAEMMVKDEKFSDHKRNKNGNYHGVVSRSSLLVEIHTLFETQ
RQHHNSLASKDFELEYVNIWSAQRPVATKDQIEKMIGTCTFLPKEKRAPKAS
WHFQYFMLLQTINHIRITNVQGTRSLNKEEIEQVVNMALTKSKVSYHDTRKI
LDLSEEYQFVGLDYGKEDEKKKVESKETIIKLDDYHKLNKIFNEVELAKGETWE
ADDYDTVAYALTFFKDDEDIRDYLONKYKDSKNRLVKNLANKEYTNELIGKV
STLSFRKVGHLSLKALRKIIPFLEGGMTYDKACQAAGFDFQGISKKKRSVVLP
VIDQISNPVVNRALTQTRKVINALIKKYGSPETIHIETARELSKTFDERKNITKD
YKENRDKNEHAKKHLSELGIINPTGLDIVKYKLWCEQQGRCMYSNQPISFER
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LKESGYTEVDHIIPYSRSMNDSYNNRVLVMTRENREKGNQTPFEYMGNDT
QRWYEFEQRVTTNPQIKKEKRONLLLKGFTNRRELEMLERNLNDTRYITKYL
SHFISTNLEFSPSDKKKKVVNTSGRITSHLRSRWGLEKNRGOQNDLHHAMDAI
VIAVTSDSFIQQVTNYYKRKERRELNGDDKFPLPWKFFREEVIARLSPNPKEQ,
IEALPNHFYSEDELADLQPIFVSRMPKRSITGEAHQAQFRRVVGKTKEGKNIT
AKKTALVDISYDKNGDFNMYGRETDPATYEAIKERYLEFGGNVKKAFSTDLH
KPKKDGTKGPLIKSVRIMENKTLVHPVNKGKGVVYNSSIVRTDVFQRKEKYY
LLPVYVTDVTKGKLPNKVIVAKKGYHDWIEVDDSFTFLFSLYPNDLIFIRQNPK
KKISLKKRIESHSISDSKEVQEIHAYYKGVDSSTAAIEFIIHDGSYYAKGVGVQON
LDCFEKYQVDILGNYFKVKGEKRLELETSDSNHKGKDVNSIKSTSR

cCas9-v16 Staphylococcus [ MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGA | N580A H557A D10A
aureus RRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSA
ALLHLAKRRGYHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKK
DGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYE
GPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLN
NLVITRDENEKLEYYEKFQIIEENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTST
GKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSE
LTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQJIAIFNRLKLVPKKV
DLSQQKEIPTTLYDDFILSPYVKRSFIQSIKVINAIKKYGLPNDIIELAREKNSK
DAQKMINEMQKRNRQTNERIEEIRTTGKENAKYLIEKIKLHDMQEGKCLYS
LEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKGNRTPFQ
YLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINRNL
VDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQ
EYKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDKGNTLIV
NNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNP
LYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVK
LSLKPYRFDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQ,
AEFIASFYKNDLIKINGELYRVIGYNSDKNNLIEVNMIDITYREYLENMNDKRP
PHIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKG

cCas9-v17 Staphylococcus | MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGA | N580A H557A D10A
aureus RRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSA
ALLHLAKRRGVHNVNEYEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKK
DGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYE

GPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLN
NLVITRDENEKLEYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTST
GKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSE

LTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPKKY
DLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYGLPNDIIIELAREKNSK
DAQKMINEMQKRNRQTNERIEEIRTTGKENAKYLIEKIKLHDMQEGKCLYS
LEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKGNRTPFQ
YLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINRNL
VDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQ
EYKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDKGNTLIV

NNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNP
LYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVK
LSLKPYRFDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQ,

AEFIASFYKNDLIKINGELYRVIGVNNSTRNIVELNMIDITYREYLENMNDKRP
PHIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKG

cCas9-v21 Staphylococcus | MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGA | N580A H557A D10A
aureus RRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSA
ALLHLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKK
DGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYE
GPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLN
NLVITRDENEKLEYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTST
GKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSE
LTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPKKV
DLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYGLPNDIIIELAREKNSK
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DAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIKLHDMQEGKCLYS
LEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKGNRTPFQ
YLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINRNL
VDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQ
EYKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDKGNTLIV
NNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNP
LYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVK
LSLKPYRFDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQ,
AEFIASFYKNDLIKINGELYRVIGYNSDDRNIELNMIDITYREYLENMNDKRP
PHIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKG

cCas9-v42 Staphylococcus [ MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGA | N580A H557A D10A
aureus RRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSA
ALLHLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKK
DGEVRGSINRFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYE

GPGEGSPFGWKDIKEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLN
NLVITRDENEKLEYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTST
GKPEFTNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLNSE

LTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNRLKLVPKKV
DLSQQKEIPTTLVDDFILSPYVKRSFIQSIKVINAIKKYGLPNDIIIELAREKNSK
DAQKMINEMQKRNRQTNERIEEIRTTGKENAKYLIEKIKLHDMQEGKCLYS
LEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKGNRTPFQ
YLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFINRNL
VDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQ
EYKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDKGNTLIV

NNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNP
LYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVK
LSLKPYRFDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQ,

AEFIASFYKNDLIKINGELYRVIGVNNNRLNKIELNMIDITYREYLENMNDKRP
PHIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKG

CdiCas9 Corynebacteriu | MKYHVGIDVGTFSVGLAAIEVDDAGMPIKTLSLYSHIHDSGLDPDEIKSAVT N597A H573A D8A
m diphtheriae RLASSGIARRTRRLYRRKRRRLQQLDKFIGRQGWPVIELEDYSDPLYPWKVR
AELAASYIADEKERGEKLSVALRHIARHRGWRNPYAKVSSLYLPDGPSDAFK

AIREEIKRASGQPVPETATVGQMVTLCELGTLKLRGEGGVLSARLQQSDYAR
EIQEICRMQEIGQELYRKIIDVVFAAESPKGSASSRVGKDPLOQPGKNRALKAS
DAFQRYRIAALIGNLRVRVDGEKRILSVEEKNLVFDHLVNLTPKKEPEWVTIA
EILGIDRGQLIGTATMTDDGERAGARPPTHDTNRSIVNSRIAPLVDWWKTA
SALEQHAMVKALSNAEVDDFDSPEGAKVQAFFADLDDDVHAKLDSLHLPYV
GRAAYSEDTLVRLTRRMLSDGVDLYTARLQEFGIEPSWTPPTPRIGEPVGNP
AVDRVLKTVSRWLESATKTWGAPERVIIEHVREGFVTEKRAREMDGDMRR
RAARNAKLFQEMQEKLNVQGKPSRADLWRYQSYQRQNCQCAYCGSPITF

SNSEMDHIVPRAGQGSTNTRENLVAVCHRCNQSKGNTPFAIWAKNTSIEG

VSVKEAVERTRHWVTDTGMRSTDFKKFTKAVVERFQRATMDEEIDARSME
SVAWMANELRSRVAQHFASHGTTVRVYRGSLTAEARRASGISGKLKFFDGV
GKSRLDRRHHAIDAAVIAFTSDYVAETLAVRSNLKQSQAHRQEAPQWREFT
GKDAEHRAAWRVWCQKMEKLSALLTEDLRDDRVVVMSNYRLRLGNGSA

HKETIGKLSKVKLSSQLSVSDIDKASSEALWCALTREPGFDPKEGLPANPERHI
RVNGTHVYAGDNIGLFPVSAGSIALRGGYAELGSSFHHARVYKITSGKKPAF

AMLRVYTIDLLPYRNQDLFSVELKPQTMSMRQAEKKLRDALATGNAEYLG

WLVVDDELVVDTSKIATDQVKAVEAELGTIRRWRVDGFFSPSKLRLRPLQM
SKEGIKKESAPELSKIIDRPGWLPAVNKLFSDGNVTVVRRDSLGRVRLESTAH

LPVTWKVQ
CjeCas9 Campylobacter | MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLALPRRLARSA | N582A H559A D8A
jejuni RKRLARRKARLNHLKHLIANEFKLNYEDYQSFDESLAKAYKGSLISPYELRFRA

LNELLSKQDFARVILHIAKRRGYDDIKNSDDKEKGAILKAIKQNEEKLANYQS
VGEYLYKEYFQKFKENSKEFTNVRNKKESYERCIAQSFLKDELKLIFKKQREFG
FSFSKKFEEEVLSVAFYKRALKDFSHLVGNCSFFTDEKRAPKNSPLAFMFVAL
TRINLLNNLKNTEGILYTKDDLNALLNEVLKNGTLTYKQTKKLLGLSDDYEFK
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GEKGTYFIEFKKYKEFIKALGEHNLSQDDLNEIAKDITLIKDEIKLKKALAKYDLN
QNQIDSLSKLEFKDHLNISFKALKLVTPLMLEGKKYDEACNELNLKVAINEDK
KDFLPAFNETYYKDEVTNPVVLRAIKEYRKVLNALLKKYGKVHKINIELAREVG
KNHSQRAKIEKEQNENYKAKKDAELECEKLGLKINSKNILKLRLFKEQKEFCAY
SGEKIKISDLQDEKMLEIDHIYPYSRSFDDSYMNKVLVFTKONQEKLNQTPFE
AFGNDSAKWQKIEVLAKNLPTKKQKRILDKNYKDKEQKNFKDRNLNDTRYI
ARLVLNYTKDYLDFLPLSDDENTKLNDTQKGSKVHVEAKSGMLTSALRHTW
GFSAKDRNNHLHHAIDAVIIAYANNSIVKAFSDFKKEQESNSAELYAKKISELD
YKNKRKFFEPFSGFRQKVLDKIDEIFVSKPERKKPSGALHEETFRKEEEFYQSY
GGKEGVLKALELGKIRKVNGKIVKNGDMFRVDIFKHKKTNKFYAVPIYTMDF
ALKVLPNKAVARSKKGEIKDWILMDENYEFCFSLYKDSLILIQTKDMQEPEFV
YYNAFTSSTVSLIVSKHDNKFETLSKNQKILFKNANEKEVIAKSIGIONLKVFEK
YIVSALGEVTKAEFRQREDFKK

GeoCas9 Geobacillus MRYKIGLDIGITSVGWAVMNLDIPRIEDLGVRIFDRAENPQTGESLALPRRLA | N605A H582A D8A
stearothermop RSARRRLRRRKHRLERIRRLVIREGILTKEELDKLFEEKHEIDVWQLRVEALDR
hilus KLNNDELARVLLHLAKRRGFKSNRKSERSNKENSTMLKHIEENRAILSSYRTV

GEMIVKDPKFALHKRNKGENYTNTIARDDLEREIRLIFSKQREFGNMSCTEEF
ENEYITIWASQRPVASKDDIEKKVGFCTFEPKEKRAPKATYTFQSFIAWEHIN
KLRLISPSGARGLTDEERRLLYEQAFQKNKITYHDIRTLLHLPDDTYFKGIVYDR
GESRKQNENIRFLELDAYHQIRKAVDKYYGKGKSSSFLPIDFDTFGYALTLFKD
DADIHSYLRNEYEQNGKRMPNLANKVYDNELIEELLNLSFTKFGHLSLKALRS
ILPYMEQGEVYSSACERAGYTFTGPKKKQKTMLLPNIPPIANPVVMRALTQA
RKVVNAIIKKYGSPVSIHIELARDLSQTFDERRKTKKEQDENRKKNETAIRQL
MEYGLTLNPTGHDIVKFKLWSEQNGRCAYSLQPIEIERLLEPGYVEVDHVIPY
SRSLDDSYTNKVLVLTRENREKGNRIPAEYLGYGTERWQQFETFVLTNKQFS
KKKRDRLLRLHYDENEETEFKNRNLNDTRYISRFFANFIREHLKFAESDDKQK
VYTVNGRVTAHLRSRWEFNKNREESDLHHAVDAVIVACTTPSDIAKVTAFY
QRREQNKELAKKTEPHFPQPWPHFADELRARLSKHPKESIKALNLGNYDDQ
KLESLQPYFVSRMPKRSVTGAAHQETLRRYVGIDERSGKIQTYVKTKLSEIKL
DASGHFPMYGKESDPRTYEAIRQRLLEHNNDPKKAFQEPLYKPKKNGEPGP
VIRTVKIIDTKNQVIPLNDGKTVAYNSNIVRVDVFEKDGKYYCVPVYTMDIM
KGILPNKAIEPNKPYSEWKEMTEDYTFRFSLYPNDLIRIELPREKTVKTAAGEE
INVKDVFVYYKTIDSANGGLELISHDHRFSLRGVGSRTLKRFEKYQVDVLGNI
YKVRGEKRVGLASSAHSKPGKTIRPLQSTRD

iSpyMacCa | Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
s9 spp. DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRKLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDOSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLKREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIGKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKYV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDYDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEIQTVGANGG
LFDDNPKSPLEVTPSKLVPLKKELNPKKYGGYQKPTTAYPVLLITDTKQLIPISV
MNKKQFEQNPVKFLRDRGYQQVGKNDFIKLPKYTLVDIGDGIKRLWASSKEI
HKGNQLVVSKKSQILLYHAHHLDSDLSNDYLQNHNQQFDVLFNEIISFSKKC
KLGKEHIQKIENVYSNKKNSASIEELAESFIKLLGFTQLGATSPENFLGVKLNQ
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KQYKGKKDYILPCTEGTLIRQSITGLYETRVDLSKIGEDSGGSGGSKRTADGSE
FES

NmeCas9 Neisseria MAAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAEVPK | N611A H588A D16A
meningitidis TGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQAANFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELG
ALLKGVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDL
QAELILLFEKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTF
EPAEPKAAKNTYTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKS
KLTYAQARKLLGLEDTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGL
KDKKSPLNLSPELQDEIGTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKFV
QISLKALRRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNP
VVLRALSQARKVINGVVRRYGSPARIHIETAREVGKSFKDRKEIEKRQEENRK
DREKAAAKFREYFPNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLGRLNEK
GYVEIDHALPFSRTWDDSFNNKVLVLGSENONKGNQTPYEYFNGKDNSRE
WOQEFKARVETSRFPRSKKQRILLQKFDEDGFKERNLNDTRYVNRFLCQFVA
DRMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRAENDRHHALDAVVVA
CSTVAMQOKITRFVRYKEMNAFDGKTIDKETGEVLHQKTHFPQPWEFFAQ
EVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSSRPEAVHEYVTPLFVSRAP
NRKMSGQGHMETVKSAKRLDEGVSVLRYPLTQLKLKDLEKMVNREREPKL
YEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRVEQVQKTGYW
VRNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKD
EEDWQLIDDSFNFKFSLHPNDLVEVITKKARMFGYFASCHRGTGNINIRIHD
LDHKIGKNGILEGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPVR

ScaCas9 Streptococcus MEKKYSIGLDIGTNSVGWAVITDDYKVPSKKFKVLGNTNRKSIKKNLMGALL | N872A H849A D10A
canis FDSGETAEATRLKRTARRRYTRRKNRIRYLQEIFANEMAKLDDSFFQRLEESF
LVEEDKKNERHPIFGNLADEVAYHRNYPTIYHLRKKLADSPEKADLRLIYLALA
HIIKFRGHFLIEGKLNAENSDVAKLFYQLIQTYNQLFEESPLDEIEVDAKGILSA
RLSKSKRLEKLIAVFPNEKKNGLFGNIIALALGLTPNFKSNFDLTEDAKLQLSKD
TYDDDLDELLGQIGDQYADLFSAAKNLSDAILLSDILRSNSEVTKAPLSASMV
KRYDEHHODLALLKTLVRQQFPEKYAEIFKDDTKNGYAGYVGIGIKHRKRTT
KLATQEEFYKFIKPILEKMDGAEELLAKLNRDDLLRKQRTFDNGSIPHQIHLKE
LHAILRRQEEFYPFLKENREKIEKILTFRIPYYVGPLARGNSRFAWLTRKSEEAI
TPWNFEEVVDKGASAQSFIERMTNFDEQLPNKKVLPKHSLLYEYFTVYNELT
KVKYVTERMRKPEFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSY
ENNGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEE
RLKTYAHLFDDKVMKQLKRRHYTGWGRLSRKMINGIRDKQSGKTILDFLKS
DGFSNRNFMQLIHDDSLTFKEEIEKAQVSGQGDSLHEQIADLAGSPAIKKGIL
QTVKIVDELVKVMGHKPENIVIEMARENQTTTKGLQQSRERKKRIEEGIKELE
SQILKENPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP
QSFIKDDSIDNKVLTRSVENRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQ
RKFDNLTKAERGGLSEADKAGFIKRQLVETRQITKHVARILDSRMNTKRDKN
DKPIREVKVITLKSKLYSDFRKDFQLYKVRDINNYHHAHDAYLNAVVGTALIK
KYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKRFFYSNIMNFFKTEVKL
ANGEIRKRPLIETNGETGEVVWNKEKDFATVRKVLAMPQVNIVKKTEVQTG
GFSKESILSKRESAKLIPRKKGWDTRKYGGFGSPTVAYSILVVAKVEKGKAKKL
KSVKVLVGITIMEKGSYEKDPIGFLEAKGYKDIKKELIFKLPKYSLFELENGRRR
MLASATELQKANELVLPQHLVRLLYYTQNISATTGSNNLGYIEQHREEFKEIF
EKIIDFSEKYILKNKVNSNLKSSFDEQFAVSDSILLSNSFVSLLKYTSFGASGGFT
FLDLDVKQGRLRYQTVTEVLDATLIYQSITGLYETRTDLSQLGGD

ScaCas9- Streptococcus MEKKYSIGLDIGTNSYGWAVITDDYKVPSKKFKVLGNTNRKSIKKNLMGALL | N872A H849A D10A
HiFi-Sc++ canis FDSGETAEATRLKRTARRRYTRRKNRIRYLQEIFANEMAKLDDSFFQRLEESF
LVEEDKKNERHPIFGNLADEVAYHRNYPTIYHLRKKLADSPEKADLRLIYLALA
HIIKFRGHFLIEGKLNAENSDVAKLFYQLIQTYNQLFEESPLDEIEVDAKGILSA
RLSKSKRLEKLIAVFPNEKKNGLFGNIIALALGLTPNFKSNFDLTEDAKLQLSKD
TYDDDLDELLGQIGDQYADLFSAAKNLSDAILLSDILRSNSEVTKAPLSASMV

KRYDEHHQDLALLKTLVRQQFPEKYAEIFKDDTKNGYAGYVGADKKLRKRS

GKLATEEEFYKFIKPILEKMDGAEELLAKLNRDDLLRKQRTFDNGSIPHQIHLK
ELHAILRRQEEFYPFLKENREKIEKILTFRIPYYVGPLARGNSRFAWLTRKSEEA
ITPWNFEEVVDKGASAQSFIERMTNFDEQLPNKKVLPKHSLLYEYFTVYNEL
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TKVKYVTERMRKPEFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEIIGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIE
ERLKTYAHLFDDKVMKQLKRRHYTGWGRLSRKMINGIRDKQSGKTILDFLKS
DGFSNANFMQLIHDDSLTFKEEIEKAQVSGQGDSLHEQIADLAGSPAIKKGIL
QTVKIVDELVKVMGHKPENIVIEMARENQTTTKGLQQSRERKKRIEEGIKELE
SQILKENPVENTQLONEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP
QSFIKDDSIDNKVLTRSVENRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQ
RKFDNLTKAERGGLSEADKAGFIKRQLVETRQITKHVARILDSRMNTKRDKN
DKPIREVKVITLKSKLVSDFRKDFQLYKVRDINNYHHAHDAYLNAVVGTALIK
KYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKRFFYSNIMNFFKTEVKL
ANGEIRKRPLIETNGETGEVVWNKEKDFATVRKVLAMPQVNIVKKTEVQTG
GFSKESILSKRESAKLIPRKKGWDTRKYGGFGSPTVAYSILVVAKVEKGKAKKL
KSVKVLVGITIMEKGSYEKDPIGFLEAKGYKDIKKELIFKLPKYSLFELENGRRR
MLASAKELQKANELVLPQHLVRLLYYTQNISATTGSNNLGYIEQHREEFKEIF
EKIIDFSEKYILKNKVNSNLKSSFDEQFAVSDSILLSNSFVSLLKYTSFGASGGFT
FLDLDVKQGRLRYQTVTEVLDATLIYQSITGLYETRTDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
3var-NRRH pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MVKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEE
FYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGIIPHQIHLGELHAILRRQ
GDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKYMKQLKRLRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGGHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQI
LKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKGNSDKLIARKKDWDPKKYGGFNSPTAAYSVLVVAKVEKGKSKKLKSVK
ELLGITIMERSSFEKNPIGFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLAS
AGVLHKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDE
IIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGVPAA
FKYFDTTIDKKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
3var-NRTH pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MVKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEE
FYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGIIPHQIHLGELHAILRRQ
GDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRLRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGGHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQI
LKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
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DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKGNSDKLIARKKDWDPKKYGGFNSPTVAYSVLVVAKVEKGKSKKLKSVK
ELLGITIMERSSFEKNPIGFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLAS
ASVLHKGNELALPSKYVNFLYLASHYEKLKGSSEDNKQKQLFVEQHKHYLDEI
IEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGASAAF
KYFDTTIGRKLYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
3var-NRCH pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKYVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MVKRYDEHHQDLTLLKALYRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEE
FYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGIIPHQIHLGELHAILRRQ
GDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRLRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGGHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQI
LKEHPVENTQLONEKLYLYYLOQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLYSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKGNSDKLIARKKDWDPKKYGGFNSPTVAYSVLVVAKVEKGKSKKLKSVK
ELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLAS
AGVLQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDE
IIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIHLFTLTNLGAPAA
FKYFDTTINRKQYNTTKEVLDATLIRQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
HF1 pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS

MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ,
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE

EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR

NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLYSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
GELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEII
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EQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAF
KYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSGLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
QQR1 pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFENASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLONEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLYSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
RELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEII
EQISEFSKRVILADAQLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAF
KYFDTTFKQKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
SpG pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKYDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRYNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDOSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFENASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKY
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ,
ILKEHPVENTQLONEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKRNSDKLIARKKDWDPKKYGGFLWPTVAYSVLYVAKVEKGKSKKLKSVK
ELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLAS
AKQLQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDE
IIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIHLFTLTNLGAPAA
FKYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
VQR pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
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KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQGKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKYV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLONEKLYLYYLQNGRDMYVDQELDINRLSDYDYDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVWAKVEKGKSKKLKSVKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
GELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEI
EQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAF
KYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
VRER pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQODLTLLKALVRQQLPEKYKEIFFDOSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RENASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKYV
VDELVKVMGRHKPENIVIEMARENQTTOQKGQOKNSRERMKRIEEGIKELGSQ
ILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDYDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGE!
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVWAKVEKGKSKKLKSVKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
RELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEII
EQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAF
KYFDTTIDRKEYRSTKEVLDATLIHQSITGLYETRIDLSGLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
xCas pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDTKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS

MIKLYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGIIPHQIHLGELHAILRRQE
DFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEK
VVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE

GMRKPAFLSGDQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
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HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFIQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVY
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ]
LKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
GVLQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEII
EQISEFSKRVILADANLDKVLSAYNKHRDKPIREGAENIIHLFTLTNLGAPAAF
KYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

SpyCas9- Streptococcus MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF | N863A H840A D10A
xCas-NG pyogenes DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAH
MIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDTKLQLS
KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKLYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLYKLNREDLLRKQRTFDNGIIPHQIHLGELHAILRRQE
DFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEK
VVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGDQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVED
RFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFIQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVY
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQ
LKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLI
REVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEI
RKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKES
IRPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVVAKVEKGKSKKLKSYKE
LLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASA
RFLOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEII
EQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPRAF
KYFDTTIDRKVYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

St1Cas9- Streptococcus MSDLVLGLDIGIGSVGVGILNKVTGEIIHKNSRIFPAAQAENNLVRRTNRQG N622A H599A D9A
CNRZ1066 thermophilus RRLARRKKHRRVRLNRLFEESGLITDFTKISINLNPYQLRVKGLTDELSNEELFI
ALKNMVKHRGISYLDDASDDGNSSYGDYAQIVKENSKQLETKTPGQIQLER
YQTYGQLRGDFTVEKDGKKHRLINVFPTSAYRSEALRILQTQQEFNPQITDEF
INRYLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEF
RAAKASYTAQEFNLLNDLNNLTVPTETKKLSKEQKNQIINYVKNEKAMGPAK
LFKYIAKLLSCDVADIKGYRIDKSGKAEIHTFEAYRKMKTLETLDIEQMDRETL
DKLAYVLTLNTEREGIQEALEHEFADGSFSQKQVDELVQFRKANSSIFGKGW
HNFSVKLMMELIPELYETSEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEEIY
NPYVAKSVRQAIKIVNAAIKEYGDFDNIVIEMARETNEDDEKKAIQKIQKAN
KDEKDAAMLKAANQYNGKAELPHSVFHGHKQLATKIRLWHQQGERCLYT
GKTISIHDLINNSNQFEVDHILPLSITFDDSLANKVLVYATANQEKGQRTPYQ,
ALDSMDDAWSFRELKAFVRESKTLSNKKKEYLLTEEDISKFDVRKKFIERNLV
DTRYASRVVLNALQEHFRAHKIDTKVSVVRGQFTSQLRRHWGIEKTRDTYH
HHAVDALIIAASSQLNLWKKQKNTLVSYSEEQLLDIETGELISDDEYKESVFKA
PYQHFVDTLKSKEFEDSILFSYQVDSKFNRKISDATIYATRQAKVGKDKKDET
YVLGKIKDIYTQDGYDAFMKIYKKDKSKFLMYRHDPQTFEKVIEPILENYPNK
QMNEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLKYYDSKLLGNPIDI
TPENSKNKVVLQSLKPWRTDVYFNKATGKYEILGLKYADLQFEKGTGTYKIS
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QEKYNDIKKKEGVDSDSEFKFTLYKNDLLLVKDTETKEQQLFRFLSRTLPKQK
HYVELKPYDKQKFEGGEALIKVLGNVANGGQCIKGLAKSNISIYKVRTDVLG
NQHIIKNEGDKPKLDF

St1Cas9- Streptococcus MSDLVLGLDIGIGSVGVGILNKVTGEIIHKNSRIFPAAQAENNLVRRTNRQG N622A H599A D9A
LMG1831 thermophilus RRLARRKKHRRVRLNRLFEESGLITDFTKISINLNPYQLRVKGLTDELSNEELFI
ALKNMVKHRGISYLDDASDDGNSSVGDYAQIVKENSKQLETKTPGQIQLER
YQTYGQLRGDFTVEKDGKKHRLINVFPTSAYRSEALRILQTQQEFNPQITDEF
INRYLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEF
RAAKASYTAQEFNLLNDLNNLTVPTETKKLSKEQKNQIINYVKNEKAMGPAK
LFKYIAKLLSCDVADIKGYRIDKSGKAEIHTFEAYRKMKTLETLDIEQMDRETL
DKLAYVLTLNTEREGIQEALEHEFADGSFSQKQVDELVQFRKANSSIFGKGW
HNFSVKLMMELIPELYETSEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEEIY
NPVVAKSVRQAIKIVNAAIKEYGDFDNIVIEMARETNEDDEKKAIQKIQKAN
KDEKDAAMLKAANQYNGKAELPHSVFHGHKQLATKIRLWHQQGERCLYT
GKTISIHDLINNSNQFEVDHILPLSITFDDSLANKVLVYATANQEKGQRTPYQ,
ALDSMDDAWSFRELKAFVRESKTLSNKKKEYLLTEEDISKFDYRKKFIERNLV
DTRYASRVVLNALQEHFRAHKIDTKVSVVRGQFTSQLRRHWGIEKTRDTYH
HHAVDALIIAASSQLNLWKKQKNTLVSYSEEQLLDIETGELISDDEYKESVFKA
PYQHFVDTLKSKEFEDSILFSYQVDSKFNRKISDATIYATRQAKVGKDKKDET
YVLGKIKDIYTODGYDAFMKIYKKDKSKFLMYRHDPQTFEKVIEPILENYPNK
QMNEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLKYYDSKLLGNPIDI
TPENSKNKVVLQSLKPWRTDVYFNKNTGKYEILGLKYADLQFEKKTGTYKISQ
EKYNGIMKEEGVDSDSEFKFTLYKNDLLLVKDTETKEQQLFRFLSRTMPNVK
YYVELKPYSKDKFEKNESLIEILGSADKSGRCIKGLGKSNISIYKVRTDVLGNQH

IIKNEGDKPKLDF
St1Cas9- Streptococcus MSDLVLGLDIGIGSVGVGILNKVTGEIIHKNSRIFPAAQAENNLVRRTNRQG N622A H599A D9A
MTH17CL3 | thermophilus RRLARRKKHRRVRLNRLFEESGLITDFTKISINLNPYQLRVKGLTDELSNEELFI
96 ALKNMVKHRGISYLDDASDDGNSSVGDYAQIVKENSKQLETKTPGQIQLER

YQTYGQLRGDFTVEKDGKKHRLINVFPTSAYRSEALRILQTQQEFNPQITDEF
INRYLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEF
RAAKASYTAQEFNLLNDLNNLTVPTETKKLSKEQKNQIINYVKNEKAMGPAK
LFKYIAKLLSCDVADIKGYRIDKSGKAEIHTFEAYRKMKTLETLDIEQMDRETL
DKLAYVLTLNTEREGIQEALEHEFADGSFSQKQVDELVQFRKANSSIFGKGW
HNFSYKLMMELIPELYETSEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEEIY
NPVVAKSVRQAIKIVNAAIKEYGDFDNIVIEMARETNEDDEKKAIQKIQKAN
KDEKDAAMLKAANQYNGKAELPHSVFHGHKQLATKIRLWHQQGERCLYT
GKTISIHDLINNSNQFEVDHILPLSITFDDSLANKVLVYATANQEKGQRTPYQ,
ALDSMDDAWSFRELKAFVRESKTLSNKKKEYLLTEEDISKFDYRKKFIERNLV
DTRYASRVVLNALQEHFRAHKIDTKVSVVRGQFTSQLRRHWGIEKTRDTYH
HHAVDALIIAASSQLNLWKKQKNTLVSYSEDQLLDIETGELISDDEYKESVFK
APYQHFVDTLKSKEFEDSILFSYQVDSKFNRKISDATIYATRQAKVGKDKADE
TYVLGKIKDIYTQDGYDAFMKIYKKDKSKFLMYRHDPQTFEKVIEPILENYPN
KQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLKYYDSKLGNHIDIT
PKDSNNKVVLQSLKPWRTDVYFNKNTGKYEILGLKYSDMQFEKGTGKYSISK
EQYENIKVREGVDENSEFKFTLYKNDLLLLKDSENGEQILLRFTSRNDTSKHYV
ELKPYNRQKFEGSEYLIKSLGTVAKGGQCIKGLGKSNISIYKVRTDVLGNQHII

KNEGDKPKLDF
St1Cas9- Streptococeus MSDLVLGLDIGIGSVGVGILNKVTGEIIHKNSRIFPAAQAENNLVRRTNRQG N622A H599A DA
TH1477 thermophilus RRLARRKKHRRVRLNRLFEESGLITDFTKISINLNPYQLRVKGLTDELSNEELFI

ALKNMVKHRGISYLDDASDDGNSSVGDYAQIVKENSKQLETKTPGQIGLER
YQTYGQLRGDFTVEKDGKKHRLINVFPTSAYRSEALRILQTQQEFNPQITDEF
INRYLEILTGKRKYYHGPGNEKSRTDYGRYRTSGETLDNIFGILIGKCTFYPDEF
RAAKASYTAQEFNLLNDLNNLTVPTETKKLSKEQKNQIINYVKNEKAMGPAK
LFKYIAKLLSCDVADIKGYRIDKSGKAEIHTFEAYRKMKTLETLDIEQMDRETL
DKLAYVLTLNTEREGIQEALEHEFADGSFSQKQVDELVQFRKANSSIFGKGW
HNFSVKLMMELIPELYETSEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEEIY
NPVVAKSVRQAIKIVNAAIKEYGDFDNIVIEMARETNEDDEKKAIQKIQKAN
KDEKDAAMLKAANQYNGKAELPHSVFHGHKQLATKIRLWHQQGERCLYT
GKTISIHDLINNSNQFEVDHILPLSITFDDSLANKVLVYATANQEKGQRTPYQ,
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ALDSMDDAWSFRELKAFVRESKTLSNKKKEYLLTEEDISKFDVRKKFIERNLV
DTRYASRVVLNALQEHFRAHKIDTKVSVVRGQFTSQLRRHWGIEKTRDTYH
HHAVDALIIAASSQLNLWKKQKNTLYSYSEDQLLDIETGELISDDEYKESVFK
APYQHFVDTLKSKEFEDSILFSYQVDSKFNRKISDATIYATRQAKVGKDKADE
TYVLGKIKDIYTQDGYDAFMKIYKKDKSKFLMYRHDPQTFEKVIEPILENYPN
KQINEKGKEVPCNPFLKYKEEHGYIRKYSKKGNGPEIKSLKYYDSKLGNHIDIT
PKDSNNKVVLQSLKPWRTDVYFNKNTGKYEILGLKYSDMQFEKGTGKYSISK
EQYENIKVREGVDENSEFKFTLYKNDLLLLKDSENGEQILLRFTSRNDTSKHYV
ELKPYNRQKFEGSEYLIKSLGTVVKGGRCIKGLGKSNISIYKVRTDVLGNQHIIK
NEGDKPKLDF

SRGN3.1 Staphylococcus | MNQKFILGLDIGITSVGYGLIDYETKNIIDAGVRLFPEANVENNEGRRSKRGS | N585A H562A D10A
spp. RRLKRRRIHRLERVKLLLTEYDLINKEQIPTSNNPYQIRVKGLSEILSKDELAIAL
LHLAKRRGIHNVDVAADKEETASDSLSTKDQINKNAKFLESRYVCELQKERLE
NEGHVRGVENRFLTKDIVREAKKIIDTQMQYYPEIDETFKEKYISLVETRREYF
EGPGQGSPFGWNGDLKKWYEMLMGHCTYFPQELRSVKYAYSADLFNALN
DLNNLIIQRDNSEKLEYHEKYHIIENVFKQKKKPTLKQIAKEIGVNPEDIKGYRI
TKSGTPEFTSFKLFHDLKKVVKDHAILDDIDLLNQIAEILTIYQDKDSIVAELGQ
LEYLMSEADKQSISELTGYTGTHSLSLKCMNMIIDELWHSSMNQMEVFTYL
NMRPKKYELKGYQRIPTDMIDDAILSPVVKRTFIQSINVINKVIEKYGIPEDIIE
LARENNSDDRKKFINNLOKKNEATRKRINEIGQTGNQNAKRIVEKIRLHDQ,
QEGKCLYSLESIPLEDLLNNPNHYEVDHIIPRSVSFDNSYHNKVLVKQSENSK
KSNLTPYQYFNSGKSKLSYNQFKQHILNLSKSQDRISKKKKEYLLEERDINKFE
VQKEFINRNLVDTRYATRELTNYLKAYFSANNMNVKVKTINGSFTDYLRKV
WKFKKERNHGYKHHAEDALIIANADFLFKENKKLKAVNSVLEKPEIETKQLDI
QVDSEDNYSEMFIIPKQVQDIKDFRNFKYSHRVDKKPNRQLINDTLYSTRKK
DNSTYIVQTIKDIYAKDNTTLKKQFDKSPEKFLMYQHDPRTFEKLEVIMKQYA
NEKNPLAKYHEETGEYLTKYSKKNNGPIVKSLKYIGNKLGSHLDVTHQFKSST
KKLVKLSIKNYRFDVYLTEKGYKFVTIAYLNVFKKDNYYYIPKDKYQELKEKKKI
KDTDQFIASFYKNDLIKLNGDLYKIIGYNSDDRNIIELDYYDIKYKDYCEINNIK
GEPRIKKTIGKKTESIEKFTTDVLGNLYLHSTEKAPQLIFKRGL

SRGN3.3 Staphylococcus | MNQKFILGLDIGITSVGYGLIDYETKNIIDAGVRLFPEANVENNEGRRSKRGS | N585A H562A D10A
spp. RRLKRRRIHRLERVKLLLTEYDLINKEQIPTSNNPYQIRVKGLSEILSKDELAIAL
LHLAKRRGIHNVDVAADKEETASDSLSTKDQINKNAKFLESRYVCELQKERLE
NEGHVRGVENRFLTKDIVREAKKIIDTQMQYYPEIDETFKEKYISLVETRREYF
EGPGQGSPFGWNGDLKKWYEMLMGHCTYFPQELRSVKYAYSADLFNALN
DLNNLIIQRDNSEKLEYHEKYHIIENVFKQKKKPTLKQIAKEIGVNPEDIKGYRI
TKSGTPEFTSFKLFHDLKKVVKDHAILDDIDLLNQIAEILTIYOQDKDSIVAELGQ
LEYLMSEADKQSISELTGYTGTHSLSLKCMNMIIDELWHSSMNQMEVFTYL
NMRPKKYELKGYQRIPTDMIDDAILSPVVKRTFIQSINVINKVIEKYGIPEDIIE
LARENNSDDRKKFINNLOQKKNEATRKRINEIGQTGNQNAKRIVEKIRLHDQ,
QEGKCLYSLESIPLEDLLNNPNHYEVDHIIPRSVSFDNSYHNKVLVKQSENSK
KSNLTPYQYFNSGKSKLSYNQFKQHILNLSKSQDRISKKKKEYLLEERDINKFE
VQKEFINRNLVDTRYATRELTSYLKAYFSANNMDVKVKTINGSFTNHLRKV
WRFDKYRNHGYKHHAEDALIIANADFLFKENKKLQNTNKILEKPTIENNTKK
VTVEKEEDYNNVFETPKLVEDIKQYRDYKFSHRVDKKPNRQLINDTLYSTRM
KDEHDYIVQTITDIYGKDNTNLKKQFNKNPEKFLMYQNDPKTFEKLSIIMKQ,
YSDEKNPLAKYYEETGEYLTKYSKKNNGPIVKKIKLLGNKVGNHLDVTNKYEN
STKKLVKLSIKNYRFDVYLTEKGYKFVTIAYLNVFKKDNYYYIPKDKYQELKEKK
KIKDTDQFIASFYKNDLIKLNGDLYKIIGVNSDDRNIIELDYYDIKYKDYCEINNI
KGEPRIKKTIGKKTESIEKFTTDVLGNLYLHSTEKAPQLIFKRGL

In some embodiments, a Cas protein requires a protospacer adjacent motif (PAM) to be

present in or adjacent to a target DNA sequence for the Cas protein to bind and/or function. In

81



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

some embodiments, the PAM is or comprises, from 5' to 3', NGG, YG, NNGRRT, NNNRRT,
NGA, TYCV, TATV, NTTN, or NNNGATT, where N stands for any nucleotide, Y stands for C
or T, R stands for A or G, and V stands for A or C or G. In some embodiments, a Cas protein is a
protein listed in Table 3 or 4. In some embodiments, a Cas protein comprises one or more
mutations altering its PAM. In some embodiments, a Cas protein comprises E1369R, E1449H,
and R1556A mutations or analogous substitutions to the amino acids corresponding to said
positions. In some embodiments, a Cas protein comprises E782K, N968K, and R1015H
mutations or analogous substitutions to the amino acids corresponding to said positions. In some
embodiments, a Cas protein comprises D1135V, R1335Q, and T1337R mutations or analogous
substitutions to the amino acids corresponding to said positions. In some embodiments, a Cas
protein comprises S542R and K607R mutations or analogous substitutions to the amino acids
corresponding to said positions. In some embodiments, a Cas protein comprises S542R, K548V,
and N552R mutations or analogous substitutions to the amino acids corresponding to said
positions. Exemplary advances in the engineering of Cas enzymes to recognize altered PAM
sequences are reviewed in Collias et al Nature Communications 12:555 (2021), incorporated

herein by reference in its entirety.

In some embodiments, the Cas protein is catalytically active and cuts one or both strands
of the target DNA site. In some embodiments, cutting the target DNA site is followed by
formation of an alteration, e.g., an insertion or deletion, e.g., by the cellular repair machinery.

In some embodiments, the Cas protein is modified to deactivate or partially deactivate the
nuclease, e.g., nuclease-deficient Cas9. Whereas wild-type Cas9 generates double-strand breaks
(DSBs) at specific DNA sequences targeted by a gRNA, a number of CRISPR endonucleases
having modified functionalities are available, for example: a “nickase” version of Cas9 that has
been partially deactivated generates only a single-strand break; a catalytically inactive Cas9
(“dCas9”) does not cut target DNA. In some embodiments, dCas9 binding to a DNA sequence
may interfere with transcription at that site by steric hindrance. In some embodiments, dCas9
binding to an anchor sequence may interfere with (e.g., decrease or prevent) genomic complex
(e.g., ASMC) formation and/or maintenance. In some embodiments, a DNA-binding domain
comprises a catalytically inactive Cas9, e.g., dCas9. Many catalytically inactive Cas9 proteins
are known in the art. In some embodiments, dCas9 comprises mutations in each endonuclease

domain of the Cas protein, e.g., D10A and H840A or N863A mutations. In some embodiments, a
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catalytically inactive or partially inactive CRISPR/Cas domain comprises a Cas protein
comprising one or more mutations, e.g., one or more of the mutations listed in Table 3. In some
embodiments, a Cas protein described on a given row of Table 3 comprises one, two, three, or all
of the mutations listed in the same row of Table 3. In some embodiments, a Cas protein, e.g., not
described in Table 3, comprises one, two, three, or all of the mutations listed in a row of Table 3
or a corresponding mutation at a corresponding site in that Cas protein.

In some embodiments, a catalytically inactive, e.g., dCas9, or partially deactivated Cas9
protein comprises a D11 mutation (e.g., D11A mutation) or an analogous substitution to the
amino acid corresponding to said position. In some embodiments, a catalytically inactive Cas9
protein, e.g., dCas9, or partially deactivated Cas9 protein comprises a HO69 mutation (e.g.,
H969A mutation) or an analogous substitution to the amino acid corresponding to said position.
In some embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, or partially deactivated
Cas9 protein comprises a N995 mutation (e.g., N995A mutation) or an analogous substitution to
the amino acid corresponding to said position. In some embodiments, a catalytically inactive
Cas9 protein, e.g., dCas9, comprises mutations at one, two, or three of positions D11, H969, and
N995 (e.g., D11A, H969A, and N995A mutations) or analogous substitutions to the amino acids
corresponding to said positions.

In some embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, or partially
deactivated Cas9 protein comprises a D10 mutation (e.g., a D10A mutation) or an analogous
substitution to the amino acid corresponding to said position. In some embodiments, a
catalytically inactive Cas9 protein, e.g., dCas9, or partially deactivated Cas9 protein comprises a
H557 mutation (e.g., a HS57A mutation) or an analogous substitution to the amino acid
corresponding to said position. In some embodiments, a catalytically inactive Cas9 protein, e.g.,
dCas9, comprises a D10 mutation (e.g., a D10A mutation) and a H557 mutation (e.g., a HS57A
mutation) or analogous substitutions to the amino acids corresponding to said positions.

In some embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, or partially
deactivated Cas9 protein comprises a D839 mutation (e.g., a D839A mutation) or an analogous
substitution to the amino acid corresponding to said position. In some embodiments, a
catalytically inactive Cas9 protein, e.g., dCas9, or partially deactivated Cas9 protein comprises a
H840 mutation (e.g., a H840A mutation) or an analogous substitution to the amino acid

corresponding to said position. In some embodiments, a catalytically inactive Cas9 protein, e.g.,
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dCas9, or partially deactivated Cas9 protein comprises a N863 mutation (e.g., a N863A
mutation) or an analogous substitution to the amino acid corresponding to said position. In some
embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, comprises a D10 mutation (e.g.,
D10A), a D839 mutation (e.g., D839A), a H840 mutation (e.g., H840A), and a N863 mutation
(e.g., N863A) or analogous substitutions to the amino acids corresponding to said positions.

In some embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, or partially
deactivated Cas9 protein comprises a E993 mutation (e.g., a E993A mutation) or an analogous
substitution to the amino acid corresponding to said position.

In some embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, or partially
deactivated Cas9 protein comprises a D917 mutation (e.g., a D917A mutation) or an analogous
substitution to the amino acid corresponding to said position. In some embodiments, a
catalytically inactive Cas9 protein, e.g., dCas9, or partially deactivated Cas9 protein comprises a
a E1006 mutation (e.g., a E1I006A mutation) or an analogous substitution to the amino acid
corresponding to said position. In some embodiments, a catalytically inactive Cas9 protein, e.g.,
dCas9, or partially deactivated Cas9 protein comprises a D1255 mutation (e.g., a D1255A
mutation) or an analogous substitution to the amino acid corresponding to said position. In some
embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, comprises a D917 mutation (e.g.,
D917A), a E1006 mutation (e.g., E1006A), and a D1255 mutation (e.g., D1255A) or analogous
substitutions to the amino acids corresponding to said positions.

In some embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, or partially
deactivated Cas9 protein comprises a D16 mutation (e.g., a D16A mutation) or an analogous
substitution to the amino acid corresponding to said position. In some embodiments, a
catalytically inactive Cas9 protein, e.g., dCas9, or partially deactivated Cas9 protein comprises a
D587 mutation (e.g., a DS87A mutation) or an analogous substitution to the amino acid
corresponding to said position. In some embodiments, a partially deactivated Cas domain has
nickase activity. In some embodiments, a partially deactivated Cas9 domain is a Cas9 nickase
domain. In some embodiments, the catalytically inactive Cas domain or dead Cas domain
produces no detectable double strand break formation. In some embodiments, a catalytically
inactive Cas9 protein, e.g., dCas9, or partially deactivated Cas9 protein comprises a H588
mutation (e.g., a HS88A mutation) or an analogous substitution to the amino acid corresponding

to said position. In some embodiments, a catalytically inactive Cas9 protein, e.g., dCas9, or
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partially deactivated Cas9 protein comprises a N611 mutation (e.g., a N611A mutation) or an
analogous substitution to the amino acid corresponding to said position. In some embodiments, a
catalytically inactive Cas9 protein, e.g., dCas9, comprises a D16 mutation (e.g., D16A), a D587
mutation (e.g., D587A), a H588 mutation (e.g., H588A), and a N611 mutation (e.g., N611A) or
analogous substitutions to the amino acids corresponding to said positions.

In some embodiments, a DNA-binding domain or endonuclease domain may comprise a
Cas molecule comprising or linked (e.g., covalently) to a gRNA (e.g., a template nucleic acid,
e.g., template RNA, comprising a gRNA).

In some embodiments, an endonuclease domain or DNA binding domain comprises a
Streptococcus pyogenes Cas9 (SpCas9) or a functional fragment or variant thereof. In some
embodiments, the endonuclease domain or DNA binding domain comprises a modified SpCas9.
In embodiments, the modified SpCas9 comprises a modification that alters protospacer-adjacent
motif (PAM) specificity. In embodiments, the PAM has specificity for the nucleic acid sequence
5'-NGT-3". In embodiments, the modified SpCas9 comprises one or more amino acid
substitutions, e.g., at one or more of positions L1111, D1135, G1218, E1219, A1322, of R1335,
e.g., selected from L1111R, D1135V, G1218R, E1219F, A1322R, R1335V. In embodiments,
the modified SpCas9 comprises the amino acid substitution T1337R and one or more additional
amino acid substitutions, e.g., selected from L1111, D1135L, S1136R, G1218S, E1219V,
DI1332A, D13328, D1332T, D1332V, D1332L, D1332K, D1332R, R1335Q, T1337, T1337L,
T1337Q, T13371, T1337V, T1337F, T1337S, T1337N, T1337K, T1337H, T1337Q, and
T1337M, or corresponding amino acid substitutions thereto. In embodiments, the modified
SpCas9 comprises: (1) one or more amino acid substitutions selected from D1135L, S1136R,
GI1218S, E1219V, A1322R, R1335Q, and T1337; and (ii) one or more amino acid substitutions
selected from L1111R, G1218R, E1219F, D1332A, D1332S, D1332T, D1332V, D1332L,
D1332K, D1332R, T1337L, T13371, T1337V, T1337F, T1337S, T1337N, T1337K, T1337R,
T1337H, T1337Q, and T1337M, or corresponding amino acid substitutions thereto.

In some embodiments, the endonuclease domain or DNA binding domain comprises a
Cas domain, e.g., a Cas9 domain. In embodiments, the endonuclease domain or DNA binding
domain comprises a nuclease-active Cas domain, a Cas nickase (nCas) domain, or a nuclease-
inactive Cas (dCas) domain. In embodiments, the endonuclease domain or DNA binding domain

comprises a nuclease-active Cas9 domain, a Cas9 nickase (nCas9) domain, or a nuclease-inactive
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Cas9 (dCas9) domain. In some embodiments, the endonuclease domain or DNA binding domain
comprises a Cas9 domain of Cas9 (e.g., dCas9 and nCas9), Cas12a/Cpfl, Cas12b/C2cl,
Cas12¢/C2c3, Cas12d/CasY, Cas12e/CasX, Casl12g, Cas12h, or Casl2i. In some embodiments,
the endonuclease domain or DNA binding domain comprises a Cas9 (e.g., dCas9 and nCas9),
Cas12a/Cpfl, Cas12b/C2cl, Cas12¢/C2c3, Cas12d/CasY, Casl2e/CasX, Casl2g, Casl2h, or
Cas12i. In some embodiments, the endonuclease domain or DNA binding domain comprises an
S. pyogenes or an S. thermophilus Cas9, or a functional fragment thereof. In some
embodiments, the endonuclease domain or DNA binding domain comprises a Cas9 sequence,
e.g., as described in Chylinski, Rhun, and Charpentier (2013) RNA Biology 10:5, 726-737
incorporated herein by reference. In some embodiments, the endonuclease domain or DNA
binding domain comprises the HNH nuclease subdomain and/or the RuvC1 subdomain of a Cas,
e.g., Cas9, e.g, as described herein, or a variant thereof. In some embodiments, the
endonuclease domain or DNA binding domain comprises Cas12a/Cpfl, Cas12b/C2cl,
Cas12¢/C2c¢3, Cas12d/CasY, Casl2e/CasX, Casl2g, Casl2h, or Casl2i. In some embodiments,
the endonuclease domain or DNA binding domain comprises a Cas polypeptide (e.g., enzyme),
or a functional fragment thereof. In embodiments, the Cas polypeptide (e.g., enzyme) is selected
from Casl, Cas1B, Cas2, Cas3, Cas4, Cas5, Cas5d, Cas5t, Cas5h, CasSa, Cas6, Cas7, Cas8,
Cas8a, Cas8b, Cas8c, Cas9 (e.g., Csnl or Csx12), Cas10, Cas10d, Cas12a/Cpfl, Cas12b/C2cl,
Cas12¢/C2c¢3, Cas12d/CasY, Casl2e/CasX, Casl2g, Casl2h, Cas12i, Csyl, Csy2, Csy3, Csy4,
Csel, Cse2, Cse3, Cse4, CseSe, Cscl, Csc2, CsaS, Csnl, Csn2, Csm1, Csm2, Csm3, Csm4,
Csm3, Csm6, Cmrl, Cmr3, Cmr4, Cmr5, Cmr6, Csb1, Csb2, Csb3, Csx17, Csx14, Csx10,
Csx16, CsaX, Csx3, Csx1, Csx18S, Csx11, Csfl, Csf2, CsO, Csf4, Csdl, Csd2, Cstl, Cst2, Cshl,
Csh2, Csal, Csa2, Csa3, Csad, Csa5, Type II Cas effector proteins, Type V Cas effector proteins,
Type VI Cas effector proteins, CARF, DinG, Cpf1, Cas12b/C2c1, Cas12¢/C2c3, Cas12b/C2¢l,
Cas12¢/C2c3, SpCas9(K855A), eSpCas9(1.1), SpCas9-HF 1, hyper accurate Cas9 variant
(HypaCas9), homologues thereof, modified or engineered versions thereof, and/or functional
fragments thereof. In embodiments, the Cas9 comprises one or more substitutions, e.g., selected
from H840A, D10A, P475A, W476A, N477A, D1125A, W1126A, and D1127A. In
embodiments, the Cas9 comprises one or more mutations at positions selected from: D10, G12,
G17,E762, H840, N854, N863, H982, H983, A984, D986, and/or A987, e.g., one or more
substitutions selected from D10A, G12A, G17A, E762A, H840A, N854A, N863 A, HI82A,
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H983A, A984A, and/or D986A. In some embodiments, the endonuclease domain or DNA
binding domain comprises a Cas (e.g., Cas9) sequence from Corynebacterium ulcerans,
Corynebacterium diphtheria, Spiroplasma syrphidicola, Prevotella intermedia, Spiroplasma
taiwanense, Streptococcus iniae, Belliella baltica, Psychroflexus torquis, Streptococcus
thermophilus, Listeria innocua, Campylobacter jejuni, Neisseria meningitidis, Streptococcus
pyogenes, or Staphylococcus aureus, or a fragment or variant thereof.

In some embodiments, the endonuclease domain or DNA binding domain comprises a
Cpf1 domain, e.g., comprising one or more substitutions, e.g., at position D917, E1006A, D1255
or any combination thereof, e.g., selected from D917A, E1006A, D1255A, D917A/E1006A,
D917A/D1255A, E1006A/D1255A, and D917A/E1006A/D1255A.

In some embodiments, the endonuclease domain or DNA binding domain comprises
spCas9, spCas9-VRQR(SEQ ID NO: 4019), spCas9- VRER(SEQ ID NO: 4020), xCas9 (sp),
saCas9, saCas9-KKH, spCas9-MQKSER(SEQ ID NO: 4021), spCas9-LRKIQK(SEQ ID NO:
4022), or spCas9- LRVSQL(SEQ ID NO: 4023).

In some embodiments, a gene modifying polypeptide has an endonuclease domain
comprising a Cas9 nickase, e.g., Cas9 H840A. In embodiments, the Cas9 H840A has the

following amino acid sequence:

Cas9 nickase (H8404):
DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEA
TRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGN
IVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFR GHFLIEGDLNPDNSDV
DKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLI
ALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAIL
LSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAG
YIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAI
LRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVV
DKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS
GEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKII
KDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDKVMKQLKRRRYTGWG
RLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSL
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HEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRE
RMKRIEEGIKELGSQILKEHPVENTQLOQNEKLYLYYLQNGRDMY VDQELDINRLSDYDV
DAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK
FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVI
TLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYK
VYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGG
FDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKK
DLIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPED
NEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAENITHL
FTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

In some embodiments, a gene modifying polypeptide comprises a dCas9 sequence

comprising a D10A and/or H840A mutation, e.g., the following sequence:

SMDKKYSIGLAIGTNSVGWAVITDDYK VPSKKFKVLGNTDRHSIKKNLIGALLFDSGET
AEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPI
FGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDN
SDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLF
GNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLS
DAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEK YKEIFFDQSKNG
YAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR TFDNGSIPHQIHLGE
LHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTVYNELTK VKYVTEGMRKP
AFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDL
LKIIKDKDFLDNEENEDILEDIVL TLTLFEDREMIEERLKTY AHLFDDK VMK QLKRRRYT
GWGRLSRKLINGIRDK QSGKTILDFLK SDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQ
GDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQK
NSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLS
DYDVDAIVPQSFLKDDSIDNK VL TRSDKNRGK SDNVPSEEVVKKMKNYWRQLLNAKLI
TQRKFDNLTK AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTK YDENDKLIR
EVKVITLKSKLVSDFRKDFQF YK VREINNYHHAHDAYLNAVVGTALIKK YPKLESEFVY
GDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFK TEITLANGEIRKRPLIETNGETG
EIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPK
KYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYK
EVKKDLIIKLPKYSLFELENGRKRMLASAGELQK GNELALPSKYVNFLYLASHYEKLKG
SPEDNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAE
NIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD
(SEQ ID NO: 4007)
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TAL Effectors and Zinc Finger Nucleases

In some embodiments, an endonuclease domain or DNA-binding domain comprises a
TAL effector molecule. A TAL effector molecule, e.g., a TAL effector molecule that
specifically binds a DNA sequence, typically comprises a plurality of TAL effector domains or
fragments thereof, and optionally one or more additional portions of naturally occurring TAL
effectors (e.g., N- and/or C-terminal of the plurality of TAL effector domains). Many TAL
effectors are known to those of skill in the art and are commercially available, e.g., from Thermo
Fisher Scientific.

Naturally occurring TALEs are natural effector proteins secreted by numerous species of
bacterial pathogens including the plant pathogen Xanthomonas which modulates gene expression
in host plants and facilitates bacterial colonization and survival. The specific binding of TAL
effectors is based on a central repeat domain of tandemly arranged nearly identical repeats of
typically 33 or 34 amino acids (the repeat-variable di-residues, RVD domain).

Members of the TAL effectors family differ mainly in the number and order of their
repeats. The number of repeats typically ranges from 1.5 to 33.5 repeats and the C-terminal
repeat is usually shorter in length (e.g., about 20 amino acids) and is generally referred to as a
“half-repeat.” Each repeat of the TAL effector generally features a one-repeat-to-one-base-pair
correlation with different repeat types exhibiting different base-pair specificity (one repeat
recognizes one base-pair on the target gene sequence). Generally, the smaller the number of
repeats, the weaker the protein-DNA interactions. A number of 6.5 repeats has been shown to be
sufficient to activate transcription of a reporter gene (Scholze et al., 2010).

Repeat to repeat variations occur predominantly at amino acid positions 12 and 13, which
have therefore been termed “hypervariable” and which are responsible for the specificity of the
interaction with the target DNA promoter sequence, as shown in Table 5 listing exemplary repeat

variable diresidues (RVD) and their correspondence to nucleic acid base targets.

Table S — RVDs and Nucleic Acid Base Specificity

Target Possible RVD Amino Acid Combinations

A NI NN Cl HI KI

G NN GN SN VN LN DN QN EN HN RH NK AN FN
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Accordingly, it is possible to modify the repeats of a TAL effector to target specific DNA
sequences. Further studies have shown that the RVD NK can target G. Target sites of TAL
effectors also tend to include a T flanking the 5' base targeted by the first repeat, but the exact
mechanism of this recognition is not known. More than 113 TAL effector sequences are known
to date. Non-limiting examples of TAL effectors from Xanthomonas include, Hax2, Hax3,
Hax4, AvrXa7, AvrXal0 and AvrBs3.

Accordingly, the TAL effector domain of a TAL effector molecule described herein may
be derived from a TAL effector from any bacterial species (e.g., Xanthomonas species such as
the Aftican strain of Xanthomonas oryzae pv. Oryzae (Yu et al. 2011), Xanthomonas campestris
pv. raphani strain 756C and Xanthomonas oryzae pv. oryzicolastrain BLS256 (Bogdanove et al.
2011). In some embodiments, the TAL effector domain comprises an RVD domain as well as
flanking sequence(s) (sequences on the N-terminal and/or C-terminal side of the RVD domain)
also from the naturally occurring TAL effector. It may comprise more or fewer repeats than the
RVD of the naturally occurring TAL effector. The TAL effector molecule can be designed to
target a given DNA sequence based on the above code and others known in the art. The number
of TAL effector domains (e.g., repeats (monomers or modules)) and their specific sequence can
beselected based on the desired DNA target sequence. For example, TAL effector domains, e.g.,
repeats, may be removed or added in order to suit a specific target sequence. In an embodiment,
the TAL effector molecule of the present invention comprises between 6.5 and 33.5 TAL
effector domains, e.g., repeats. In an embodiment, TAL effector molecule of the present
invention comprises between 8 and 33.5 TAL effector domains, e.g., repeats, e.g., between 10
and 25 TAL effector domains, e.g, repeats, e.g., between 10 and 14 TAL effector domains, e.g.,
repeats.

In some embodiments, the TAL effector molecule comprises TAL effector domains that
correspond to a perfect match to the DNA target sequence. In some embodiments, a mismatch
between a repeat and a target base-pair on the DNA target sequence is permitted as along as it
allows for the function of the polypeptide comprising the TAL effector molecule. In general,

TALE binding is inversely correlated with the number of mismatches. In some embodiments,

90




10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

the TAL effector molecule of a polypeptide of the present invention comprises no more than 7
mismatches, 6 mismatches, 5 mismatches, 4 mismatches, 3 mismatches, 2 mismatches, or 1
mismatch, and optionally no mismatch, with the target DNA sequence. Without wishing to be
bound by theory, in general the smaller the number of TAL effector domains in the TAL effector
molecule, the smaller the number of mismatches will be tolerated and still allow for the function
of the polypeptide comprising the TAL effector molecule. The binding affinity is thought to
depend on the sum of matching repeat-DNA combinations. For example, TAL effector
molecules having 25 TAL effector domains or more may be able to tolerate up to 7 mismatches.

In addition to the TAL effector domains, the TAL effector molecule of the present
invention may comprise additional sequences derived from a naturally occurring TAL effector.
The length of the C-terminal and/or N-terminal sequence(s) included on each side of the TAL
effector domain portion of the TAL effector molecule can vary and be selected by one skilled in
the art, for example based on the studies of Zhang et al. (2011). Zhang et al., have characterized
a number of C-terminal and N-terminal truncation mutants in Hax3 derived TAL-effector based
proteins and have identified key elements, which contribute to optimal binding to the target
sequence and thus activation of transcription. Generally, it was found that transcriptional
activity is inversely correlated with the length of N-terminus. Regarding the C-terminus, an
important element for DNA binding residues within the first 68 amino acids of the Hax 3
sequence was identified. Accordingly, in some embodiments, the first 68 amino acids on the C-
terminal side of the TAL effector domains of the naturally occurring TAL effector is included in
the TAL effector molecule. Accordingly, in an embodiment, a TAL effector molecule comprises
1) one or more TAL effector domains derived from a naturally occurring TAL effector; 2) at
least 70, 80, 90, 100, 110, 120, 130, 140, 150, 170, 180, 190, 200, 220, 230, 240, 250, 260, 270,
280 or more amino acids from the naturally occurring TAL effector on the N-terminal side of the
TAL effector domains; and/or 3) at least 68, 80, 90, 100, 110, 120, 130, 140, 150, 170, 180, 190,
200, 220, 230, 240, 250, 260 or more amino acids from the naturally occurring TAL effector on
the C-terminal side of the TAL effector domains.

In some embodiments, an endonuclease domain or DNA-binding domain is or comprises
a Zn finger molecule. A Zn finger molecule comprises a Zn finger protein, e.g., a naturally

occurring Zn finger protein or engineered Zn finger protein, or fragment thereof. Many Zn
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finger proteins are known to those of skill in the art and are commercially available, e.g., from
Sigma-Aldrich.

In some embodiments, a Zn finger molecule comprises a non-naturally occurring Zn
finger protein that is engineered to bind to a target DNA sequence of choice. See, for example,
Beerli, et al. (2002) Nature Biotechnol. 20:135-141; Pabo, et al. (2001) Ann. Rev. Biochem.
70:313-340; Isalan, et al. (2001) Nature Biotechnol. 19:656-660; Segal, et al. (2001) Curr. Opin.
Biotechnol. 12:632-637; Choo, et al. (2000) Curr. Opin. Struct. Biol. 10:411-416; U.S. Pat. Nos.
6,453,242: 6,534.261; 6,599,692; 6,503,717; 6,689,558; 7,030,215: 6,794,136: 7,067,317:
7,262,054: 7,070,934; 7,361,635; 7,253,273; and U.S. Patent Publication Nos. 2005/0064474;
2007/0218528; 2005/0267061, all incorporated herein by reference in their entireties.

An engineered Zn finger protein may have a novel binding specificity, compared to a
naturally-occurring Zn finger protein. Engineering methods include, but are not limited to,
rational design and various types of selection. Rational design includes, for example, using
databases comprising triplet (or quadruplet) nucleotide sequences and individual Zn finger amino
acid sequences, in which each triplet or quadruplet nuclectide sequence is associated with one or
more amino acid sequences of zinc fingers which bind the particular triplet or quadruplet
sequence. See, for example, U.S. Pat. Nos. 6,453,242 and 6,534,261, incorporated by reference
herein in their entireties.

Exemplary selection methods, including phage display and two-hybrid systems, are
disclosed in U.S. Pat. Nos. 5,789,538; 5,925,523 6,007,988: 6,013,453; 6 410,248 6,140,466
6,200,759; and 6,242 568; as well as International Patent Publication Nos. WO 98/37186; WO
98/53057; WO 00/27878; and WO 01/88197 and GB 2,338,237. In addition, enhancement of
binding specificity for zinc finger proteins has been described, for example, in International
Patent Publication No. WO 02/077227.

In addition, as disclosed in these and other references, zinc finger domains and/or multi-
fingered zinc finger proteins may be linked together using any suitable linker sequences,
including for example, linkers of 5 or more amino acids in length. See, also, U.S. Pat. Nos.
6,479,626; 6,903,185; and 7,153,949 for exemplary linker sequences 6 or more amino acids in
length. The proteins described herein may include any combination of suitable linkers between

the individual zinc fingers of the protein. In addition, enhancement of binding specificity for zinc
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finger binding domains has been described, for example, in co-owned International Patent
Publication No. WO 02/077227.

Zn finger proteins and methods for design and construction of fusion proteins (and
polynucleotides encoding same) are known to those of skill in the art and described in detail in
U.S. Pat. Nos. 6,140,0815; 789,538; 6,453,242; 6,534,261; 5,925,523; 6,007,988; 6,013,453; and
6,200,759; International Patent Publication Nos. WO 95/19431; WO 96/06166; WO 98/53057,
WO 98/54311; WO 00/27878; WO 01/60970; WO 01/88197; WO 02/099084; WO 98/53058;
WO 98/53059; WO 98/53060; WO 02/016536; and WO 03/016496.

In addition, as disclosed in these and other references, Zn finger proteins and/or multi-
fingered Zn finger proteins may be linked together, e.g., as a fusion protein, using any suitable
linker sequences, including for example, linkers of 5 or more amino acids in length. See, also,
U.S. Pat. Nos. 6,479,626; 6,903,185; and 7,153,949 for exemplary linker sequences 6 or more
amino acids in length. The Zn finger molecules described herein may include any combination
of suitable linkers between the individual zinc finger proteins and/or multi-fingered Zn finger
proteins of the Zn finger molecule.

In certain embodiments, the DNA-binding domain or endonuclease domain comprises a
Zn finger molecule comprising an engineered zinc finger protein that binds (in a sequence-
specific manner) to a target DNA sequence. In some embodiments, the Zn finger molecule
comprises one Zn finger protein or fragment thereof. In other embodiments, the Zn finger
molecule comprises a plurality of Zn finger proteins (or fragments thereof), e.g., 2, 3,4, 5, 6 or
more Zn finger proteins (and optionally no more than 12, 11, 10,9, 8,7, 6, 5, 4, 3, or 2 Zn finger
proteins). In some embodiments, the Zn finger molecule comprises at least three Zn finger
proteins. In some embodiments, the Zn finger molecule comprises four, five or six fingers. In
some embodiments, the Zn finger molecule comprises 8, 9, 10, 11 or 12 fingers. In some
embodiments, a Zn finger molecule comprising three Zn finger proteins recognizes a target DNA
sequence comprising 9 or 10 nucleotides. In some embodiments, a Zn finger molecule
comprising four Zn finger proteins recognizes a target DNA sequence comprising 12 to 14
nucleotides. In some embodiments, a Zn finger molecule comprising six Zn finger proteins
recognizes a target DNA sequence comprising 18 to 21 nucleotides.

In some embodiments, a Zn finger molecule comprises a two-handed Zn finger protein.

Two handed zinc finger proteins are those proteins in which two clusters of zinc finger proteins

93



10

15

20

WO 2023/039407 PCT/US2022/076024

are separated by intervening amino acids so that the two zinc finger domains bind to two
discontinuous target DNA sequences. An example of a two handed type of zinc finger binding
protein is SIP1, where a cluster of four zinc finger proteins is located at the amino terminus of
the protein and a cluster of three Zn finger proteins is located at the carboxyl terminus (see
Remade, et al. (1999) EMBO Journal 18(18):5073-5084). Each cluster of zinc fingers in these
proteins is able to bind to a unique target sequence and the spacing between the two target

sequences can comprise many nucleotides.

Linkers

In some embodiments, a gene modifying polypeptide may comprise a linker, e.g., a
peptide linker, e.g., a linker as described in Table 6. In some embodiments, a gene modifying
polypeptide comprises, in an N-terminal to C-terminal direction, a Cas domain (e.g., a Cas
domain of Table 3), a linker of Table 6 (or a sequence having at least 70%, 80%, 85%, 90%,
95%, or 99% identity thereto), and an RT domain (e.g., an RT domain of Table 2). In some
embodiments, a gene modifying polypeptide comprises a flexible linker between the
endonuclease and the RT domain, e g., a linker comprising the amino acid sequence
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS. In some embodiments, an RT domain of a
gene modifying polypeptide may be located C-terminal to the endonuclease domain. In some
embodiments, an RT domain of a gene modifying polypeptide may be located N-terminal to the

endonuclease domain.

Table 6 Exemplary linker sequences

Amino Acid Sequence SEQID NO
GGS 4101
GGSGGS 4102
GGSGGSGES 4103
GGSGGSGGSGGS 4104
GGSGGSGGSGGSGGS 4105
GGSGGSGESGGSGGSGES 4106
GGGGS 4107
GGGGSGGGES 4108
GGGGSGGEESGGEES 4109
GGGGSGGGCSGEGEGSCGGGS 4110
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Amino Acid Sequence SEQID NO
GGGGSGGEESCEEESEEEESGEEES 411
GGGGSGGEESEEEESCEGESCEGGSCGEGES 412
GGG 413
GGGG 4114
GGGGG 4115
GGGGGEG 4116
GGGGGGG “17
GGGGGGGG 4118
GSS 4119
GSSGSS 4120
(GSSGSSGSS 421
(GSSGSSGSSGSS 422
GSSCSSGSSCSSGSS 423
GSSGSSGSSCSSGSSGSS 4124
EARAK 4425
EAAAKEAAAK 4126
EAAAKEAAAKEAAAK 4“27
EAAAKEAAAKEAAAKEAAAK 4128
EAAAKEAAAKEAAAKEAAAKEAAAK 4129
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK 4130
PAP 4131
PAPAP 432
PAPAPAP 4133
PAPAPAPAP 434
PAPAPAPAPAP 4135
PAPAPAPAPAPAP 4136
GGSGGG 437
GGGGGS 4138
GGSGSS 4139
GS8SCGS 4140
GGSEAAAK 444
EAAAKGGS 4142
GGSPAP 4143
PAPGGS 4144
GGGGSS 4145
GSSCGG 4148
GGGEAAAK 4147
EAAAKGGG 4148
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Amino Acid Sequence SEQID NO
GGGPAP 4149
PAPGGG 4150
GSSEAAAK 4151
EARAKGSS 4152
GSSPAP 4153
PAPGSS 4154
EAAAKPAP 4155
PAPEAAAK 4156
GGSGGGGSS 4157
GGSGSSGGG 4158
GGGGESGESS 4159
GGGGSSGGES 4160
GSSGGSGGG 4161
GSSCGGGGES 4162
GGSGGGEAAAK 4163
GGSEAAAKGGG 4164
GGGGGSEAAAK 4165
GGGEAAAKGGS 4166
EAAAKGGSGGG 4167
EAPAKGGGGGS 4168
GGSGGGPAP 4169
GGSPAPGGG 470
GGGGGSPAP 471
GGGPAPGGS H“7n
PAPGGSGGG 4173
PAPGGGGGS 474
GGSGSSEAAAK 475
GGSEAAAKGSS 4176
GSSGGSEAAAK M7
GSSEAAAKGGS 4178
EAAAKGGSGSS 479
EAAAKGSSGGS 4180
GGSGSSPAP 4181
GGSPAPGSS 4182
GSSGGSPAP 4183
GSSPAPGGS 4184
PAPGGSGSS 4185
PAPGSSGGS 4186
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Amino Acid Sequence SEQID NO
GGSEAAAKPAP 4187
GGSPAPEAAAK 4188
EAAAKGGSPAP 4189
EAPAKPAPGGS 4190
PAPGGSEAAAK 4191
PAPEAAAKGGS 4192
GGGGSSEAAAK 4193
GGGEARAKGSS 4194
GSSGGGEAAAK 4195
GSSEAAAKGGG 4196
EARAKGGGGSS 497
EAAAKGSSGGG 4198
GGGGSSPAP 4199
GGGPAPGSS 4200
GSSGGGPAP 4201
GSSPAPGGG 4202
PAPGGGGSS 4203
PAPGSSGGG 4204
GGGEAAAKPAP 4205
GGGPAPEAAAK 4206
EAPAKGGGPAP 4207
EAAAKPAPGGG 4208
PAPGGGEAAAK 4209
PAPEAAAKGGG 4210
GSSEAAAKPAP 421
GSSPAPEAAAK 4212
EAAAKGSSPAP 4213
EAAAKPAPGSS 4214
PAPGSSEAAAK 4215
PAPEAAAKGSS 4216
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA 217
GGGGSEAAAKGGGGS 4218
EAAAKGGGGSEAAAK 4219
SGSETPGTSESATPES 4220
GSAGSAAGSGEF 4221
SGGSSCGSSGSETPGTSESATPESSCGSSCGSS 4222
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In some embodiments, a linker of a gene modifying polypeptide comprises a motif
chosen from: (SGGS)a (SEQ ID NO: 4025), (GGGS)a (SEQ ID NO: 4026), (GGGGS)a (SEQ ID

Gene modifying polypeptide selection by pooled screening

Candidate gene modifying polypeptides may be screened to evaluate a candidate’s gene
editing ability. For example, an RNA gene modifying system designed for the targeted editing of
a coding sequence in the human genome may be used. In certain embodiments, such a gene
modifying system may be used in conjunction with a pooled screening approach.

For example, a library of gene modifying polypeptide candidates and a template guide
RNA (tgRNA) may be introduced into mammalian cells to test the candidates’ gene editing
abilities by a pooled screening approach. In specific embodiments, a library of gene modifying
polypeptide candidates is introduced into mammalian cells followed by introduction of the tgRNA
into the cells.

Representative, non-limiting examples of mammalian cells that may be used in screening
include HEK293T cells, U20S cells, HeLa cells, HepG2 cells, Huh7 cells, K562 cells, or iPS cells.

A gene modifying polypeptide candidate may comprise 1) a Cas-nuclease, for example a
wild-type Cas nuclease, e.g., a wild-type Cas9 nuclease, a mutant Cas nuclease, e.g., a Cas nickase,
for example, a Cas9 nickase such as a Cas9 N863 A nickase, or a Cas nuclease selected from Table
3 or Table 4, 2) a peptide linker, e.g., a sequence from Table D or Table 6, that may exhibit
varying degrees of length, flexibility, hydrophobicity, and/or secondary structure; and 3) a reverse
transcriptase (RT), e.g. an RT domain from Table D or Table 2. A gene modifying polypeptide
candidate library comprises: a plurality of different gene modifying polypeptide candidates that
differ from each other with respect to one, two or all three of the Cas nuclease, peptide linker or
RT domain components, or a plurality of nucleic acid expression vectors that encode such gene
modifying polypeptide candidates.

For screening of gene modifying polypeptide candidates, a two-component system may be
used that comprises a gene modifying polypeptide component and a tgRNA component. A gene
modifying component may comprise, for example, an expression vector, e.g., an expression
plasmid or lentiviral vector, that encodes a gene modifying polypeptide candidate, for example,

comprises a human codon-optimized nucleic acid that encodes a gene modifying polypeptide
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candidate, e.g., a Cas-linker-RT fusion as described above. In a particular embodiment, a lentiviral
cassette is utilized that comprises: (i) a promoter for expression in mammalian cells, e.g., a CMV
promoter; (ii) a gene modifying library candidate, e.g. a Cas-linker-RT fusion comprising a Cas
nuclease of Table 3 or Table 4, a peptide linker of Table 6, and an RT of Table 2, for example a
Cas-linker-RT fusion as in Table D; (iii) a self-cleaving polypeptide, e.g., a T2A peptide; (iv) a
marker enabling selection in mammalian cells, e.g., a puromycin resistance gene; and (v) a
termination signal, e.g., a poly A tail.

The tgRNA component may comprise a tgRNA or expression vector, e.g., an expression
plasmid, that produces the tgRNA, for example, utilizes a U6 promoter to drive expression of the
tgRNA, wherein the tgRNA is a non-coding RNA sequence that is recognized by Cas and localizes
it to the genomic locus of interest, and that also templates reverse transcription of the desired edit
into the genome by the RT domain.

To prepare a pool of cells expressing gene modifying polypeptide library candidates,
mammalian cells, e.g., HEK293T or U20S cells, may be transduced with pooled gene modifying
polypeptide candidate expression vector preparations, e.g., lentiviral preparations, of the gene
modifying candidate polypeptide library. In a particular embodiment, lentiviral plasmids are
utilized, and HEK293 Lenti-X cells are seeded in 15 cm plates (~12x10° cells) prior to lentiviral
plasmid transfection. In such an embodiment, lentiviral plasmid transfection may be performed
using the Lentiviral Packaging Mix (Biosettia) and transfection of the plasmid DNA for the gene
modifying candidate library is performed the following day using Lipofectamine 2000 and Opti-
MEM media according to the manufacturer’s protocol. In such an embodiment, extracellular DNA
may be removed by a full media change the next day and virus-containing media may be harvested
48 hours after. Lentiviral media may be concentrated using Lenti-X Concentrator (TaKaRa
Biosciences) and 5 mL lentiviral aliquots may be made and stored at -80°C. Lentiviral titering is
performed by enumerating colony forming units post-selection, e.g., post Puromycin selection.

For monitoring gene editing of a target DNA, mammalian cells, e.g., HEK293T or U20S
cells, carrying a target DNA may be utilized. In other embodiments for monitoring gene editing
of a target DNA, mammalian cells, e.g., HEK293T or U20S cells, carrying a target DNA genomic
landing pad may be utilized. In particular embodiments, the target DNA genomic landing pad may
comprise a gene to be edited for treatment of a disease or disorder of interest. In other particular

embodiments, the target DNA is a gene sequence that expresses a protein that exhibits detectable
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characteristics that may be monitored to determine whether gene editing has occurred. For
example, in certain embodiments, a blue fluorescence protein (BFP)- or green fluorescence protein
(GFP)-expressing genomic landing pad is utilized. In certain embodiments, mammalian cells, e.g.,
HEK293T or U208 cells, comprising a target DNA, e.g., a target DNA genomic landing pad, are
seeded in culture plates at 500x-3000x cells per gene modifying library candidate and transduced
at a 0.2-0.3 multiplicity of infection (MOI) to minimize multiple infections per cell. Puromycin
(2.5 ug/mL) may be added 48 hours post infection to allow for selection of infected cells. In such
an embodiment, cells may be kept under puromycin selection for at least 7 days and then scaled
up for tgRNA introduction, e.g., tgRNA electroporation.

To ascertain whether gene editing occurs, mammalian cells containing a target DNA to be
edited may be infected with gene modifying polypeptide library candidates then transfected with
tgRNA designed for use in editing of the target DNA. Subsequently, the cells may be analyzed to
determine whether editing of the target locus has occurred according to the designed outcome, or
whether no editing or imperfect editing has occurred, e.g., by using cell sorting and sequence
analysis.

In a particular embodiment, to ascertain whether genome editing occurs, BFP- or GFP-
expressing mammalian cells, e.g., HEK293T or U20S cells, may be infected with gene modifying
library candidates and then transfected or electroporated with tgRNA plasmid or RNA, e.g., by
electroporation of 250,000 cells/well with 200 ng of a tgRNA plasmid designed to convert BFP-
to-GFP or GFP-to-BFP, at a cell count ensuring >250x-1000x coverage per library candidate. In
such an embodiment, the genome-editing capacity of the various constructs in this assay may be
assessed by sorting the cells by Fluorescence-Activated Cell Sorting (FACS) for expression of the
color-converted fluorescent protein (FP) at 4-10 days post-electroporation. Cells are sorted and
harvested as distinct populations of unedited cells (exhibiting original florescence protein signal),
edited cells (exhibiting converted fluorescence protein signal), and imperfect edit (exhibiting no
florescence protein signal) cells. A sample of unsorted cells may also be harvested as the input
population to determine candidate enrichment during analysis.

To determine which gene modifying library candidates exhibit genome-editing capacity in
an assay, genomic DNA (gDNA) is harvested from the sorted cell populations, and analyzed by
sequencing the gene modifying library candidates in each population. Briefly, gene modifying

candidates may be amplified from the genome using primers specific to the gene modifying
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polypeptide expression vector, e.g., the lentiviral cassette, amplified in a second round of PCR to
dilute genomic DNA, and then sequenced, for example, sequenced by a next-generation
sequencing platform. After quality control of sequencing reads, reads of at least about 1500
nucleotides and generally no more than about 3200 nucleotides are mapped to the gene modifying
polypeptide library sequences and those containing a minimum of about an 80% match to a library
sequence are considered to be successfully aligned to a given candidate for purposes of this pooled
screen. In order to identify candidates capable of performing gene editing in the assay, e.g., the
BFP-to-GFP or GFP-to-BFP edit, the read count of each library candidate in the edited population
is compared to its read count in the initial, unsorted population.

For purposes of pooled screening, gene modifying candidates with genome-editing
capacity are identified based on enrichment in the edited (converted FP) population relative to
unsorted (input) cells. In some embodiments, an enrichment of at least 1.0, 1.5, 2.0, 2.5, 3.0, 4.0,
5.0,6.0, 7.0, 8.0, 9.0, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, or at least 100-fold over the input
indicates potentially useful gene editing activity, e.g., at least 2-fold enrichment. In some
embodiments, the enrichment is converted to a log-value by taking the log base 2 of the enrichment

ratio. In some embodiments, a log2 enrichment score of atleast 0, 1, 2, 3, 4, 5, 5.5, 6.0, 6.2, 6.3,

6.4, 6.5, or at least 6.6 indicates potentially useful gene editing activity, e.g., a log2 enrichment
score of at least 1.0. In particular embodiments, enrichment values observed for gene modifying
candidates may be compared to enrichment values observed under similar conditions utilizing a
reference, e.g., Element ID No: 17380.

In some embodiments, multiple tgRNAs may be used to screen the gene modifying
candidate library. In particular embodiments, a plurality of tgRNAs may be utilized to optimize
template/Cas-linker-RT fusion pairs, e.g., for gene editing of particular target genes, for example,
gene targets for the treatment of disease. In specific embodiments, a pooled approach to screening
gene modifying candidates may be performed using a multiplicity of different tgRNAs in an
arrayed format.

In some embodiments, multiple types of edits, e.g., insertions, substitutions, and/or
deletions of different lengths, may be used to screen the gene modifying candidate library.

In some embodiments, multiple target sequences, e.g., different fluorescent proteins, may

be used to screen the gene modifying candidate library. In some embodiments, multiple target

sequences, e.g., different fluorescent proteins, may be used to screen the gene modifying candidate
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library. In some embodiments, multiple cell types, e.g., HEK293T or U20S, may be used to screen
the gene modifying candidate library. The person of ordinary skill in the art will appreciate that a
given candidate may exhibit altered editing capacity or even the gain or loss of any observable or
useful activity across different conditions, including tgRNA sequence (e.g., nucleotide
modifications, PBS length, RT template length), target sequence, target location, type of edit,
location of mutation relative to the first-strand nick of the gene modifying polypeptide, or cell
type. Thus, in some embodiments, gene modifying library candidates are screened across multiple
parameters, e.g., with at least two distinct tgRNAs 1n at least two cell types, and gene editing
activity is identified by enrichment in any single condition. In other embodiments, a candidate
with more robust activity across different tgRNA and cell types is identified by enrichment in at
least two conditions, e.g., in all conditions screened. For clarity, candidates found to exhibit little
to no enrichment under any given condition are not assumed to be inactive across all conditions
and may be screened with different parameters or reconfigured at the polypeptide level, e.g., by

swapping, shuffling, or evolving domains (e.g., RT domain), linkers, or other signals (e.g., NLS).

Sequences of exemplary Cas9-linker-RT fusions

In some embodiments, a gene modifying polypeptide comprises a linker sequence and an
RT sequence. In some embodiments, a gene modifying polypeptide comprises a linker sequence
as listed in Table D, or an amino acid sequence having at least 75%, 80%, 85%, 90%, 95%, 96%,
97%, 98%, or 99% identity thereto. In some embodiments, a gene modifying polypeptide
comprises the amino acid sequence of an RT domain as listed in Table D, or an amino acid
sequence having at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% identity thereto.
In some embodiments, a gene modifying polypeptide comprises a linker sequence as listed in
Table D, or an amino acid sequence having at least 75%, 80%, 85%, 90%, 95%, 96%, 97%,
98%, or 99% identity thereto; and the amino acid sequence of an RT domain as listed in Table D,
or an amino acid sequence having at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%
identity thereto. In some embodiments, a gene modifying polypeptide comprises: (1) a linker
sequence as listed in a row of Table D, or an amino acid sequence having at least 75%, 80%,
85%, 90%, 95%, 96%, 97%, 98%, or 99% identity thereto; and (ii) the amino acid sequence of
an RT domain as listed in the same row of Table D, or an amino acid sequence having at least

75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% identity thereto.
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Localization sequences for gene modifying systems

In certain embodiments, a gene editor system RNA further comprises an intracellular
localization sequence, e.g., a nuclear localization sequence (NLS). In some embodiments, a gene
modifying polypeptide comprises an NLS as comprised in SEQ ID NO: 4000 and/or SEQ ID
NO: 4001, or an NLS having an amino acid sequence having at least 75%, 80%, 85%, 90%,
95%, 96%, 97%, 98%, or 99% identity thereto.

The nuclear localization sequence may be an RNA sequence that promotes the import of
the RNA into the nucleus. In certain embodiments the nuclear localization signal is located on
the template RNA. In certain embodiments, the gene modifying polypeptide is encoded on a
first RNA, and the template RNA is a second, separate, RNA, and the nuclear localization signal
is located on the template RNA and not on an RNA encoding the gene modifying polypeptide.
While not wishing to be bound by theory, in some embodiments, the RNA encoding the gene
modifying polypeptide is targeted primarily to the cytoplasm to promote its translation, while the
template RNA is targeted primarily to the nucleus to promote insertion into the genome. In some
embodiments the nuclear localization signal is at the 3’ end, 5' end, or in an internal region of the
template RNA. In some embodiments the nuclear localization signal is 3' of the heterologous
sequence (e.g., is directly 3’ of the heterologous sequence) or is 5’ of the heterologous sequence
(e.g., 1s directly 5' of the heterologous sequence). In some embodiments the nuclear localization
signal is placed outside of the S’ UTR or outside of the 3' UTR of the template RNA. In some
embodiments the nuclear localization signal is placed between the 5' UTR and the 3' UTR,
wherein optionally the nuclear localization signal is not transcribed with the transgene (e.g., the
nuclear localization signal is an anti-sense orientation or is downstream of a transcriptional
termination signal or polyadenylation signal). In some embodiments the nuclear localization
sequence is situated inside of an intron. In some embodiments a plurality of the same or different
nuclear localization signals are in the RNA, e.g., in the template RNA. In some embodiments the
nuclear localization signal is less than 5, 10, 25, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450,
500, 600, 700, 800, 900 or 1000 bp in length. Various RNA nuclear localization sequences can
be used. For example, Lubelsky and Ulitsky, Nature 555 (107-111), 2018 describe RNA
sequences which drive RNA localization into the nucleus. In some embodiments, the nuclear

localization signal is a SINE-derived nuclear RNA localization (SIRLOIN) signal. In some

103



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

embodiments the nuclear localization signal binds a nuclear-enriched protein. In some
embodiments the nuclear localization signal binds the HNRNPK protein. In some embodiments
the nuclear localization signal is rich in pyrimidines, e.g., is a C/T rich, C/U rich, C rich, T rich,
or U rich region. In some embodiments the nuclear localization signal is derived from a long
non-coding RNA. In some embodiments the nuclear localization signal is derived from
MALAT]1 long non-coding RNA or is the 600 nucleotide M region of MALAT1 (described in
Miyagawa et al., RNA 18, (738-751), 2012). In some embodiments the nuclear localization signal
is derived from BORG long non-coding RNA or is a AGCCC motif (described in Zhang et al.,
Molecular and Cellular Biology 34, 2318-2329 (2014). In some embodiments the nuclear
localization sequence is described in Shukla et al., 7he EMBO Journal €98452 (2018). In some
embodiments the nuclear localization signal is derived from a retrovirus.

In some embodiments, a polypeptide described herein comprises one or more (e.g., 2, 3,
4, 5) nuclear targeting sequences, for example a nuclear localization sequence (NLS). In some
embodiments, the NLS is a bipartite NLS. In some embodiments, an NLS facilitates the import
of a protein comprising an NLS into the cell nucleus. In some embodiments, the NLS is fused to
the N-terminus of a gene modifying polypeptide as described herein. In some embodiments, the
NLS is fused to the C-terminus of the gene modifying polypeptide. In some embodiments, the
NLS is fused to the N-terminus or the C-terminus of a Cas domain. In some embodiments, a
linker sequence is disposed between the NLS and the neighboring domain of the gene modifying
polypeptide.

In some embodiments, an NLS comprises the amino acid sequence
MDSLLMNRRKFLYQFKNVRWAKGRRETYLC (SEQ ID NO: 4009),
PKKRKVEGADKRTADGSEFESPKKKRKV(SEQ ID NO: 4010),
RKSGKIAATWKRPRKPKKKRKYV (SEQ ID NO: 4011) KRTADGSEFESPKKKRKV(SEQ ID
NO: 4012), KKTELQTTNAENKTKKL (SEQ ID NO: 4013), or KRGINDRNFWRGENGRKTR
(SEQ ID NO: 4014), KRPAATKKAGQAKKKK (SEQ ID NO: 4015), or a functional fragment
or variant thereof. Exemplary NLS sequences are also described in PCT/EP2000/011690, the
contents of which are incorporated herein by reference for their disclosure of exemplary nuclear
localization sequences. In some embodiments, an NLS comprises an amino acid sequence as
disclosed in Table 7. An NLS of this table may be utilized with one or more copies in a

polypeptide in one or more locations in a polypeptide, e.g., 1, 2, 3 or more copies of an NLS in
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an N-terminal domain, between peptide domains, in a C-terminal domain, or in a combination of
locations, in order to improve subcellular localization to the nucleus. Multiple unique sequences
may be used within a single polypeptide. Sequences may be naturally monopartite or bipartite,
e.g., having one or two stretches of basic amino acids, or may be used as chimeric bipartite
sequences. Sequence references correspond to UniProt accession numbers, except where
indicated as SeqNLS for sequences mined using a subcellular localization prediction algorithm

(Lin et al BMC Bioinformat 13:157 (2012), incorporated herein by reference in its entirety).

Table 7 Exemplary nuclear localization signals for use in gene modifying systems

Sequence Sequence References SEQ ID No.
AHFKISGEKRPSTDPGKKAKNPKKKKKKDP | Q761Q7 4223
AHRAKKMSKTHA p21827 4224
ASPEYVNLPINGNG SegNLS 4225
CTKRPRW 088622, QB3WS6, QYQYM2, 002776 4226
DKAKRVSRNKSEKKRR 8; 3\?\129 ‘QCSQE{%E;AQQWBZ Q91YBO, QBQGQS, 008785, | 407
EELRLKEELLKGIYA Q9QY16, QOUHLO, Q2TBP1, Q9QY15 4228
EEQLRRRKNSRLNNTG G5EFF5 4229
EVLKVIRTGKRKKKAWKRMVTKVC SeqNLS 4230
HHHHHHHHHHHHQPH 063934, G3vV7L5, Q12837 4231
T PO S |
HKRTKK Q2R2D5 4233
INGRKLKLKKSRRRSSQTSNNSFTSRRS SeqNLS 4234
KAEQERRK Q8LH59 4235
KEKRKRREELFIEQKKRK SeqNLS 4236
KKGKDEWFSRGKKP P30999 4237
KKGPSVQKRKKT Q6ZN17 4238
KKKTVINDLLHYKKEK SeqNLS, P32354 4239
KKNGGKGKNKPSAKIKK SeqNLS 4240
KKPKWDDFKKKKK Q15397, Q8BKSS, Q562C7 4241
KKRKKD SeqNLS, Q91762, Q1A730, Q969P5, Q2KHTE, Q8CPU7 4242
KKRRKRRRK SegNLS 4243
KKRRRRARK QOUMSG, D4AT02, QO1YES 4244
KKSKRGR Q9UBSO 4245
KKSRKRGS BAFG96 4246
KKSTALSRELGKIMRRR SeqNLS, P32354 4247
KKSYQDPEIIAHSRPRK Q9u7C9 4248
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KKTGKNRKLKSKRVKTR Q97301, 054943, Q8K3T2 4249
KKVSIAGQSGKLWRWKR Q6YULS8 4250
KKYENVVIKRSPRKRGRPRK SeqNLS 4251
KNKKRK SegNLS 4252
KPKKKR SegNLS 4253
KRAMKDDSHGNSTSPKRRK QOEG71 4254
KRANSNLVAAYEKAKKK P23508 4255
KRASEDTTSGSPPKKSSAGPKR Q9BZZ5, Q5R644 4256
KRFKRRWMVRKMKTKK SeqNLS 4257
KRGLNSSFETSPKKVK Q8Iv63 4258
KRGNSSIGPNDLSKRKQRKK SegNLS 4259
KRIHSVSLSQSQIDPSKKVKRAK SedNLS 4260
KRKGKLKNKGSKRKK 015381 4261
KRRRRRRREKRKR Q96GM8 4262
KRSNDRTYSPEEEKQRRA Q912ZF2 4263
KRTVATNGDASGAHRAKKMSK SeqgNLS 4264
KRVYNKGEDEQEHLPKGKKR SeqNLS 4265
KSGKAPRRRAVSMDNSNK QIWVH4, 043524 4266
KVNFLDMSLDDINIYKELE Q9P127 4267
KVQHRIAKKTTRRRR QIDXEE 4268
LSPSLSPL Q9Y261, P32182, P35583 4269
MDSLLMNRRKFLYQFKNVRWAKGRRETYLC | Q9GZX7 4270
A i
MVQLRPRASR SeqNLS 4272
NNKLLAKRRKGGASPKDDPMDDIK Q965G5 4273
NYKRPMDGTYGPPAKRHEGE 014497, A2BH40 4274
PDTKRAKLDSSETTMVKKK SegNLS 4275
PEKRTKI SegNLS 4276
PGGRGKKK Q719N1, QUBPO, A2VDN5 4217
PGKMDKGEHRQERRDRPY Q01844, Q61545 4278
PKKGDKYDKTD Q45FAS 4279
PKKKSRK 035914, Q01954 4280
PKKNKPE Q22663 4281
PKKRAKV P04295, P89438 4282
PKPKKLKVE P55263, P55262, P55264, 064640 4283
PKRGRGR QIFYS5, Q43386 4284
PKRRLVDDA poc797 4285
PKRRRTY SegNLS 4286
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PLFKRR ABX6H4, Q8TXJ0 4287
PLRKAKR Q86\WBO, Q5R8Y9 4288
PPAKRKCIF QBAZ28, 075928, Q8C5HD8 4289
PPARRRRL Q8NAGE 4290
PPKKKRKY Q3L6L5, P03070, P14999, P03071 4291
PPNKRMKVKH Q8BN78 4292
PPRIYPQLPSAPT POC799 4293
PQRSPFPKSSVKR SeqNLS 4294
PRPRKVPR POC799 4295
PRRRVQRKR SeqNLS, QBR448, Q5TAQY 4296
PRRVRLK Q58DJ0, Po6477, Q13568 4297
PSRKRPR 062315, Q5F363, Q82833 4298
PSSKKRKV SeqNLS 4299
PTKKRVK P07664 4300
QRPGPYDRP SeqNLS 4301
RGKGGKGLGKGGAKRHRK SeqNLS 4302
RKAGKGGGGHKTTKKRSAKDEKVP BAFG96 4303
RKIKLKRAK A1L3G9 4304
RKIKRKRAK B9X187 4305
RKKEAPGPREELRSRGR 035126, P54258, Q5IST0, P54259 4306
RKKRKGK gﬁi:ll{g 029243, 62165, 028685, 018738, QITSZ6, 4307
P04326, P69697, P69I698, PO5307, P20879, P04613,
s s oS e e O |
P04608, P05905
RKKSIPLSIKNLKRKHKRKKNKITR Qgcocs 4309
RKLVKPKNTKMKTKLRTNPY Q14190 4310
RKRLILSDKGQLDWKK SeqNLS, Q81762, Q1A730, Q2KHT6, Q9CPU7 4311
RKRLKSK Q13309 4312
Q8QPH4, Q803M?7, ABC8X1, Q2VYNC5, Q385Q0, 089749,
QBDNQS, Q809LS, QOA429, Q20NV3, P16509, P16505,
RKRRVRDNM Q6DNQ5, P16506, Q8XT06, P26118, Q21CQ2, Q2RCE8, | 4313
QOA2D0, QOAZHS, Q9IQ46, Q809M3, Q6J847, Q6.856,
BAURE4, A4GCM7, QOA440, P26120, P16511,
RKRSPKDKKEKDLDGAGKRRKT Q7RTP6 4314
RKRTPRVDGQTGENDMNKRRRK 094851 4315
RLPVRRRRRR P04499, P12541, P03269, PA8313, P03270 4316
RLRFRKPKSK P69469 4317
RQQRKR Q14980 4318
RRDLNSSFETSPKKVK Q8K3G5 4319
RRDRAKLR Q9SLB8 4320
RRGDGRRR QBOWE1, Q5R9B4, Q06787, P35922 4321
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RRGRKRKAEKQ Q812D1, Q5XXA9, Q99JF8, Q8MJG1, Q66T72, 075475 4322
RRKKRR QOVD86, Q58DS6, Q5RE6G2, QIERIS, QBAYK2, QBNYCT | 4323
RRKRSKSEDMDSVESKRRR Q7TT18 4324
RRKRSR Q99PU7, D3ZHS6, Q92560, A2VDM8 4325
RRPKGKTLQKRKPK Q6ZN17 4326
RRRGFERFGPDNMGRKRK Q63014, Q3DBRO 4327
RRRGKNKVAAQNCRK SeqNLS 4328
RRRKRR Q5FVHS, Q6MZT1, QO8DH5, Q8BQPY 4329
RRRQKQKGGASRRR SeqNLS 4330
RRRREGPRARRRR P08313, P10231 4331
TR | o
RRVPQRKEVSRCRKCRK Q5RJIN4, Q32L.09, Q8CAKS, QONULS 4333
|I§VGGRRQAVECIEDLLNEPGQPLDLSCKRPR PO3255 4334
RWHKLRIAP P52639, Q8JMNO 4335
RVWRRR P70278 4336
SKRKTKISRKTR Q5RAY1, 000443 4337
SYVKTVPNRTRTYIKL P21935 4338
TGKNEAKKRKIA P52739, Q8K3J5, Q5RAUS 4339
TLSPASSPSSVSCPVIPASTDESPGSALNI SeqNLS 4340
VSKKQRTGKKIH P52739, Q8K3J5, Q5RAUS 434
SPKKKRKVE 4342
KRTAD GSEFE SPKKKRKVE 4343
PAAKRVKLD 4344
PKKKRKY 4345
MDSLLMNRRKFLYQFKNVRWAKGRRETYLC 4346
SPKKKRKVEAS 4347
MAPKKKRKVGIHRGVP 4348

In some embodiments, the NLS is a bipartite NLS. A bipartite NLS typically comprises

two basic amino acid clusters separated by a spacer sequence (which may be, e.g., about 10

amino acids in length). A monopartite NLS typically lacks a spacer. An example of a bipartite

NLS is the nucleoplasmin NLS, having the sequence KRIPAATKKAGQATKKKK (SEQ ID NO:

4015), wherein the spacer is bracketed. Another exemplary bipartite NLS has the sequence
PKKKRKVEGADKRTADGSEFESPKKKRKY (SEQ ID NO: 4016). Exemplary NLSs are

described in International Application W02020051561, which is herein incorporated by

reference in its entirety, including for its disclosures regarding nuclear localization sequences.
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In certain embodiments, a gene editor system polypeptide (e.g., a gene modifying
polypeptide as described herein) further comprises an intracellular localization sequence, €.g., a
nuclear localization sequence and/or a nucleolar localization sequence. The nuclear localization
sequence and/or nucleolar localization sequence may be amino acid sequences that promote the
import of the protein into the nucleus and/or nucleolus, where it can promote integration of
heterologous sequence into the genome. In certain embodiments, a gene editor system
polypeptide (e.g., (e.g., a gene modifying polypeptide as described herein) further comprises a
nucleolar localization sequence. In certain embodiments, the gene modifying polypeptide is
encoded on a first RNA, and the template RNA is a second, separate, RNA, and the nucleolar
localization signal is encoded on the RNA encoding the gene modifying polypeptide and not on
the template RNA. In some embodiments, the nucleolar localization signal is located at the N-
terminus, C-terminus, or in an internal region of the polypeptide. In some embodiments, a
plurality of the same or different nucleolar localization signals are used. In some embodiments,
the nuclear localization signal is less than 5, 10, 25, 50, 75, or 100 amino acids in length. Various
polypeptide nucleolar localization signals can be used. For example, Yang et al., Journal of
Biomedical Science 22, 33 (2015), describe a nuclear localization signal that also functions as a
nucleolar localization signal. In some embodiments, the nucleolar localization signal may also be
a nuclear localization signal. In some embodiments, the nucleolar localization signal may overlap
with a nuclear localization signal. In some embodiments, the nucleolar localization signal may
comprise a stretch of basic residues. In some embodiments, the nucleolar localization signal may
be rich in arginine and lysine residues. In some embodiments, the nucleolar localization signal
may be derived from a protein that is enriched in the nucleolus. In some embodiments, the
nucleolar localization signal may be derived from a protein enriched at ribosomal RNA loci. In
some embodiments, the nucleolar localization signal may be derived from a protein that binds
tRNA. In some embodiments, the nucleolar localization signal may be derived from MSP58. In
some embodiments, the nucleolar localization signal may be a monopartite motif. In some
embodiments, the nucleolar localization signal may be a bipartite motif. In some embodiments,
the nucleolar localization signal may consist of a multiple monopartite or bipartite motifs. In
some embodiments, the nucleolar localization signal may consist of a mix of monopartite and
bipartite motifs. In some embodiments, the nucleolar localization signal may be a dual bipartite

motif. In some embodiments, the nucleolar localization motif may be
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a KRASSQALGTIPKRRSSSRFIKRKK (SEQ ID NO: 4017). In some embodiments, the

nucleolar localization signal may be derived from nuclear factor-kB-inducing kinase. In some
embodiments, the nucleolar localization signal may be an RKKRKKK motif (SEQ ID NO: 4018)
(described in Birbach et al., Journal of Cell Science, 117 (3615-3624), 2004).

Evolved Variants of Gene modifying Polypeptides and Systems

In some embodiments, the invention provides evolved variants of gene modifying
polypeptides as described herein. Evolved variants can, in some embodiments, be produced by
mutagenizing a reference gene modifying polypeptide, or one of the fragments or domains
comprised therein. In some embodiments, one or more of the domains (e.g., the reverse
transcriptase domain) is evolved. One or more of such evolved variant domains can, in some
embodiments, be evolved alone or together with other domains. An evolved variant domain or
domains may, in some embodiments, be combined with unevolved cognate component(s) or
evolved variants of the cognate component(s), e.g., which may have been evolved in either a
parallel or serial manner.

In some embodiments, the process of mutagenizing a reference gene modifying
polypeptide, or fragment or domain thereof, comprises mutagenizing the reference gene
modifying polypeptide or fragment or domain thereof. In embodiments, the mutagenesis
comprises a continuous evolution method (e.g., PACE) or non-continuous evolution method
(e.g., PANCE), e.g., as described herein. In some embodiments, the evolved gene modifying
polypeptide, or a fragment or domain thereof, comprises one or more amino acid variations
introduced into its amino acid sequence relative to the amino acid sequence of the reference gene
modifying polypeptide, or fragment or domain thereof. In embodiments, amino acid sequence
variations may include one or more mutated residues (e.g., conservative substitutions, non-
conservative substitutions, or a combination thereof) within the amino acid sequence of a
reference gene modifying polypeptide, e.g., as a result of a change in the nucleotide sequence
encoding the gene modifying polypeptide that results in, e.g., a change in the codon at any
particular position in the coding sequence, the deletion of one or more amino acids (e.g., a
truncated protein), the insertion of one or more amino acids, or any combination of the

foregoing. The evolved variant gene modifying polypeptide may include variants in one or more
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components or domains of the gene modifying polypeptide (e.g., variants introduced into a
reverse transcriptase domain).

In some aspects, the disclosure provides gene modifying polypeptides, systems, kits, and
methods using or comprising an evolved variant of a gene modifying polypeptide, e.g., employs
an evolved variant of a gene modifying polypeptide or a gene modifying polypeptide produced
or producible by PACE or PANCE. In embodiments, the unevolved reference gene modifying
polypeptide is a gene modifying polypeptide as disclosed herein.

The term “phage-assisted continuous evolution (PACE),”as used herein, generally refers
to continuous evolution that employs phage as viral vectors. Examples of PACE technology have
been described, for example, in International PCT Application No. PCT/US 2009/056194, filed
September 8, 2009, published as WO 2010/028347 on March 11, 2010; International PCT
Application, PCT/US2011/066747, filed December 22, 2011, published as WO 2012/088381 on
June 28, 2012; U.S. Patent No. 9,023,594, issued May 5, 2015; U.S. Patent No. 9,771,574, issued
September 26, 2017, U.S. Patent No. 9,394,537, issued July 19, 2016; International PCT
Application, PCT/US2015/012022, filed January 20, 2015, published as WO 2015/134121 on
September 11, 2015; U.S. Patent No. 10,179,911, issued January 15, 2019; and International
PCT Application, PCT/US2016/027795, filed April 15, 2016, published as WO 2016/168631 on
October 20, 2016, the entire contents of each of which are incorporated herein by reference.

The term “phage-assisted non-continuous evolution (PANCE),” as used herein, generally
refers to non-continuous evolution that employs phage as viral vectors. Examples of PANCE
technology have been described, for example, in Suzuki T. et al, Crystal structures reveal an
elusive functional domain of pyrrolysyl-tRNA synthetase, Nat Chem Biol. 13(12): 1261-1266
(2017), incorporated herein by reference in its entirety. Briefly, PANCE is a technique for rapid
in vivo directed evolution using serial flask transfers of evolving selection phage (SP), which
contain a gene of interest to be evolved, across fresh host cells (e.g., E. coli cells). Genes inside
the host cell may be held constant while genes contained in the SP continuously evolve.
Following phage growth, an aliquot of infected cells may be used to transfect a subsequent flask
containing host E. coli. This process can be repeated and/or continued until the desired
phenotype is evolved, e.g., for as many transfers as desired.

Methods of applying PACE and PANCE to gene modifying polypeptides may be readily

appreciated by the skilled artisan by reference to, inter alia, the foregoing references. Additional
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exemplary methods for directing continuous evolution of genome-modifying proteins or systems,
e.g., in a population of host cells, e.g., using phage particles, can be applied to generate evolved
variants of gene modifying polypeptides, or fragments or subdomains thereof. Non-limiting
examples of such methods are described in International PCT Application, PCT/US2009/056194,
filed September 8, 2009, published as WO 2010/028347 on March 11, 2010; International PCT
Application, PCT/US2011/066747, filed December 22, 2011, published as WO 2012/088381 on
June 28, 2012; U.S. Patent No. 9,023,594, issued May 5, 2015; U.S. Patent No. 9,771,574, issued
September 26, 2017; U.S. Patent No. 9,394,537, issued July 19, 2016; International PCT
Application, PCT/US2015/012022, filed January 20, 2015, published as WO 2015/134121 on
September 11, 2015; U.S. Patent No. 10,179,911, issued January 15, 2019; International
Application No. PCT/US2019/37216, filed June 14, 2019, International Patent Publication WO
2019/023680, published January 31, 2019, International PCT Application, PCT/US2016/027795,
filed April 15, 2016, published as WO 2016/168631 on October 20, 2016, and International
Patent Publication No. PCT/US2019/47996, filed August 23, 2019, each of which is incorporated
herein by reference in its entirety.

In some non-limiting illustrative embodiments, a method of evolution of a evolved
variant gene modifying polypeptide, of a fragment or domain thereof, comprises: (a) contacting a
population of host cells with a population of viral vectors comprising the gene of interest (the
starting gene modifying polypeptide or fragment or domain thereof), wherein: (1) the host cell is
amenable to infection by the viral vector; (2) the host cell expresses viral genes required for the
generation of viral particles; (3) the expression of at least one viral gene required for the
production of an infectious viral particle is dependent on a function of the gene of interest; and/or
(4) the viral vector allows for expression of the protein in the host cell, and can be replicated and
packaged into a viral particle by the host cell. In some embodiments, the method comprises (b)
contacting the host cells with a mutagen, using host cells with mutations that elevate mutation
rate (e.g., either by carrying a mutation plasmid or some genome modification—e.g., proofing-
impaired DNA polymerase, SOS genes, such as UmuC, UmuD', and/or RecA, which mutations,
if plasmid-bound, may be under control of an inducible promoter), or a combination thereof. In
some embodiments, the method comprises (c¢) incubating the population of host cells under
conditions allowing for viral replication and the production of viral particles, wherein host cells

are removed from the host cell population, and fresh, uninfected host cells are introduced into the
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population of host cells, thus replenishing the population of host cells and creating a flow of host
cells. In some embodiments, the cells are incubated under conditions allowing for the gene of
interest to acquire a mutation. In some embodiments, the method further comprises (d) isolating
a mutated version of the viral vector, encoding an evolved gene product (e.g., an evolved variant
gene modifying polypeptide, or fragment or domain thereof), from the population of host cells.

The skilled artisan will appreciate a variety of features employable within the above-
described framework. For example, in some embodiments, the viral vector or the phage is a
filamentous phage, for example, an M13 phage, e.g., an M13 selection phage. In certain
embodiments, the gene required for the production of infectious viral particles is the M13 gene
I (gIIl). In embodiments, the phage may lack a functional gIII, but otherwise comprise gl, gII,
glV, gV, gVI, gVII, gVIII, gIX, and a gX. In some embodiments, the generation of infectious
VSV particles involves the envelope protein VSV-G. Various embodiments can use different
retroviral vectors, for example, Murine Leukemia Virus vectors, or Lentiviral vectors. In
embodiments, the retroviral vectors can efficiently be packaged with VSV-G envelope protein,
e.g., as a substitute for the native envelope protein of the virus.

In some embodiments, host cells are incubated according to a suitable number of viral
life cycles, e.g., at least 10, at least 20, at least 30, at least 40, at least 50, at least 100, at least
200, at least 300, at least 400, at least, 500, at least 600, at least 700, at least 800, at least 900, at
least 1000, at least 1250, at least 1500, at least 1750, at least 2000, at least 2500, at least 3000, at
least 4000, at least 5000, at least 7500, at least 10000, or more consecutive viral life cycles,
which in on illustrative and non-limiting examples of M13 phage is 10-20 minutes per virus life
cycle. Similarly, conditions can be modulated to adjust the time a host cell remains in a
population of host cells, e.g., about 10, about 11, about 12, about 13, about 14, about 15, about
16, about 17, about 18, about 19, about 20, about 21, about 22, about 23, about 24, about 25,
about 30, about 35, about 40, about 45, about 50, about 55, about 60, about 70, about 80, about
90, about 100, about 120, about 150, or about 180 minutes. Host cell populations can be
controlled in part by density of the host cells, or, in some embodiments, the host cell density in
an inflow, e.g., 10 cells/ml, about 10* cells/ml, about 10° cells/ml, about 5- 10° cells/ml, about
10° cells/ml, about 5- 10° cells/ml, about 107 cells/ml, about 5- 107 cells/ml, about 10® cells/ml,
about 5- 10% cells/ml, about 10° cells/ml, about 5- 10° cells/ml, about 10! cells/ml, or about 5-

10" cells/ml.
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Inteins

In some embodiments, as described in more detail below, an intein-N (intN) domain may
be fused to the N-terminal portion of a first domain of a gene modifying polypeptide described
herein, and an intein-C (intC) domain may be fused to the C-terminal portion of a second
domain of a gene modifying polypeptide described herein for the joining of the N-terminal
portion to the C-terminal portion, thereby joining the first and second domains. In some
embodiments, the first and second domains are each independently chosen from a DNA binding
domain, an RNA binding domain, an RT domain, and an endonuclease domain.

Inteins can occur as self-splicing protein intron (e.g., peptide), e.g., which ligates
flanking N-terminal and C-terminal exteins (e.g., fragments to be joined). An intein may, in
some instances, comprise a fragment of a protein that is able to excise itself and join the
remaining fragments (the exteins) with a peptide bond in a process known as protein splicing.
Inteins are also referred to as “protein introns.” The process of an intein excising itself and
joining the remaining portions of the protein is herein termed “protein splicing” or “intein-
mediated protein splicing.”

In some embodiments, an intein of a precursor protein (an intein containing protein prior
to intein-mediated protein splicing) comes from two genes. Such intein is referred to herein as a
split intein (e.g., split intein-N and split intein-C). Accordingly, an intein-based approach may be
used to join a first polypeptide sequence and a second polypeptide sequence together. For
example, in cyanobacteria, DnaFE, the catalytic subunit a of DNA polymerase III, is encoded by
two separate genes, dnaE-n and dnaE-c. An intein-N domain, such as that encoded by the dnaE-
n gene, when situated as part of a first polypeptide sequence, may join the first polypeptide
sequence with a second polypeptide sequence, wherein the second polypeptide sequence
comprises an intein-C domain, such as that encoded by the dnaE-c gene. Accordingly, in some
embodiments, a protein can be made by providing nucleic acid encoding the first and second
polypeptide sequences (e.g., wherein a first nucleic acid molecule encodes the first polypeptide
sequence and a second nucleic acid molecule encodes the second polypeptide sequence), and the
nucleic acid is introduced into the cell under conditions that allow for production of the first and
second polypeptide sequences, and for joining of the first to the second polypeptide sequence via

an intein-based mechanism.

114



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

Use of inteins for joining heterologous protein fragments is described, for example, in
Wood et al., J. Biol. Chem 289(21); 14512-9 (2014) (incorporated herein by reference in its
entirety). For example, when fused to separate protein fragments, the inteins IntN and IntC may
recognize each other, splice themselves out, and/or simultaneously ligate the flanking N- and C-
terminal exteins of the protein fragments to which they were fused, thereby reconstituting a full-
length protein from the two protein fragments.

In some embodiments, a synthetic intein based on the dnaE intein, the Cfa-N (e.g., split
intein-N) and Cfa-C (e.g., split intein-C) intein pair, 1s used. Examples of such inteins have been
described, e.g., in Stevens et al., ] Am Chem Soc. 2016 Feb. 24; 138(7):2162-5 (incorporated
herein by reference in its entirety). Non-limiting examples of intein pairs that may be used in
accordance with the present disclosure include: Cfa DnaE intein, Ssp GyrB intein, Ssp DnaX
intein, Ter DnaE3 intein, Ter Thy X intein, Rma DnaB intein and Cne Prp8 intein (e.g., as
described in U.S. Pat. No. 8,394,604, incorporated herein by reference.

In some embodiments involving a split Cas9, an intein-N domain and an intein-C domain
may be fused to the N-terminal portion of the split Cas9 and the C-terminal portion of a split
Cas9, respectively, for the joining of the N-terminal portion of the split Cas9 and the C-terminal
portion of the split Cas9. For example, in some embodiments, an intein-N is fused to the C-
terminus of the N-terminal portion of the split Cas9, i.e., to form a structure of N— [N-terminal
portion of the split Cas9]-[intein-N]~C. In some embodiments, an intein-C is fused to the N-
terminus of the C-terminal portion of the split Cas9, i.e., to form a structure of N-[intein-C]~[C-
terminal portion of the split Cas9]-C. The mechanism of intein-mediated protein splicing for
joining the proteins the inteins are fused to (e.g., split Cas9) is described in Shah et al., Chem
Sci. 2014; 5(1):446-461, incorporated herein by reference. Methods for designing and using
inteins are known in the art and described, for example by W02020051561, W02014004336,
WO02017132580, US20150344549, and US20180127780, each of which is incorporated herein
by reference in their entirety.

In some embodiments, a split refers to a division into two or more fragments. In some
embodiments, a split Cas9 protein or split Cas9 comprises a Cas9 protein that is provided as an
N-terminal fragment and a C-terminal fragment encoded by two separate nucleotide sequences.
The polypeptides corresponding to the N-terminal portion and the C-terminal portion of the Cas9

protein may be spliced to form a reconstituted Cas9 protein. In embodiments, the Cas9 protein is
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divided into two fragments within a disordered region of the protein, e.g., as described in
Nishimasu et al., Cell, Volume 156, Issue 5, pp. 935-949, 2014, or as described in Jiang et al.
(2016) Science 351: 867-871 and PDB file: SF9R (each of which is incorporated herein by
reference in its entirety). A disordered region may be determined by one or more protein
structure determination techniques known in the art, including, without limitation, X-ray
crystallography, NMR spectroscopy, electron microscopy (e.g., cryoEM), and/or in silico protein
modeling. In some embodiments, the protein is divided into two fragments at any C, T, A, or S,
e.g., within a region of SpCas9 between amino acids A292- G364, F445-K483, or ES65-T637, or
at corresponding positions in any other Cas9, Cas9 variant (e.g., nCas9, dCas9), or other
napDNAbp. In some embodiments, protein is divided into two fragments at SpCas9 T310, T313,
A456, S469, or C574. In some embodiments, the process of dividing the protein into two
fragments is referred to as splitting the protein.

In some embodiments, a protein fragment ranges from about 2-1000 amino acids (e.g.,
between 2-10, 10-50, 50-100, 100-200, 200-300, 300-400, 400-500, 500-600, 600-700, 700-800,
800-900, or 900-1000 amino acids) in length. In some embodiments, a protein fragment ranges
from about 5-500 amino acids (e.g., between 5-10, 10-50, 50-100, 100-200, 200-300, 300-400, or
400-500 amino acids) in length. In some embodiments, a protein fragment ranges from about 20-
200 amino acids (e.g., between 20-30, 30-40, 40-50, 50-100, or 100-200 amino acids) in length.

In some embodiments, a portion or fragment of a gene modifying polypeptide is fused to
an intein. The nuclease can be fused to the N-terminus or the C-terminus of the intein. In some
embodiments, a portion or fragment of a fusion protein is fused to an intein and fused to an AAV
capsid protein. The intein, nuclease and capsid protein can be fused together in any arrangement
(e.g., nuclease-intein-capsid, intein-nuclease-capsid, capsid-intein-nuclease, etc.). In some
embodiments, the N-terminus of an intein is fused to the C-terminus of a fusion protein and the
C-terminus of the intein is fused to the N-terminus of an AAV capsid protein.

In some embodiments, an endonuclease domain (e.g., a nickase Cas9 domain) is fused to
intein-N and a polypeptide comprising an RT domain is fused to an intein-C.

Exemplary nucleotide and amino acid sequences of intein-N domains and compatible

intein-C domains are provided below:
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DnaE Intein-N DNA:
TGCCTGTCATACGAAACCGAGATACTGACAGTAGAATATGGCCTTCTGCCAATCGGG
AAGATTGTGGAGAAACGGATAGAATGCACAGTTTACTCTGTCGATAACAATGGTAA
CATTTATACTCAGCCAGTTGCCCAGTGGCACGACCGGGGAGAGCAGGAAGTATTCG
AATACTGTCTGGAGGATGGAAGTCTCATTAGGGCCACTAAGGACCACAAATTTATG
ACAGTCGATGGCCAGATGCTGCCTATAGACGAAATCTTTGAGCGAGAGTTGGACCTC
ATGCGAGTTGACAACCTTCCTAAT (SEQ ID NO: 4029)

DnaE Intein-N Protein:
CLSYETEILTVEYGLLPIGKIVEKRIECTVY SVDNNGNIYTQPVAQWHDRGEQEVFEYCL
EDGSLIRATKDHKFMTVDGQMLPIDEIFERELDLMRVDNLPN (SEQ ID NO: 4030)

DnaE Intein-C DNA;
ATGATCAAGATAGCTACAAGGAAGTATCTTGGCAAACAAAACGTTTATGATATTGG
AGTCGAAAGAGATCACAACTTTGCTCTGAAGAACGGATTCATAGCTTCTAAT (SEQ
ID NO: 4031)

DnaE Intein-C Protein:
MIKIATRKYLGKQNVYDIGVERDHNFALKNGFIASN (SEQ ID NO: 4032)

Cfa-N DNA:
TGCCTGTCTTATGATACCGAGATACTTACCGTTGAATATGGCTTCTTGCCTATTGGAA
AGATTGTCGAAGAGAGAATTGAATGCACAGTATATACTGTAGACAAGAATGGTTTC
GTTTACACACAGCCCATTGCTCAATGGCACAATCGCGGCGAACAAGAAGTATTITGA
GTACTGTCTCGAGGATGGAAGCATCATACGAGCAACTAAAGATCATAAATTCATGA
CCACTGACGGGCAGATGTTGCCAATAGATGAGATATTCGAGCGGGGCTTGGATCTC
AAACAAGTGGATGGATTG CCA (SEQ ID NO: 4033)

Cfa-N Protein:
CLSYDTEILTVEYGFLPIGKIVEERIECTVYTVDKNGFVYTQPIAQWHNRGEQEVFEYCL
EDGSIIRATKDHKFMTTDGQMLPIDEIFERGLDLKQVDGLP (SEQ ID NO: 4034)

Cfa-C DNA;
ATGAAGAGGACTGCCGATGGATCAGAGTTTGAATCTCCCAAGAAGAAGAGGAAAGT
AAAGATAATATCTCGAAAAAGTCTTGGTACCCAAAATGTCTATGATATTGGAGTGGA
GAAAGATCACAACTTCCTTCTCAAGAACGGTCTCGTAGCCAGCAAC (SEQ ID NO:
4035)

Cfa-C Protein:
MKRTADGSEFESPKKKRKVKIISRKSLGTQNVYDIGVEKDHNFLLKNGLVASN (SEQ ID
NO: 4036)

Additional domains

117



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

The gene modifying polypeptide can bind a target DNA sequence and template nucleic
acid (e.g., template RNA), nick the target site, and write (e.g., reverse transcribe) the template
into DNA, resulting in a modification of the target site. In some embodiments, additional
domains may be added to the polypeptide to enhance the efficiency of the process. In some
embodiments, the gene modifying polypeptide may contain an additional DNA ligation domain
to join reverse transcribed DNA to the DNA of the target site. In some embodiments, the
polypeptide may comprise a heterologous RNA-binding domain. In some embodiments, the
polypeptide may comprise a domain having 5" to 3" exonuclease activity (e.g., wherein the 5" to
3" exonuclease activity increases repair of the alteration of the target site, e.g., in favor of
alteration over the original genomic sequence). In some embodiments, the polypeptide may
comprise a domain having 3" to 5" exonuclease activity, e.g., proof-reading activity. In some
embodiments, the writing domain, e.g., RT domain, has 3" to 5" exonuclease activity, e.g., proof-

reading activity.

Template nucleic acids

The gene modifying systems described herein can modify a host target DNA site using a
template nucleic acid sequence. In some embodiments, the gene modifying systems described
herein transcribe an RNA sequence template into host target DNA sites by target-primed reverse
transcription (TPRT). By modifying DNA sequence(s) via reverse transcription of the RNA
sequence template directly into the host genome, the gene modifying system can insert an object
sequence into a target genome without the need for exogenous DNA sequences to be introduced
into the host cell (unlike, for example, CRISPR systems), as well as eliminate an exogenous
DNA insertion step. The gene modifying system can also delete a sequence from the target
genome or introduce a substitution using an object sequence. Therefore, the gene modifying
system provides a platform for the use of customized RNA sequence templates containing object
sequences, €.g., sequences comprising heterologous gene coding and/or function information.

In some embodiments, the template nucleic acid comprises one or more sequence (e.g., 2

sequences) that binds the gene modifying polypeptide.

In some embodiments, the template nucleic acid comprises a hybrid having both

ribonucleotide and deoxyribonucleotide residues in the same strand.
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In some embodiments a system or method described herein comprises a single template
nucleic acid (e.g., template RNA). In some embodiments a system or method described herein
comprises a plurality of template nucleic acids (e.g., template RNAs). For example, a system
described herein comprises a first RNA comprising (e.g., from 5" to 3") a sequence that binds the
gene modifying polypeptide (e.g., the DNA-binding domain and/or the endonuclease domain,
e.g., a gRNA) and a sequence that binds a target site (e.g., a second strand of a site in a target
genome), and a second RNA (e.g,, a template RNA) comprising (e.g., from 5" to 37) optionally a
sequence that binds the gene modifying polypeptide (e.g., that specifically binds the RT domain),
a heterologous object sequence, and a PBS sequence. In some embodiments, when the system
comprises a plurality of nucleic acids, each nucleic acid comprises a conjugating domain. In
some embodiments, a conjugating domain enables association of nucleic acid molecules, e.g., by
hybridization of complementary sequences. For example, in some embodiments a first RNA
comprises a first conjugating domain and a second RNA comprises a second conjugating
domain, and the first and second conjugating domains are capable of hybridizing to one another,
e.g., under stringent conditions. In some embodiments, the stringent conditions for hybridization
include hybridization in 4x sodium chloride/sodium citrate (SSC), at about 65 C, followed by a
wash in 1xSSC, at about 65 C.

In some embodiments, the template nucleic acid comprises RNA. In some embodiments,
the template nucleic acid comprises DNA (e.g., single stranded or double stranded DNA). In
some embodiments, the template nucleic acid comprises a hybrid having both ribonucleotide and

deoxyribonucleotide residues in the same strand.

In some embodiments, the template nucleic acid comprises one or more (e.g., 2)
homology domains that have homology to the target sequence. In some embodiments, the

homology domains are about 10-20, 20-50, or 50-100 nucleotides in length.

In some embodiments, a template RNA can comprise a gRNA sequence, e.g., to direct
the gene modifying polypeptide to a target site of interest. In some embodiments, a template
RNA comprises (e.g., from 5' to 3') (i) optionally a gRNA spacer that binds a target site (e.g., a
second strand of a site in a target genome), (ii) optionally a gRNA scaffold that binds a
polypeptide described herein (e.g., a gene modifying polypeptide or a Cas polypeptide), (iii) a

heterologous object sequence comprising a mutation region (optionally the heterologous object
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sequence comprises, from 5’ to 3°, a first homology region, a mutation region, and a second
homology region), and (iv) a primer binding site (PBS) sequence comprising a 3’ target

homology domain.

The template nucleic acid (e.g., template RNA) component of a genome editing system
described herein typically is able to bind the gene modifying polypeptide of the system. In some
embodiments the template nucleic acid (e.g., template RNA) has a 3’ region that is capable of
binding a gene modifying polypeptide. The binding region, e.g., 3' region, may be a structured
RNA region, e.g., having at least 1, 2 or 3 hairpin loops, capable of binding the gene modifying
polypeptide of the system. The binding region may associate the template nucleic acid (e.g.,
template RNA) with any of the polypeptide modules. In some embodiments, the binding region
of the template nucleic acid (e.g., template RNA) may associate with an RNA-binding domain in
the polypeptide. In some embodiments, the binding region of the template nucleic acid (e.g.,
template RNA) may associate with the reverse transcription domain of the gene modifying
polypeptide (e.g., specifically bind to the RT domain). In some embodiments, the template
nucleic acid (e.g., template RNA) may associate with the DNA binding domain of the
polypeptide, e.g., a gRNA associating with a Cas9-derived DNA binding domain. In some
embodiments, the binding region may also provide DNA target recognition, e.g., a gRNA
hybridizing to the target DNA sequence and binding the polypeptide, e.g., a Cas9 domain. In
some embodiments, the template nucleic acid (e.g., template RNA) may associate with multiple
components of the polypeptide, e.g., DNA binding domain and reverse transcription domain.

In some embodiments the template RNA has a poly-A tail at the 3" end. In some
embodiments the template RNA does not have a poly-A tail at the 3" end.

In some embodiments, a template RNA may be customized to correct a given mutation in
the genomic DNA of a target cell (e.g., ex vivo or in vivo, e.g., in a target tissue or organ, .., in
a subject). For example, the mutation may be a disease-associated mutation relative to the wild-
type sequence. Without wishing to be bound by theory, any given target site and edit will have a
large number of possible template RNA molecules for use in a gene modifying system that will
result in a range of editing efficiencies and fidelities. To partially reduce this screening burden,
sets of empirical parameters help ensure optimal initial in silico designs of template RNAs or
portions thereof. As a non-limiting illustrative example, for a selected mutation, the following

design parameters may be employed. In some embodiments, design is initiated by acquiring
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approximately 500 bp (e.g., up to 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650,
or 700 bp, and optionally at least 20, 30, 40, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500,
550, 600, or 650 bp) flanking sequence on either side of the mutation to serve as the target
region. In some embodiments, a template nucleic acid comprises a gRNA. In some
embodiments, a gBRNA comprises a sequence (e.g., a CRISPR spacer) that binds a target site. In
some embodiments, the sequence (e.g., a CRISPR spacer) that binds a target site for use in
targeting a template nucleic acid to a target region is selected by considering the particular gene
modifying polypeptide (e.g., endonuclease domain or writing domain, e.g., comprising a
CRISPR/Cas domain) being used (e.g., for Cas9, a protospacer-adjacent motif (PAM) of NGG
immediately 3" of a 20 nucleotide gRNA binding region). In some embodiments, the CRISPR
spacer is selected by ranking first by whether the PAM will be disrupted by the gene modifying
system induced edit. In some embodiments, disruption of the PAM may increase edit efficiency.
In some embodiments, the PAM can be disrupted by also introducing (e.g., as part of or in
addition to another modification to a target site in genomic DNA) a silent mutation (e.g., a
mutation that does not alter an amino acid residue encoded by the target nucleic acid sequence, if
any) in the target site during gene modification. In some embodiments, the CRISPR spacer is
selected by ranking sequences by the proximity of their corresponding genomic site to the
desired edit location. In some embodiments, the gRNA comprises a gRNA scaffold. In some
embodiments, the gRNA scaffold used may be a standard scaffold (e.g., for Cas9, 5'-
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAA
AGTGGCACCGAGTCGGTGC-3"), or may contain one or more nucleotide substitutions. In
some embodiments, the heterologous object sequence has at least 90% identity, e.g., at least
90%, 95%, 98%, 99%, or 100% identity, or comprises no more than 1, 2, 3, 4, or 5 positions of
non-identity to the target site 3" of the first strand nick (e.g., immediately 3 of the first strand
nick orupto 1,2, 3, 4, or 5 nucleotides 3 of the first strand nick), with the exception of any
insertion, substitution, or deletion that may be written into the target site by the gene modifying.
In some embodiments, the 3" target homology domain contains at least 90% identity, e.g., at least
90%, 95%, 98%, 99%, or 100% identity, or comprises no more than 1, 2, 3, 4, or 5 positions of
non-identity to the target site 5” of the first strand nick (e.g., immediately 5 of the first strand
nick orupto 1,2, 3, 4, or 5 nucleotides 3" of the first strand nick).
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In some embodiments, the template nucleic acid is a template RNA. In some
embodiments, the template RNA comprises one or more modified nucleotides. For example, in
some embodiments, the template RNA comprises one or more deoxyribonucleotides. In some
embodiments, regions of the template RNA are replaced by DNA nucleotides, e.g., to enhance
stability of the molecule. For example, the 3" end of the template may comprise DNA
nucleotides, while the rest of the template comprises RNA nucleotides that can be reverse
transcribed. For instance, in some embodiments, the heterologous object sequence is primarily
or wholly made up of RNA nucleotides (e.g., at least 90%, 95%, 98%, or 99% RNA
nucleotides). In some embodiments, the PBS sequence is primarily or wholly made up of DNA
nucleotides (e.g., at least 90%, 95%, 98%, or 99% DNA nucleotides). In other embodiments, the
heterologous object sequence for writing into the genome may comprise DNA nucleotides. In
some embodiments, the DNA nucleotides in the template are copied into the genome by a
domain capable of DNA-dependent DNA polymerase activity. In some embodiments, the DNA-
dependent DNA polymerase activity is provided by a DNA polymerase domain in the
polypeptide. In some embodiments, the DNA-dependent DNA polymerase activity is provided
by a reverse transcriptase domain that is also capable of DNA-dependent DNA polymerization,
e.g., second strand synthesis. In some embodiments, the template molecule is composed of only
DNA nucleotides. In some embodiments, the template nucleic acid comprises a hybrid having
both ribonucleotide and deoxyribonucleotide residues in the same strand.

In some embodiments, a system described herein comprises two nucleic acids which
together comprise the sequences of a template RNA described herein. In some embodiments, the
two nucleic acids are associated with each other non-covalently, e.g., directly associated with
each other (e.g., via base pairing), or indirectly associated as part of a complex comprising one or
more additional molecule.

A template RNA described herein may comprise, from 5'to 3": (1) a gRNA spacer; (2) a
gRNA scaffold; (3) heterologous object sequence (4) a primer binding site (PBS) sequence.

Each of these components is now described in more detail.

gRNA spacer and gRNA scaffold

A template RNA described herein may comprise a gRNA spacer that directs the gene

modifying system to a target nucleic acid, and a gRNA scaffold that promotes association of the
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template RNA with the Cas domain of the gene modifying polypeptide. The systems described
herein can also comprise a gRNA that is not part of a template nucleic acid. For example, a
gRNA that comprises a gRNA spacer and gRNA scaffold, but not a heterologous object
sequence or a PBS sequence, can be used, e.g., to induce second strand nicking, e.g., as
described in the section herein entitled “Second Strand Nicking”.

In some embodiments, the gRNA is a short synthetic RNA composed of a scaffold
sequence that participates in CRISPR-associated protein binding and a user-defined ~20
nucleotide targeting sequence for a genomic target. The structure of a complete gRNA was
described by Nishimasu et al. Cell 156, P935-949 (2014). The gRNA (also referred to as sgRNA
for single-guide RNA) consists of crRNA- and tracrRNA-derived sequences connected by an
artificial tetraloop. The crRNA sequence can be divided into guide (20 nt) and repeat (12 nt)
regions, whereas the tracrRNA sequence can be divided into anti-repeat (14 nt) and three
tracrRNA stem loops (Nishimasu et al. Cell 156, P935-949 (2014)). In practice, guide RNA
sequences are generally designed to have a length of between 17 — 24 nucleotides (e.g., 19, 20, or
21 nucleotides) and be complementary to a targeted nucleic acid sequence. Custom gRNA
generators and algorithms are available commercially for use in the design of effective guide
RNAs. In some embodiments, the gRNA comprises two RNA components from the native
CRISPR system, e.g. crRNA and tracrRNA. As is well known in the art, the gRNA may also
comprise a chimeric, single guide RNA (sgRNA) containing sequence from both a tracrRNA (for
binding the nuclease) and at least one crRNA (to guide the nuclease to the sequence targeted for
editing/binding). Chemically modified sgRNAs have also been demonstrated to be effective for
use with CRISPR-associated proteins; see, for example, Hendel et al. (2015) Nature Biotechnol,
985 —991. In some embodiments, a gRNA spacer comprises a nucleic acid sequence that is
complementary to a DNA sequence associated with a target gene.

In some embodiments, the region of the template nucleic acid, e.g., template RNA,
comprising the gRNA adopts an underwound ribbon-like structure of gRNA bound to target
DNA (e.g., as described in Mulepati et al. Science 19 Sep 2014:Vol. 345, Issue 6203, pp. 1479-
1484). Without wishing to be bound by theory, this non-canonical structure is thought to be
facilitated by rotation of every sixth nucleotide out of the RNA-DNA hybrid. Thus, in some
embodiments, the region of the template nucleic acid, e.g., template RNA, comprising the gRNA

may tolerate increased mismatching with the target site at some interval, e.g., every sixth base, In
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some embodiments, the region of the template nucleic acid, e.g., template RNA, comprising the
gRNA comprising homology to the target site may possess wobble positions at a regular interval,
e.g., every sixth base, that do not need to base pair with the target site.

In some embodiments, the template nucleic acid (e.g., template RNA) has at least 15, 16,
17,18, 19, 20, 21, 22, 23, or 24 bases of at least 80%, 85%, 90%, 95%, 99%, or 100% homology
to the target site, e.g., at the 5° end, e.g., comprising a gRNA spacer sequence of length
appropriate to the Cas9 domain of the gene modifying polypeptide (Table 3).

In some embodiments, a Cas9 derivative with enhanced activity may be used in the gene
modification polypeptide. In some embodiments, a Cas9 derivative may comprise mutations that
improve activity of the HNH endonuclease domain, e.g., SpyCas9 R221K, N394K, or mutations
that improve R-loop formation, e.g., SpyCas9 L1245V, or comprise a combination of such
mutations, e.g., SpyCas9 R221K/N394K, SpyCas9 N394K/L1245V, SpyCas9 R221K/L.1245V,
or SpyCas9 R221K/N394K/L1245V (see, e.g., Spencer and Zhang Sci Rep 7:16836 (2017), the
Cas9 derivatives and comprising mutations of which are incorporated herein by reference). In
some embodiments, a Cas9 derivative may comprise one or more types of mutations described
herein, e.g., PAM-modifying mutations, protein stabilizing mutations, activity enhancing
mutations, and/or mutations partially or fully inactivating one or two endonuclease domains
relative to the parental enzyme (e.g., one or more mutations to abolish endonuclease activity
towards one or both strands of a target DNA, e.g., a nickase or catalytically dead enzyme). In
some embodiments, a Cas9 enzyme used in a system described herein may comprise mutations
that confer nickase activity toward the enzyme (e.g., SpyCas9 N863 A or H840A) in addition to
mutations improving catalytic efficiency (e.g., SpyCas9 R221K, N394K, and/or L1245V). In
some embodiments, a Cas9 enzyme used in a system described herein is a SpyCas9 enzyme or
derivative that further comprises an N863 A mutation to confer nickase activity in addition to
R221K and N394K mutations to improve catalytic efficiency.

Table 8 provides parameters to define components for designing gRNA and/or Template
RNAs to apply Cas variants listed in Table 3 for gene modifying. The cut site indicates the
validated or predicted protospacer adjacent motif (PAM) requirements, validated or predicted
location of cut site (relative to the most upstream base of the PAM site). The gRNA for a given
enzyme can be assembled by concatenating the crRNA, Tetraloop, and tracrRNA sequences, and

further adding a 5' spacer of a length within Spacer (min) and Spacer (max) that matches a
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protospacer at a target site. Further, the predicted location of the sSDNA nick at the target is

important for designing a PBS sequence of a Template RNA that can anneal to the sequence

immediately 5' of the nick in order to initiate target primed reverse transcription. In some

embodiments, a gRNA scaffold described herein comprises a nucleic acid sequence comprising,

in the 5" to 3 direction, a crRNA of Table 8, a tetraloop from the same row of Table 8, and a

tractrRNA from the same row of Table 8, or a sequence having at least 70%, 80%, 85%, 90%,

95%, or 99% identity thereto. In some embodiments, the gRNA or template RNA comprising

the scaffold further comprises a gRNA spacer having a length within the Spacer (min) and

Spacer (max) indicated in the same row of Table 8. In some embodiments, the gRNA or

template RNA having a sequence according to Table 8 is comprised by a system that further

comprises a gene modifying polypeptide, wherein the gene modifying polypeptide comprises a

Cas domain described in the same row of Table 8.

Table 8 Parameters to define components for designing gRNA and/or Template RNAs to

apply Cas variants listed in Table 3 in gene modifying systems

. Spac Spac
. Tie er Tetralo
Variant PAM(s) | Cut er crRNA tracrRNA
r . (max op
(min)
)
Nme2Cas9 NNNN -3 1 22 24 | GTTGTA | GAAA CGAAATGAGAACCGTTGCTAC
cC GCTCCC AATAAGGCCGTCTGAAAAGAT
TTTCTC GTGCCGCAACGCTCTGCCCCTT
ATTTCG AAAGCTTCTGCTTTAAGGGGC
ATCGTTTA
PpnCas9 NNNN 1 21 24 | GTTGTA | GAAA GCGAAATGAAAAACGTTGTTA
RTT GCTCCC CAATAAGAGATGAATTTCTCG
TITTTC CAAAGCTCTGCCTCTTGAAATT
ATTTCG TCGGTTTCAAGAGGCATC
C
SauCas9 NNGRR | -3 1 21 23 | GTTTTA | GAAA CAGAATCTACTAAAACAAGGC
;NNGR GTACTC AAAATGCCGTGTTTATCTCGTC
RT TG AACTTGTTGGCGAGA
SauCas9-KKH | NNNRR | -3 1 21 21 | GTTTTA | GAAA CAGAATCTACTAAAACAAGGC
;NNNR GTACTC AAAATGCCGTGTTTATCTCGTC
RT TG AACTTGTTGGCGAGA
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SauriCas9 NNGG -3 21 21 | GTTTTA | GAAA | CAGAATCTACTAAAACAAGGC
GTACTC AAAATGCCGTGTTTATCTCGTC
TG AACTTGTTGGCGAGA
SauriCas9- NNRG -3 21 21 | GTTTTA | GAAA | CAGAATCTACTAAAACAAGGC
KKH GTACTC AAAATGCCGTGTTTATCTCGTC
TG AACTTGTTGGCGAGA
ScaCas9- NNG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
Sc++ GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
SpyCas9 NGG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
SpyCasS-NG | NG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
(NGG= GAGCTA GTCCGTTATCAACTTGAAAAA
NGA=N GTGGCACCGAGTCGGTGC
GT>NG
0
SpyCasS- NRN>N | -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
SpRY YN GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
St1Cas9 NNAGA | -3 20 20 | GTCTTT | GTAC CAGAAGCTACAAAGATAAGGC
AW>N GTACTC TTCATGCCGAAATCAACACCCT
NAGGA TG GTCATTTTATGGCAGGGTGTT
W=NN T
GGAA
W
BlatCas9 NNNN -3 19 23 | GCTATA | GAAA | GGTAAGTTGCTATAGTAAGGG
CNAA> GTTCCT CAACAGACCCGAGGCGTTGG
NNNN TACT GGATCGCCTAGCCCGTGTTTA
CNDD> CGGGCTCTCCCCATATTCAAAA
NNNN TAATGACAGACGAGCACCTTG
C GAGCATTTATCTCCGAGGTGC
T
cCas9-v16 NNVAC | -3 21 21 | GTCTTA | GAAA | CAGAATCTACTAAGACAAGGC
T;NNV GTACTC AAAATGCCGTGTTTATCTCGTC
ATGM; TG AACTTGTTGGCGAGA
NNVAT
T;NNV
GCT;N
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NVGTG
;NNVG
T
cCas9-v17 NNVRR | -3 21 21 | GTCTTA | GAAA | CAGAATCTACTAAGACAAGGC
N GTACTC AAAATGCCGTGTTTATCTCGTC
TG AACTTGTTGGCGAGA
cCas9-v21 NNVAC | -3 21 21 | GTCTTA | GAAA | CAGAATCTACTAAGACAAGGC
T;NNV GTACTC AAAATGCCGTGTTTATCTCGTC
ATGM; TG AACTTGTTGGCGAGA
NNVAT
T;NNV
GCT;N
NVGTG
;NNVG
T
cCas9-v42 NNVRR | -3 21 21 | GTCTTA | GAAA | CAGAATCTACTAAGACAAGGC
N GTACTC AAAATGCCGTGTTTATCTCGTC
TG AACTTGTTGGCGAGA
CdiCas9 NNRHH 22 22 | ACTGGG | GAAA | CTGAACCTCAGTAAGCATTGG
HY;NN GTTCAG CTCGTTTCCAATGTTGATTGCT
RAAAY CCGCCGGTGCTCCTTATTTTTA
AGGGCGCCGGC
CjeCas9 NNNN -3 21 23 | GTTTTA | GAAA | AGGGACTAAAATAAAGAGTTT
RYAC GTCCCT GCGGGACTCTGCGGGGTTACA
ATCCCCTAAAACCGC
GeoCas9 NNNN 21 23 | GTCATA | GAAA | TCAGGGTTACTATGATAAGGG
CRAA GTTCCC CTTTCTGCCTAAGGCAGACTG
CTGA ACCCGCGGCGTTGGGGATCGC
CTGTCGCCCGCTTTTGGCGGG
CATTCCCCATCCTT
iSpyMacCas9 | NAAN -3 19 21 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
NmeCas9 NNNN -3 20 24 | GTTGTA | GAAA | CGAAATGAGAACCGTTGCTAC
GAYT;N GCTCCC AATAAGGCCGTCTGAAAAGAT
NNNGY TTTCTC GTGCCGCAACGCTCTGCCCCTT
TT;NN ATTTCG AAAGCTTCTGCTTTAAGGGGC
NNGAY ATCGTTTA
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A;NNN
NGTCT
ScaCas9 NNG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
ScaCas9- NNG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
HiFi-Sc++ GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
SpyCas9- NRRH -3 20 20 | GTTTAA | GAAA | CAGCATAGCAAGTTTAAATAA
3var-NRRH GAGCTA GGCTAGTCCGTTATCAACTTG
TGCTG AAAAAGTGGCACCGAGTCGGT
GC
SpyCasS- NRTH -3 20 20 | GTTTAA | GAAA | CAGCATAGCAAGTTTAAATAA
3var-NRTH GAGCTA GGCTAGTCCGTTATCAACTTG
TGCTG AAAAAGTGGCACCGAGTCGGT
GC
SpyCas9- NRCH -3 20 20 | GTTTAA | GAAA | CAGCATAGCAAGTTTAAATAA
3var-NRCH GAGCTA GGCTAGTCCGTTATCAACTTG
TGCTG AAAAAGTGGCACCGAGTCGGT
GC
SpyCasS-HF1 | NGG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
SpyCasS- NAAG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
QQR1 GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
SpyCas9-SpG | NGN -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
SpyCasS- NGAN -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
VQR GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
SpyCasS- NGCG -3 20 20 | GTTTTA | GAAA | TAGCAAGTTAAAATAAGGCTA
VRER GAGCTA GTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGC
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SpyCasS- NG;GA | -3 20 20 | GTTTAA | GAAA | CAGCATAGCAAGTTTAAATAA
xCas A;GAT GAGCTA GGCTAGTCCGTTATCAACTTG

TGCTG AAAAAGTGGCACCGAGTCGGT
GC
SpyCas9- NG -3 20 20 | GTTTAA | GAAA | CAGCATAGCAAGTTTAAATAA
xCas-NG GAGCTA GGCTAGTCCGTTATCAACTTG
TGCTG AAAAAGTGGCACCGAGTCGGT
GC
St1Cas9- NNACA | -3 20 20 | GTCTIT | GTAC CAGAAGCTACAAAGATAAGGC
CNRZ1066 A GTACTC TTCATGCCGAAATCAACACCCT
TG GTCATTTTATGGCAGGGTGTT
T
St1CasS- NNGCA | -3 20 20 | GTCTTT | GTAC CAGAAGCTACAAAGATAAGGC
LMG1831 A GTACTC TTCATGCCGAAATCAACACCCT
TG GTCATTTTATGGCAGGGTGTT
T
St1Cas9- NNAAA | -3 20 20 | GTCTTT | GTAC CAGAAGCTACAAAGATAAGGC
MTH17CL39 | A GTACTC TTCATGCCGAAATCAACACCCT
6 16 GTCATTTTATGGCAGGGTGTT
T
St1Cas9- NNGAA | -3 20 20 | GTCTTT | GTAC CAGAAGCTACAAAGATAAGGC
TH1477 A GTACTC TTCATGCCGAAATCAACACCCT
TG GTCATTTTATGGCAGGGTGTT
T
sRGN3.1 NNGG 21 23 | GTTTTA | GAAA | CAGAATCTACTGAAACAAGAC
GTACTC AATATGTCGTGTTTATCCCATC
TG AATTTATTGGTGGGATTTT
sRGN3.3 NNGG 21 23 | GTTTTA | GAAA | CAGAATCTACTGAAACAAGAC
GTACTC AATATGTCGTGTTTATCCCATC
TG AATTTATTGGTGGGATTTT

Additionally, it is understood that terminal Us and Ts may optionally be added or

removed from tracrRNA sequences and may be modified or unmodified when provided as RNA.

Without wishing to be bound by example, versions of gRNA scaffold sequences alternative to

those exemplified in Table 8 may also function with the different Cas9 enzymes or derivatives

thereof exemplified in Table 4, e.g., alternate gRNA scaffold sequences with nucleotide

additions, substitutions, or deletions, e.g., sequences with stem-loop structures added or

129




10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

removed. Itis contemplated herein that the gRNA scaffold sequences represent a component of
gene modifying systems that can be similarly optimized for a given system, Cas-RT fusion

polypeptide, indication, target mutation, template RNA, or delivery vehicle.

Herein, when an RNA sequence (e.g., a template RNA sequence) is said to comprise a
particular sequence (e.g., a sequence of Table 8 or a portion thereof) that comprises thymine (T),
itis of course understood that the RNA sequence may (and frequently does) comprise uracil (U)
in place of T. For instance, the RNA sequence may comprise U at every position shown as T in
the sequence in Table 8. More specifically, the present disclosure provides an RNA sequence
according to every gRNA scaffold sequence of Table 8, wherein the RNA sequence has a U in

place of each T in the sequence in Table 8.

Heterologous object sequence

A template RNA described herein may comprise a heterologous object sequence that the
gene modifying polypeptide can use as a template for reverse transcription, to write a desired
sequence into the target nucleic acid. In some embodiments, the heterologous object sequence
comprises, from 5' to 3', a post-edit homology region, the mutation region, and a pre-edit
homology region. Without wishing to be bound by theory, an RT performing reverse
transcription on the template RNA first reverse transcribes the pre-edit homology region, then
the mutation region, and then the post-edit homology region, thereby creating a DNA strand

comprising the desired mutation with a homology region on either side.

In some embodiments, the heterologous object sequence is at least 32, 33, 34, 35, 36, 37,
38,39, 40, 41, 42, 43, 44, 45, 46, 47, 48,49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63,
64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77,78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 120, 140, 160, 180, 200, 500, or 1,000 nucleotides
(nts) in length, or atleast 1, 1.5,2,2.5,3,3.5,4,4.5,5,55,6,65,7,75,8,85,9,9.5, 0r 10
kilobases in length. In some embodiments, the heterologous object sequence is no more than 33,
34,35,36,37,38,39,40, 41,42, 43, 44,45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59,
60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71,72, 73, 74,75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85,
86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 120, 140, 160, 180, 200, 500, 1,000, or
2000 nucleotides (nts) in length, or no more than 20, 15, 10,9, 8, 7, 6, 5, 4, or 3 kilobases in
length. In some embodiments, the heterologous object sequence is 30-1000, 40-1000, 50-1000,
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60-1000, 70-1000, 74-1000, 75-1000, 76-1000, 77-1000, 78-1000, 79-1000, 80-1000, 85-1000,
90-1000, 100-1000, 120-1000, 140-1000, 160-1000, 180-1000, 200-1000, 500-1000, 30-500, 40-
500, 50-500, 60-500, 70-500, 74-500, 75-500, 76-500, 77-500, 78-500, 79-500, 80-500, 85-500,
90-500, 100-500, 120-500, 140-500, 160-500, 180-500, 200-500, 30-200, 40-200, 50-200, 60-
200, 70-200, 74-200, 75-200, 76-200, 77-200, 78-200, 79-200, 80-200, 85-200, 90-200, 100-200,
120-200, 140-200, 160-200, 180-200, 30-100, 40-100, 50-100, 60-100, 70-100, 74-100, 75-100,
76-100, 77-100, 78-100, 79-100, 80-100, 85-100, or 90-100 nucleotides (nts) in length, or 1-20,
1-15, 1-10, 1-9, 1-8, 1-7, 1-6, 1-5, 1-4, 1-3, 1-2, 2-20, 2-15, 2-10, 2-9, 2-8, 2-7, 2-6, 2-5, 2-4, 2-3,
3-20, 3-15, 3-10, 3-9, 3-8, 3-7, 3-6, 3-5, 3-4, 4-20, 4-15, 4-10, 4-9, 4-8, 4-7, 4-6, 4-5, 5-20, 5-15,
5-10, 5-9, 5-8, 5-7, 5-6, 6-20, 6-15, 6-10, 6-9, 6-8, 6-7, 7-20, 7-15, 7-10, 7-9, 7-8, 8-20, 8-15, 8-
10, 8-9, 9-20, 9-15, 9-10, 10-15, 10-20, or 15-20 kilobases in length. In some embodiments, the
heterologous object sequence is 10-100, 10-90, 10-80, 10-70, 10-60, 10-50, 10-40, 10-30, or 10-
20 nt in length, e.g., 10-80, 10-50, or 10-20 nt in length, e.g., about10-20 nt in length. In some
embodiments, the heterologous object sequence is 8-30, 9-25, 10-20, 11-16, or 12-15 nucleotides
in length, e.g., is 11-16 nt in length. Without wishing to be bound by theory, in some
embodiments, a larger insertion size, larger region of editing (e.g., the distance between a first
edit/substitution and a second edit/substitution in the target region), and/or greater number of
desired edits (e.g., mismatches of the heterologous object sequence to the target genome), may

result in a longer optimal heterologous object sequence.

In certain embodiments, the template nucleic acid comprises a customized RNA sequence
template which can be identified, designed, engineered and constructed to contain sequences
altering or specifying host genome function, for example by introducing a heterologous coding
region into a genome; affecting or causing exon structure/alternative splicing, e.g., leading to
exon skipping of one or more exons; causing disruption of an endogenous gene, e.g., creating a
genetic knockout; causing transcriptional activation of an endogenous gene; causing epigenetic
regulation of an endogenous DNA,; causing up-regulation of one or more operably linked genes,
e.g., leading to gene activation or overexpression; causing down-regulation of one or more
operably linked genes, e.g., creating a genetic knock-down; etc. In certain embodiments, a
customized RNA sequence template can be engineered to contain sequences coding for exons
and/or transgenes, provide binding sites for transcription factor activators, repressors, enhancers,

etc., and combinations thereof. In some embodiments, a customized template can be engineered
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to encode a nucleic acid or peptide tag to be expressed in an endogenous RNA transcript or
endogenous protein operably linked to the target site. In other embodiments, the coding sequence
can be further customized with splice donor sites, splice acceptor sites, or poly-A tails.

The template nucleic acid (e.g., template RNA) of the system typically comprises an
object sequence (e.g., a heterologous object sequence) for writing a desired sequence into a
target DNA. The object sequence may be coding or non-coding. The template nucleic acid (e.g.,
template RNA) can be designed to result in insertions, mutations, or deletions at the target DNA
locus. In some embodiments, the template nucleic acid (e.g., template RNA) may be designed to
cause an insertion in the target DNA. For example, the template nucleic acid (e.g., template
RNA) may contain a heterologous sequence, wherein the reverse transcription will result in
insertion of the heterologous sequence into the target DNA. In other embodiments, the RNA
template may be designed to introduce a deletion into the target DNA. For example, the template
nucleic acid (e.g., template RNA) may match the target DNA upstream and downstream of the
desired deletion, wherein the reverse transcription will result in the copying of the upstream and
downstream sequences from the template nucleic acid (e.g., template RNA) without the
intervening sequence, e.g., causing deletion of the intervening sequence. In other embodiments,
the template nucleic acid (e.g., template RNA) may be designed to introduce an edit into the
target DNA. For example, the template RNA may match the target DNA sequence with the
exception of one or more nucleotides, wherein the reverse transcription will result in the copying
of these edits into the target DNA, e.g., resulting in mutations, e.g., transition or transversion
mutations.

In some embodiments, writing of an object sequence into a target site results in the
substitution of nucleotides, e.g., where the full length of the object sequence corresponds to a
matching length of the target site with one or more mismatched bases. In some embodiments, a
heterologous object sequence may be designed such that a combination of sequence alterations
may occur, e.g., a simultaneous addition and deletion, addition and substitution, or deletion and
substitution.

In some embodiments, the heterologous object sequence may contain an open reading
frame or a fragment of an open reading frame. In some embodiments the heterologous object
sequence has a Kozak sequence. In some embodiments the heterologous object sequence has an

internal ribosome entry site. In some embodiments the heterologous object sequence has a self-
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cleaving peptide such as a T2A or P2A site. In some embodiments the heterologous object
sequence has a start codon. In some embodiments the template RNA has a splice acceptor site.
In some embodiments the template RNA has a splice donor site. Exemplary splice acceptor and
splice donor sites are described in W02016044416, incorporated herein by reference in its
entirety. Exemplary splice acceptor site sequences are known to those of skill in the art. In some
embodiments the template RNA has a microRNA binding site downstream of the stop codon. In
some embodiments the template RNA has a polyA tail downstream of the stop codon of an open
reading frame. In some embodiments the template RNA comprises one or more exons. In some
embodiments the template RNA comprises one or more introns. In some embodiments the
template RNA comprises a eukaryotic transcriptional terminator. In some embodiments the
template RNA comprises an enhanced translation element or a translation enhancing element. In
some embodiments the RNA comprises the human T-cell leukemia virus (HTLV-1) R region. In
some embodiments the RNA comprises a posttranscriptional regulatory element that enhances
nuclear export, such as that of Hepatitis B Virus (HPRE) or Woodchuck Hepatitis Virus
(WPRE).

In some embodiments, the heterologous object sequence may contain a non-coding
sequence. For example, the template nucleic acid (e.g., template RNA) may comprise a
regulatory element, e.g., a promoter or enhancer sequence or miRNA binding site. In some
embodiments, integration of the object sequence at a target site will result in upregulation of an
endogenous gene. In some embodiments, integration of the object sequence at a target site will
result in downregulation of an endogenous gene. In some embodiments the template nucleic
acid (e.g., template RNA) comprises a tissue specific promoter or enhancer, each of which may
be unidirectional or bidirectional. In some embodiments the promoter is an RNA polymerase I
promoter, RNA polymerase II promoter, or RNA polymerase III promoter. In some
embodiments the promoter comprises a TATA element. In some embodiments the promoter
comprises a B recognition element. In some embodiments the promoter has one or more binding
sites for transcription factors.

In some embodiments, the template nucleic acid (e.g., template RNA) comprises a site
that coordinates epigenetic modification. In some embodiments, the template nucleic acid (e.g.,
template RNA) comprises a chromatin insulator. For example, the template nucleic acid (e.g.,

template RNA) comprises a CTCF site or a site targeted for DNA methylation.
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In some embodiments, the template nucleic acid (e.g., template RNA) comprises a gene
expression unit composed of at least one regulatory region operably linked to an effector
sequence. The effector sequence may be a sequence that is transcribed into RNA (e.g., a coding
sequence or a non-coding sequence such as a sequence encoding a micro RNA).

In some embodiments, the heterologous object sequence of the template nucleic acid
(e.g., template RNA) is inserted into a target genome in an endogenous intron. In some
embodiments, the heterologous object sequence of the template nucleic acid (e.g., template
RNA) is inserted into a target genome and thereby acts as a new exon. In some embodiments,
the insertion of the heterologous object sequence into the target genome results in replacement of
a natural exon or the skipping of a natural exon.

In some embodiments, the heterologous object sequence of the template nucleic acid
(e.g., template RNA) is inserted into the target genome in a genomic safe harbor site, such as
AAVSI1, CCRS, ROSA26, or albumin locus. In some embodiments, a gene modifying is used to
integrate a CAR into the T-cell receptor a constant (7RAC) locus (Eyquem et al Nature 543, 113-
117 (2017)). In some embodiments, a gene modifying system is used to integrate a CAR into a
T-cell receptor p constant (7RBC) locus. Many other safe harbors have been identified by
computational approaches (Pellenz et al Hum Gen Ther 30, 814-828 (2019)) and could be used
for gene modifying system-mediated integration. In some embodiments, the heterologous object
sequence of the template nucleic acid (e.g., template RNA) is added to the genome in an
intergenic or intragenic region. In some embodiments, the heterologous object sequence of the
template nucleic acid (e.g., template RNA) is added to the genome 5" or 3" within 0.1 kb, 0.25
kb, 0.5 kb, 0.75, kb, 1 kb, 2 kb, 3 kb, 4 kb, 5 kb, 7.5 kb, 10 kb, 15 kb, 20 kb, 25 kb, 50, 75 kb, or
100 kb of an endogenous active gene. In some embodiments, the heterologous object sequence
of the template nucleic acid (e.g., template RNA) is added to the genome 5" or 3" within 0.1 kb,
0.25kb, 0.5kb, 0.75, kb, 1 kb, 2 kb, 3 kb, 4 kb, 5 kb, 7.5 kb, 10 kb, 15 kb, 20 kb, 25 kb, 50, 75
kb, or 100 kb of an endogenous promoter or enhancer. In some embodiments, the heterologous
object sequence of the template nucleic acid (e.g., template RNA) can be, e.g., 50-50,000 base
pairs (e.g., between 50-40,000 bp, between 500-30,000 bp between 500-20,000 bp, between 100-
15,000 bp, between 500-10,000 bp, between 50-10,000 bp, between 50-5,000 bp.

The template nucleic acid (e.g., template RNA) can be designed to result in insertions,

mutations, or deletions at the target DNA locus. In some embodiments, the template nucleic acid
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(e.g., template RNA) may be designed to cause an insertion in the target DNA. For example, the
template nucleic acid (e.g., template RNA) may contain a heterologous object sequence, wherein
the reverse transcription will result in insertion of the heterologous object sequence into the
target DNA. In other embodiments, the RNA template may be designed to write a deletion into
the target DNA. For example, the template nucleic acid (e.g., template RNA) may match the
target DNA upstream and downstream of the desired deletion, wherein the reverse transcription
will result in the copying of the upstream and downstream sequences from the template nucleic
acid (e.g., template RNA) without the intervening sequence, e.g., causing deletion of the
intervening sequence. In other embodiments, the template nucleic acid (e.g., template RNA)
may be designed to write an edit into the target DNA. For example, the template RNA may
match the target DNA sequence with the exception of one or more nucleotides, wherein the
reverse transcription will result in the copying of these edits into the target DNA, e.g., resulting
in mutations, e.g., transition or transversion mutations.

In some embodiments, the pre-edit homology domain comprises a nucleic acid sequence
having 100% sequence identity with a nucleic acid sequence comprised in a target nucleic acid

molecule.

In some embodiments, the post-edit homology domain comprises a nucleic acid sequence
having 100% sequence identity with a nucleic acid sequence comprised in a target nucleic acid

molecule.

PBS sequence

In some embodiments, a template nucleic acid (e.g., template RNA) comprises a PBS
sequence. In some embodiments, a PBS sequence is disposed 3’ of the heterologous object
sequence and is complementary to a sequence adjacent to a site to be modified by a system
described herein, or comprises no more than 1, 2, 3, 4, or 5 mismatches to a sequence
complementary to the sequence adjacent to a site to be modified by the system/gene modifying
polypeptide. In some embodiments, the PBS sequence binds within 1, 2,3,4,5,6,7, 8,9, or 10
nucleotides of a nick site in the target nucleic acid molecule. In some embodiments, binding of
the PBS sequence to the target nucleic acid molecule permits initiation of target-primed reverse

transcription (TPRT), e.g., with the 3" homology domain acting as a primer for TPRT. In some
embodiments, the PBS sequence is 3-5, 5-10, 10-30, 10-25, 10-20, 10-19, 10-18, 10-17, 10-16,
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10-15, 10-14, 10-13, 10-12, 10-11, 11-30, 11-25, 11-20, 11-19, 11-18, 11-17, 11-16, 11-15, 11-
14, 11-13, 11-12, 12-30, 12-25, 12-20, 12-19, 12-18, 12-17, 12-16, 12-15, 12-14, 12-13, 13-30,
13-25, 13-20, 13-19, 13-18, 13-17, 13-16, 13-15, 13-14, 14-30, 14-25, 14-20, 14-19, 14-18, 14-
17, 14-16, 14-15, 15-30, 15-25, 15-20, 15-19, 15-18, 15-17, 15-16, 16-30, 16-25, 16-20, 16-19,
16-18, 16-17, 17-30, 17-25, 17-20, 17-19, 17-18, 18-30, 18-25, 18-20, 18-19, 19-30, 19-25, 19-
20, 20-30, 20-25, or 25-30 nucleotides in length, e.g., 10-17, 12-16, or 12-14 nucleotides in

length. In some embodiments, the PBS sequence is 5-20, 8-16, 8-14, 8-13, 9-13, 9-12, or 10-12

nucleotides in length, e.g., 9-12 nucleotides in length.

The template nucleic acid (e.g., template RNA) may have some homology to the target
DNA. In some embodiments, the template nucleic acid (e.g., template RNA) PBS sequence
domain may serve as an annealing region to the target DNA, such that the target DNA is
positioned to prime the reverse transcription of the template nucleic acid (e.g., template RNA). In
some embodiments the template nucleic acid (e.g., template RNA) has at least 2, 3,4, 5, 6,7, 8,
9,10, 11, 12, 13, 14, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150,
175, 200 or more bases of exact homology to the target DNA at the 3’ end of the RNA. In some
embodiments the template nucleic acid (e.g., template RNA) has at least 2, 3,4, 5, 6,7, 8, 9, 10,
11,12, 13, 14, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 175,
200 or more bases of at least 50%, 60%, 70%, 80%, 85%., 90%, 95%, 97%, 98%, 99% or 100%
homology to the target DNA, e.g, at the 5’ end of the template nucleic acid (e.g., template
RNA).

gRNAs with inducible activity

In some embodiments, a gRNA described herein (e.g., a gRNA that is part of a template
RNA or a gRNA used for second strand nicking) has inducible activity. Inducible activity may
be achieved by the template nucleic acid, e.g., template RNA, further comprising (in addition to
the gRNA) a blocking domain, wherein the sequence of a portion of or all of the blocking
domain is at least partially complementary to a portion or all of the gRNA. The blocking domain
is thus capable of hybridizing or substantially hybridizing to a portion of or all of the gRNA. In
some embodiments, the blocking domain and inducibly active gRNA are disposed on the
template nucleic acid, e.g., template RNA, such that the gRNA can adopt a first conformation
where the blocking domain is hybridized or substantially hybridized to the gRNA, and a second
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conformation where the blocking domain is not hybridized or not substantially hybridized to the
gRNA. In some embodiments, in the first conformation the gRNA is unable to bind to the gene
modifying polypeptide (e.g., the template nucleic acid binding domain, DNA binding domain, or
endonuclease domain (e.g., a CRISPR/Cas protein)) or binds with substantially decreased
affinity compared to an otherwise similar template RNA lacking the blocking domain. In some
embodiments, in the second conformation the gRNA is able to bind to the gene modifying
polypeptide (e.g., the template nucleic acid binding domain, DNA binding domain, or
endonuclease domain (e.g., a CRISPR/Cas protein)). In some embodiments, whether the gRNA
is in the first or second conformation can influence whether the DNA binding or endonuclease
activities of the gene modifying polypeptide (e.g., of the CRISPR/Cas protein the gene
modifying polypeptide comprises) are active.

In some embodiments, the gRNA that coordinates the second nick has inducible activity.
In some embodiments, the gRNA that coordinates the second nick is induced after the template is
reverse transcribed. In some embodiments, hybridization of the gRNA to the blocking domain
can be disrupted using an opener molecule. In some embodiments, an opener molecule
comprises an agent that binds to a portion or all of the gRNA or blocking domain and inhibits
hybridization of the gRNA to the blocking domain. In some embodiments, the opener molecule
comprises a nucleic acid, e.g., comprising a sequence that is partially or wholly complementary
to the gRNA, blocking domain, or both. By choosing or designing an appropriate opener
molecule, providing the opener molecule can promote a change in the conformation of the gRNA
such that it can associate with a CRISPR/Cas protein and provide the associated functions of the
CRISPR/Cas protein (e.g., DNA binding and/or endonuclease activity). Without wishing to be
bound by theory, providing the opener molecule at a selected time and/or location may allow for
spatial and temporal control of the activity of the gRNA, CRISPR/Cas protein, or gene
modifying system comprising the same. In some embodiments, the opener molecule is
exogenous to the cell comprising the gene modifying polypeptide and or template nucleic acid.
In some embodiments, the opener molecule comprises an endogenous agent (e.g., endogenous to
the cell comprising the gene modifying polypeptide and or template nucleic acid comprising the
gRNA and blocking domain). For example, an inducible gRNA, blocking domain, and opener
molecule may be chosen such that the opener molecule is an endogenous agent expressed in a

target cell or tissue, e.g., thereby ensuring activity of a gene modifying system in the target cell
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or tissue. As a further example, an inducible gRNA, blocking domain, and opener molecule may
be chosen such that the opener molecule is absent or not substantially expressed in one or more
non-target cells or tissues, e.g., thereby ensuring that activity of a gene modifying system does
not occur or substantially occur in the one or more non-target cells or tissues, or occurs at a
reduced level compared to a target cell or tissue. Exemplary blocking domains, opener
molecules, and uses thereof are described in PCT App. Publication W02020044039A 1, which is
incorporated herein by reference in its entirety. In some embodiments, the template nucleic acid,
e.g., template RNA, may comprise one or more sequences or structures for binding by one or
more components of a gene modifying polypeptide, e.g., by a reverse transcriptase or RNA
binding domain, and a gRNA. In some embodiments, the gRNA facilitates interaction with the
template nucleic acid binding domain (e.g., RNA binding domain) of the gene modifying
polypeptide. In some embodiments, the gRNA directs the gene modifying polypeptide to the

matching target sequence, e.g., in a target cell genome.

Circular RNAs and Ribozymes in Gene modifying Systems

It is contemplated that it may be useful to employ circular and/or linear RNA states
during the formulation, delivery, or gene modifying reaction within the target cell. Thus, in
some embodiments of any of the aspects described herein, a gene modifying system comprises
one or more circular RNAs (circRNAs). In some embodiments of any of the aspects described
herein, a gene modifying system comprises one or more linear RNAs. In some embodiments, a
nucleic acid as described herein (e.g., a template nucleic acid, a nucleic acid molecule encoding a
gene modifying polypeptide, or both) is a circRNA. In some embodiments, a circular RNA
molecule encodes the gene modifying polypeptide. In some embodiments, the circRNA molecule
encoding the gene modifying polypeptide is delivered to a host cell. In some embodiments, a
circular RNA molecule encodes a recombinase, e.g., as described herein. In some embodiments,
the circRNA molecule encoding the recombinase is delivered to a host cell. In some
embodiments, the circRNA molecule encoding the gene modifying polypeptide is linearized

(e.g., in the host cell, e.g., in the nucleus of the host cell) prior to translation.

Circular RNAs (circRNAs) have been found to occur naturally in cells and have been
found to have diverse functions, including both non-coding and protein coding roles in human

cells. It has been shown that a circRNA can be engineered by incorporating a self-splicing intron
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into an RNA molecule (or DNA encoding the RNA molecule) that results in circularization of
the RNA, and that an engineered circRNA can have enhanced protein production and stability
(Wesselhoeft et al. Nature Communications 2018). In some embodiments, the gene modifying
polypeptide is encoded as circRNA. In certain embodiments, the template nucleic acid is a
DNA, such as a dsDNA or ssDNA. In certain embodiments, the circDNA comprises a template
RNA.

In some embodiments, the circRNA comprises one or more ribozyme sequences. In
some embodiments, the ribozyme sequence is activated for autocleavage, e.g., in a host cell, e.g,
thereby resulting in linearization of the circRNA. In some embodiments, the ribozyme is
activated when the concentration of magnesium reaches a sufficient level for cleavage, e.g., in a
host cell. In some embodiments the circRNA is maintained in a low magnesium environment
prior to delivery to the host cell. In some embodiments, the ribozyme is a protein-responsive
ribozyme. In some embodiments, the ribozyme is a nucleic acid-responsive ribozyme. In some
embodiments, the circRNA comprises a cleavage site. In some embodiments, the circRNA

comprises a second cleavage site.

In some embodiments, the circRNA is linearized in the nucleus of a target cell. In some
embodiments, linearization of a circRNA in the nucleus of a cell involves components present in
the nucleus of the cell, e.g., to activate a cleavage event. In some embodiments, a ribozyme, e.g.,
a ribozyme from a B2 or ALU element, that is responsive to a nuclear element, e.g., a nuclear
protein, e.g., a genome-interacting protein, e.g., an epigenetic modifier, e.g., EZH2, is
incorporated into a circRNA, e.g., of a gene modifying system. In some embodiments, nuclear
localization of the circRNA results in an increase in autocatalytic activity of the ribozyme and

linearization of the circRNA.

In some embodiments, the ribozyme is heterologous to one or more of the other
components of the gene modifying system. In some embodiments, an inducible ribozyme (e.g.,
in a circRNA as described herein) is created synthetically, for example, by utilizing a protein
ligand-responsive aptamer design. A system for utilizing the satellite RNA of tobacco ringspot
virus hammerhead ribozyme with an MS2 coat protein aptamer has been described (Kennedy et
al. Nucleic Acids Res 42(19):12306-12321 (2014), incorporated herein by reference in its

entirety) that results in activation of the ribozyme activity in the presence of the MS2 coat
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protein. In embodiments, such a system responds to protein ligand localized to the cytoplasm or
the nucleus. In some embodiments the protein ligand is not MS2. Methods for generating RNA
aptamers to target ligands have been described, for example, based on the systematic evolution
of ligands by exponential enrichment (SELEX) (Tuerk and Gold, Science 249(4968):505-510
(1990); Ellington and Szostak, Nature 346(6287):818-822 (1990); the methods of each of which
are incorporated herein by reference) and have, in some instances, been aided by in silico design
(Bell et al. PNAS 117(15):8486-8493, the methods of which are incorporated herein by
reference). Thus, in some embodiments, an aptamer for a target ligand is generated and
incorporated into a synthetic ribozyme system, e.g., to trigger ribozyme-mediated cleavage and
circRNA linearization, e.g., in the presence of the protein ligand. In some embodiments,
circRNA linearization is triggered in the cytoplasm, e.g., using an aptamer that associates with a
ligand in the cytoplasm. In some embodiments, circRNA linearization is triggered in the nucleus,
e.g., using an aptamer that associates with a ligand in the nucleus. In embodiments, the ligand in
the nucleus comprises an epigenetic modifier or a transcription factor. In some embodiments the

ligand that triggers linearization is present at higher levels in on-target cells than off-target cells.

It is further contemplated that a nucleic acid-responsive ribozyme system can be
employed for circRNA linearization. For example, biosensors that sense defined target nucleic
acid molecules to trigger ribozyme activation are described, e.g., in Penchovsky (Biotechnology
Advances 32(5):1015-1027 (2014), incorporated herein by reference). By these methods, a
ribozyme naturally folds into an inactive state and is only activated in the presence of a defined
target nucleic acid molecule (e.g., an RNA molecule). In some embodiments, a circRNA of a
gene modifying system comprises a nucleic acid-responsive ribozyme that is activated in the
presence of a defined target nucleic acid, e.g., an RNA, e.g., an mRNA, miRNA, guide RNA,
gRNA, sgRNA, ncRNA, IncRNA, tRNA, snRNA, or mtRNA. In some embodiments the nucleic

acid that triggers linearization is present at higher levels in on-target cells than off-target cells.

In some embodiments of any of the aspects herein, a gene modifying system incorporates
one or more ribozymes with inducible specificity to a target tissue or target cell of interest, e.g., a
ribozyme that is activated by a ligand or nucleic acid present at higher levels in a target tissue or
target cell of interest. In some embodiments, the gene modifying system incorporates a

ribozyme with inducible specificity to a subcellular compartment, e.g., the nucleus, nucleolus,
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cytoplasm, or mitochondria. In some embodiments, the ribozyme that is activated by a ligand or
nucleic acid present at higher levels in the target subcellular compartment. In some
embodiments, an RNA component of a gene modifying system is provided as circRNA, e.g., that
is activated by linearization. In some embodiments, linearization of a circRNA encoding a gene
modifying polypeptide activates the molecule for translation. In some embodiments, a signal that
activates a circRNA component of a gene modifying system is present at higher levels in on-

target cells or tissues, e.g., such that the system is specifically activated in these cells.

In some embodiments, an RNA component of a gene modifying system is provided as a
circRNA that is inactivated by linearization. In some embodiments, a circRNA encoding the
gene modifying polypeptide is inactivated by cleavage and degradation. In some embodiments, a
circRNA encoding the gene modifying polypeptide is inactivated by cleavage that separates a
translation signal from the coding sequence of the polypeptide. In some embodiments, a signal
that inactivates a circRNA component of a gene modifying system is present at higher levels in

off-target cells or tissues, such that the system is specifically inactivated in these cells.

Target Nucleic Acid Site

In some embodiments, after gene modification, the target site surrounding the edited
sequence contains a limited number of insertions or deletions, for example, in less than about
50% or 10% of editing events, e.g., as determined by long-read amplicon sequencing of the
target site, e.g., as described in Karst et al. (2020) bioRxiv doi.org/10.1101/645903 (incorporated
by reference herein in its entirety). In some embodiments, the target site does not show multiple
consecutive editing events, e.g., head-to-tail or head-to-head duplications, e.g., as determined by
long-read amplicon sequencing of the target site, e.g., as described in Karst et al. bioRxiv
doi.org/10.1101/645903 (2020) (incorporated herein by reference in its entirety). In some
embodiments, the target site contains an integrated sequence corresponding to the template RNA.
In some embodiments, the target site does not contain insertions resulting from endogenous RNA
in more than about 1% or 10% of events, e.g., as determined by long-read amplicon sequencing
of the target site, e.g., as described in Karst et al. bioRxiv doi.org/10.1101/645903 (2020)
(incorporated herein by reference in its entirety). In some embodiments, the target site contains

the integrated sequence corresponding to the template RNA.
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In certain aspects of the present invention, the host DNA-binding site integrated into by
the gene modifying system can be in a gene, in an intron, in an exon, an ORF, outside of a
coding region of any gene, in a regulatory region of a gene, or outside of a regulatory region of a
gene. In other aspects, the polypeptide may bind to one or more than one host DNA sequence.

In some embodiments, a gene modifying system is used to edit a target locus in multiple
alleles. In some embodiments, a gene modifying system is designed to edit a specific allele. For
example, a gene modifying polypeptide may be directed to a specific sequence that is only
present on one allele, e.g., comprises a template RNA with homology to a target allele, e.g., a
gRNA or annealing domain, but not to a second cognate allele. In some embodiments, a gene
modifying system can alter a haplotype-specific allele. In some embodiments, a gene modifying
system that targets a specific allele preferentially targets that allele, e.g., has at least a 2, 4, 6, 8,

or 10-fold preference for a target allele.

Second Strand Nicking

In some embodiments, a gene modifying system described herein comprises a nickase
activity (e.g., in the gene modifying polypeptide) that nicks the first strand, and a nickase activity
(e.g., in a polypeptide separate from the gene modifying polypeptide) that nicks the second
strand of target DNA. As discussed herein, without wishing to be bound by theory, nicking of
the first strand of the target site DNA is thought to provide a 3" OH that can be used by an RT
domain to reverse transcribe a sequence of a template RNA, e.g., a heterologous object sequence.
Without wishing to be bound by theory, it is thought that introducing an additional nick to the
second strand may bias the cellular DNA repair machinery to adopt the heterologous object
sequence-based sequence more frequently than the original genomic sequence. In some
embodiments, the additional nick to the second strand is made by the same endonuclease domain
(e.g., nickase domain) as the nick to the first strand. In some embodiments, the same gene
modifying polypeptide performs both the nick to the first strand and the nick to the second
strand. In some embodiments, the gene modifying polypeptide comprises a CRISPR/Cas domain
and the additional nick to the second strand is directed by an additional nucleic acid, e.g.,
comprising a second gRNA directing the CRISPR/Cas domain to nick the second strand. In
other embodiments, the additional second strand nick is made by a different endonuclease

domain (e.g., nickase domain) than the nick to the first strand. In some embodiments, that
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different endonuclease domain is situated in an additional polypeptide (e.g., a system of the
invention further comprises the additional polypeptide), separate from the gene modifying
polypeptide. In some embodiments, the additional polypeptide comprises an endonuclease
domain (e.g., nickase domain) described herein. In some embodiments, the additional
polypeptide comprises a DNA binding domain, e.g., described herein.

It is contemplated herein that the position at which the second strand nick occurs relative
to the first strand nick may influence the extent to which one or more of: desired gene modifying
DNA modifications are obtained, undesired double-strand breaks (DSBs) occur, undesired
insertions occur, or undesired deletions occur. Without wishing to be bound by theory, second
strand nicking may occur in two general orientations: inward nicks and outward nicks.

In some embodiments, in the inward nick orientation, the RT domain polymerizes (e.g.,
using the template RNA (e.g., the heterologous object sequence)) away from the second strand
nick. In some embodiments, in the inward nick orientation, the location of the nick to the first
strand and the location of the nick to the second strand are positioned between the first PAM site
and second PAM site (e.g., in a scenario wherein both nicks are made by a polypeptide (e.g., a
gene modifying polypeptide) comprising a CRISPR/Cas domain). In some embodiments, in the
inward nick orientation, the location of the nick to the first strand and the location of the nick to
the second strand are between the sites where the polypeptide and the additional polypeptide
bind to the target DNA. In some embodiments, in the inward nick orientation, the location of the
nick to the second strand is positioned on the same side of the binding sites of the polypeptide
and additional polypeptide relative to the location of the nick to the first strand. In some
embodiments, in the inward nick orientation, the location of the nick to the first strand and the
location of the nick to the second strand are positioned between the PAM site and the site at a
distance from the target site.

An example of a gene modifying system that provides an inward nick orientation
comprises a gene modifying polypeptide comprising a CRISPR/Cas domain, a template RNA
comprising a gRNA that directs nicking of the target site DNA on the first strand, and an
additional nucleic acid comprising an additional gRNA that directs nicking at a site a distance
from the location of the first nick, wherein the location of the first nick and the location of the
second nick are between the PAM sites of the sites to which the two gRNAs direct the gene
modifying polypeptide. As a further example, another gene modifying system that provides an
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inward nick orientation comprises a gene modifying polypeptide comprising a zinc finger
molecule and a first nickase domain wherein the zinc finger molecule binds to the target DNA in
a manner that directs the first nickase domain to nick the first strand of the target site; an
additional polypeptide comprising a CRISPR/Cas domain, and an additional nucleic acid
comprising a gRNA that directs the additional polypeptide to nick a site a distance from the
target site DNA on the second strand, wherein the location of the first nick and the location of
the second nick are between the PAM site and the site to which the zinc finger molecule binds.
As a further example, another gene modifying system that provides an inward nick orientation
comprises a gene modifying polypeptide comprising a zinc finger molecule and a first nickase
domain wherein the zinc finger molecule binds to the target DNA in a manner that directs the
first nickase domain to nick the first strand of the target site; an additional polypeptide
comprising a TAL effector molecule and a second nickase domain wherein the TAL effector
molecule binds to a site a distance from the target site in a manner that directs the additional
polypeptide to nick the second strand, wherein the location of the first nick and the location of
the second nick are between the site to which the TAL effector molecule binds and the site to
which the zinc finger molecule binds.

In some embodiments, in the outward nick orientation, the RT domain polymerizes (e.g.,
using the template RNA (e.g., the heterologous object sequence)) toward the second strand nick.
In some embodiments, in the inward nick orientation when both the first and second nicks are
made by a polypeptide comprising a CRISPR/Cas domain (e.g., a gene modifying polypeptide),
the first PAM site and second PAM site are positioned between the location of the nick to the
first strand and the location of the nick to the second strand. In some embodiments, in the
inward nick orientation, the polypeptide (e.g., the gene modifying polypeptide) and the
additional polypeptide bind to sites on the target DNA between the location of the nick to the
first strand and the location of the nick to the second. In some embodiments, in the inward nick
orientation, the location of the nick to the second strand is positioned on the opposite side of the
binding sites of the polypeptide and additional polypeptide relative to the location of the nick to
the first strand. In some embodiments, in the inward orientation, the PAM site and the site at a
distance from the target site are positioned between the location of the nick to the first strand and

the location of the nick to the second strand.
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An example of a gene modifying system that provides an outward nick orientation
comprises a gene modifying polypeptide comprising a CRISPR/Cas domain, a template RNA
comprising a gRNA that directs nicking of the target site DNA on the first strand, and an
additional nucleic acid comprising an additional gRNA that directs nicking at a site a distance
from the location of the first nick, wherein the location of the first nick and the location of the
second nick are outside of the PAM sites of the sites to which the two gRNAs direct the gene
modifying polypeptide (i.e., the PAM sites are between the location of the first nick and the
location of the second nick). As a further example, another gene modifying system that provides
an outward nick orientation comprises a gene modifying polypeptide comprising a zinc finger
molecule and a first nickase domain wherein the zinc finger molecule binds to the target DNA in
a manner that directs the first nickase domain to nick the first strand of the target site; an
additional polypeptide comprising a CRISPR/Cas domain, and an additional nucleic acid
comprising a gRNA that directs the additional polypeptide to nick a site a distance from the
target site DNA on the second strand, wherein the location of the first nick and the location of
the second nick are outside the PAM site and the site to which the zinc finger molecule binds
(i.e., the PAM site and the site to which the zinc finger molecule binds are between the location
of the first nick and the location of the second nick). As a further example, another gene
modifying system that provides an outward nick orientation comprises a gene modifying
polypeptide comprising a zinc finger molecule and a first nickase domain wherein the zinc finger
molecule binds to the target DNA in a manner that directs the first nickase domain to nick the
first strand of the target site; an additional polypeptide comprising a TAL effector molecule and
a second nickase domain wherein the TAL effector molecule binds to a site a distance from the
target site in a manner that directs the additional polypeptide to nick the second strand, wherein
the location of the first nick and the location of the second nick are outside the site to which the
TAL effector molecule binds and the site to which the zinc finger molecule binds (i.e., the site to
which the TAL effector molecule binds and the site to which the zinc finger molecule binds are
between the location of the first nick and the location of the second nick).

Without wishing to be bound by theory, it is thought that, for gene modifying systems
where a second strand nick is provided, an outward nick orientation is preferred in some
embodiments. As is described herein, an inward nick may produce a higher number of double-

strand breaks (DSBs) than an outward nick orientation. DSBs may be recognized by the DSB
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repair pathways in the nucleus of a cell, which can result in undesired insertions and deletions.
An outward nick orientation may provide a decreased risk of DSB formation, and a
corresponding lower amount of undesired insertions and deletions. In some embodiments,
undesired insertions and deletions are insertions and deletions not encoded by the heterologous
object sequence, e.g., an insertion or deletion produced by the double-strand break repair
pathway unrelated to the modification encoded by the heterologous object sequence. In some
embodiments, a desired gene modification comprises a change to the target DNA (e.g., a
substitution, insertion, or deletion) encoded by the heterologous object sequence (e.g., and
achieved by the gene modifying writing the heterologous object sequence into the target site). In
some embodiments, the first strand nick and the second strand nick are in an outward orientation.

In addition, the distance between the first strand nick and second strand nick may
influence the extent to which one or more of: desired gene modifying system DNA modifications
are obtained, undesired double-strand breaks (DSBs) occur, undesired insertions occur, or
undesired deletions occur. Without wishing to be bound by theory, it is thought the second
strand nick benefit, the biasing of DNA repair toward incorporation of the heterologous object
sequence into the target DNA, increases as the distance between the first strand nick and second
strand nick decreases. However, it is thought that the risk of DSB formation also increases as the
distance between the first strand nick and second strand nick decreases. Correspondingly, it is
thought that the number of undesired insertions and/or deletions may increase as the distance
between the first strand nick and second strand nick decreases. In some embodiments, the
distance between the first strand nick and second strand nick is chosen to balance the benefit of
biasing DNA repair toward incorporation of the heterologous object sequence into the target
DNA and the risk of DSB formation and of undesired deletions and/or insertions. In some
embodiments, a system where the first strand nick and the second strand nick are at least a
threshold distance apart has an increased level of desired gene moditying system modification
outcomes, a decreased level of undesired deletions, and/or a decreased level of undesired
insertions relative to an otherwise similar inward nick orientation system where the first nick and
the second nick are less than the a threshold distance apart. In some embodiments the threshold
distance(s) is given below.

In some embodiments, the first nick and the second nick are at least 20, 25, 30, 35, 40,

45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, or
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200 nucleotides apart. In some embodiments, the first nick and the second nick are no more than
25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 110, 120, 130, 140, 150, 160, 170,
180, 190, 200, or 250 nucleotides apart. In some embodiments, the first nick and the second nick
are 20-200, 30-200, 40-200, 50-200, 60-200, 70-200, 80-200, 90-200, 100-200, 110-200, 120-
200, 130-200, 140-200, 150-200, 160-200, 170-200, 180-200, 190-200, 20-190, 30-190, 40-190,
50-190, 60-190, 70-190, 80-190, 90-190, 100-190, 110-190, 120-190, 130-190, 140-190, 150-
190, 160-190, 170-190, 180-190, 20-180, 30-180, 40-180, 50-180, 60-180, 70-180, 80-180, 90-
180, 100-180, 110-180, 120-180, 130-180, 140-180, 150-180, 160-180, 170-180, 20-170, 30-
170, 40-170, 50-170, 60-170, 70-170, 80-170, 90-170, 100-170, 110-170, 120-170, 130-170,
140-170, 150-170, 160-170, 20-160, 30-160, 40-160, 50-160, 60-160, 70-160, 80-160, 90-160,
100-160, 110-160, 120-160, 130-160, 140-160, 150-160, 20-150, 30-150, 40-150, 50-150, 60-
150, 70-150, 80-150, 90-150, 100-150, 110-150, 120-150, 130-150, 140-150, 20-140, 30-140,
40-140, 50-140, 60-140, 70-140, 80-140, 90-140, 100-140, 110-140, 120-140, 130-140, 20-130,
30-130, 40-130, 50-130, 60-130, 70-130, 80-130, 90-130, 100-130, 110-130, 120-130, 20-120,
30-120, 40-120, 50-120, 60-120, 70-120, 80-120, 90-120, 100-120, 110-120, 20-110, 30-110, 40-
110, 50-110, 60-110, 70-110, 80-110, 90-110, 100-110, 20-100, 30-100, 40-100, 50-100, 60-100,
70-100, 80-100, 90-100, 20-90, 30-90, 40-90, 50-90, 60-90, 70-90, 80-90, 20-80, 30-80, 40-80,
50-80, 60-80, 70-80, 20-70, 30-70, 40-70, 50-70, 60-70, 20-60, 30-60, 40-60, 50-60, 20-50, 30-
50, 40-50, 20-40, 30-40, or 20-30 nucleotides apart. In some embodiments, the first nick and the
second nick are 40-100 nucleotides apart.

Without wishing to be bound by theory, it is thought that, for gene modifying systems
where a second strand nick is provided and an inward nick orientation is selected, increasing the
distance between the first strand nick and second strand nick may be preferred. As is described
herein, an inward nick orientation may produce a higher number of DSBs than an outward nick
orientation, and may result in a higher amount of undesired insertions and deletions than an
outward nick orientation, but increasing the distance between the nicks may mitigate that
increase in DSBs, undesired deletions, and/or undesired insertions. In some embodiments, an
inward nick orientation wherein the first nick and the second nick are at least a threshold distance
apart has an increased level of desired gene modifying system modification outcomes, a
decreased level of undesired deletions, and/or a decreased level of undesired insertions relative to

an otherwise similar inward nick orientation system where the first nick and the second nick are
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less than the a threshold distance apart. In some embodiments the threshold distance is given
below.

In some embodiments, the first strand nick and the second strand nick are in an inward
orientation. In some embodiments, the first strand nick and the second strand nick are in an
inward orientation and the first strand nick and second strand nick are at least 100, 110, 120, 130,
140, 150, 160, 170, 180, 190, 200, 220, 240, 260, 280, 300, 350, 400, 450, or 500 nucleotides
apart, e.g., at least 100 nucleotides apart, (and optionally no more than 500, 400, 300, 200, 190,
180, 170, 160, 150, 140, 130, or 120 nucleotides apart). In some embodiments, the first strand
nick and the second strand nick are in an inward orientation and the first strand nick and second
strand nick are 100-200, 110-200, 120-200, 130-200, 140-200, 150-200, 160-200, 170-200, 180-
200, 190-200, 100-190, 110-190, 120-190, 130-190, 140-190, 150-190, 160-190, 170-190, 180-
190, 100-180, 110-180, 120-180, 130-180, 140-180, 150-180, 160-180, 170-180, 100-170, 110-
170, 120-170, 130-170, 140-170, 150-170, 160-170, 100-160, 110-160, 120-160, 130-160, 140-
160, 150-160, 100-150, 110-150, 120-150, 130-150, 140-150, 100-140, 110-140, 120-140, 130-
140, 100-130, 110-130, 120-130, 100-120, 110-120, or 100-110 nucleotides apart.

Chemically modified nucleic acids and nucleic acid end features

A nucleic acid described herein (e.g., a template nucleic acid, e.g., a template RNA; or a
nucleic acid (e.g., mRNA) encoding a gene modifying polypeptide; or a gRNA) can comprise
unmodified or modified nucleobases. Naturally occurring RNAs are synthesized from four basic
ribonucleotides: ATP, CTP, UTP and GTP, but may contain post-transcriptionally modified
nucleotides. Further, approximately one hundred different nucleoside modifications have been
identified in RNA (Rozenski, J, Crain, P, and McCloskey, J. (1999). The RNA Modification
Database: 1999 update. Nucl Acids Res 27: 196-197). An RNA can also comprise wholly
synthetic nucleotides that do not occur in nature.

In some embodiments, the chemical modification is one provided in WO/2016/183482,
US Pat. Pub. No. 20090286852, of International Application No. W0O/2012/019168,
WO0/2012/045075, WO/2012/135805, WO/2012/158736, WO/2013/039857, WO/2013/039861,
WO0/2013/052523, WO/2013/090648, WO/2013/096709, WO/2013/101690, WO/2013/106496,
WO0/2013/130161, WO/2013/151669, WO/2013/151736, WO/2013/151672, WO/2013/151664,
WO/2013/151665, WO/2013/151668, WO/2013/151671, WO/2013/151667, WO/2013/151670,
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WO0/2013/151666, WO/2013/151663, W0O/2014/028429, WO/2014/081507, W0/2014/093924,
WO0/2014/093574, WO/2014/113089, WO/2014/144711, WO/2014/144767, WO/2014/144039,
WO0/2014/152540, WO/2014/152030, WO/2014/152031, WO/2014/152027, WO/2014/152211,
WO0/2014/158795, WO/2014/159813, W0O/2014/164253, WO/2015/006747, WO/2015/034928,
WO0/2015/034925, WO/2015/038892, WO/2015/048744, WO/2015/051214, WO/2015/051173,
WO/2015/051169, W0O/2015/058069, WO/2015/085318, WO/2015/089511, WO/2015/105926,
WO/2015/164674, WO/2015/196130, WO/2015/196128, WO/2015/196118, WO/2016/011226,
WO0/2016/011222, W0O/2016/011306, WO/2016/014846, W0/2016/022914, W0O/2016/036902,
WO0/2016/077125, or W0O/2016/077123, each of which is herein incorporated by reference in its
entirety. It is understood that incorporation of a chemically modified nucleotide into a
polynucleotide can result in the modification being incorporated into a nucleobase, the backbone,
or both, depending on the location of the modification in the nucleotide. In some embodiments,
the backbone modification is one provided in EP 2813570, which is herein incorporated by
reference in its entirety. In some embodiments, the modified cap is one provided in US Pat. Pub.
No. 20050287539, which is herein incorporated by reference in its entirety.

In some embodiments, the chemically modified nucleic acid (e.g., RNA, e.g., mRNA)
comprises one or more of ARCA: anti-reverse cap analog (m27.3-OGP3G), GP3G
(Unmethylated Cap Analog), m7GP3G (Monomethylated Cap Analog), m32.2.7GP3G
(Trimethylated Cap Analog), m5CTP (5'-methyl-cytidine triphosphate), m6 ATP (N6-methyl-
adenosine-5 -triphosphate), s2UTP (2-thio-uridine triphosphate), and ¥ (pseudouridine
triphosphate).

In some embodiments, the chemically modified nucleic acid comprises a 5" cap, e.g.: a 7-
methylguanosine cap (e.g., a O-Me-m7G cap); a hypermethylated cap analog; an NAD+-derived
cap analog (e.g., as described in Kiledjian, Trends in Cell Biology 28, 454-464 (2018)); or a
modified, e.g., biotinylated, cap analog (e.g., as described in Bednarek et al ., Phil Trans R Soc B
373, 20180167 (2018)).

In some embodiments, the chemically modified nucleic acid comprises a 3" feature
selected from one or more of’ a polyA tail; a 16-nucleotide long stem-loop structure flanked by
unpaired 5 nucleotides (e.g., as described by Mannironi et al., Nucleic Acid Research 17, 9113-
9126 (1989)); a triple-helical structure (e.g., as described by Brown et al., PNAS 109, 19202-
19207 (2012)); a tRNA, Y RNA, or vault RNA structure (e.g., as described by Labno et al.,
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Biochemica et Biophysica Acta 1863, 3125-3147 (2016)); incorporation of one or more
deoxyribonucleotide triphosphates (AINTPs), 2’O-Methylated NTPs, or phosphorothioate-NTPs;
a single nucleotide chemical modification (e.g., oxidation of the 3" terminal ribose to a reactive
aldehyde followed by conjugation of the aldehyde-reactive modified nucleotide); or chemical
ligation to another nucleic acid molecule.

In some embodiments, the nucleic acid (e.g., template nucleic acid) comprises one or
more modified nucleotides, e.g., selected from dihydrouridine, inosine, 7-methylguanosine, 5-
methylcytidine (SmC), 5' Phosphate ribothymidine, 2'-O-methyl ribothymidine, 2'-O-ethyl
ribothymidine, 2'-fluoro ribothymidine, C-5 propynyl-deoxycytidine (pdC), C-5 propynyl-
deoxyuridine (pdU), C-5 propynyl-cytidine (pC), C-5 propynyl-uridine (pU), 5-methyl cytidine,
5-methyl uridine, 5-methyl deoxycytidine, S-methyl deoxyuridine methoxy, 2,6-diaminopurine,
5'-Dimethoxytrityl-N4-ethyl-2'-deoxycytidine, C-5 propynyl-f-cytidine (pfC), C-5 propynyl-f-
uridine (pfU), 5-methyl f-cytidine, 5-methyl f-uridine, C-5 propynyl-m-cytidine (pmC), C-5
propynyl-f-uridine (pmU), S-methyl m-cytidine, 5-methyl m-uridine, LNA (locked nucleic acid),
MGB (minor groove binder) pseudouridine (¥), 1-N-methylpseudouridine (1-Me-%¥), or 5-
methoxyuridine (5-MO-U).

In some embodiments, the nucleic acid comprises a backbone modification, e.g., a
modification to a sugar or phosphate group in the backbone. In some embodiments, the nucleic
acid comprises a nucleobase modification.

In some embodiments, the nucleic acid comprises one or more chemically modified
nucleotides of Table 9, one or more chemical backbone modifications of Table 10, one or more
chemically modified caps of Table 11. For instance, in some embodiments, the nucleic acid
comprises two or more (¢.g., 3,4, 5,6, 7, 8,9, or 10 or more) different types of chemical
modifications. As an example, the nucleic acid may comprise two or more (e.g,, 3,4, 5,6, 7, 8,
9, or 10 or more) different types of modified nucleobases, e.g., as described herein, e.g., in Table
9. Alternatively, or in combination, the nucleic acid may comprise two or more (e.g., 3,4, 5, 6,
7, 8,9, or 10 or more) different types of backbone modifications, e.g., as described herein, e.g.,
in Table 10. Alternatively, or in combination, the nucleic acid may comprise one or more
modified cap, e.g., as described herein, e.g., in Table 11. For instance, in some embodiments,
the nucleic acid comprises one or more type of modified nucleobase and one or more type of

backbone modification; one or more type of modified nucleobase and one or more modified cap;
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one or more type of modified cap and one or more type of backbone modification; or one or
more type of modified nucleobase, one or more type of backbone modification, and one or more
type of modified cap.

In some embodiments, the nucleic acid comprises one or more (e.g., 2, 3,4,5,6,7, 8,9,
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800,
900, 1000, or more) modified nucleobases. In some embodiments, all nucleobases of the nucleic
acid are modified. In some embodiments, the nucleic acid is modified at one or more (e.g., 2, 3,
4.5,6,7,8,9. 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450, 500,
600, 700, 800, 900, 1000, or more) positions in the backbone. In some embodiments, all
backbone positions of the nucleic acid are modified.

Table 9. Modified nucleotides

5-aza-uridine
2-thio-5-aza-midine

2-thiouridine
4-thio-pseudouriding
2-thiopseudouridine
5-hydroxyuridine
3-methyluridine
5-carboxymethyl-uridine
1-carboxymethyl-pseudouridine
5-propynyl-uridine
1-propynyl-pseudouridine
5-taurinomethyluridine
1-taurinomethyl-pseudouridine
b-taurinomethyl-2-thio-uridine
1-taurinomethyl-4-thio-uridine
5-methyl-uridine
1-methyl-pseudouridine
4-thio-1-methyl-pseudouridine
2-thio-1-methyl-pseudouridine
1-methyl-1-deaza-pseudouridine
2-thio-1-methyl-1-deaza-pseudomidine
dihydrouridine
dihydropseudouridine
2-thio-dihydromidine
2-thio-dihydropseudouridine
2-methoxyuridine
2-methoxy-4-thio-uridine
4-methoxy-pseudouridine
4-methoxy-2-thio-pseudouridine
5-aza-cytidine
pseudoisocytidine
3-methyl-cytidine
N4-acetylcytidine
S-formyleytidine
N4-methylcytidine
5-hydroxymethylcytidine
1-methylpseudoisocytidine
pyrrolo-cytidine
pyrrolo-pseudoisocytidine
2-thio-cytidine
2-thio-5-methyl-cytidine
4-thio-pseudoisocytidine
4-thio-1-methyl-pseudoisocytidine
4-thio-1-methyl-1-deaza-pseudoisocytidine
1-methyl-1-deaza-pseudoisocytidine

N2-methyl-6-thio-guanosine
N2,N2-dimethyl-6-thio-guanosine
pyridin-4-ore ribonucleoside
2-thio-5-aza-uridine

2-thiomidine

4-thio-pseudomidine
2-thio-pseudowidine

3-methylmidine
1-propynyl-pseudomidine
1-methyl-1-deaza-pseudomidine
2-thio-1-methyl-1-deaza-pseudouridine
4-methoxy-pseudomidine
5-0-(1-Thiophosphate)-Adenosine
5-0-(1-Thiophosphate)-Cytidine
5-0-(1-thiophosphate)-Guanosine
5-0-(1-Thiophophate)-Uridine
5-0-(1-Thiophosphate)-Pseudouridine
2"-0-methyl-Adenosine
2"-0-methyl-Cytidine
2"-0-methyl-Guanosine
2"-0-methyl-Uridine
2"-0-methyl-Pseudouridine
2"-0-methyl-Inosine
2-methyladencsine
2-methyithio-N6-methyladenosine
2-methyithio-N6 isopentenyladenosine

N6-methyl-N6-threonylcarbamoyladenosine
N6-hydroxynorvalylcarbamoyladenosine

2"-O-ribosyladenosine (phosphate)
1,2"-O-dimethylinosine
5,2'-0-dimethylcytidine
N4-acetyl-2'-0-methylcytidine
Lysidine

7-methylguancsine
N2,2'-O-dimethylguanosine
N2,N2,2-O-trimethylguanosine
2"-O-ribosylguanosine (phosphate)
Wybutosine

Peroxywybutosine
Hydroxywybutosine
undermedified hydroxywybutesine
methylwyosine

queuosine
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zebularing

5-aza-zebularine
5-methyl-zebularine
5-aza-2-thio-zebularine
2-thio-zebularine
2-methoxy-cytidine
2-methoxy-5-methyl-cytidine
4-methoxy-pseudoisccytidine
4-methoxy-1-methyl-pseudoisocytidine
2-aminopurine

2,6-diaminopurine
7-deaza-adenine
7-deaza-8-aza-adenine
7-deaza-2-aminopurine
7-deaza-8-aza-2-aminopurine
7-deaza-2,6- diaminopurine
7-deaza-8-aza-2,6-diarninopurine
1-methyladenosine
NB-isopentenyladenosing
NB-(cis-hydroxyisopentenyl)adenosine
2-methylthio-N6-(cis-hydroxyisopentenyl) adenosine
NB-glycinylcarbamoyladenosine
NG-threonylcarbamoyladenosine
2-methylthio-N6-threonyl carbamoyladenosine
NB,N6-dimethyladenosine
7-methyladenine
2-methylthio-adenine
2-methoxy-adenine

inosine

1-methyl-inosine

wyosine

wybutosine

7-deaza-guanosine
7-deaza-8-aza-guancsine
B-thio-guanosine
B-thio-7-deaza-guancsine
B-thio-7-deaza-8-aza-guanosine
7-methyl-guanosine
B-thio-7-methyl-guanosine
7-methylinosine
B-methoxy-guanosine
1-methylguanosine
N2-methylguanosine
N2,N2-dimethylguanosine
8-oxo-guanasine
7-methyl-8-oxo-guanosine
1-methyl-6-thio-guanosine

epoxyqueuosine

galactosyl-queuosine
mannosyl-queuosine

7-¢yano-/ -deazaguanosine
7-aminomethyl-7-deazaguancsine
archaeosine

5,2"-O-dimethyluridine

A-thiouridine

5-methyl-2-thiouridine
2-thio-2'-O-methyluridine
3-(3-amino-3-carboxypropyl)uridine
5-methoxyuridine

uridine 5-oxyacetic acid

uridine 5-oxyacetic acid methyl ester
5-(carboxyhydroxymethyl)uridine)
5-(carboxyhydroxymethyljuridine methyl ester
5-methoxycarbonylmethyluridine
5-methoxycarbonylmethyl-2'-O-methyluridine
5-methoxycarbonylmethyl-2-thiouridine
5-aminomethyl-2-thiouridine
5-methylaminomethyluridine
5-methylaminomethyl-2-thiouridine
5-methylaminomethyl-2-selenouridine
5-carbamoylmethyluridine
5-carbamoylmethyl-2'-C-methyluridine
5-carboxymethylaminomethyluridine
5-carboxymethylaminomethyl-2'-O-methyluridine
b-carboxymethylaminomethyl-2-thiouridine
N4,2"-O-dimethylcytidine
5-carboxymethyluridine
N6,2'-O-dimethyladenosine
N,N6,0-2"-trimethyladenosine
N2,7-dimethylguanosine
N2,N2,7-trimethylguanosine
3,2"-0-dimethyluridine
5-methyldihydrouridine
5-formyl-2'-O-methylcytidine
1,2'-O-dimethylguanosine
4-demethylwyosine

Isowyosine

N6-acetyladenosine

Table 10. Backbone modifications

2'-0-Methyl backbone

Peptide Nucleic Acid (PNA) backbone
phosphorothioate backbone
morpholino backbone
carbamate backbane

siloxane backbone

sulfide backbone

sulfoxide backbone

sulfone backbone

formacetyl backbone
thioformacetyl backbone
methyleneformacetyl backbone
riboacetyl backbone

alkene containing backbone
sulfamate backobone

sulfonate backbone
sulfonamide backbone
methyleneimino backbone
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methylenehydrazino backbone
amide backbone

Table 11. Modified caps

m7 GpppA

m7 GpppC
m2,7GpppG
m2,2,7CpppG
m7Gpppm?G
m7,2'0meCpppG
m72'dGpppG
m7,3'0meGpppG
m7,3'dGpppG
GppppG
m7GppppG
m7GppppA
m7GppppC
m2,7GppppG
m2,2,7GppppG

m7 Gppppm/ G
m7,2'0meGppppG
m72'dGppppG
m7,3'0meCppppG
m7,3'dGppppG

The nucleotides comprising the template of the gene modifying system can be natural or
modified bases, or a combination thereof. For example, the template may contain pseudouridine,
dihydrouridine, inosine, 7-methylguanosine, or other modified bases. In some embodiments, the
template may contain locked nucleic acid nucleotides. In some embodiments, the modified bases
used in the template do not inhibit the reverse transcription of the template. In some
embodiments, the modified bases used in the template may improve reverse transcription, e.g.,

specificity or fidelity.

In some embodiments, an RNA component of the system (e.g., a template RNA or a
gRNA) comprises one or more nucleotide modifications. In some embodiments, the
modification pattern of a gRNA can significantly affect in vivo activity compared to unmodified
or end-modified guides (e.g., as shown in Figure 1D from Finn et al. Cell Rep 22(9):2227-2235
(2018); incorporated herein by reference in its entirety). Without wishing to be bound by theory,
this process may be due, at least in part, to a stabilization of the RNA conferred by the
modifications. Non-limiting examples of such modifications may include 2'-O-methyl (2'-O-
Me), 2'-0-(2-methoxyethyl) (2'-0-MOE), 2'- fluoro (2'-F), phosphorothioate (PS) bond between
nucleotides, G-C substitutions, and inverted abasic linkages between nucleotides and equivalents

thereof.
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In some embodiments, the template RNA (e.g., at the portion thereof that binds a target
site) or the guide RNA comprises a 5 terminus region. In some embodiments, the template RNA
or the guide RNA does not comprise a 5” terminus region. In some embodiments, the 5" terminus
region comprises a gRNA spacer region, e.g., as described with respect to sgRNA in Briner AE
et al, Molecular Cell 56: 333-339 (2014) (incorporated herein by reference in its entirety;
applicable herein, e.g., to all guide RNAs). In some embodiments, the 5" terminus region
comprises a 5" end modification. In some embodiments, a 5" terminus region with or without a
spacer region may be associated with a crRNA, trRNA, sgRNA and/or dgRNA. The gRNA
spacer region can, in some instances, comprise a guide region, guide domain, or targeting

domain.

In some embodiments, the template RNAs (e.g., at the portion thereof that binds a target
site) or guide RNAs described herein comprises any of the sequences shown in Table 4 of
WO02018107028A1, incorporated herein by reference in its entirety. In some embodiments,
where a sequence shows a guide and/or spacer region, the composition may comprise this region
or not. In some embodiments, a guide RNA comprises one or more of the modifications of any
of the sequences shown in Table 4 of WO2018107028A1, e.g., as identified therein by a SEQ ID
NO. In embodiments, the nucleotides may be the same or different, and/or the modification
pattern shown may be the same or similar to a modification pattern of a guide sequence as shown
in Table 4 of WO2018107028A1. In some embodiments, a modification pattern includes the
relative position and identity of modifications of the gRNA or a region of the gRNA (e.g. 5’
terminus region, lower stem region, bulge region, upper stem region, nexus region, hairpin 1
region, hairpin 2 region, 3" terminus region). In some embodiments, the modification pattern
contains at least 50%, 55%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or
100% of the modifications of any one of the sequences shown in the sequence column of Table 4
of W0O2018107028A1, and/or over one or more regions of the sequence. In some embodiments,
the modification pattern is at least 50%, 55%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%,
97%, 98%, 99%, or 100% identical to the modification pattern of any one of the sequences
shown in the sequence column of Table 4 of W02018107028A1. In some embodiments, the
modification pattern is at least 50%, 55%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%,
98%, 99%, or 100% identical over one or more regions of the sequence shown in Table 4 of

WO02018107028A1, e.g., in a 5 ' terminus region, lower stem region, bulge region, upper stem
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region, nexus region, hairpin 1 region, hairpin 2 region, and/or 3" terminus region. In some
embodiments, the modification pattern is least 50%, 55%, 60%, 70%, 75%, 80%, 85%, 90%,
95%, 96%, 97%, 98%, 99%, or 100% identical to the modification pattern of a sequence over the
5" terminus region. In some embodiments, the modification pattern is least 50%, 55%, 60%,
70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or 100% identical over the lower stem.
In some embodiments, the modification pattern is least 50%, 55%, 60%, 70%, 75%, 80%, 85%,
90%, 95%, 96%, 97%, 98%, 99%, or 100% identical over the bulge. In some embodiments, the
modification pattern is least 50%, 55%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%,
98%, 99%, or 100% identical over the upper stem. In some embodiments, the modification
pattern is least 50%, 55%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or
100% identical over the nexus. In some embodiments, the modification pattern is least 50%,
55%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or 100% identical over the
hairpin 1. In some embodiments, the modification pattern is least 50%, 55%, 60%, 70%, 75%,
80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or 100% identical over the hairpin 2. In some
embodiments, the modification pattern is least 50%, 55%, 60%, 70%, 75%, 80%, 85%, 90%,
95%, 96%, 97%, 98%, 99%, or 100% identical over the 3 ' terminus. In some embodiments, the
modification pattern differs from the modification pattern of a sequence of Table 4 of
WO02018107028A1, or aregion (e.g. 5 terminus, lower stem, bulge, upper stem, nexus, hairpin
1, hairpin 2, 3" terminus) of such a sequence, e.g., at 0, 1, 2, 3, 4, 5, 6, or more nucleotides. In
some embodiments, the gRNA comprises modifications that differ from the modifications of a
sequence of Table 4 of WO2018107028A1, e.g., at0, 1,2, 3,4, 5, 6, or more nucleotides. In
some embodiments, the gRNA comprises modifications that differ from modifications of a
region (e.g. 5 ' terminus, lower stem, bulge, upper stem, nexus, hairpin 1, hairpin 2, 3" terminus)

of a sequence of Table 4 of WO2018107028A1, e.g, at0, 1,2, 3, 4, 5, 6, or more nucleotides.

In some embodiments, the template RNAs (e.g., at the portion thereof that binds a target
site) or the gRNA comprises a 2'-O-methyl (2'-0-Me) modified nucleotide. In some
embodiments, the gRNA comprises a 2'-O-(2-methoxy ethyl) (2'-O-moe) modified nucleotide.
In some embodiments, the gRNA comprises a 2'-fluoro (2'- F) modified nucleotide. In some
embodiments, the gRNA comprises a phosphorothioate (PS) bond between nucleotides. In some
embodiments, the gRNA comprises a 5" end modification, a 3" end modification, or 5" and 3’

end modifications. In some embodiments, the 5” end modification comprises a phosphorothioate
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(PS) bond between nucleotides. In some embodiments, the 5° end modification comprises a 2'-
O-methyl (2'-O-Me), 2'-O-(2-methoxy ethyl) (2'-O-MOE), and/or 2'-fluoro (2'-F) modified
nucleotide. In some embodiments, the 5" end modification comprises at least one
phosphorothioate (PS) bond and one or more of a 2'-O-methyl (2'-O- Me), 2'-O-(2-
methoxyethyl) (2'-O-MOE), and/or 2'-fluoro (2'-F) modified nucleotide. The end modification
may comprise a phosphorothioate (PS), 2'-O-methyl (2'-0O-Me), 2'-O-(2- methoxyethyl) (2'-O-
MOE), and/or 2'-fluoro (2'-F) modification. Equivalent end modifications are also encompassed
by embodiments described herein. In some embodiments, the template RNA or gRNA
comprises an end modification in combination with a modification of one or more regions of the
template RNA or gRNA. Additional exemplary modifications and methods for protecting RNA,
e.g., gRNA, and formulae thereof, are described in W0O2018126176A1, which is incorporated

herein by reference in its entirety.

In some embodiments, structure-guided and systematic approaches are used to introduce
modifications (e.g., 2'-OMe-RNA, 2'-F-RNA, and PS modifications) to a template RNA or guide
RNA, for example, as described in Mir et al. Nat Commun 9:2641 (2018) (incorporated by
reference herein in its entirety). In some embodiments, the incorporation of 2'-F-RNAs increases
thermal and nuclease stability of RNA:RNA or RNA:DNA duplexes, e.g., while minimally
interfering with C3'-endo sugar puckering. In some embodiments, 2'-F may be better tolerated
than 2'-OMe at positions where the 2'-OH is important for RNA:DNA duplex stability. In some
embodiments, a crRNA comprises one or more modifications that do not reduce Cas9 activity,
e.g., C10, C20, or C21 (fully modified), e.g., as described in Supplementary Table 1 of Mir et al.
Nat Commun 9:2641 (2018), incorporated herein by reference in its entirety. In some
embodiments, a tractRNA comprises one or more modifications that do not reduce Cas9 activity,
e.g, T2, T6, T7, or T8 (fully modified) of Supplementary Table 1 of Mir et al. Nat Commun
9:2641 (2018). In some embodiments, a crRNA comprises one or more modifications (e.g., as
described herein) may be paired with a tractrRNA comprising one or more modifications, e.g.,
C20 and T2. In some embodiments, a gRNA comprises a chimera, e.g., of a crRNA and a
tractRNA (e.g., Jinek et al. Science 337(6096):816-821 (2012)). In embodiments, modifications
from the crRNA and tracrRNA are mapped onto the single-guide chimera, e.g., to produce a

modified gRNA with enhanced stability.
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In some embodiments, gRNA molecules may be modified by the addition or subtraction
of the naturally occurring structural components, e.g., hairpins. In some embodiments, a gRNA
may comprise a gRNA with one or more 3" hairpin elements deleted, e.g., as described in
WO02018106727, incorporated herein by reference in its entirety. In some embodiments, a
gRNA may contain an added hairpin structure, e.g., an added hairpin structure in the spacer
region, which was shown to increase specificity of a CRISPR-Cas system in the teachings of
Kocak et al. Nat Biotechnol 377(6).657-666 (2019). Additional modifications, including
examples of shortened gRNA and specific modifications improving in vivo activity, can be found

in US20190316121, incorporated herein by reference in its entirety.

In some embodiments, structure-guided and systematic approaches (e.g., as described in
Mir et al. Nat Commun 9:2641 (2018); incorporated herein by reference in its entirety) are
employed to find modifications for the template RNA. In embodiments, the modifications are
identified with the inclusion or exclusion of a guide region of the template RNA. In some
embodiments, a structure of polypeptide bound to template RNA is used to determine non-
protein-contacted nucleotides of the RNA that may then be selected for modifications, e.g., with
lower risk of disrupting the association of the RNA with the polypeptide. Secondary structures
in a template RNA can also be predicted in silico by software tools, e.g., the RNAstructure tool
available at rna.urmc.rochester.edu/RNAstructureWeb (Bellaousov et al. Nucleic Acids Res
41:W471-W474 (2013); incorporated by reference herein in its entirety), e.g., to determine

secondary structures for selecting modifications, e.g., hairpins, stems, and/or bulges.

Production of Compositions and Systems

As will be appreciated by one of skill, methods of designing and constructing nucleic
acid constructs and proteins or polypeptides (such as the systems, constructs and polypeptides
described herein) are routine in the art. Generally, recombinant methods may be used. See, in
general, Smales & James (Eds.), Therapeutic Proteins: Methods and Protocols (Methods in
Molecular Biology), Humana Press (2005); and Crommelin, Sindelar & Meibohm (Eds.),
Pharmaceutical Biotechnology: Fundamentals and Applications, Springer (2013). Methods of
designing, preparing, evaluating, purifying and manipulating nucleic acid compositions are
described in Green and Sambrook (Eds.), Molecular Cloning: A Laboratory Manual (Fourth
Edition), Cold Spring Harbor Laboratory Press (2012).
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The disclosure provides, in part, a nucleic acid, e.g., vector, encoding a gene modifying
polypeptide described herein, a template nucleic acid described herein, or both. In some
embodiments, a vector comprises a selective marker, e.g., an antibiotic resistance marker. In
some embodiments, the antibiotic resistance marker is a kanamycin resistance marker. In some
embodiments, the antibiotic resistance marker does not confer resistance to beta-lactam
antibiotics. In some embodiments, the vector does not comprise an ampicillin resistance marker.
In some embodiments, the vector comprises a kanamycin resistance marker and does not
comprise an ampicillin resistance marker. In some embodiments, a vector encoding a gene
modifying polypeptide is integrated into a target cell genome (e.g., upon administration to a
target cell, tissue, organ, or subject). In some embodiments, a vector encoding a gene modifying
polypeptide is not integrated into a target cell genome (e.g., upon administration to a target cell,
tissue, organ, or subject). In some embodiments, a vector encoding a template nucleic acid (e.g.,
template RNA) is not integrated into a target cell genome (e.g., upon administration to a target
cell, tissue, organ, or subject). In some embodiments, if a vector is integrated into a target site in
a target cell genome, the selective marker is not integrated into the genome. In some
embodiments, if a vector is integrated into a target site in a target cell genome, genes or
sequences involved in vector maintenance (e.g., plasmid maintenance genes) are not integrated
into the genome. In some embodiments, if a vector is integrated into a target site in a target cell
genome, transfer regulating sequences (e.g., inverted terminal repeats, e.g., from an AAV) are
not integrated into the genome. In some embodiments, administration of a vector (e.g., encoding
a gene modifying polypeptide described herein, a template nucleic acid described herein, or
both) to a target cell, tissue, organ, or subject results in integration of a portion of the vector into
one or more target sites in the genome(s) of said target cell, tissue, organ, or subject. In some
embodiments, less than 99, 95, 90, 80, 70, 60, 50, 40, 30, 20, 10, 5, 4, 3, 2, or 1% of target sites
(e.g., no target sites) comprising integrated material comprise a selective marker (e.g., an
antibiotic resistance gene), a transfer regulating sequence (e.g., an inverted terminal repeat, e.g.,
from an AAV), or both from the vector.

Exemplary methods for producing a therapeutic pharmaceutical protein or polypeptide
described herein involve expression in mammalian cells, although recombinant proteins can also
be produced using insect cells, yeast, bacteria, or other cells under control of appropriate

promoters. Mammalian expression vectors may comprise non-transcribed elements such as an
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origin of replication, a suitable promoter, and other 5' or 3' flanking non-transcribed sequences,
and 5' or 3' non-translated sequences such as necessary ribosome binding sites, a polyadenylation
site, splice donor and acceptor sites, and termination sequences. DNA sequences derived from
the SV40 viral genome, for example, SV40 origin, early promoter, splice, and polyadenylation
sites may be used to provide other genetic elements required for expression of a heterologous
DNA sequence. Appropriate cloning and expression vectors for use with bacterial, fungal, yeast,
and mammalian cellular hosts are described in Green & Sambrook, Molecular Cloning: A
Laboratory Manual (Fourth Edition), Cold Spring Harbor Laboratory Press (2012).

Various mammalian cell culture systems can be employed to express and manufacture
recombinant protein. Examples of mammalian expression systems include CHO, COS,
HEK?293, HeL A, and BHK cell lines. Processes of host cell culture for production of protein
therapeutics are described in Zhou and Kantardjieft (Eds.), Mammalian Cell Cultures for
Biologics Manufacturing (Advances in Biochemical Engineering/Biotechnology), Springer
(2014). Compositions described herein may include a vector, such as a viral vector, e.g., a
lentiviral vector, encoding a recombinant protein. In some embodiments, a vector, e.g., a viral
vector, may comprise a nucleic acid encoding a recombinant protein.

Purification of protein therapeutics is described in Franks, Protein Biotechnology:
Isolation, Characterization, and Stabilization, Humana Press (2013); and in Cutler, Profein
Purification Protocols (Methods in Molecular Biology), Humana Press (2010).

The disclosure also provides compositions and methods for the production of template
nucleic acid molecules (e.g., template RNAs) with specificity for a gene modifying polypeptide
and/or a genomic target site. In an aspect, the method comprises production of RNA segments
including an upstream homology segment, a heterologous object sequence segment, a gene

modifying polypeptide binding motif, and a gRNA segment.

Applications
Therapeutic Applications

In some embodiments, a gene modifying system as described herein can be used to
modify a cell (e.g., an animal cell, plant cell, or fungal cell). In some embodiments, a gene

modifying system as described herein can be used to modify a mammalian cell (e.g., a human
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cell). In some embodiments, a gene modifying system as described herein can be used to modify
a cell from a livestock animal (e.g., a cow, horse, sheep, goat, pig, [lama, alpaca, camel, yak,
chicken, duck, goose, or ostrich). In some embodiments, a gene modifying system as described
herein can be used as a laboratory tool or a research tool, or used in a laboratory method or
research method, e.g., to modify an animal cell, e.g., a mammalian cell (e.g., a human cell), a
plant cell, or a fungal cell.

By integrating coding genes into a RNA sequence template, the gene modifying system
can address therapeutic needs, for example, by providing expression of a therapeutic transgene in
individuals with loss-of-function mutations, by replacing gain-of-function mutations with normal
transgenes, by providing regulatory sequences to eliminate gain-of-function mutation expression,
and/or by controlling the expression of operably linked genes, transgenes and systems thereof.

In certain embodiments, the RNA sequence template encodes a promotor region specific to the
therapeutic needs of the host cell, for example a tissue specific promotor or enhancer. In still
other embodiments, a promotor can be operably linked to a coding sequence.

In some embodiments, an insertion, deletion, substitution, or combination thereof,
increases or decreases expression (e.g. transcription or translation) of a target gene. In some
embodiments, an insertion, deletion, substitution, or combination thereof, increases or decreases
expression (e.g. transcription or translation) of a target gene by altering, adding, or deleting
sequences in a promoter or enhancer, e.g. sequences that bind transcription factors. In some
embodiments, an insertion, deletion, substitution, or combination thereof alters translation of a
target gene (e.g. alters an amino acid sequence), inserts or deletes a start or stop codon, alters or
fixes the translation frame of a gene. In some embodiments, an insertion, deletion, substitution,
or combination thereof alters splicing of a target gene, e.g. by inserting, deleting, or altering a
splice acceptor or donor site. In some embodiments, an insertion, deletion, substitution, or
combination thereof alters transcript or protein half-life. In some embodiments, an insertion,
deletion, substitution, or combination thereof, alters, increases, decreases the activity of a target

gene, e.g. a protein encoded by the target gene.

Compensatory edits

In some embodiments, the systems or methods provided herein can be used to introduce a
compensatory edit. In some embodiments, the compensatory edit is at a position of a gene

associated with a disease or disorder, which is different from the position of a disease-causing
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mutation. In some embodiments, the compensatory mutation is not in the gene containing the
causative mutation. In some embodiments, the compensatory edit can negate or compensate for a
disease-causing mutation. In some embodiments, the compensatory edit can be introduced by
the systems or methods provided herein to suppress or reverse the mutant effect of a disease-
causing mutation.
Regulatory edits

In some embodiments, the systems or methods provided herein can be used to introduce a
regulatory edit. In some embodiments, the regulatory edit is introduced to a regulatory sequence
of a gene, for example, a gene promoter, gene enhancer, gene repressor, or a sequence that
regulates gene splicing. In some embodiments, the regulatory edit increases or decreases the
expression level of a target gene. In some embodiments, the target gene is the same as the gene
containing a disease-causing mutation. In some embodiments, the target gene is different from
the gene containing a disease-causing mutation.

Repeat expansion diseases

In some embodiments, the syatems or methods provided herein can be used to treat a
repeat expansion disease. In some embodiments, the systems or methods provided herein, for
example, those comprising gene modifying polypeptides, can be used to treat repeat expansion
diseases by resetting the number of repeats at the locus according to a customized RNA template.

Therapeutic Indications

In some embodiments the syastems or methads provided herein can be used to treat an
indication of any of Tables 12-15, below. For instance, in some embodiments the gene
modifying system modifies a target site in genomic DNA in a cell, wherein the target site is in a
gene of any of Tables 12-15, e.g., in a subject having the corresponding indication listed in any
of Tables 12-15. In some embodiments, the cell is a liver cell, and the target site is in a gene of
Table 12, e.g, in a subject having the corresponding indication listed in Table 12. In some
embodiments, the cell is a hematopoietic stem cell (HSC), and the target site is in a gene of Table
13, e.g., in a subject having the corresponding indication listed in Table 13. In some
embodiments, the cell is a central nervous system (CNS) cell, and the target site is in a gene of
Table 14, e.g., in a subject having the corresponding indication listed in Table 14. In some
embodiments, the cell is a cell of the eye, and the target site is in a gene of Table 15, e.g., ina

subject having the corresponding indication listed in Table 15. In some embodiments, the target
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site is in a coding region in the gene. In some embodiments, the target site is in a promoter. In

some embodiments, the target site is ina 5' UTR or a 3' UTR of the gene of any of Tables 12-15.

In some embodiments, the target site is in an intron or exon of the gene. In some embodiments,

the gene modifying system corrects a mutation in the gene. In some embodiments, the gene

modifying polypeptide inserts a sequence that had been deleted from the gene (e.g., through a

disease-causing mutation). In some embodiments, the gene modifying system deletes a sequence

that had been duplicated in the gene (e.g., through a disease-causing mutation). In some

embodiments, the gene modifying system replaces a mutation (e.g., a disease-causing mutation)

with the corresponding wild-type sequence. In some embodiments, the mutation is a

substitution, insertion, deletion, or inversion.

Table 12: Indications and genetic targets, e.g., in the liver

Disease Gene Affected
Acute intermittent porphyria HMBS
Alpha-1-antitrypsin deficiency (AAT) SERPINA1
Arginase deficiency ARG1
Argininosuccinate lyase deficiency ASL
Carbamoy! phosphate synthetase | deficiency CPS1
Citrin deficiency SLC25A13
Citrullinemia type | ASS1
Crigler-Najjar syndrome (Hyperbilirubinemia) UGT1A1
Fabry disease GLA
Familial hypercholesterolemia 4 (homozygous familial cholesterclemia) LDLRAP1
Glutaric aciduria | GCDH
GAIIA: ETFA
Glutaric aciduria Il (multiple acyl-CoA dehydrogenase deficiency) GAIB: ETFB
GAIIC: ETFDH
Glycogen storage disease type IV GBE1
Hemoaphilia A F8
Hemoptilia B 2%
Hereditary hemochromatosis HFE
Homocystinuria CBS

Maple syrup urine disease (MSUD)

Type la: BCKDHA
Type Ib: BCKDHB

Typell: DBT
Methylmalonic acidemia (methylmalonyl-CoA mutase deficiency) MMUT
MPS 1S (Scheie syndrome) IDUA
MPS2 DS
Type llla: SGSH
MPS3 (San Filippo Syndrome) TTV‘;ZSI::'CE:HN(?SGNLET
Type llid: GNS
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Disease Gene Affected
MPS6 ARSB
MPS7 GUSB
Ornithine transcarbamylase deficiency OTC
Phenylketonuria (phenylalanine hydroxylase deficiency) PAH
PCLD1: PRKCSH
Polyeystic Liver Disease 'T:’CL%)DZSSAEL%?
PCLD4: LRP5
Pompe disease GAA
Primary Hyperoxaluria 1 (oxalosis) AGXT
Progressive familial intrahepatic cholestasis type 1 ATP8B1
Progressive familial intrahepatic cholestasis type 2 ABCB11
Progressive familial intrahepatic cholestasis type 3 ABCB4
Propionic acidemia PCCB; PCCA
Pyruvate carboxylase deficiency PC
Tyrosinemia type | FAH
Wilson's disease ATP7B
Table 13: Indications and genetic targets for HSCs
Disease Gene Affected
Adrenoleukodystrophy (CALD) ABCD1
Alpha-mannosidosis MAN2B1
Blackfan-Diamond Anemia
Congenital amegakaryocytic thrombocytopenia MPL
Dyskeratosis Congenita TERC
Fanconi anemia FANC
Gaucher disease GBA
Globoid cell leukodystrophy (Krabbe disease) GALC

Hemophagocytic lymphohistiocytesis

PRF1; STX11; STXBP2; UNC13D

Malignant infantile osteopetrosis- autosomal recessive osteopetrosis

Many genes implicated

Metachromatic leukodystrophy

PSAP
MPS 18 (Scheie syndrome) IDUA
MPS2 IDS
MPS7 GUsB
Mucolipidosis Il GNPTAB
Niemann-Pick disease Aand B SMPD1
Niemann-Pick disease C NPC1
Pompe disease GAA
Pyruvate kinase deficiency (PKD) PKLR
Sickle cell disease (SCD) HBB
Tay Sachs HEXA
Thalassemia HBB




WO 2023/039407 PCT/US2022/076024

Table 14: Indications and genetic targets for the CNS

Disease Gene Affected
Alpha-mannosidosis MAN2B1
Ataxia-telangiectasia ATM

CADASIL NOTCH3

Canavan disease ASPA
Carbamoyl-phosphate synthetase 1 deficiency CPS1
CLN1 disease PPT1
CLN2 Disease TPP1
CLN3 Disease (Juvenile neuronal ceroid lipofuscinosis, Batten Disease) CLN3
Coffin-Lowry syndrome RPS6KA3
Congenital myasthenic syndrome 5 coLQ
Cornelia de Lange syndrome (NIPBL) NIPBL
Comelia de Lange syndrome (SMC1A) SMC1A
Dravet syndrome (SCN1A) SCN1A
Glycine encephalopathy (GLDC) GLDC
GM1 gangliosidosis GLB1
Huntington's Disease HTT
Hydrocephalus with stenosis of the aqueduct of Sylvius L1CAM
Leigh Syndrome SURF1
Metachromatic leukodystrophy (ARSA) ARSA
MPS type 2 IDS
VP pe3 Ty 30 NAGLY
Mucolipidosis [V MCOLN1
Neurofibromatosis Type 1 NF1
Neurofibromatosis type 2 NF2
Pantothenate kinase-associated neurodegeneration PANK2
Pyridoxine-dependent epilepsy ALDH7A1
Rett syndrome (MECP2) MECP2
Sandhoff disease HEXB
Semantic dementia (Frontotemporal dementia) MAPT
Spinocerebellar ataxia with axonal neuropathy (Ataxia with Oculomotor Apraxia) SETX
Tay-Sachs disease HEXA
X-linked Adrenoleukodystrophy ABCD1

Table 15: Indications and genetic targets for the eye

Disease Gene Affected
Achromatopsia CNGB3
Amaurosis Congenita (LCA1) GUCY2D
Amaurosis Congenita (LCA10) CEP290
Amaurosis Congenita (LCA2) RPEG5
Amaurosis Congenita (LCA8) CRB1
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Disease Gene Affected
Choroideremia CHM
Cone Rod Dystrophy (ABCA4) ABCA4
Cone Rod Dystrophy (GUCY2D) GUCY2D
Cystinosis, Ocular Nonnephropathic CTNS
Doyne Honeycomb Retinal Dystrophy (DHRD) EFEMP1
Familial Oculoleptomeningeal Amyloidosis TTR
Keratitis-ichthyosis-deafness (KID) GJB2
Lattice corneal dystrophy type | TGFBI
Macular Corneal Dystrophy (MCD) CHST6
Meesmann Corneal Dystrophy KRT12; KRT3
Optic Atrophy OPA1
Retinitis Pigmentosa (AR) USH2A
Retinitis Rigmentosa (AD) RHO
Sorsby Fundus Dystrophy TIMP3
Stargardt Disease ABCA4
Application to Plants

In some embodiments, the systems or methods provided herein can be used to modify a
plant or a plant part (e.g., leaves, roots, flowers, fruits, or seeds), e.g., to increase the fitness of a

plant.

Delivery to a Plant

Provided herein are methods of delivering a gene modifying system described herein to a
plant. Included are methods for delivering a gene modifying system to a plant by contacting the
plant, or part thereof, with a gene modifying system. The methods are useful for modifying the

plant to, e.g., increase the fitness of a plant.

More specifically, in some embodiments, a nucleic acid described herein (e.g., a nucleic
acid encoding a gene modifying system) may be encoded in a vector, e.g., inserted adjacent to a
plant promoter, e.g., a maize ubiquitin promoter (ZmUBI) in a plant vector (e.g., pHUC411). In
some embodiments, the nucleic acids described herein are introduced into a plant (e.g., japonica
rice) or part of a plant (e.g., a callus of a plant) via agrobacteria. In some embodiments, the
systems and methods described herein can be used in plants by replacing a plant gene (e.g.,
hygromycin phosphotransferase (HPT)) with a null allele (e.g., containing a base substitution at

the start codon). Systems and methods for modifying a plant genome are described in Xu et. al.
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Development of plant prime-editing systems for precise genome editing, 2020, Plant

Communications.

In one aspect, provided herein is a method of increasing the fitness of a plant, the method
including delivering to the plant the gene modifying system described herein (e.g., in an effective
amount and duration) to increase the fitness of the plant relative to an untreated plant (e.g., a

plant that has not been delivered the gene modifying system).

An increase in the fitness of the plant as a consequence of delivery of a gene modifying
system can manifest in a number of ways, e.g., thereby resulting in a better production of the
plant, for example, an improved yield, improved vigor of the plant or quality of the harvested
product from the plant, an improvement in pre- or post-harvest traits deemed desirable for
agriculture or horticulture (e.g,, taste, appearance, shelf life), or for an improvement of traits that
otherwise benefit humans (e.g., decreased allergen production). An improved yield of a plant
relates to an increase in the yield of a product (e.g., as measured by plant biomass, grain, seed or
fruit yield, protein content, carbohydrate or oil content or leaf area) of the plant by a measurable
amount over the yield of the same product of the plant produced under the same conditions, but
without the application of the instant compositions or compared with application of conventional
plant-modifying agents. For example, yield can be increased by at least about 0.5%, about 1%,
about 2%, about 3%, about 4%, about 5%, about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, about 90%, about 100%, or more than 100%. In some
instances, the method is effective to increase yield by about 2x-fold, 5x-fold, 10x-fold, 25x-fold,
50x-fold, 75x-fold, 100x-fold, or more than 100x-fold relative to an untreated plant. Yield can
be expressed in terms of an amount by weight or volume of the plant or a product of the plant on
some basis. The basis can be expressed in terms of time, growing area, weight of plants
produced, or amount of a raw material used. For example, such methods may increase the yield

of plant tissues including, but not limited to: seeds, fruits, kernels, bolls, tubers, roots, and leaves.

An increase in the fitness of a plant as a consequence of delivery of a gene modifying
system can also be measured by other means, such as an increase or improvement of the vigor
rating, the stand (the number of plants per unit of area), plant height, stalk circumference, stalk
length, leaf number, leaf size, plant canopy, visual appearance (such as greener leaf color), root

rating, emergence, protein content, increased tillering, bigger leaves, more leaves, fewer dead
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basal leaves, stronger tillers, less fertilizer needed, fewer seeds needed, more productive tillers,
earlier flowering, early grain or seed maturity, less plant verse (lodging), increased shoot growth,
earlier germination, or any combination of these factors, by a measurable or noticeable amount
over the same factor of the plant produced under the same conditions, but without the
administration of the instant compositions or with application of conventional plant-modifying

agents.

Accordingly, provided herein is a method of modifying a plant, the method including
delivering to the plant an effective amount of any of the gene modifying systems provided
herein, wherein the method modifies the plant and thereby introduces or increases a beneficial
trait in the plant (e.g., by about 1%, 2%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
100%, or more than 100%) relative to an untreated plant. In particular, the method may increase
the fitness of the plant (e.g., by about 1%, 2%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 100%, or more than 100%) relative to an untreated plant.

In some instances, the increase in plant fitness is an increase (e.g., by about 1%, 2%, 5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or more than 100%) in disease
resistance, drought tolerance, heat tolerance, cold tolerance, salt tolerance, metal tolerance,
herbicide tolerance, chemical tolerance, water use efficiency, nitrogen utilization, resistance to
nitrogen stress, nitrogen fixation, pest resistance, herbivore resistance, pathogen resistance, yield,
yield under water-limited conditions, vigor, growth, photosynthetic capability, nutrition, protein
content, carbohydrate content, oil content, biomass, shoot length, root length, root architecture,

seed weight, or amount of harvestable produce.

In some instances, the increase in fitness is an increase (e.g., by about 1%, 2%, 5%, 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or more than 100%) in development,
growth, yield, resistance to abiotic stressors, or resistance to biotic stressors. An abiotic stress
refers to an environmental stress condition that a plant or a plant part is subjected to that
includes, e.g., drought stress, salt stress, heat stress, cold stress, and low nutrient stress. A biotic
stress refers to an environmental stress condition that a plant or plant part is subjected to that
includes, e.g. nematode stress, insect herbivory stress, fungal pathogen stress, bacterial pathogen
stress, or viral pathogen stress. The stress may be temporary, e.g. several hours, several days,

several months, or permanent, e.g. for the life of the plant.
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In some instances, the increase in plant fitness is an increase (e.g., by about 1%, 2%, 5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or more than 100%) in quality of
products harvested from the plant. For example, the increase in plant fitness may be an
improvement in commercially favorable features (e.g., taste or appearance) of a product
harvested from the plant. In other instances, the increase in plant fitness is an increase in shelf-
life of a product harvested from the plant (e.g., by about 1%, 2%, 5%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 100%, or more than 100%).

Alternatively, the increase in fitness may be an alteration of a trait that is beneficial to
human or animal health, such as a reduction in allergen production. For example, the increase in
fitness may be a decrease (e.g., by about 1%, 2%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 100%, or more than 100%) in production of an allergen (e.g., pollen) that stimulates

an immune response in an animal (e.g., human).

The modification of the plant (e.g., increase in fitness) may arise from modification of
one or more plant parts. For example, the plant can be modified by contacting leaf, seed, pollen,
root, fruit, shoot, flower, cells, protoplasts, or tissue (e.g., meristematic tissue) of the plant. As
such, in another aspect, provided herein is a method of increasing the fitness of a plant, the
method including contacting pollen of the plant with an effective amount of any of the plant-
modifying compositions herein, wherein the method increases the fitness of the plant (e.g., by
about 1%, 2%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or more than

100%) relative to an untreated plant.

In yet another aspect, provided herein is a method of increasing the fitness of a plant, the
method including contacting a seed of the plant with an effective amount of any of the gene
modifying systems disclosed herein, wherein the method increases the fitness of the plant (e.g.,
by about 1%, 2%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or more than

100%) relative to an untreated plant.

In another aspect, provided herein is a method including contacting a protoplast of the
plant with an effective amount of any of the gene modifying systems described herein, wherein
the method increases the fitness of the plant (e.g., by about 1%, 2%, 5%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 100%, or more than 100%) relative to an untreated plant.
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In a further aspect, provided herein is a method of increasing the fitness of a plant, the
method including contacting a plant cell of the plant with an effective amount of any of the gene
modifying system described herein, wherein the method increases the fitness of the plant (e.g.,
by about 1%, 2%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or more than

100%) relative to an untreated plant.

In another aspect, provided herein is a method of increasing the fitness of a plant, the
method including contacting meristematic tissue of the plant with an effective amount of any of
the plant-modifying compositions herein, wherein the method increases the fitness of the plant
(e.g., by about 1%, 2%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or more

than 100%) relative to an untreated plant.

In another aspect, provided herein is a method of increasing the fitness of a plant, the
method including contacting an embryo of the plant with an effective amount of any of the plant-
modifying compositions herein, wherein the method increases the fitness of the plant (e.g., by
about 1%, 2%, 5%, 10%, 20%, 30%, 40%., 50%, 60%, 70%, 80%, 90%, 100%, or more than

100%) relative to an untreated plant.

Plant Administration Methods

A plant described herein can be exposed to any of the gene modifying system
compositions described herein in any suitable manner that permits delivering or administering
the composition to the plant. The gene modifying system may be delivered either alone or in
combination with other active (e.g., fertilizing agents) or inactive substances and may be applied
by, for example, spraying, injection (e.g,. microinjection), through plants, pouring, dipping, in
the form of concentrated liquids, gels, solutions, suspensions, sprays, powders, pellets,
briquettes, bricks and the like, formulated to deliver an effective concentration of the plant-
modifying composition. Amounts and locations for application of the compositions described
herein are generally determined by the habitat of the plant, the lifecycle stage at which the plant
can be targeted by the plant-modifying composition, the site where the application is to be made,

and the physical and functional characteristics of the plant-modifying composition.

In some instances, the composition is sprayed directly onto a plant, e.g., crops, by e.g.,

backpack spraying, aerial spraying, crop spraying/dusting etc. In instances where the gene
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modifying system is delivered to a plant, the plant receiving the gene modifying system may be
at any stage of plant growth. For example, formulated plant-modifying compositions can be
applied as a seed-coating or root treatment in early stages of plant growth or as a total plant
treatment at later stages of the crop cycle. In some instances, the plant-modifying composition

may be applied as a topical agent to a plant.

Further, the gene modifying system may be applied (e.g., in the soil in which a plant
grows, or in the water that is used to water the plant) as a systemic agent that is absorbed and
distributed through the tissues of a plant. In some instances, plants or food organisms may be

genetically transformed to express the gene modifying system.

Delayed or continuous release can also be accomplished by coating the gene modifying
system or a composition with the plant-modifying composition(s) with a dissolvable or
bioerodable coating layer, such as gelatin, which coating dissolves or erodes in the environment
of use, to then make the plant-modifying system position available, or by dispersing the agent in
a dissolvable or erodable matrix. Such continuous release and/or dispensing means devices may
be advantageously employed to consistently maintain an effective concentration of one or more

of the plant-modifying compositions described herein.

In some instances, the gene modifying system is delivered to a part of the plant, e.g., a
leaf, seed, pollen, root, fruit, shoot, or flower, or a tissue, cell, or protoplast thereof. In some
instances, the gene modifying system is delivered to a cell of the plant. In some instances, the
gene modifying system is delivered to a protoplast of the plant. In some instances, the gene
modifying system is delivered to a tissue of the plant. For example, the composition may be
delivered to meristematic tissue of the plant (e.g., apical meristem, lateral meristem, or
intercalary meristem). In some instances, the composition is delivered to permanent tissue of the
plant (e.g., simple tissues (e.g., parenchyma, collenchyma, or sclerenchyma) or complex
permanent tissue (e.g., xylem or phloem)). In some instances, the gene modifying system is

delivered to a plant embryo.

Plants
A variety of plants can be delivered to or treated with a gene modifying system described

herein. Plants that can be delivered a gene modifying system (i.e., “treated”) in accordance with

the present methods include whole plants and parts thereof, including, but not limited to, shoot
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vegetative organs/structures (e.g., leaves, stems and tubers), roots, flowers and floral
organs/structures (e.g., bracts, sepals, petals, stamens, carpels, anthers and ovules), seed
(including embryo, endosperm, cotyledons, and seed coat) and fruit (the mature ovary), plant
tissue (e.g., vascular tissue, ground tissue, and the like) and cells (e.g., guard cells, egg cells, and
the like), and progeny of same. Plant parts can further refer to parts of the plant such as the
shoot, root, stem, seeds, stipules, leaves, petals, flowers, ovules, bracts, branches, petioles,

internodes, bark, pubescence, tillers, rhizomes, fronds, blades, pollen, stamen, and the like.

The class of plants that can be treated in a method disclosed herein includes the class of
higher and lower plants, including angiosperms (monocotyledonous and dicotyledonous plants),
gymnosperms, ferns, horsetails, psilophytes, lycophytes, bryophytes, and algae (e.g.,
multicellular or unicellular algae). Plants that can be treated in accordance with the present
methods further include any vascular plant, for example monocotyledons or dicotyledons or
gymnosperms, including, but not limited to alfalfa, apple, Arabidopsis, banana, barley, canola,
castor bean, chrysanthemum, clover, cocoa, coffee, cotton, cottonseed, corn, crambe, cranberry,
cucumber, dendrobium, dioscorea, eucalyptus, fescue, flax, gladiolus, liliacea, linseed, millet,
muskmelon, mustard, oat, oil palm, oilseed rape, papaya, peanut, pineapple, ornamental plants,
Phaseolus, potato, rapeseed, rice, rye, ryegrass, safflower, sesame, sorghum, soybean, sugarbeet,
sugarcane, sunflower, strawberry, tobacco, tomato, turfgrass, wheat and vegetable crops such as
lettuce, celery, broccoli, cauliflower, cucurbits; fruit and nut trees, such as apple, pear, peach,
orange, grapefruit, lemon, lime, almond, pecan, walnut, hazel; vines, such as grapes (e.g., a
vineyard), kiwi, hops; fruit shrubs and brambles, such as raspberry, blackberry, gooseberry;
forest trees, such as ash, pine, fir, maple, oak, chestnut, popular; with alfalfa, canola, castor bean,
corn, cotton, crambe, flax, linseed, mustard, oil palm, oilseed rape, peanut, potato, rice,
safflower, sesame, soybean, sugarbeet, sunflower, tobacco, tomato, and wheat. Plants that can
be treated in accordance with the methods of the present invention include any crop plant, for
example, forage crop, oilseed crop, grain crop, fruit crop, vegetable crop, fiber crop, spice crop,
nut crop, turf crop, sugar crop, beverage crop, and forest crop. In certain instances, the crop
plant that is treated in the method is a soybean plant. In other certain instances, the crop plant is
wheat. In certain instances, the crop plant is corn. In certain instances, the crop plant is cotton.

In certain instances, the crop plant is alfalfa. In certain instances, the crop plant is sugarbeet. In
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certain instances, the crop plant is rice. In certain instances, the crop plant is potato. In certain

instances, the crop plant is tomato.

In certain instances, the plant is a crop. Examples of such crop plants include, but are not
limited to, monocotyledonous and dicotyledonous plants including, but not limited to, fodder or
forage legumes, ornamental plants, food crops, trees, or shrubs selected from Acer spp., Allium
spp., Amaranthus spp., Ananas comosus, Apium graveolens, Arachis spp, Asparagus officinalis,
Beta vulgaris, Brassica spp. (e.g., Brassica napus, Brassica rapa ssp. (canola, oilseed rape, turnip
rape), Camellia sinensis, Canna indica, Cannabis saliva, Capsicum spp., Castanea spp.,
Cichorium endivia, Citrullus lanatus, Citrus spp., Cocos spp., Coffea spp., Coriandrum sativum,
Corylus spp., Crataegus spp., Cucurbita spp., Cucumis spp., Daucus carota, Fagus spp., Ficus
carica, Fragaria spp., Ginkgo biloba, Glycine spp. (e.g., Glycine max, Soja hispida or Soja max),
Gossypium hirsutum, Helianthus spp. (e.g., Helianthus annuus), Hibiscus spp., Hordeum spp.
(e.g., Hordeum vulgare), Ipomoea batatas, Juglans spp., Lactuca sativa, Linum usitatissimum,
Litchi chinensis, Lotus spp., Luffa acutangula, Lupinus spp., Lycopersicon spp. (e.g.,
Lycopersicon esculenturn, Lycopersicon lycopersicum, Lycopersicon pyriforme), Malus spp.,
Medicago sativa, Mentha spp., Miscanthus sinensis, Morus nigra, Musa spp., Nicotiana spp.,
Olea spp., Oryza spp. (e.g., Oryza sativa, Oryza latifolia), Panicum miliaceum, Panicum
virgatum, Passiflora edulis, Petroselinum crispum, Phaseolus spp., Pinus spp., Pistacia vera,
Pisum spp., Poa spp., Populus spp., Prunus spp., Pyrus communis, Quercus spp., Raphanus
sativus, Rheum rhabarbarum, Ribes spp., Ricinus communis, Rubus spp., Saccharum spp., Salix
sp., Sambucus spp., Secale cereale, Sesamum spp., Sinapis spp., Solanum spp. (e.g., Solanum
tuberosum, Solanum integrifolium or Solanum lycopersicum), Sorghum bicolor, Sorghum
halepense, Spinacia spp., Tamarindus indica, Theobroma cacao, Trifolium spp., Triticosecale
rimpaui, Triticum spp. (e.g., Triticum aestivum, Triticum durum, Triticum turgidum, Triticum
hybernum, Triticum macha, Triticum sativum or Triticum vulgare), Vaccinium spp., Vicia spp.,
Vigna spp., Viola odorata, Vitis spp., and Zea mays. In certain embodiments, the crop plant is

rice, oilseed rape, canola, soybean, corn (maize), cotton, sugarcane, alfalfa, sorghum, or wheat.

The plant or plant part for use in the present invention includes plants of any stage of
plant development. In certain instances, the delivery can occur during the stages of germination,

seedling growth, vegetative growth, and reproductive growth. In certain instances, delivery to
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the plant occurs during vegetative and reproductive growth stages. In some instances, the
composition is delivered to pollen of the plant. In some instances, the composition is delivered
to a seed of the plant. In some instances, the composition is delivered to a protoplast of the plant.
In some instances, the composition is delivered to a tissue of the plant. For example, the
composition may be delivered to meristematic tissue of the plant (e.g., apical meristem, lateral
meristem, or intercalary meristem). In some instances, the composition is delivered to
permanent tissue of the plant (e.g., simple tissues (e.g., parenchyma, collenchyma, or
sclerenchyma) or complex permanent tissue (e.g., xylem or phloem)). In some instances, the
composition is delivered to a plant embryo. In some instances, the composition is delivered to a
plant cell. The stages of vegetative and reproductive growth are also referred to herein as “adult”

or “mature” plants.

In instances where the gene modifying system is delivered to a plant part, the plant part
may be modified by the plant-modifying agent. Alternatively, the gene modifying system may
be distributed to other parts of the plant (e.g., by the plant’s circulatory system) that are
subsequently modified by the plant-modifying agent.

Administration and Delivery

The compositions and systems described herein may be used in vitro or in vivo. In some
embodiments the system or components of the system are delivered to cells (e.g., mammalian
cells, e.g., human cells), e.g., in vitro or in vivo. In some embodiments, the cells are eukaryotic
cells, e.g., cells of a multicellular organism, €.g., a plant or an animal, e.g., a mammal (e.g.,
human, swine, bovine), a bird (e.g., poultry, such as chicken, turkey, or duck), or a fish. In some
embodiments, the cells are non-human animal cells (e.g., a laboratory animal, a livestock animal,
or a companion animal). In some embodiments, the cell is a stem cell (e.g., a hematopoietic stem
cell), a fibroblast, or a T cell. In some embodiments, the cell is an immune cell, e.g., a T cell
(e.g., a Treg, CD4, CD8, v6, or memory T cell), B cell (e.g., memory B cell or plasma cell), or
NK cell. In some embodiments, the cell is a non-dividing cell, e.g., a non-dividing fibroblast or
non-dividing T cell. In some embodiments, the cell is an HSC and p53 is not upregulated or is
upregulated by less than 10%, 5%, 2%, or 1%, e.g., as determined according to the method
described in Example 30 of PCT/US2019/048607. The skilled artisan will understand that the
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components of the gene modifying system may be delivered in the form of polypeptide, nucleic
acid (e.g., DNA, RNA), and combinations thereof.

In one embodiment the system and/or components of the system are delivered as nucleic
acid. For example, the gene modifying polypeptide may be delivered in the form of a DNA or
RNA encoding the polypeptide, and the template RNA may be delivered in the form of RNA or
its complementary DNA to be transcribed into RNA. In some embodiments the system or
components of the system are delivered on 1, 2, 3, 4, or more distinct nucleic acid molecules. In
some embodiments the system or components of the system are delivered as a combination of
DNA and RNA. In some embodiments the system or components of the system are delivered as
a combination of DNA and protein. In some embodiments the system or components of the
system are delivered as a combination of RNA and protein. In some embodiments the gene
modifying polypeptide is delivered as a protein.

In some embodiments the system or components of the system are delivered to cells, e.g.
mammalian cells or human cells, using a vector. The vector may be, e.g., a plasmid or a virus.
In some embodiments, delivery is in vivo, in vitro, ex vivo, or in situ. In some embodiments the
virus is an adeno associated virus (AAV), a lentivirus, or an adenovirus. In some embodiments
the system or components of the system are delivered to cells with a viral-like particle or a
virosome. In some embodiments the delivery uses more than one virus, viral-like particle or

virosome.

In one embodiment, the compositions and systems described herein can be formulated in
liposomes or other similar vesicles. Liposomes are spherical vesicle structures composed of a
uni- or multilamellar lipid bilayer surrounding internal aqueous compartments and a relatively
impermeable outer lipophilic phospholipid bilayer. Liposomes may be anionic, neutral or
cationic. Liposomes are biocompatible, nontoxic, can deliver both hydrophilic and lipophilic
drug molecules, protect their cargo from degradation by plasma enzymes, and transport their
load across biological membranes and the blood brain barrier (BBB) (see, e.g., Spuch and
Navarro, Journal of Drug Delivery, vol. 2011, Article ID 469679, 12 pages, 2011.
doi:10.1155/2011/469679 for review).

Vesicles can be made from several different types of lipids; however, phospholipids are
most commonly used to generate liposomes as drug carriers. Methods for preparation of

multilamellar vesicle lipids are known in the art (see for example U.S. Pat. No. 6,693,086, the
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teachings of which relating to multilamellar vesicle lipid preparation are incorporated herein by
reference). Although vesicle formation can be spontaneous when a lipid film is mixed with an
aqueous solution, it can also be expedited by applying force in the form of shaking by using a
homogenizer, sonicator, or an extrusion apparatus (see, e.g., Spuch and Navarro, Journal of Drug
Delivery, vol. 2011, Article ID 469679, 12 pages, 2011. doi:10.1155/2011/469679 for review).
Extruded lipids can be prepared by extruding through filters of decreasing size, as described in
Templeton et al., Nature Biotech, 15:647-652, 1997, the teachings of which relating to extruded
lipid preparation are incorporated herein by reference.

A variety of nanoparticles can be used for delivery, such as a liposome, a lipid
nanoparticle, a cationic lipid nanoparticle, an ionizable lipid nanoparticle, a polymeric
nanoparticle, a gold nanoparticle, a dendrimer, a cyclodextrin nanoparticle, a micelle, or a
combination of the foregoing.

Lipid nanoparticles are an example of a carrier that provides a biocompatible and
biodegradable delivery system for the pharmaceutical compositions described herein.
Nanostructured lipid carriers (NLCs) are modified solid lipid nanoparticles (SLNs) that retain the
characteristics of the SLN, improve drug stability and loading capacity, and prevent drug
leakage. Polymer nanoparticles (PNPs) are an important component of drug delivery. These
nanoparticles can effectively direct drug delivery to specific targets and improve drug stability
and controlled drug release. Lipid—polymer nanoparticles (PLNs), a type of carrier that
combines liposomes and polymers, may also be employed. These nanoparticles possess the
complementary advantages of PNPs and liposomes. A PLN is composed of a core—shell
structure; the polymer core provides a stable structure, and the phospholipid shell offers good
biocompatibility. As such, the two components increase the drug encapsulation efficiency rate,
facilitate surface modification, and prevent leakage of water-soluble drugs. For a review, see,
e.g., Lietal 2017, Nanomaterials 7, 122; doi:10.3390/nano7060122.

Exosomes can also be used as drug delivery vehicles for the compositions and systems
described herein. For a review, see Ha et al. July 2016. Acta Pharmaceutica Sinica B. Volume 6,
Issue 4, Pages 287-296; https://dot.org/10.1016/;.apsb.2016.02.001.

Fusosomes interact and fuse with target cells, and thus can be used as delivery vehicles
for a variety of molecules. They generally consist of a bilayer of amphipathic lipids enclosing a

lumen or cavity and a fusogen that interacts with the amphipathic lipid bilayer. The fusogen
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component has been shown to be engineerable in order to confer target cell specificity for the
fusion and payload delivery, allowing the creation of delivery vehicles with programmable cell
specificity (see for example Patent Application W02020014209, the teachings of which relating
to fusosome design, preparation, and usage are incorporated herein by reference).

In some embodiments, the protein component(s) of the gene modifying system may be
pre-associated with the template nucleic acid (e.g., template RNA). For example, in some
embodiments, the gene modifying polypeptide may be first combined with the template nucleic
acid (e.g., template RNA) to form a ribonucleoprotein (RNP) complex. In some embodiments,
the RNP may be delivered to cells via, e.g., transfection, nucleofection, virus, vesicle, LNP,
exosome, fusosome.

A gene modifying system can be introduced into cells, tissues and multicellular
organisms. In some embodiments the system or components of the system are delivered to the
cells via mechanical means or physical means.

Formulation of protein therapeutics is described in Meyer (Ed.), Therapeutic Protein
Drug Products: Practical Approaches to formulation in the Laboratory, Manufacturing, and the
Clinic, Woodhead Publishing Series (2012).

Tissue Specific Activity/Administration

In some embodiments, a system described herein can make use of one or more feature
(e.g., a promoter or microRNA binding site) to limit activity in off-target cells or tissues.

In some embodiments, a nucleic acid described herein (e.g., a template RNA or a DNA
encoding a template RNA) comprises a promoter sequence, €.g., a tissue specific promoter
sequence. In some embodiments, the tissue-specific promoter is used to increase the target-cell
specificity of a gene modifying system. For instance, the promoter can be chosen on the basis
that it is active in a target cell type but not active in (or active at a lower level in) a non-target
cell type. Thus, even if the promoter integrated into the genome of a non-target cell, it would not
drive expression (or only drive low level expression) of an integrated gene. A system having a
tissue-specific promoter sequence in the template RNA may also be used in combination with a
microRNA binding site, e.g., in the template RNA or a nucleic acid encoding a gene modifying
protein, e.g., as described herein. A system having a tissue-specific promoter sequence in the

template RNA may also be used in combination with a DNA encoding a gene modifying
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polypeptide, driven by a tissue-specific promoter, e.g., to achieve higher levels of gene
modifying protein in target cells than in non-target cells. In some embodiments, e.g., for liver
indications, a tissue-specific promoter is selected from Table 3 of W02020014209, incorporated
herein by reference.

In some embodiments, a nucleic acid described herein (e.g., a template RNA or a DNA
encoding a template RNA) comprises a microRNA binding site. In some embodiments, the
microRNA binding site is used to increase the target-cell specificity of a gene modifying system.
For instance, the microRNA binding site can be chosen on the basis that is recognized by a
miRNA that is present in a non-target cell type, but that is not present (or is present at a reduced
level relative to the non-target cell) in a target cell type. Thus, when the template RNA is present
in a non-target cell, it would be bound by the miRNA, and when the template RNA is present in
a target cell, it would not be bound by the miRNA (or bound but at reduced levels relative to the
non-target cell). While not wishing to be bound by theory, binding of the miRNA to the
template RNA may interfere with its activity, e.g., may interfere with insertion of the
heterologous object sequence into the genome. Accordingly, the system would edit the genome
of target cells more efficiently than it edits the genome of non-target cells, e.g., the heterologous
object sequence would be inserted into the genome of target cells more efficiently than into the
genome of non-target cells, or an insertion or deletion is produced more efficiently in target cells
than in non-target cells. A system having a microRNA binding site in the template RNA (or
DNA encoding it) may also be used in combination with a nucleic acid encoding a gene
modifying polypeptide, wherein expression of the gene modifying polypeptide is regulated by a
second microRNA binding site, e.g., as described herein. In some embodiments, e.g., for liver
indications, a miRNA is selected from Table 4 of W02020014209, incorporated herein by
reference.

In some embodiments, the template RNA comprises a microRNA sequence, an siRNA

sequence, a guide RNA sequence, or a piwi RNA sequence.
Promoters

In some embodiments, one or more promoter or enhancer elements are operably linked to
a nucleic acid encoding a gene modifying protein or a template nucleic acid, e.g., that controls

expression of the heterologous object sequence. In certain embodiments, the one or more
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promoter or enhancer elements comprise cell-type or tissue specific elements. In some
embodiments, the promoter or enhancer is the same or derived from the promoter or enhancer
that naturally controls expression of the heterologous object sequence. For example, the
ornithine transcarbomylase promoter and enhancer may be used to control expression of the
ornithine transcarbomylase gene in a system or method provided by the invention for correcting
ornithine transcarbomylase deficiencies. In some embodiments, the promoter is a promoter of
Table 16 or 17 or a functional fragment or variant thereof.

Exemplary tissue specific promoters that are commercially available can be found, for
example, at a uniform resource locator (e.g., www.invivogen.com/tissue-specific-promoters). In
some embodiments, a promoter is a native promoter or a minimal promoter, e g, which consists
of a single fragment from the 57 region of a given gene. In some embodiments, a native
promoter comprises & core promoter and its natral 5 UTR. In some embodiments, the §TUTR
comprises an intron. In other embodiments, these include composite promoters, which combine
promoter elements of different origing or were generated by asserobling a distal enhancer with g
minimal promoter of the same origin.

Exemplary cell or tissue specific promoters are provided in the tables, below, and
exemplary nucleic acid sequences enceding them are known in the art and can be readily
accessed using a variety of resources, such as the NCBI database, mcluding RefSeq, as well as

the Eukaryotic Promoter Database (epd eptl ch/index php).

Table 16, Exemplary cell or tissue-specific promoters

Promoter Target cells

B29 Promoter B cells

CD14 Promoter Monocytic Cells

CD43 Promoter Leukocytes and platelets
CD45 Promoter Hematopoeitic cells
CD68 promoter macrophages

Desmin promoter muscle cells

Elastase-1 promoter

pancreatic acinar cells

Endoglin promoter

endothelial cells

fibronectin promoter

differentiating cells, healing tissue

Fit-1 promoter

endothelial cells

GFAP promoter

Astrocytes

GPIIB promoter

megakaryocytes
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Promoter

Target cells

ICAM-2 Promoter

Endothelial cells

INF-Beta promoter

Hematopoeitic cells

Mb promoter

muscle cells

Nphs1 promoter

podocytes

0G-2 promoter Osteablasts, Odonblasts
SP-B promoter Lung
Syn1 promoter Neurons

WASP promoter Hematopoeitic cells
SVA40/bAlb promoter Liver

SV40/bAlb promoter Liver

SV40/Cd3 promoter Leukocytes and platelets
SV40/CD45 promoter hematopoeitic cells

NSE/RU5' promoter

Mature Neurons

Table 17. Additionsl exemplary cell or tissue-specific promoters

PCT/US2022/076024

Promoter Gene Description Gene Specificity
APOA2 Apolipoprotein Al Hepatocytes (from hepatocyte progenitors)
Serpin peptidase inhibitor, clade A (alpha-1 Hepatocytes
SERPINA1 N T A
antiproteinase, antitrypsin), member 1 (from definitive endoderm
(hAAT) ’ :
(alsc named alpha 1 anti-tryps in) stage)
CYP3A Cytochrome P450, family 3, subfamily A, polypeptide Mature Hepatocytes
Hepatocytes
MIR122 MicroRNA 122 (_1rom early stage embryonic
liver cells)
and endoderm
Pancreatic specific promoters
Promoter Gene Description Gene Specificity
INS Insulin Pancreatic beta cells
{from definitive endoderm stage)
RS2 Insulin receptor substrate 2 Pancreatic beta cells
P Pancreatic and duodenal Pancreas
homeobox 1 {from definitive endoderm stage)
Alx3 Aristaless-like homeobox 3 Pancreal!c‘b.eta oells
[from definitive endoderm stage)
. PP pancreatic cells
Ppy Pancreatic polypeptide (gamma cells)
Cardiac specific promoters
Promoter Gene Description Gene Specificity
Myh6 (@MHC) Myosin, heavy chain 6, cardiac muscle, alpha Late differentiation marker of cardiac muscle cells (atrial specificity)
MYL2 (MLC-2v) Myosin, light chain 2, regulatory, cardiac, slow Late qwferentlatlon marker of cardiac muscle cells (ventricular
specificity)
[TNNI3 . . Cardiomyocytes
{cTnl) Troponin | type 3 oardiac) (from immature state)
ITNNI3 Cardiomyocytes
(cThl) Troponin | type 3 (cardiac) (from immature state)
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Promoter

Gene Description

Gene Specificity

NPPA (ANF)

Natriuretic peptide precursor A (also named Atrial Natriuretic
Factor)

Atrial specificity in adult cells

Slea (Nox1)

Solute carrier family 8 (sodium/calcium exchanger), member 1

Cardicmyocytes from early developmental stages

CNS specific promoters
SYN1 (hSyn) Synapsin | Neurons
GFAP Glial fibrillary acidic protein Astrocytes
INA ‘\nternex!n neuronal intermediate filament protein, alpha (a- Netraprogenitars

internexin)
NES Nestin Neuroprogenitars and ectoderm
MOBP Myelin-associated cligodendrocyte basic protein Oligodendrocytes
MBP Myelin basic protein Oligodendrocytes
TH Tyrosine hydroxylase Dopaminergic neurons
ESé)A 2 (HNF3 Forkhead box A2 Dopaminergic neurons (also used as a marker of endoderm)
Skin specific promoters
Promoter Gene Description Gene Specificity
FLG Filaggrin Keratinocytes from granular layer
K14 Keratin 14 Keratinocytes from granular

and basal layers

TGM3 Transglutaminase 3 Keratinocytes from granular layer

Immune cell specifi

ic promoters

Promoter Gene Description Gene Specificity
[TGAM Integrin, alpha M (complement Monocytes, macrophages , granulocytes ,
(CD11B) component 3 receptor 3 subunit) natural killer cells
Urogential cell specific promoters

Promoter Gene Description Gene Specificity
Pbsn Probasin Prostatic epithelium
Upk2 Uroplakin 2 Bladder

Sbp Spermine binding protein Prostate

Fer1l4 Fer-1-like 4 Bladder
Endothelial cell specific promoters

Promoter Gene Description Gene Specificity
ENG Endoglin Endothelial cells

Pluripotent and embryonic cell specific promoters

Promoter Gene Description Gene Specificity
Pluripotent cells
Octd (POUSF1) POU class 5 homeabox 1 {germ cells, ES cell, IPS cels)
Pluripotent cells
NANOG Nanog homeobox (ES cells, iPS oolls)
Synthetic Oct4 Synthetic promoter based on a Oct-4 core enhancer element Pluripotent cells (ES cells, iPS cells)
T brachyury Brachyury Mesoderm
NES Nestin Neuroprogenitors and Ectoderm
SOX17 SRY (sex determining region Y)-box 17 Endoderm
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Promoter Gene Description Gene Specificity
Egéﬁz (HNFJ Forkhead box A2 Endoderm (also used as a marker of dopaminergic neurons)

Endoderm and hepatocytes

MIR122 MicroRNA 122 o
(from early stage embryonic liver cells~

Depending on the host/vector sysiem uitlized, any of & number of suitable transeription
and fransiation control elements, including constitutive and inducible promoters, transcription
enhancer elements, transcription terminators, eic. may be used in the expression vector {see e.g.
Bitter et al. (1987} Methods in Fazvmology, 153:516-544; incorporated berein by reference inits
entirety ).

fn some ernbodiments, a nuclete acid escoding a gene modifying protein or template
nucleic acid is operably linked 1o a control element, 2.9, a transcriptional control element, such
as g promoter. The fransoriptional control element may, in some embodiment, be functional in
either a enlarvotic cell, e g, a mammalian cell; or a prokaryotic cell {e g, bacterial or archaeal
ceily. In some embodiments, a nuclectide sequence encoding a polvpeptide is operably linked to
anittiple control elements, e.g | that allow expression of the nucleotide sequence encoding the
polypeptide in both prokaryotic and eukaryotic cells.

For ilfustration purposes, examples of spatially restricted promoters inchude, but are not
limited {o, neuron-specitic promoters, adipocyie-specific promoters, cardiomyocyte-specific
promoters, smocth muscie-specific promoters, photorecepior-specific promoters, ete. Meuron-
specific spatiaily restricted promoters include, but are not limited to, 3 neuron-specitic enolase
{NSE) promoter {see, ¢.g., EMBL HSENG?2, X51956), an aromatic amino acid decarboxylase
{AADC)Y promoter, a neurofilament promoter {see, e.g., GenBank HUMNFL, 104147} 4
synapsin promoter {see, ¢.g., GenBank HUMSYNIB, M533301y; & thy-1 promoter {see, ¢z, Chen
et al (1987) Cell 31.7-19; and Liswellyn, et al, (2010) Nat. Med, 16{10%. 116111663, a serotonin
receptor promoter {see, e, GenBank S62283Y, a tyrosine hydroxylase promoter (TH) (see, e g,
(et 2l (20093 Gene Ther 16:437, Sasacka et al. (1992} Mol Brain Res, 16:274; Boundy et al.
{1998} J. Neurosci. 13:9989; and Kaneda st al. (1991} Neuron 6:583-594} & GnRH promoter
{see, e.g, Radovick et al (3991 Proc. Matl, Acad Sct USA 88.3402-3406), an L7 promoter
(see, e.g., Oberdick et al. (1990) Science 248:223-226%; a DINMT promoter (see, e.g., Barige
al. { 1988) Proc. Nail Acad. Sci. USA B5:3648-3052%; an enkephahin promoter (see, ¢ g, Comb
et ol {108} EMBO J 17.3793-3805}; a myeltn basic protein (MBP) promoter; a Cal+-

calmodulin-dependent protein kinase H-alpha (Cam i) promoter (see, g, Mayford et al.

&
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{1996} Proc. Natl. Acad. Sci. UUSA 93:33250; and Casancove et al. (2001) Genesis 31:37), a CMV
enhancer/platelet-derived growth factor-f promaoter {see, .g., Liv et al. {2004} Gene Therapy
11:52-60}; and the like.

Adipocyte-specific spatially restricted promoters inchude, but are not limited to, the aP2
gene promoter/enhancer, e.g, a region from ~5.4 kb to +21 bp of a human aP2 gene {see, e g,
Tozzo et al. {1997 Endocringl. 138:3604; Ross et al. {1990} Proc. Natl Acad. Sci. USA
379590, and Paviang et 2l {2005 Nat. Med. 11:.797}; a glucose transporter-4 (GLUT4) promoter
{see, e.g., Knight et al. (2003) Proc. Natl. Acad. Sci. USA 100:14725}; a fatty acid translocase
{(FAT/CD36) promoter {see, e.g, Kuriki et al. {2002) Biol, Pharm. Bull. 251476, and Sato et al.
(20023 | Biol. Chem. 277157043}, a stearoyl-CoA desaturase-1 {(3CD 1) promoter (Tabor et al
{1999} I Biol Chem. 274:20603}; a leptin promoter {see, e.¢., Mason et al. {1998} Endocninol.
139:1013; and Chen et al. (1999) Biocheny, Biophys. Res. Comumn, 262:187Y, an adiponectin
promoter {see, ¢z, Kita ot al. (2005) Biochem. Biophys. Res. Coram. 331:484; and Chakrabarti

0103 Endocrinol. 151.2408); an adipsin promoter (see, e.g., Plait of al. (1989) Proc. Natl, Acad.
Sci. LUSA 86:7490}; a resistin promoter {see, e.¢., Sec et al. {2003 Molec. Endocrinol. 17:1522}
and the like.

Cardiomyocyte-specitic spatially restricted promoters include, but are not limited to,
control sequences derived from the following genes: myosin light chain-2, c-myosin heavy
chain, AH3, cardiac troponin €, cardiac aclin, and the Hke. Franz et al. (1997} Cardiovase. Res.
35:560-566; Robbins et al. {1995) Aun. MY, Acad. Sci. 752:492-505; Linn et al. (1995} Circ.
Res. 76:584.591; Parmacek et al. {19943 Mol (ell. Biol 14.1870-18&5; Hunter et al {1993}
Hypertension 22:608-617: and Sartorelli ¢t al. (1992) Proc. Natl Acad. Sci. USA 89:4047-4051.

Smooth muscle-specitic spatially restricted promoters include, but are ot hmited to, an
SM22a promoter (See, e.g., Akytrek ef &l {2000} Mol Med. 6:983; and U % Pat. No.

7,169,874y, s simoothelin promoter (see, ¢ g, WO 2001/018048), an a-smooth muscle actin
promoter; and the like, For example, 8 0.4 kb region of the 8M22¢ promoter, within which lie
wo CArG elements, has been shown to mediate vascular smooth muscle celi-specific expression
{see, eg., Kim, etal {1997y Mol Cell. Biol, 17, 2266-2278; Ly, et al, (1996} J. Cell Biol. 132,
%49-859 and Moesster, et al. (1990) Development 122, 2415-2425)
Photoreceptor-specific spatially restricted promoters include, but are not limited 1o, a

rhodopsin promoter; a rhodopsin kinase promoter {Young et al. (2003) Ophthalmol. Vis. Sci
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44:40763; a beta phosphodiesterase gene promoter {(Micoud et al. (2007} J. Gene Med. 91015}, a
retiniis pigmentosa gene promoter {Nicoud et al (2007) supra); an interphotoreceptor retinoid-
binding protein (IRBP) gene enhancer (Nicond et al. {2007} supra);, an IRBF gene promoter
{Yokoyama ot al. {1992) Exp Eye Res, 55:225); and the like,

In some embodiments, a gene modifying system, e.g., DNA encoding a gene modifying
polypeptide, DNA encoding a template RNA, or DNA or RNA encoding a heterologous object
sequence, is designed such that one or more elements is operably linked to a tissue-specific
promoter, e.g., a promoter that is active in T-cells. In further embodiments, the T-cell active
promoter is inactive in other cell types, e.g., B-cells, NK cells. In some embodiments, the T-cell
active promoter is derived from a promoter for a gene encoding a component of the T-cell
receptor, e.g., TRAC, TRBC, TRGC, TRDC. In some embodiments, the T-cell active promoter
is derived from a promoter for a gene encoding a component of a T-cell-specific cluster of
differentiation protein, e.g., CD3, e.g., CD3D, CD3E, CD3G, CD3Z. In some embodiments, T-
cell-specific promoters in gene modifying systems are discovered by comparing publicly
available gene expression data across cell types and selecting promoters from the genes with
enhanced expression in T-cells. In some embodiments, promoters may be selecting depending
on the desired expression breadth, e.g., promoters that are active in T-cells only, promoters that
are active in NK cells only, promoters that are active in both T-cells and NK cells.

Cell-apecific promoters koown in the art may be used to divect expression of a gene
modifying protein, e.g., as described herein. MNonlimuting exemplary moammalian cell-specific
promoters have been characterized and used in mice expressing Cre recombinase in 2 cell-
specific manner. Certain nonlimiting oxemplary mammalian cell-spectfic promoters are listed in
Table 1 of UJS9845481, wcorporated herein by reference.

In some embodiments, a vector as described herein comprises an expression cassetie.
Typically, an expression cassette comprises the nucleie acid molecule of the wstant inventicn
operatively linked to 2 promoter sequence. For example, 2 promoter is operatively linked with a
cotding sequence when i 18 capable of aftecting the expression of that coding sequence {e.g., the
coding sequence is under the transcriptional control of the promoter}. Encoding sequences can
be operatively Hinked 1o regulatory sequences in sense or antisense orientation. In certain
embodiments, the promoter is 2 heterologous promoter. In certain embodiments, an expresaion

cassette may comprise additional elements, for example, an intron, an enhancer, a
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polvadenviation site, a woodchuck response element {WRE), and/or other elements known 10
affect expression levels of the encoding sequence. A promoter typically controls the expression
of a coding sequence or functional RNA. o certain embodiments, a promoter sequence
comprises provimal and more distal upstream elements and can further coruprise an enhancer
element. An enhancer can typically stiniulate promoter activity and may be an tusate element of
the promoter or a heterslogous element inserted to enhance the level or tissue-specificity of' 3
promoter. u certain smbodiments, the promoter is derived in is entivety from a native gene. In
certain embodiments, the promoter is composed of different elements derived from ditferent
naturally occurring promoters, Tn certain embodiments, the promoter comprises a synthetic
nucleotide sequence. It will be undersiood by those skilled o the art that different promoters
will direct the expression of a gene in different tissues or cell types, or at different stages of
development, or in response to different environmental conditions or Lo the presence or the
ahsence of a drug or transeriptional co-factor. Ubiquitous, cell-type-specific, tissue-specific,
developmental stage-specific, and conditional promoters, for example, drug-responsive
promoters {e.g., tetracycline-responsive promoters) are well known to those of skill in the ant.
Exemplary promoters include, but are not limited to, the phosphoglycerate binase (PEG)
promoter, CAG {somposite of the CMY enhancer the chicken beta actin promoter {{UBA} and the
rabbit beta globin intron), NSE (neurcnal specific enolase), synapsin or MeuN promoters, the
8V44 early promoter, mouse mammary humor virus LTR promoter, adenovirus major late
promoter {Ad MLP}, a herpes simplex virus (HSV) promoter, a cytomegalovirus (CMV}
promoter such as the UMY immediate early promoter region (IMVIE), SFFY promoter, rous
sarcoma virus {RSY} promoter, synthetic prometers, hybrnid promoters, and the ke, Other
prowmoters can be of bumwan origin o from other species, wcluding from mice. Common
promoters inchude, £.2., the human cytomegalovirus {CMVY) immediate garly gene promoter, the
SV40 carly promoter. the Rous sarcoma vitus long terminal repeat; [hetal- actin, rat wosulin
promoter, the phosphogiveerate kinase promoter, the human alpha-1 antitrypsin (hRAAT)
promoter, the transthyretin promoter, the TBG promoter and other ver-specific promoters, the
desmin promoter and simitar muscle-specific promoters, the EF1 -alpha promoter, bybrid
promoters with multi-tissue specificity, promoters specific for nourons like synapsin and
glyceraldehyde-3 -phosphate debydrogenase promoter, all of which are promoters well known

and readily available o those of skill in the art, can be used to obiain high-level expression of the
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coding sequence of interest. In addition, sequences derived from non-viral genes, such as the
murine metaliothionein gene, will also find use herein. Such promoter sequences are
commercially available from, g, Stratagene (San Diego, CA). Additional exemplary promoter
sequences are described, for example, in WO2018213780A1 {incorporated by reference herein in
its sutirety ).

In some embodiments, the apolipoprotein E enhancer (ApoE) or a functional fragment
thereof is used, e.g., to drive expression in the liver. In some embodiments, two copies of the
ApoE enhancer or a functional fragment thereof are used. In some embodiments, the ApoE
enhancer or functional fragment thereof is used in combination with a promoter, e.g., the human
alpha-1 antitrypsin (hAAT) promoter.

In some embodirents, the regulatory sequences impart tissue-specific gene expression
capabilities. In some cases, the tissue-specific regulatory sequences bind tissug-apecific
transcription factors that induce transcription in a tissue specific manner. Various tissue-specific
regulatory sequences (e.g., promoters, enhancers, ete.} are known i the art. Exemplary tissue-
specific regulatory sequences include, but are not Hmited 1o, the following tissue-specific
promoters: a iver-specific thyroxin binding globulin (TBG) promoter, an osulin promoter, a
ghicagon promaoter, a soMatostatin promoeter, a pancreatic polvpeptide {PPY) promoter, a
syrapsin-1 {Syn) promoter, a creatine kinase {MCK ) promcter, 2 mammalian desnun (DES)
promoter, a g-myosin heavy chain (a-MHC) promoter, or a cardiac Troponin T {(¢TnT) promoter,
{Other exemplary promoters include Beta-actin promoter, hepatitis B virus core promoter, Sandig
et al, Gene Ther, 3:1002-9 {1996); alpha-fetoprotein (AFP) promoter, Arbuthnot et 2l Hum
Gene Ther, 7:1503-14 {1996}, bone osteocalcin promoter {Stein ot al | Mol. Biol Rep., 24:185-
96 (1997}, booe sisloproten promoter (Cheo et al, J. Bone Miner, Res,, 11:654-64 (1996)),
12 promoter (Hansal et al | b Imnnol |, 161:1063-& (1998}, immunogiobulin heavy chain
promoten; T cell receptor a-chain promoter, seuronal such a3 neuron-specific enplase (NSE)
promoter {Andersen et al., Cell, Mol, Neurobiol,, 13:503-15 (1993)), neurofilament light-chain
gone promaoter (Piccioli et al | Proo. Wath, Acad. Sci. USA, 88:5611-5 {1991}, and the neuron-
specific vgl gene promoter (Piccioli et al, Neuron, 15:373-84 (19958}, and others. Additional
exemplary promoter sequences are described, for example, in U S Patent No. 10308146
(incorporated herein by reference in its entirety). In some embodiments, a tissus-apecific

regulatory element, e.g., & tissue-specific promoter, is selected from one known to be operably
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finked to a gene that is highly expressed in a given tissug, €2, as measured by RNA-seq or
protein expression dats, or a combination thereof. Methods for analyzing tissue specificity by
expression are taught in Fagerberg et al. Mol Cell Profecmics 13(23.397-406 (2014}, whick is
ieorporated herein by reference in s enirety.

In some embodiments, a vector described herein is 8 mulficistronic expression construct.
Mulucistronic expression constructs include, for example, constructs harbosing a first expression
cassette, o.g. comprising & first promoter and a fivst encoding nucletc acid sequence, and a
second expression cassetie, e.g. comprising a second prometer and a second encoding nuciaic
acrd sequence. Such roulticistronic expression constructs may, in some instances, be parficularly
useful in the delivery of non-translated gene products, such as bairpin RNAs, together with 2
polypeptide, for example, 2 gene modifying polypeptide and gene modifying templiate. In some
embodiments, mullicistronic expression construcis may exlibit reduced expression levels of one
or more of the included transgenes, for example, because of promoter interference or the
presence of incompatible nucleic acid elements in close proximity. If & multicistronic expression
construct is part of a viral vector, the presence of a self-complementary nucizic acid sequence
may, i some tustances, werfere with the formation of structures necessary for viral
reproduction of packaging.

In some embodiments, the sequence encodes an RNA with a hairpin. In some
embodiments, the hairpin RNA is 2 guide RNA, a ternpiate BNA, a shRNA, or a microRMNA. In
some embodiments, the tirst promoter 18 an RNA polymerase | promoter. In some embodiments,
the first promoter is an RNA polymerase H promoter. In some emsbodiments, the second
promoter 18 an RMNA polyrerase IH promoter. o some embodiments, the second promoter is g
Ut or Hi provooter.

Without wishing {0 be bound by theory, multicistronic expression constructs may noi
achieve optimal expression levels as compared fo expression systems containing ouly one
cistron. One of the suggested causes of lower expression levels achieved with multicistronic
PXpressicn constructs comprising two or maore promoter elements 18 the phenoraenocn of promoter

interference (see, e.g, CortinJ A, Dane A P, Swanson A, Alexander LE, Ginn § L. Bidirectional

presmoter fterference between two widely used internal heterologous promoters in a late-

generation fentiviral construct. (ene Ther, 2008 March; 15(5)384-90; and Martin-Dugue P,

Jezzard 8, Kaftansis L, Vassaux G. Direct compurison of the insulating properties of two genetic
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elements in an adenoviral vecior containing two different expression casseties. Hum Gene Ther
2004 Qctober; 151019951002, both references incorporated herein by reference for disclosure
of promoter interference phenomenocn). o some embodiments, the probler of promoter
interference may be overcome, £.2., by producing mulficistronic eXpression constructs
comprising only one promoter drivisg transeription of multiple encoding nucletc acid sequences
separated by internal ribosomal entry sites, or by separating cistrons comprising their own
prometer with transeriptional wsulator elements. In some embodiments, single-promoter driven
expression of multiple cistrons may resuit in uneven expression levels of the cistrons. In soms
embodiments, & promoter cannot efficienily be iaolated and isolation elernents may not be

compatible with some gene transfer vectors, for example, some retroviral vectors.

MicroRNAs

MicroRNAs (miRNAs) and other small interfering nucleic acids generally regulate gene
expression via target RNA transoript cleavage/degradation or translational repression of the
target messenger RNA (mRNAY, miRNAs may, in some instances, be natively expressed,
typrcally as final 19-25 non-transtated RNA products. miRNAs generally extubit their activity
through sequence-specific tuteractions with the 3" untransialed regions (UTR) of target mRNAs,
These endogenously expressed siRMNAs may form hairpin precursors that are subsequently
procesaed tnto an miRNA duplex, and further nto a mature single stranded miBNA molecule
This mature muBNA generally guides a multiprotein complex, miRISC, which identifies target 3/
UTR regions of target mRNAs based upon their complementarity 1o the matore miRNA. Useful
tranagene products may include, for example, miRNAs or miRMNA binding sites that regulate the
expression of a Hnked polvpeptide. A nos-hmiting list of roiRNA genes; the products of these
genes and their homolognes are useful as transgenes or as targets for small interfering nucleic
acids {o.g., miRMNA sponges, anfisense oligonucieotides), 2., in methods such as those Histed in
USI0300146, 22:25-25:48 are heretn incorporated by refersuce. In some embodiments, one or
more binding sites for ene or more of the foregoing miRNAg are incorporated 1o & transgene,
e.g., atransgens delivered by an rAAY vector, e.g., to inhilit the expression of the fransgene tn
one or more tissues of an animal harboring the transgene. In some embodiments, a binding site
may be selected to control the expression of a transgene in a fissue specific manner. For

example, binding sites for the liver-specific miR-122 may be incorporated into a transgene o
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inhibit expression of that transgene in the liver. Additional exemplary nuRNA sequences are
described, for example, in U, Patent No. 10,300,146 (incorporated herein by reference in i1s
entirety ).

An nuR inhibitor or miRMA inhibitor s generally an agent that blocks miRNA
expression and/or processing. Examples of such agents include, but are not linited to,
microlNA antagonists, microRNA specific antisense, mictoRNA sponges, and microRNA
oiigonucleotides {double-siranded, hatrpin, short oligonucieotides) that bt miRNA
interaction with a Droshia complex. MicroRNA inhibitors, e.g., miRNA sponges, can be
expressed in cells from transgenes (e.g., as described in Ebert, M. 8 Nature Methods, Epub Aug.
12, 2007, incorporated by reference herein in ts entirety ). In some embodiments, microRNA
sponges, or oiher miR inhibitors, are used with the AAVS microRMA sponges generally
specifically inhibit miRNAs through a complementary beptameric seed sequence. In some
embodiments, an entire family of nuRNAs can be silenced using a single sponge sequence. Other
methods for silencing miBNA fuvction (derepression of miRNA targets) in cells will be apparent
to one of ordinary skill in the art.

In some embodiments, a gene modifying system, template RNA, or polypeptide
described herein is administered to or is active in (e.g., is more active in) a target tissue, e.g., a
first tissue. In some embodiments, the gene modifying system, template RNA, or polypeptide is
not administered to or is less active in (e.g., not active in) a non-target tissue. In some
embodiments, a gene modifying system, template RNA, or polypeptide described herein is useful
for modifying DNA in a target tissue, e.g, a first tissue, (e.g., and not modifying DNA in a non-
target tissue).

In some embodiments, a gene modifying system comprises (a) a polypeptide described
herein or a nucleic acid encoding the same, (b) a template nucleic acid (e.g., template RNA)
described herein, and (c) one or more first tissue-specific expression-control sequences specific
to the target tissue, wherein the one or more first tissue-specific expression-control sequences
specific to the target tissue are in operative association with (a), (b), or (a) and (b), wherein,
when associated with (), (a) comprises a nucleic acid encoding the polypeptide.

In some embodiments, the nucleic acid in (b) comprises RNA.

In some embodiments, the nucleic acid in (b) comprises DNA.
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In some embodiments, the nucleic acid in (b): (i) is single-stranded or comprises a single-
stranded segment, e.g., is single-stranded DNA or comprises a single-stranded segment and one
or more double stranded segments; (ii) has inverted terminal repeats; or (iii) both (i) and (ii).

In some embodiments, the nucleic acid in (b) is double-stranded or comprises a double-
stranded segment.

In some embodiments, (a) comprises a nucleic acid encoding the polypeptide.

In some embodiments, the nucleic acid in (a) comprises RNA.

In some embodiments, the nucleic acid in (a) comprises DNA.

In some embodiments, the nucleic acid in (a): (i) is single-stranded or comprises a single-
stranded segment, e.g., is single-stranded DNA or comprises a single-stranded segment and one
or more double stranded segments; (ii) has inverted terminal repeats; or (iii) both (1) and (ii).

In some embodiments, the nucleic acid in (a) is double-stranded or comprises a double-
stranded segment.

In some embodiments, the nucleic acid in (a), (b), or (a) and (b) is linear.

In some embodiments, the nucleic acid in (a), (b), or (a) and (b) is circular, e.g., a plasmid
or minicircle.

In some embodiments, the heterologous object sequence is in operative association with a
first promoter.

In some embodiments, the one or more first tissue-specific expression-control sequences
comprises a tissue specific promoter.

In some embodiments, the tissue-specific promoter comprises a first promoter in
operative association with: (i) the heterologous object sequence, (ii) a nucleic acid encoding the
retroviral RT, or (iii) (1) and (i1).

In some embodiments, the one or more first tissue-specific expression-control sequences
comprises a tissue-specific microRNA recognition sequence in operative association with: (i) the
heterologous object sequence, (ii) a nucleic acid encoding the retroviral RT domain, or (iii) (i)
and (i1).

In some embodiments, a system comprises a tissue-specific promoter, and the system
further comprises one or more tissue-specific microRNA recognition sequences, wherein: (i) the
tissue specific promoter is in operative association with: (I) the heterologous object sequence,

(I1) a nucleic acid encoding the retroviral RT domain, or (III) (I) and (IT); and/or (ii) the one or
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more tissue-specific microRNA recognition sequences are in operative association with: (I) the
heterologous object sequence, (I1) a nucleic acid encoding the retroviral RT, or (IIT) (I) and (II).

In some embodiments, wherein (a) comprises a nucleic acid encoding the polypeptide,
the nucleic acid comprises a promoter in operative association with the nucleic acid encoding the
polypeptide.

In some embodiments, the nucleic acid encoding the polypeptide comprises one or more
second tissue-specific expression-control sequences specific to the target tissue in operative
association with the polypeptide coding sequence.

In some embodiments, the one or more second tissue-specific expression-control
sequences comprises a tissue specific promoter.

In some embodiments, the tissue-specific promoter is the promoter in operative
association with the nucleic acid encoding the polypeptide.

In some embodiments, the one or more second tissue-specific expression-control
sequences comprises a tissue-specific microRNA recognition sequence.

In some embodiments, the promoter in operative association with the nucleic acid
encoding the polypeptide is a tissue-specific promoter, the system further comprising one or
more tissue-specific microRNA recognition sequences.

In some embodiments, a nucleic acid component of a system provided by the invention is
a sequence (e.g., encoding the polypeptide or comprising a heterologous object sequence)
flanked by untranslated regions (UTRs) that modify protein expression levels. Various 5" and 3’
UTRs can affect protein expression. For example, in some embodiments, the coding sequence
may be preceded by a 5" UTR that modifies RNA stability or protein translation. In some
embodiments, the sequence may be followed by a 3" UTR that modifies RNA stability or
translation. In some embodiments, the sequence may be preceded by a 5" UTR and followed by a
3" UTR that modify RNA stability or translation. In some embodiments, the 5" and/or 3" UTR
may be selected from the 5" and 3" UTRs of complement factor 3 (C3)
(CACTCCTCCCCATCCTCTCCCTCTGTCCCTCTGTCCCTCTGACCCTGCACTGTCCCAG
CACC) or orosomucoid 1 (ORM1)
(CAGGACACAGCCTTGGATCAGGACAGAGACTTGGGGGCCATCCTGCCCCTCCAACC
CGACATGTGTACCTCAGCTTTTTCCCTCACTTGCATCAATAAAGCTTCTGTGTTTGGA
ACAGCTAA) (Asrani et al. RNA Biology 2018). In certain embodiments, the 5" UTR is the §”
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UTR from C3 and the 3" UTR is the 3" UTR from ORM1. In certain embodiments, a 5" UTR
and 3" UTR for protein expression, e.g., mRNA (or DNA encoding the RNA) for a gene
modifying polypeptide or heterologous object sequence, comprise optimized expression
sequences. In some embodiments, the 5" UTR comprises
GGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGAGCCACC and/or the
3" UTR comprising
UGAUAAUAGGCUGGAGCCUCGGUGGCCAUGCUUCUUGCCCCUUGGGCCUCCCCCC
AGCCCCUCCUCCCCUUCCUGCACCCGUACCCCCGUGGUCUUUGAAUAAAGUCUGA,
e.g., as described in Richner et al. Cell 168(6): P1114-1125 (2017), the sequences of which are
incorporated herein by reference.

In some embodiments, a 5 and/or 3" UTR may be selected to enhance protein
expression. In some embodiments, a 5" and/or 3" UTR may be selected to modify protein
expression such that overproduction inhibition is minimized. In some embodiments, UTRs are
around a coding sequence, e.g., outside the coding sequence and in other embodiments proximal
to the coding sequence. In some embodiments, additional regulatory elements (e.g., miRNA
binding sites, cis-regulatory sites) are included in the UTRs.

In some embodiments, an open reading frame of a gene modifying system, e.g., an ORF
of an mRNA (or DNA encoding an mRNA) encoding a gene modifying polypeptide or one or
more ORFs of an mRNA (or DNA encoding an mRNA) of a heterologous object sequence, is
flanked by a 5" and/or 3" untranslated region (UTR) that enhances the expression thereof. In
some embodiments, the 5" UTR of an mRNA component (or transcript produced from a DNA
component) of the system comprises the sequence 5'-
GGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGAGCCACC-3". In some
embodiments, the 3" UTR of an mRNA component (or transcript produced from a DNA
component) of the system comprises the sequence 5'-
UGAUAAUAGGCUGGAGCCUCGGUGGCCAUGCUUCUUGCCCCUUGGGCCUCcceCe
AGCCCCUCCUCCCCUUCCUGCACCCGUACCCCCGUGGUCUUUGAAUAAAGUCUGA-
3". This combination of 5" UTR and 3" UTR has been shown to result in desirable expression of
an operably linked ORF by Richner et al. Cel/ 168(6): P1114-1125 (2017), the teachings and
sequences of which are incorporated herein by reference. In some embodiments, a system

described herein comprises a DNA encoding a transcript, wherein the DNA comprises the
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corresponding 5" UTR and 3" UTR sequences, with T substituting for U in the above-listed
sequence). In some embodiments, a DNA vector used to produce an RNA component of the
system further comprises a promoter upstream of the 5” UTR for initiating in vitro transcription,
e.g, aT7, T3, or SP6 promoter. The 5" UTR above begins with GGG, which is a suitable start
for optimizing transcription using T7 RNA polymerase. For tuning transcription levels and
altering the transcription start site nucleotides to fit alternative 5" UTRs, the teachings of
Davidson et al. Pac Symp Biocomput 433-443 (2010) describe T7 promoter variants, and the
methods of discovery thereof, that fulfill both of these traits.

Viral vectors and components thereof

Viruses are a useful source of delivery vehicles for the systems described herein, in
addition to a source of relevant enzymes or domains as described herein, e.g., as sources of
polymerases and polymerase functions used herein, e.g., DNA-dependent DNA polymerase,
RNA-dependent RNA polymerase, RNA-dependent DNA polymerase, DNA-dependent RNA
polymerase, reverse transcriptase. Some enzymes, €.g., reverse transcriptases, may have
multiple activities, e.g., be capable of both RNA-dependent DNA polymerization and DNA-
dependent DNA polymerization, e.g., first and second strand synthesis. In some embodiments,
the virus used as a gene modifying delivery system or a source of components thereof may be
selected from a group as described by Baltimore Bacteriol Rev 35(3):235-241 (1971).

In some embodiments, the virus is selected from a Group I virus, e.g., is a DNA virus and
packages dsDNA into virions. In some embodiments, the Group I virus is selected from, e.g.,
Adenoviruses, Herpesviruses, Poxviruses.

In some embodiments, the virus is selected from a Group II virus, e.g., is a DNA virus
and packages ssDNA into virions. In some embodiments, the Group II virus is selected from,
e.g., Parvoviruses. In some embodiments, the parvovirus is a dependoparvovirus, e.g., an adeno-
associated virus (AAV).

In some embodiments, the virus is selected from a Group III virus, e.g., is an RNA virus
and packages dsRNA into virions. In some embodiments, the Group III virus is selected from,
e.g., Reoviruses. In some embodiments, one or both strands of the dsSRNA contained in such

virions is a coding molecule able to serve directly as mRNA upon transduction into a host cell,
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e.g., can be directly translated into protein upon transduction into a host cell without requiring
any intervening nucleic acid replication or polymerization steps.

In some embodiments, the virus is selected from a Group IV virus, e.g., is an RNA virus
and packages ssSRNA(+) into virions. In some embodiments, the Group IV virus is selected
from, e.g., Coronaviruses, Picornaviruses, Togaviruses. In some embodiments, the sSSRNA(+)
contained in such virions is a coding molecule able to serve directly as mRNA upon transduction
into a host cell, e.g., can be directly translated into protein upon transduction into a host cell
without requiring any intervening nucleic acid replication or polymerization steps.

In some embodiments, the virus is selected from a Group V virus, e.g, is an RNA virus
and packages sSRNA(-) into virions. In some embodiments, the Group V virus is selected from,
e.g., Orthomyxoviruses, Rhabdoviruses. In some embodiments, an RNA virus with an ssRNA(-)
genome also carries an enzyme inside the virion that is transduced to host cells with the viral
genome, e.g., an RNA-dependent RNA polymerase, capable of copying the ssRNA(-) into
ssRNA(+) that can be translated directly by the host.

In some embodiments, the virus is selected from a Group VI virus, e.g,, is a retrovirus
and packages ssSRNA(+) into virions. In some embodiments, the Group VI virus is selected
from, e.g., retroviruses. In some embodiments, the retrovirus is a lentivirus, e.g., HIV-1, HIV-2,
SIV, BIV. In some embodiments, the retrovirus is a spumavirus, e.g., a foamy virus, e.g., HFV,
SFV, BFV. In some embodiments, the ssSRNA(+) contained in such virions is a coding molecule
able to serve directly as mRNA upon transduction into a host cell, e.g., can be directly translated
into protein upon transduction into a host cell without requiring any intervening nucleic acid
replication or polymerization steps. In some embodiments, the ssSRNA(+) is first reverse
transcribed and copied to generate a dsSDNA genome intermediate from which mRNA can be
transcribed in the host cell. In some embodiments, an RNA virus with an ssSRNA(+) genome
also carries an enzyme inside the virion that is transduced to host cells with the viral genome,
e.g., an RNA-dependent DNA polymerase, capable of copying the ssRNA(+) into dsDNA that
can be transcribed into mRNA and translated by the host. In some embodiments, the reverse
transcriptase from a Group VI retrovirus is incorporated as the reverse transcriptase domain of a
gene modifying polypeptide.

In some embodiments, the virus is selected from a Group VII virus, e.g., is a retrovirus

and packages dsRNA into virions. In some embodiments, the Group VII virus is selected from,
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e.g., Hepadnaviruses. In some embodiments, one or both strands of the dsSRNA contained in
such virions is a coding molecule able to serve directly as mRNA upon transduction into a host
cell, e.g., can be directly translated into protein upon transduction into a host cell without
requiring any intervening nucleic acid replication or polymerization steps. In some
embodiments, one or both strands of the dSRNA contained in such virions is first reverse
transcribed and copied to generate a dsSDNA genome intermediate from which mRNA can be
transcribed in the host cell. In some embodiments, an RNA virus with a dSRNA genome also
carries an enzyme inside the virion that is transduced to host cells with the viral genome, e.g., an
RNA-dependent DNA polymerase, capable of copying the dsSRNA into dsDNA that can be
transcribed into mRNA and translated by the host. In some embodiments, the reverse
transcriptase from a Group VII retrovirus is incorporated as the reverse transcriptase domain of a
gene modifying polypeptide.

In some embodiments, virions used to deliver nucleic acid in this invention may also
carry enzymes involved in the process of gene modification. For example, a retroviral virion
may contain a reverse transcriptase domain that is delivered into a host cell along with the
nucleic acid. In some embodiments, an RNA template may be associated with a gene modifying
polypeptide within a virion, such that both are co-delivered to a target cell upon transduction of
the nucleic acid from the viral particle. In some embodiments, the nucleic acid in a virion may
comprise DNA, e.g., linear ssDNA, linear dsSDNA, circular ssDNA, circular dSDNA, minicircle
DNA, dbDNA, ceDNA. In some embodiments, the nucleic acid in a virion may comprise RNA,
e.g., linear ssSRNA, linear dsRNA, circular ssRNA, circular dsSRNA. In some embodiments, a
viral genome may circularize upon transduction into a host cell, e.g., a linear ssSRNA molecule
may undergo a covalent linkage to form a circular ssRNA, a linear dsSRNA molecule may
undergo a covalent linkage to form a circular dSRNA or one or more circular ssSRNA. In some
embodiments, a viral genome may replicate by rolling circle replication in a host cell. In some
embodiments, a viral genome may comprise a single nucleic acid molecule, e.g., comprise a non-
segmented genome. In some embodiments, a viral genome may comprise two or more nucleic
acid molecules, e.g., comprise a segmented genome. In some embodiments, a nucleic acid in a
virion may be associated with one or proteins. In some embodiments, one or more proteins in a
virion may be delivered to a host cell upon transduction. In some embodiments, a natural virus

may be adapted for nucleic acid delivery by the addition of virion packaging signals to the target
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nucleic acid, wherein a host cell is used to package the target nucleic acid containing the
packaging signals.

In some embodiments, a virion used as a delivery vehicle may comprise a commensal
human virus. In some embodiments, a virion used as a delivery vehicle may comprise an
anellovirus, the use of which is described in W02018232017A1, which is incorporated herein by

reference in its entirety.

AAV Administration

In some embodiments, an adeno-associated virus (AAV) is used in conjunction with the
system, template nucleic acid, and/or polypeptide described herein. In some embodiments, an
AAV is used to deliver, administer, or package the system, template nucleic acid, and/or
polypeptide described herein. In some embodiments, the AAV is a recombinant AAV (rAAV).

In some embodiments, a system comprises (a) a polypeptide described herein or a nucleic
acid encoding the same, (b) a template nucleic acid (e.g., template RNA) described herein, and
(c) one or more first tissue-specific expression-control sequences specific to the target tissue,
wherein the one or more first tissue-specific expression-control sequences specific to the target
tissue are in operative association with (a), (b), or (a) and (b), wherein, when associated with (a),
(a) comprises a nucleic acid encoding the polypeptide.

In some embodiments, a system described herein further comprises a first recombinant
adeno-associated virus (rAAV) capsid protein; wherein the at least one of (a) or (b) is associated
with the first rAAV capsid protein, wherein at least one of (a) or (b) is flanked by AAV inverted
terminal repeats (ITRs).

In some embodiments, (a) and (b) are associated with the first rAAV capsid protein.

In some embodiments, (a) and (b) are on a single nucleic acid.

In some embodiments, the system further comprises a second rAAV capsid protein,
wherein at least one of (a) or (b) is associated with the second rAAV capsid protein, and wherein
the at least one of (a) or (b) associated with the second rAAV capsid protein is different from the
at least one of (a) or (b) is associated with the first rAAV capsid protein.

In some embodiments, the at least one of (a) or (b) is associated with the first or second
rAAYV capsid protein is dispersed in the interior of the first or second rAAV capsid protein,
which first or second rAAV capsid protein is in the form of an AAV capsid particle.
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In some embodiments, the system further comprises a nanoparticle, wherein the
nanoparticle is associated with at least one of (a) or (b).

In some embodiments, (a) and (b), respectively are associated with: a) a first TAAV
capsid protein and a second rAAYV capsid protein; b) a nanoparticle and a first rAAV capsid
protein; ¢) a first rAAV capsid protein; d) a first adenovirus capsid protein; e) a first nanoparticle
and a second nanoparticle; or f) a first nanoparticle.

Viral vectors are useful for delivering all or part of a system provided by the invention,
e.g., for use in methods provided by the invention. Systems derived from different viruses have
been employed for the delivery of polypeptides or nucleic acids; for example: integrase-deficient
lentivirus, adenovirus, adeno-associated virus (AAV), herpes simplex virus, and baculovirus
(reviewed in Hodge et al. Hum Gene Ther 2017; Narayanavari et al. Crit Rev Biochem Mol Biol
2017; Boehme et al. Curr Gene Ther 2015).

Adenoviruses are common viruses that have been used as gene delivery vehicles given
well-defined biology, genetic stability, high transduction efficiency, and ease of large-scale
production (see, for example, review by Lee et al. Genes & Diseases 2017). They possess linear
dsDNA genomes and come in a variety of serotypes that differ in tissue and cell tropisms. In
order to prevent replication of infectious virus in recipient cells, adenovirus genomes used for
packaging are deleted of some or all endogenous viral proteins, which are provided in trans in
viral production cells. This renders the genomes helper-dependent, meaning they can only be
replicated and packaged into viral particles in the presence of the missing components provided
by so-called helper functions. A helper-dependent adenovirus system with all viral ORFs
removed may be compatible with packaging foreign DNA of up to ~37 kb (Parks et al. J Virol
1997). In some embodiments, an adenoviral vector is used to deliver DNA corresponding to the
polypeptide or template component of the gene modifying system, or both are contained on
separate or the same adenoviral vector. In some embodiments, the adenovirus is a helper-
dependent adenovirus (HD-AdV) that is incapable of self-packaging. In some embodiments, the
adenovirus is a high-capacity adenovirus (HC-AdV) that has had all or a substantial portion of
endogenous viral ORFs deleted, while retaining the necessary sequence components for
packaging into adenoviral particles. For this type of vector, the only adenoviral sequences
required for genome packaging are noncoding sequences: the inverted terminal repeats (ITRs) at

both ends and the packaging signal at the 5'-end (Jager et al. Nat Protoc 2009). In some
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embodiments, the adenoviral genome also comprises stuffer DNA to meet a minimal genome
size for optimal production and stability (see, for example, Hausl et al. Mol Ther 2010). In some
embodiments, an adenovirus is used to deliver a gene modifying system to the liver.

In some embodiments, an adenovirus is used to deliver a gene modifying system to
HSCs, e.g., HDAdS/35++. HDAdS5/35++ is an adenovirus with modified serotype 35 fibers that
de-target the vector from the liver (Wang et al. Blood Adv 2019). In some embodiments, the
adenovirus that delivers a gene modifying system to HSCs utilizes a receptor that is expressed
specifically on primitive HSCs, e.g., CD46.

Adeno-associated viruses (AAV) belong to the parvoviridae family and more specifically
constitute the dependoparvovirus genus. The AAV genome is composed of a linear single-
stranded DNA molecule which contains approximately 4.7 kilobases (kb) and consists of two
major open reading frames (ORFs) encoding the non-structural Rep (replication) and structural
Cap (capsid) proteins. A second ORF within the cap gene was identified that encodes the
assembly-activating protein (AAP). The DNAs flanking the AAV coding regions are two cis-
acting inverted terminal repeat (ITR) sequences, approximately 145 nucleotides in length, with
interrupted palindromic sequences that can be folded into energetically stable hairpin structures
that function as primers of DNA replication. In addition to their role in DNA replication, the ITR
sequences have been shown to be involved in viral DNA integration into the cellular genome,
rescue from the host genome or plasmid, and encapsidation of viral nucleic acid into mature
virions (Muzyczka, (1992) Curr. Top. Micro. Immunol. 158:97-129). In some embodiments, one
or more gene modifying nucleic acid components is flanked by ITRs derived from AAV for viral
packaging. See, e.g., WO2019113310.

In some embodiments, one or more components of the gene modifying system are carried
via at least one AAV vector. In some embodiments, the at least one AAV vector is selected for
tropism to a particular cell, tissue, organism. In some embodiments, the AAV vector is
pseudotyped, e.g., AAV2/8, wherein AAV2 describes the design of the construct but the capsid
protein s replaced by that from AAV8. It is understood that any of the described vectors could
be pseudotype derivatives, wherein the capsid protein used to package the AAV genome is
derived from that of a different AAV serotype. Without wishing to be limited in vector choice, a

list of exemplary AAV serotypes can be found in Table 18. In some embodiments, an AAV to be
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employed for gene modifying may be evolved for novel cell or tissue tropism as has been
demonstrated in the literature (e.g., Davidsson et al. Proc Natl Acad Sci U S A 2019).

In some embodiments, the AAV delivery vector is a vector which has two AAV inverted
terminal repeats (ITRs) and a nucleotide sequence of interest (for example, a sequence coding for
a gene modifying polypeptide or a DNA template, or both), each of said ITRs having an
interrupted (or noncontiguous) palindromic sequence, i.e., a sequence composed of three
segments: a first segment and a last segment that are identical when read 5'— 3' but hybridize
when placed against each other, and a segment that is different that separates the identical
segments. See, for example, W02012123430.

Conventionally, AAV virions with capsids are produced by introducing a plasmid or
plasmids encoding the rAAV or scAAV genome, Rep proteins, and Cap proteins (Grimm et al,
1998). Upon introduction of these helper plasmids in trans, the AAV genome is “rescued” (i.e.,
released and subsequently recovered) from the host genome, and is further encapsidated to
produce infectious AAV. In some embodiments, one or more gene modifying nucleic acids are
packaged into AAYV particles by introducing the ITR-flanked nucleic acids into a packaging cell
in conjunction with the helper functions.

In some embodiments, the AAV genome is a so called self-complementary genome
(referred to as scAAYV), such that the sequence located between the ITRs contains both the
desired nucleic acid sequence (e.g., DNA encoding the gene modifying polypeptide or template,
or both) in addition to the reverse complement of the desired nucleic acid sequence, such that
these two components can fold over and self-hybridize. In some embodiments, the self-
complementary modules are separated by an intervening sequence that permits the DNA to fold
back on itself, e.g., forms a stem-loop. An scAAV has the advantage of being poised for
transcription upon entering the nucleus, rather than being first dependent on ITR priming and
second-strand synthesis to form dsDNA. In some embodiments, one or more gene modifying
components is designed as an sSCAAV, wherein the sequence between the AAV ITRs contains
two reverse complementing modules that can self-hybridize to create dsDNA.

In some embodiments, nucleic acid (e.g., encoding a polypeptide, or a template, or both)
delivered to cells is closed-ended, linear duplex DNA (CELiD DNA or ceDNA). In some
embodiments, ceDNA is derived from the replicative form of the AAV genome (Li et al. PLoS

One 2013). In some embodiments, the nucleic acid (e.g., encoding a polypeptide, or a template
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DNA, or both) is flanked by ITRs, e.g., AAV ITRs, wherein at least one of the ITRs comprises a
terminal resolution site and a replication protein binding site (sometimes referred to as a
replicative protein binding site). In some embodiments, the ITRs are derived from an adeno-
associated virus, e.g., AAV1, AAV2, AAV3, AAV4, AAVS, AAV6, AAVT, AAVS, AAVY,
AAV10, AAV11, AAV12, or a combination thereof. In some embodiments, the ITRs are
symmetric. In some embodiments, the ITRs are asymmetric. In some embodiments, at least one
Rep protein is provided to enable replication of the construct. In some embodiments, the at least
one Rep protein is derived from an adeno-associated virus, e.g., AAV1, AAV2, AAV3, AAV4,
AAVS5, AAV6, AAVT, AAVS, AAV9, AAV10, AAV11, AAVI12, or a combination thereof. In
some embodiments, ceDNA is generated by providing a production cell with (i) DNA flanked by
ITRs, e.g., AAV ITRs, and (ii) components required for ITR-dependent replication, e.g., AAV
proteins Rep78 and Rep52 (or nucleic acid encoding the proteins). In some embodiments,
ceDNA is free of any capsid protein, e.g., is not packaged into an infectious AAV particle. In
some embodiments, ceDNA is formulated into LNPs (see, for example, WO2019051289A1).

In some embodiments, the ceDNA vector consists of two self-complementary sequences,
e.g., asymmetrical or symmetrical or substantially symmetrical ITRs as defined herein, flanking
said expression cassette, wherein the ceDNA vector is not associated with a capsid protein. In
some embodiments, the ceDNA vector comprises two self-complementary sequences found in an
AAYV genome, where at least one ITR comprises an operative Rep-binding element (RBE) (also
sometimes referred to herein as “RBS”) and a terminal resolution site (trs) of AAV or a
functional variant of the RBE. See, for example, WO2019113310.

In some embodiments, the AAV genome comprises two genes that encode four
replication proteins and three capsid proteins, respectively. In some embodiments, the genes are
flanked on either side by 145-bp inverted terminal repeats (ITRs). In some embodiments, the
virion comprises up to three capsid proteins (Vpl, Vp2, and/or Vp3), e.g., produced ina 1:1:10
ratio. In some embodiments, the capsid proteins are produced from the same open reading frame
and/or from differential splicing (Vp1) and alternative translational start sites (Vp2 and Vp3,
respectively). Generally, Vp3 is the most abundant subunit in the virion and participates in
receptor recognition at the cell surface defining the tropism of the virus. In some embodiments,
Vpl comprises a phospholipase domain, e.g., which functions in viral infectivity, in the N-

terminus of Vpl.
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In some embodiments, packaging capacity of the viral vectors limits the size of the gene
modifying system that can be packaged into the vector. For example, the packaging capacity of
the AAVs can be about 4.5 kb (e.g., about 3.0, 3.5,4.0,4.5,5.0,5.5, or 6.0 kb), e.g, including
one or two inverted terminal repeats (ITRs), e.g., 145 base ITRs.

In some embodiments, recombinant AAV (rAAV) comprises cis-acting 145-bp ITRs
flanking vector transgene cassettes, e.g., providing up to 4.5 kb for packaging of foreign DNA.
Subsequent to infection, rAAV can, in some instances, express a fusion protein of the invention
and persist without integration into the host genome by existing episomally in circular head-to-
tail concatemers. rAAYV can be used, for example, in vifro and in vivo. In some embodiments,
AAV-mediated gene delivery requires that the length of the coding sequence of the gene is equal
or greater in size than the wild-type AAV genome.

AAYV delivery of genes that exceed this size and/or the use of large physiological
regulatory elements can be accomplished, for example, by dividing the protein(s) to be delivered
into two or more fragments. In some embodiments, the N-terminal fragment is fused to an intein-
N sequence. In some embodiments, the C- terminal fragment is fused to an intein-C sequence.
In embodiments, the fragments are packaged into two or more AAV vectors.

In some embodiments, dual AAV vectors are generated by splitting a large transgene
expression cassette in two separate halves (5’ and 3' ends, or head and tail), e.g., wherein each
half of the cassette is packaged in a single AAV vector (of <5 kb). The re-assembly of the full-
length transgene expression cassette can, in some embodiments, then be achieved upon co-
infection of the same cell by both dual AAV vectors. In some embodiments, co-infection is
followed by one or more of: (1) homologous recombination (HR) between 5" and 3' genomes
(dual AAV overlapping vectors); (2) [TR-mediated tail-to-head concatemerization of 5" and 3’
genomes (dual AAV trans-splicing vectors); and/or (3) a combination of these two mechanisms
(dual AAV hybrid vectors). In some embodiments, the use of dual AAV vectors in vivo results in
the expression of full-length proteins. In some embodiments, the use of the dual AAV vector
platform represents an efficient and viable gene transfer strategy for transgenes of greater than
about4.0,4.1,42,43,44,45,46,47,48,49, or 5.0kb in size. In some embodiments, AAV
vectors can also be used to transduce cells with target nucleic acids, e.g., in the in vifro
production of nucleic acids and peptides. In some embodiments, AAV vectors can be used for in

vivo and ex vivo gene therapy procedures (see, e.g., West et al., Virology 160:38-47 (1987); U.S.
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Patent No. 4,797,368, WO 93/24641; Kotin, Human Gene Therapy 5:793-801 (1994);
Muzyczka, J. Clin. Invest.94:1351 (1994); each of which is incorporated herein by reference in
their entirety). The construction of recombinant AAV vectors is described in a number of
publications, including U.S. Patent No.5,173,414; Tratschin et al., Mol. Cell. Biol.5:3251- 3260
(1985); Tratschin, et al., Mol. Cell. Biol.4:2072-2081 (1984); Hermonat & Muzyczka, PNAS
81:6466-6470 (1984); and Samulski et al., J. Virol.63:03822-3828 (1989) (incorporated by
reference herein in their entirety).

In some embodiments, a gene modifying polypeptide described herein (e.g., with or
without one or more guide nucleic acids) can be delivered using AAV, lentivirus, adenovirus or
other plasmid or viral vector types, in particular, using formulations and doses from, for
example, U.S. Patent No. 8,454,972 (formulations, doses for adenovirus), U.S. Patent
No.8,404,658 (formulations, doses for AAV) and U.S. Patent No.5,846,946 (formulations, doses
for DNA plasmids) and from clinical trials and publications regarding the clinical trials involving
lentivirus, AAV and adenovirus. For example, for AAV, the route of administration, formulation
and dose can be as described in U.S. Patent No0.8,454,972 and as in clinical trials involving
AAYV. For adenovirus, the route of administration, formulation and dose can be as described in
U.S. Patent No.8,404,658 and as in clinical trials involving adenovirus. For plasmid delivery, the
route of administration, formulation and dose can be as described in U.S. Patent No.5,846,946
and as in clinical studies involving plasmids. Doses can be based on or extrapolated to an
average 70 kg individual (e.g. a male adult human), and can be adjusted for patients, subjects,
mammals of different weight and species. Frequency of administration is within the ambit of the
medical or veterinary practitioner (e.g., physician, veterinarian), depending on usual factors
including the age, sex, general health, other conditions of the patient or subject and the particular
condition or symptoms being addressed. In some embodiments, the viral vectors can be injected
into the tissue of interest. For cell-type specific gene modifying, the expression of the gene
modifying polypeptide and optional guide nucleic acid can, in some embodiments, be driven by a
cell-type specific promoter.

In some embodiments, AAV allows for low toxicity, for example, due to the purification
method not requiring ultracentrifugation of cell particles that can activate the immune response.
In some embodiments, AAV allows low probability of causing insertional mutagenesis, for

example, because it does not substantially integrate into the host genome.
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In some embodiments, AAV has a packaging limit of about 4.4, 4.5, 4.6, 4.7, or 4.75 kb.
In some embodiments, a gene modifying polypeptide-encoding sequence, promoter, and
transcription terminator can fit into a single viral vector. SpCas9 (4.1 kb) may, in some instances,
be difficult to package into AAV. Therefore, in some embodiments, a gene modifying
polypeptide coding sequence is used that is shorter in length than other gene modifying
polypeptide coding sequences or base editors. In some embodiments, the gene modifying
polypeptide encoding sequences are less than about 4.5 kb, 4.4 kb, 4.3 kb, 4.2 kb, 4.1 kb, 4 kb,
3.9kb,3.8kb,3.7kb, 3.6 kb, 3.5kb, 3.4kb,3.3kb,3.2kb, 3.1kb, 3 kb, 2.9 kb, 2.8 kb, 2.7 kb,
2.6kb, 2.5kb, 2 kb, or 1.5 kb.

An AAV can be AAV1, AAV2, AAVS or any combination thereof. In some
embodiments, the type of AAV is selected with respect to the cells to be targeted; e.g., AAV
serotypes 1, 2, 5 or a hybrid capsid AAV1, AAV2, AAVS or any combination thereof can be
selected for targeting brain or neuronal cells; or AAV4 can be selected for targeting cardiac
tissue. In some embodiments, AAV8 is selected for delivery to the liver. Exemplary AAV
serotypes as to these cells are described, for example, in Grimm, D. et al, J. Virol .82: 5887-5911
(2008) (incorporated herein by reference in its entirety). In some embodiments, AAV refers all
serotypes, subtypes, and naturally-occurring AAV as well as recombinant AAV. AAV may be
used to refer to the virus itself or a derivative thereof. In some embodiments, AAV includes
AAV1, AAV2, AAV3, AAV3B, AAV4, AAVS, AAV6, AAV6.2, AAV7, AAVrh.64Rl,
AAVhu.37, AAVrh.8, AAVrh32.33, AAVS, AAV9, AAV-DJ, AAV2/8, AAVrhlO, AAVLKO3,
AV10, AAV11, AAV 12, thlO, and hybrids thereof, avian AAV, bovine AAV, canine AAV,
equine AAYV, primate AAV, non-primate AAV, and ovine AAV. The genomic sequences of
various serotypes of AAV, as well as the sequences of the native terminal repeats (TRs), Rep
proteins, and capsid subunits are known in the art. Such sequences may be found in the literature
or in public databases such as GenBank. Additional exemplary AAV serotypes are listed in
Table 18.

Table 18. Exemplary AAYV serotypes.

Target Tissue Vehicle Reference

e i, e, BRI 6D
AAV2/h 102, AAVS, AAV2, NP40®, NP5, - cnn et at, oports,

Liver AAVIES, VLD, ARV-LKO1:, ARVLLKOZ:, ABy- | P2k et Be) Z’:&rzssggggggféz(gm)
LKO3:, AAV-LK 19, AAVS? o oA e :

. 5.L. Wang et al.,, Mol. Ther. 23, 1877-87 (2015).
Adenovirus (Ad5, HC-AdVS) 6 Haus| Agol Ther (2010) (2015)
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7. Davidoff et al,, Mol. Ther. 11, 875-88 (2005)
1. Duncan et al., Mol Ther Methods Clin Dev

Lung AAV (AAVA, AAVS, AAVE! AAVSY H222) (2018)

Adenovirus (AdS, Ad3, Ad21, Ad14)3 2. Cooney et al, Am J Respir Cell Mcl Biol (2019)
3. Li etal., Mol Ther Methods Clin Dev (2019)
) . 1. Petek et al., Mol. Ther. (2010
Stin ARV (AAVE', ARV-LK19) 2. L. Lisowski et al, NaturEz. sos), 382-6 (2014).
HSCs Adenovirus (HDAd5/35+) Wang et al. Blood Adv (2019)

In some embodiments, a pharmaceutical composition (e.g., comprising an AAV as
described herein) has less than 10% empty capsids, less than 8% empty capsids, less than 7%
empty capsids, less than 5% empty capsids, less than 3% empty capsids, or less than 1 % empty
capsids. In some embodiments, the pharmaceutical composition has less than about 5% empty
capsids. In some embodiments, the number of empty capsids is below the limit of detection. In
some embodiments, it is advantageous for the pharmaceutical composition to have low amounts
of empty capsids, e.g., because empty capsids may generate an adverse response (e.g., immune
response, inflammatory response, liver response, and/or cardiac response), e.g., with little or no
substantial therapeutic benefit.

In some embodiments, the residual host cell protein (rHCP) in the pharmaceutical
composition is less than or equal to 100 ng/ml tHCP per 1 x 105 vg/ml, e.g., less than or equal to
40 ng/ml tHCP per 1 x 10 vg/ml or 1-50 ng/ml rHCP per 1 x 10" vg/ml. In some
embodiments, the pharmaceutical composition comprises less than 10 ng tHCP per 1.0 x 10" vg,
or less than 5 ng rHCP per 1.0 x 10" vg, less than 4 ng rHCP per 1.0 x 10 vg, or less than 3 ng
rHCP per 1.0 x 10" vg, or any concentration in between. In some embodiments, the residual
host cell DNA (h¢DNA) in the pharmaceutical composition is less than or equal to 5 x 10° pg/ml
hcDNA per 1 x 10" vg/ml, less than or equal to 1.2 x 10° pg/ml heDNA per 1 x 10" vg/ml, or 1
x 10° pg/ml hcDNA per 1 x 10" vg/ml. In some embodiments, the residual host cell DNA in said
pharmaceutical composition is less than 5.0 x 10° pg per 1 x 10" vg, less than 2.0 x 10° pg per
1.0 x 10" vg, less than 1.1 x 10° pg per 1.0 x 10" vg, less than 1.0 x 10° pg hcDNA per 1.0 x
10% vg, less than 0.9 x 10° pg heDNA per 1.0 x 10** vg, less than 0.8 x 10° pg hcDNA per 1.0 x
10" vg, or any concentration in between.

In some embodiments, the residual plasmid DNA in the pharmaceutical composition is
less than or equal to 1.7 x 10° pg/ml per 1.0 x 10'* vg/ml, or 1 x 10° pg/ml per 1 x 1.0 x 10"
vg/ml, or 1.7 x 10° pg/ml per 1.0 x 10"* vg/ml. In some embodiments, the residual DNA plasmid

in the pharmaceutical composition is less than 10.0 x 10° pg by 1.0 x 10 ¥ vg, less than 8.0 x



10

15

20

25

30

WO 2023/039407 PCT/US2022/076024

10° pgby 1.0 x 10 1 vg or less than 6.8 x 10> pg by 1.0 x 10  vg. In embodiments, the
pharmaceutical composition comprises less than 0.5 ng per 1.0 x 10" vg, less than 0.3 ng per 1.0
x 108 vg, less than 0.22 ng per 1.0 x 10" vg or less than 0.2 ng per 1.0 x 10" vg or any
intermediate concentration of bovine serum albumin (BSA). In embodiments, the benzonase in
the pharmaceutical composition is less than 0.2 ng by 1.0 x 10" vg, less than 0.1 ng by 1.0 x

10" vg, less than 0.09 ng by 1.0 x 10" vg, less than 0.08 ng by 1.0 x 10" vg or any intermediate
concentration. In embodiments, Poloxamer 188 in the pharmaceutical composition is about 10 to
150 ppm, about 15 to 100 ppm or about 20 to 80 ppm. In embodiments, the cesium in the
pharmaceutical composition is less than 50 pg/ g (ppm), less than 30 pg/ g (ppm) or less than 20
pg/ g (ppm) or any intermediate concentration.

In embodiments, the pharmaceutical composition comprises total impurities, e.g., as
determined by SDS-PAGE, of less than 10%, less than 8%, less than 7%, less than 6%, less than
5%, less than 4%, less than 3%, less than 2%, or any percentage in between. In embodiments, the
total purity, e.g., as determined by SDS-PAGE, is greater than 90%, greater than 92%, greater
than 93%, greater than 94%, greater than 95%, greater than 96%, greater than 97%, greater than
98%, or any percentage in between. In embodiments, no single unnamed related impurity, e.g.,
as measured by SDS-PAGE, is greater than 5%, greater than 4%, greater than 3% or greater than
2%, or any percentage in between. In embodiments, the pharmaceutical composition comprises a
percentage of filled capsids relative to total capsids (e.g., peak 1 + peak 2 as measured by
analytical ultracentrifugation) of greater than 85%, greater than 86%, greater than 87%, greater
than 88%, greater than 89%, greater than 90%, greater than 91%, greater than 91.9%, greater
than 92%, greater than 93%, or any percentage in between. In embodiments of the
pharmaceutical composition, the percentage of filled capsids measured in peak 1 by analytical
ultracentrifugation is 20-80%, 25-75%, 30-75%, 35-75%, or 37.4-70.3%. In embodiments of the
pharmaceutical composition, the percentage of filled capsids measured in peak 2 by analytical
ultracentrifugation is 20-80%, 20-70%, 22-65%, 24-62%, or 24.9-60.1%.

In one embodiment, the pharmaceutical composition comprises a genomic titer of 1.0 to
50x 10" vg/mL, 1.2t03.0x 10 vg/mL or 1.7t0 2.3 x 10" vg/ml. In one embodiment, the
pharmaceutical composition exhibits a biological load of less than S CFU / mL, less than 4 CFU /
mL, less than 3 CFU / mL, less than 2 CFU / mL or less than 1 CFU / mL or any intermediate

contraction. In embodiments, the amount of endotoxin according to USP, for example, USP
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<85> (incorporated by reference in its entirety) is less than 1.0 EU/ mL, less than 0.8 EU / mL
or less than 0.75 EU / mL. In embodiments, the osmolarity of a pharmaceutical composition
according to USP, for example, USP <785> (incorporated by reference in its entirety) is 350 to
450 mOsm / kg, 370 to 440 mOsm / kg or 390 to 430 mOsm / kg. In embodiments, the
pharmaceutical composition contains less than 1200 particles that are greater than 25 pm per
container, less than 1000 particles that are greater than 25 um per container, less than 500
particles that are greater than 25 um per container or any intermediate value. In embodiments,
the pharmaceutical composition contains less than 10,000 particles that are greater than 10 um
per container, less than 8000 particles that are greater than 10 um per container or less than 600
particles that are greater than 10 pm per container.

In one embodiment, the pharmaceutical composition has a genomic titer of 0.5 to 5.0 x
108 vg/mL,1.0t04.0x 10 ¥ vg/mL, 1.5t03.0x 10 ¥ vg/mlor1.7t0 23 x 10 ¥ vg/ml. In
one embodiment, the pharmaceutical composition described herein comprises one or more of the
following: less than about 0.09 ng benzonase per 1.0 x 10 ¥ vg, less than about 30 pg/ g (ppm )
of cesium, about 20 to 80 ppm Poloxamer 188, less than about 0.22 ng BSA per 1.0 x 10 ¥ vg,
less than about 6.8 x 10 ° pg of residual DNA plasmid per 1.0 x 10 ' vg, less than about 1.1 x
10 ° pg of residual hcDNA per 1.0 x 10 1 vg, less than about 4 ng of rHCP per 1.0 x 10 B vg, pH
7.7t0 8.3, about 390 to 430 mOsm / kg, less than about 600 particles that are > 25 um in size per
container, less than about 6000 particles that are > 10 um in size per container, about 1.7 x 10 1% -
2.3x 10 ¥ vg/ mL genomic titer, infectious titer of about 3.9 x 10% to 8.4 x 10 TU per 1.0 x
10 1 vg, total protein of about 100-300 pg per 1.0 x 10 * vg, mean survival of >24 days in
A7SMA mice with about 7.5 x 10 * vg / kg dose of viral vector, about 70 to 130% relative
potency based on an in vitro cell based assay and / or less than about 5% empty capsid. In
various embodiments, the pharmaceutical compositions described herein comprise any of the
viral particles discussed here, retain a potency of between £ 20%, between + 15%, between +
10% or within + 5% of a reference standard. In some embodiments, potency is measured using a
suitable in vitro cell assay or in vivo animal model.

Additional methods of preparation, characterization, and dosing AAV particles are taught

in W02019094253, which is incorporated herein by reference in its entirety.
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Additional rAAYV constructs that can be employed consonant with the invention include
those described in Wang et al 2019, available at: //doi.org/10.1038/s41573-019-0012-9,

including Table 1 thereof, which is incorporated by reference in its entirety.
Lipid Nanoparticles

The methods and systems provided herein may employ any suitable carrier or delivery
modality, including, in certain embodiments, lipid nanoparticles (LNPs). Lipid nanoparticles, in
some embodiments, comprise one or more ionic lipids, such as non-cationic lipids (e.g., neutral
or anionic, or zwitterionic lipids); one or more conjugated lipids (such as PEG-conjugated lipids
or lipids conjugated to polymers described in Table 5 of W02019217941; incorporated herein by
reference in its entirety); one or more sterols (e.g., cholesterol); and, optionally, one or more
targeting molecules (e.g., conjugated receptors, receptor ligands, antibodies); or combinations of
the foregoing.

Lipids that can be used in nanoparticle formations (e.g., lipid nanoparticles) include, for
example those described in Table 4 of W0O2019217941, which is incorporated by reference—
e.g., a lipid-containing nanoparticle can comprise one or more of the lipids in Table 4 of
WO02019217941. Lipid nanoparticles can include additional elements, such as polymers, such as
the polymers described in Table 5 of W02019217941, incorporated by reference.

In some embodiments, conjugated lipids, when present, can include one or more of PEG-
diacylglycerol (DAG) (such as 1-(monomethoxy-polyethyleneglycol)-2,3- dimyristoylglycerol
(PEG-DMGQG)), PEG-dialkyloxypropyl (DAA), PEG-phospholipid, PEG- ceramide (Cer), a
pegylated phosphatidylethanoloamine (PEG-PE), PEG succinate diacylglycerol (PEGS-DAG)
(such as 4-0-(2',3'-di(tetradecanoyloxy)propyl-1-0-(w- methoxy(polyethoxy)ethyl) butanedioate
(PEG-S-DMGQ)), PEG dialkoxypropylcarbam, N- (carbonyl-methoxypoly ethylene glycol 2000)-
1 ,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt, and those described in Table 2 of
W02019051289 (incorporated by reference), and combinations of the foregoing.

In some embodiments, sterols that can be incorporated into lipid nanoparticles include
one or more of cholesterol or cholesterol derivatives, such as those in W02009/127060 or
US2010/0130588, which are incorporated by reference. Additional exemplary sterols include
phytosterols, including those described in Eygeris et al (2020),
dx.doi.org/10.1021/acs.nanolett.0c01386, incorporated herein by reference.
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In some embodiments, the lipid particle comprises an ionizable lipid, a non-cationic lipid,
a conjugated lipid that inhibits aggregation of particles, and a sterol. The amounts of these
components can be varied independently and to achieve desired properties. For example, in
some embodiments, the lipid nanoparticle comprises an ionizable lipid is in an amount from
about 20 mol % to about 90 mol % of the total lipids (in other embodiments it may be 20-70%
(mol), 30-60% (mol) or 40-50% (mol); about 50 mol % to about 90 mol % of the total lipid
present in the lipid nanoparticle), a non-cationic lipid in an amount from about 5 mol % to about
30 mol % of the total lipids, a conjugated lipid in an amount from about 0.5 mol % to about 20
mol % of the total lipids, and a sterol in an amount from about 20 mol % to about 50 mol % of
the total lipids. The ratio of total lipid to nucleic acid (e.g., encoding the gene modifying
polypeptide or template nucleic acid) can be varied as desired. For example, the total lipid to
nucleic acid (mass or weight) ratio can be from about 10: 1 to about 30: 1.

In some embodiments, an ionizable lipid may be a cationic lipid, an ionizable cationic
lipid, e.g., a cationic lipid that can exist in a positively charged or neutral form depending on pH,
or an amine-containing lipid that can be readily protonated. In some embodiments, the cationic
lipid is a lipid capable of being positively charged, e.g., under physiological conditions.
Exemplary cationic lipids include one or more amine group(s) which bear the positive charge. In
some embodiments, the lipid particle comprises a cationic lipid in formulation with one or more
of neutral lipids, ionizable amine-containing lipids, biodegradable alkyn lipids, steroids,
phospholipids including polyunsaturated lipids, structural lipids (e.g., sterols), PEG, cholesterol
and polymer conjugated lipids. In some embodiments, the cationic lipid may be an ionizable
cationic lipid. An exemplary cationic lipid as disclosed herein may have an effective pKa over
6.0. In embodiments, a lipid nanoparticle may comprise a second cationic lipid having a different
effective pKa (e.g., greater than the first effective pKa), than the first cationic lipid. A lipid
nanoparticle may comprise between 40 and 60 mol percent of a cationic lipid, a neutral lipid, a
steroid, a polymer conjugated lipid, and a therapeutic agent, e.g., a nucleic acid (e.g., RNA)
described herein (e.g., a template nucleic acid or a nucleic acid encoding a gene modifying
polypeptide), encapsulated within or associated with the lipid nanoparticle. In some
embodiments, the nucleic acid is co-formulated with the cationic lipid. The nucleic acid may be
adsorbed to the surface of an LNP, e.g., an LNP comprising a cationic lipid. In some

embodiments, the nucleic acid may be encapsulated in an LNP, e.g., an LNP comprising a
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cationic lipid. In some embodiments, the lipid nanoparticle may comprise a targeting moiety,
e.g., coated with a targeting agent. In embodiments, the LNP formulation is biodegradable. In
some embodiments, a lipid nanoparticle comprising one or more lipid described herein, e.g.,
Formula (1), (i1), (i1), (vii) and/or (ix) encapsulates at least 1%, at least 5%, at least 10%, at least
20%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least
90%, at least 92%, at least 95%, at least 97%, at least 98% or 100% of an RNA molecule, e.g.,
template RNA and/or a mRNA encoding the gene modifying polypeptide.

In some embodiments, the lipid to nucleic acid ratio (mass/mass ratio; w/w ratio) can be
in the range of from about 1 : 1 to about 25: 1, from about 10: 1 to about 14: 1, from about 3 : 1
to about 15: 1, from about 4: 1 to about 10: 1, from about 5: 1 to about 9: 1, or about 6: 1 to
about 9: 1. The amounts of lipids and nucleic acid can be adjusted to provide a desired N/P ratio,
for example, N/P ratio of 3, 4, 5, 6, 7, 8, 9, 10 or higher. Generally, the lipid nanoparticle
formulation’s overall lipid content can range from about 5 mg/ml to about 30 mg/mL.

Exemplary ionizable lipids that can be used in lipid nanoparticle formulations include,
without limitation, those listed in Table 1 of W02019051289, incorporated herein by reference.
Additional exemplary lipids include, without limitation, one or more of the following formulae:
X of US2016/0311759; 1 of US20150376115 or in US2016/0376224; 1, 11 or 11T of
US20160151284; 1, TA, 11, or ITA of US20170210967; I-c of US20150140070; A of
US2013/0178541; 1 of US2013/0303587 or US2013/0123338; I of US2015/0141678; I1, 11T, IV,
or V of US2015/0239926; I of US2017/0119904; 1 or II of WO2017/117528; A of
US2012/0149894; A of US2015/0057373; A of W0O2013/116126; A of US2013/0090372; A of
US2013/0274523; A of US2013/0274504; A of US2013/0053572; A of W02013/016058; A of
W02012/162210; I of US2008/042973; I, 11, 111, or IV of US2012/01287670; I or II of
US2014/0200257; 1, 11, or ITIT of US2015/0203446; T or 11T of US2015/0005363; 1, 1A, 1B, IC, 1D,
11, ITA, TIB, IIC, IID, or INI-XXIV of US2014/0308304; of US2013/0338210; L, I, I1I, or IV of
W02009/132131; A of US2012/01011478; T or XXXV of US2012/0027796; XIV or XVII of
US2012/0058144; of US2013/0323269; 1 of US2011/0117125; 1, I, or III of US2011/0256175;
L IL 0L IV, V, VL, VIL VIIL IX, X, XI, XII of US2012/0202871; L, IL, IIL, IV, V, VI, VIL, VIIL
X, XII, XIIL, XIV, XV, or XVI of US2011/0076335; T or IT of US2006/008378: I of
US2013/0123338; 1 or X-A-Y-Z of US2015/0064242; X VI, XVII, or XVIII of
US2013/0022649; I, 11, or IIT of US2013/0116307; 1, 11, or III of US2013/0116307; I or I of
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US2010/0062967; 1-X of US2013/0189351; T of US2014/0039032; V of US2018/0028664; 1 of
US2016/0317458; 1 of US2013/0195920; 5, 6, or 10 of US10,221,127; III-3 of WO2018/081480;
I-5 or I-8 of W02020/081938; 18 or 25 of US9,867,888; A of US2019/0136231; II of
W02020/219876; 1 of US2012/0027803; OF-02 of US2019/0240349; 23 of US10,086,013;
cKK-E12/A6 of Miao et al (2020); C12-200 of W02010/053572; 7C1 of Dahlman et al (2017);
304-013 or 503-013 of Whitehead et al; TS-P4C2 of US9,708,628; I of W02020/106946; I of
W02020/106946.

In some embodiments, the ionizable lipid is MC3 (6Z,9Z,287,3 1Z)-heptatriaconta-
6,9,28,3 I-tetraen-19-yl-4-(dimethylamino) butanoate (DLin-MC3-DMA or MC3), e.g., as
described in Example 9 of W02019051289A9 (incorporated by reference herein in its entirety).
In some embodiments, the ionizable lipid is the lipid ATX-002, e.g., as described in Example 10
of WO2019051289A9 (incorporated by reference herein in its entirety). In some embodiments,
the ionizable lipid is (13Z,16Z)-A,A-dimethyl-3- nonyldocosa-13, 16-dien-l1-amine (Compound
32), e.g., as described in Example 11 of W0O2019051289A9 (incorporated by reference herein in
its entirety). In some embodiments, the ionizable lipid is Compound 6 or Compound 22, e.g., as
described in Example 12 of WO2019051289A9 (incorporated by reference herein in its entirety).
In some embodiments, the ionizable lipid is heptadecan-9-yl 8-((2-hydroxyethyl)(6-0x0-6-
(undecyloxy)hexyl)amino)octanoate (SM-102); e.g., as described in Example 1 of
US9,867,888(incorporated by reference herein in its entirety). In some embodiments, the
ionizable lipid is 9Z,127)-3-((4,4-bis(octyloxy)butanoyl)oxy )-2-((((3-
(diethylamino)propoxy)carbonyl)oxy)methyl)propyl octadeca-9,12-dienoate (LP01) e.g., as
synthesized in Example 13 of W02015/095340(incorporated by reference herein in its entirety).
In some embodiments, the ionizable lipid is Di((Z)-non-2-en-1-yl) 9-((4-
dimethylamino)butanoyl)oxy)heptadecanedioate (L319), e.g. as synthesized in Example 7, 8, or
9 of US2012/0027803(incorporated by reference herein in its entirety). In some embodiments,
the ionizable lipid is 1,1'-((2-(4-(2-((2-(Bis(2-hydroxydodecyl )Jamino)ethyl )(2-hydroxydodecyl)
amino)ethyl)piperazin-1-yl)ethyl )azanediyl)bis(dodecan-2-ol) (C12-200), e.g., as synthesized in
Examples 14 and 16 of W0O2010/053572(incorporated by reference herein in its entirety). In
some embodiments, the ionizable lipid is; Imidazole cholesterol ester (ICE) lipid (3S, 10R, 13R,
17R)-10, 13-dimethyl-17- ((R)-6-methylheptan-2-yl1)-2, 3, 4, 7, 8,9, 10, 11, 12, 13, 14, 15, 16,

2 > 2 2 2 2
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17-tetradecahydro-IH- cyclopentaa]phenanthren-3-yl 3-(1H-imidazol-4-yl)propanoate, e.g.,
Structure (I) from W02020/106946 (incorporated by reference herein in its entirety).
Some non-limiting examples of lipid compounds that may be used (e.g., in combination
with other lipid components) to form lipid nanoparticles for the delivery of compositions
5 described herein, e.g., nucleic acid (e.g., RNA) described herein (e.g., a template nucleic acid or

a nucleic acid encoding a gene modifying polypeptide) includes,

AN TN
()
In some embodiments an LNP comprising Formula (i) is used to deliver a gene

modifying composition described herein to the liver and/or hepatocyte cells.
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In some embodiments an LNP comprising Formula (ii) is used to deliver a gene
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modifying composition described herein to the liver and/or hepatocyte cells.
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In some embodiments an LNP comprising Formula (iii) is used to deliver a gene
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15  modifying composition described herein to the liver and/or hepatocyte cells.
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In some embodiments an LNP comprising Formula (v) is used to deliver a gene

modifying composition described herein to the liver and/or hepatocyte cells.
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In some embodiments an LNP comprising Formula (vi) is used to deliver a gene

modifying composition described herein to the liver and/or hepatocyte cells.

8

(\/\/\/MO/\“’/\\’/\\/\’/
T AL

(vii)

211



WO 2023/039407 PCT/US2022/076024

0

‘/\/\,)Lo/\/\/ S TN T

iaassVeoced
0”0

In some embodiments an LNP comprising Formula (viii) is used to deliver a gene

(viii)

modifying composition described herein to the liver and/or hepatocyte cells.
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5 In some embodiments an LNP comprising Formula (ix) is used to deliver a gene

modifying composition described herein to the liver and/or hepatocyte cells.

wharein

Xlis O, MR, or a divect bond, X2 is C2-5 alkylene, X7 is C(=0) or a divect bond, R is H or Me,
10 R¥is Ci-3 alkyl R?is Ci-3 alkyl, or R® taken together with the nitrogen atom to which it is

attached and -3 carbon atoms of X° form a 4-, 5-, or 6-membered sing, or X' is NR', R’ and

R’ taken together with the nitrogen atoms to which they are attached form a 5- or 6-membered

ring, or R° taken together with 7 and the nitrogen atom to which they are atiached form a 5-, 6-,

or T-membered ring, Y1 is C2-12 alkviene, Y° is selected from
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A\ z PN
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5 o st N
{in either orientation), {in etther orienisticn}, {in either
orientation},
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mis 0 i0 3, R is Ci-15 alkyl, 21 is Ci-6 alkylene or a direct bond,
O
. iLLl)I\O/%L
VART
{in either orientation) or absent, provided that if 77 is a direct bond, 2% s absent;

R’ is £5-9 alkyl or £6-10 alkoxy, R% is €5-9 alkyl or C6-16 alkoxy, W is methylene or a direct
5  bond, and R is Hor Me, ora salt thereof, provided that if R¥ and R* are C2 alkyls, Xiia O, X is
tinear £3 alkvlene, X' is (=0, Y is linear Ce atkylene, (Y2 Yo-R* is

E/E/\=/R4
\ R‘ is linear €5 alkyl, 71 is C2 alkylene, Z° s absent, W is methylene, and R is H, then R and
R are not Cx alkoxy.

10  In some embodiments an LNP comprising Formula (xi1) is used to deliver a gene modifying

composition described herein to the liver and/or hepatocyte cells.
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In some embodiments an LNP comprising Formula (xi) is used to deliver a gene

modifying composition described herein to the liver and/or hepatocyte cells.
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(xiv)

In some embodiments an LNP comprises a compound of Formula (xiii) and a compound
of Formula (xiv).

OH
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In some embodiments an LNP comprising Formula (xv) is used to deliver a gene modifying

composition described herein to the liver and/or hepatocyte cells.

5

(xvi)

In some embodiments an LNP comprising a formulation of Formula (xvi) is used to

deliver a gene modifying composition described herein to the lung endothelial cells

10
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5
In some embodiments, a lipid compound used to form lipid nanoparticles for the delivery
of compositions described herein, e.g., nucleic acid (e.g., RNA) described herein (e.g., a template
nucleic acid or a nucleic acid encoding a gene modifying polypeptide) is made by one of the
following reactions:
HN
J
Q
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10 H H + 0 (xx) (a)
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Exemplary non-cationic lipids include, but are not limited to, distearoyl-sn-glycero-
phosphoethanolamine, distearoylphosphatidylcholine (DSPC), dioleoylphosphatidylcholine
(DOPC), dipalmitoylphosphatidylcholine (DPPC), dioleoylphosphatidylglycerol (DOPG),
dipalmitoylphosphatidylglycerol (DPPG), dioleoyl-phosphatidylethanolamine (DOPE), 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), palmitoyloleoylphosphatidylcholine
(POPC), palmitoyloleoylphosphatidylethanolamine (POPE), dioleoyl-phosphatidylethanolamine
4-(N-maleimidomethyl)-cyclohexane- 1 - carboxylate (DOPE-mal), dipalmitoyl phosphatidyl
ethanolamine (DPPE), dimyristoylphosphoethanolamine (DMPE), distearoyl-phosphatidyl-
ethanolamine (DSPE), monomethyl-phosphatidylethanolamine (such as 16-O-monomethyl PE),
dimethyl- phosphatidylethanolamine (such as 16-O-dimethyl PE), 18-I-trans PE, 1-stearoyl-2-
oleoyl- phosphatidyethanolamine (SOPE), hydrogenated soy phosphatidylcholine (HSPC), egg
phosphatidylcholine (EPC), dioleoylphosphatidylserine (DOPS), sphingomyelin (SM),
dimyristoyl phosphatidylcholine (DMPC), dimyristoyl phosphatidylglycerol (DMPG),
distearoylphosphatidylglycerol (DSPG), dierucoylphosphatidylcholine (DEPC),
palmitoyloleyolphosphatidylglycerol (POPG), dielaidoyl-phosphatidylethanolamine (DEPE),
lecithin, phosphatidylethanolamine, lysolecithin, lysophosphatidylethanolamine,
phosphatidylserine, phosphatidylinositol, sphingomyelin, egg sphingomyelin (ESM), cephalin,
cardiolipin, phosphatidicacid,cerebrosides, dicetylphosphate, lysophosphatidylcholine,
dilinoleoylphosphatidylcholine, or mixtures thereof. It is understood that other
diacylphosphatidylcholine and diacylphosphatidylethanolamine phospholipids can also be used.
The acyl groups in these lipids are preferably acyl groups derived from fatty acids having C10-
C24 carbon chains, e.g., lauroyl, myristoyl, paimitoyl, stearoyl, or oleoyl. Additional exemplary
lipids, in certain embodiments, include, without limitation, those described in Kim et al. (2020)
dx.doi.org/10.1021/acs nanolett.0c01386, incorporated herein by reference. Such lipids include,
in some embodiments, plant lipids found to improve liver transfection with mRNA (e.g., DGTS).

In some embodiments, the non-cationic lipid may have the following structure,
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Other examples of non-cationic lipids suitable for use in the lipid nanopartieles include,
without limitation, nonphosphorous lipids such as, e.g., stearylamine, dodeeylamine,
hexadecylamine, acetyl palmitate, glycerol ricinoleate, hexadecyl stereate, isopropyl myristate,
amphoteric acrylic polymers, triethanolamine-lauryl sulfate, alkyl-aryl sulfate polyethyloxylated
fatty acid amides, dioctadecyl dimethyl ammonium bromide, ceramide, sphingomyelin, and the
like. Other non-cationic lipids are described in W02017/099823 or US patent publication
US2018/0028664, the contents of which is incorporated herein by reference in their entirety.

In some embodiments, the non-cationic lipid is oleic acid or a compound of Formula I, II,
or IV of US2018/0028664, incorporated herein by reference in its entirety. The non-cationic
lipid can comprise, for example, 0-30% (mol) of the total lipid present in the lipid nanoparticle.
In some embodiments, the non-cationic lipid content is 5-20% (mol) or 10-15% (mol) of the total
lipid present in the lipid nanoparticle. In embodiments, the molar ratio of ionizable lipid to the
neutral lipid ranges from about 2:1 to about 8:1 (e.g,, about 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, or 8:1).

In some embodiments, the lipid nanoparticles do not comprise any phospholipids.

In some embodiments, the lipid nanoparticle can further comprise a component, such as a
sterol, to provide membrane integrity. One exemplary sterol that can be used in the lipid
nanoparticle is cholesterol and derivatives thereof. Non-limiting examples of cholesterol
derivatives include polar analogues such as Sa-choiestanol, 53-coprostanol, choiesteryl-(2-
hydroxy)-ethyl ether, choiesteryl-(4'- hydroxy)-butyl ether, and 6-ketocholestanol; non-polar
analogues such as 5a-cholestane, cholestenone, Sa-cholestanone, 5p-cholestanone, and
cholesteryl decanoate; and mixtures thereof. In some embodiments, the cholesterol derivative is a
polar analogue, e.g., choiesteryl-(4'-hydroxy)-buty1 ether. Exemplary cholesterol derivatives are
described in PCT publication W02009/127060 and US patent publication US2010/0130588, each
of which is incorporated herein by reference in its entirety.

In some embodiments, the component providing membrane integrity, such as a sterol, can

comprise 0-50% (mol) (e.g., 0-10%, 10-20%, 20-30%, 30-40%, or 40-50%) of the total lipid
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present in the lipid nanoparticle. In some embodiments, such a component is 20-50% (mol) 30-
40% (mol) of the total lipid content of the lipid nanoparticle.

In some embodiments, the lipid nanoparticle can comprise a polyethylene glycol (PEG)
or a conjugated lipid molecule. Generally, these are used to inhibit aggregation of lipid
nanoparticles and/or provide steric stabilization. Exemplary conjugated lipids include, but are not
limited to, PEG-lipid conjugates, polyoxazoline (POZ)-lipid conjugates, polyamide-lipid
conjugates (such as ATTA-lipid conjugates), cationic-polymer lipid (CPL) conjugates, and
mixtures thereof. In some embodiments, the conjugated lipid molecule is a PEG-lipid conjugate,
for example, a (methoxy polyethylene glycol)-conjugated lipid.

Exemplary PEG-lipid conjugates include, but are not limited to, PEG-diacylglycerol
(DAG) (such as I-(monomethoxy-polyethyleneglycol)-2,3-dimyristoylglycerol (PEG-DMG)),
PEG-dialkyloxypropyl (DAA), PEG-phospholipid, PEG-ceramide (Cer), a pegylated
phosphatidylethanoloamine (PEG-PE), 1,2-dimyristoyl-sn-glycerol, methoxypoly ethylene
glycol (DMG-PEG-2K), PEG succinate diacylglycerol (PEGS-DAG) (such as 4-0-(2',3'-
di(tetradecanoyloxy)propyl-1-0-(w-methoxy(polyethoxy)ethyl) butanedioate (PEG-S-DMG)),
PEG dialkoxypropylcarbam, N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine sodium salt, or a mixture thereof. Additional exemplary PEG-
lipid conjugates are described, for example, in US5,885,613, US6,287,591,

US2003/0077829, US2003/0077829, US2005/0175682, US2008/0020058, US2011/0117128,
US2010/0130588, US2016/0376224, US2017/0119904, and US/099823, the contents of all of
which are incorporated herein by reference in their entirety. In some embodiments, a PEG-lipid
is a compound of Formula I1I, I1l-a-I, 11I-a-2, II-b-1, I1-b-2, or V of US2018/0028664, the
content of which is incorporated herein by reference in its entirety. In some embodiments, a
PEG-lipid is of Formula IT of US20150376115 or US2016/0376224, the content of both of which
is incorporated herein by reference in its entirety. In some embodiments, the PEG-DAA
conjugate can be, for example, PEG-dilauryloxypropyl, PEG- dimyristyloxypropyl, PEG-
dipalmityloxypropyl, or PEG-distearyloxypropyl. The PEG-lipid can be one or more of PEG-
DMG, PEG-dilaurylglycerol, PEG-dipalmitoylglycerol, PEG- disterylglycerol, PEG-
dilaurylglycamide, PEG-dimyristylglycamide, PEG- dipalmitoylglycamide, PEG-
disterylglycamide, PEG-cholesterol (I-[8'-(Cholest-5-en-3[beta]- oxy)carboxamido-3',6'-
dioxaoctanyl] carbamoyl-[omega]-methyl-poly(ethylene glycol), PEG- DMB (3,4-
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Ditetradecoxylbenzyl- [omega]-methyl-poly(ethylene glycol) ether), and 1,2- dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]. In some embodiments,
the PEG-lipid comprises PEG-DMG, 1,2- dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]. In some embodiments, the PEG-lipid comprises a

structure selected from:
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In some embodiments, lipids conjugated with a molecule other than a PEG can also be
used in place of PEG-lipid. For example, polyoxazoline (POZ)-lipid conjugates, polyamide-lipid
conjugates (such as ATTA-lipid conjugates), and cationic-polymer lipid (GPL) conjugates can be
used in place of or in addition to the PEG-lipid.
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Exemplary conjugated lipids, i.e., PEG-lipids, (POZ)-lipid conjugates, ATTA-lipid
conjugates and cationic polymer-lipids are described in the PCT and LIS patent applications
listed in Table 2 of W02019051289A9 and in W02020106946A1, the contents of all of which
are incorporated herein by reference in their entirety.

In some embodiments an LNP comprises a compound of Formula (xix), a compound of
Formula (xxi) and a compound of Formula (xxv). In some embodiments an LNP comprising a
formulation of Formula (xix), Formula (xxi) and Formula (xxv)is used to deliver a gene

modifying composition described herein to the lung or pulmonary cells.

In some embodiments, a lipid nanoparticle may comprise one or more cationic lipids
selected from Formula (i), Formula (ii), Formula (iii), Formula (vii), and Formula (ix). In some
embodiments, the LNP may further comprise one or more neutral lipid, e.g., DSPC, DPPC,
DMPC, DOPC, POPC, DOPE, SM, a steroid, e.g., cholesterol, and/or one or more polymer
conjugated lipid, e.g., a pegylated lipid, e.g., PEG-DAG, PEG-PE, PEG-S-DAG, PEG-cer or a
PEG dialkyoxypropylcarbamate.

In some embodiments, the PEG or the conjugated lipid can comprise 0-20% (mol) of the
total lipid present in the lipid nanoparticle. In some embodiments, PEG or the conjugated lipid
content is 0.5- 10% or 2-5% (mol) of the total lipid present in the lipid nanoparticle. Molar ratios
of the ionizable lipid, non-cationic-lipid, sterol, and PEG/conjugated lipid can be varied as
needed. For example, the lipid particle can comprise 30-70% ionizable lipid by mole or by total
weight of the composition, 0-60% cholesterol by mole or by total weight of the composition, 0-
30% non-cationic-lipid by mole or by total weight of the composition and 1-10% conjugated
lipid by mole or by total weight of the composition. Preferably, the composition comprises 30-
40% ionizable lipid by mole or by total weight of the composition, 40-50% cholesterol by mole
or by total weight of the composition, and 10- 20% non-cationic-lipid by mole or by total weight
of the composition. In some other embodiments, the composition is 50-75% ionizable lipid by
mole or by total weight of the composition, 20-40% cholesterol by mole or by total weight of the
composition, and 5 to 10% non-cationic-lipid, by mole or by total weight of the composition and
1-10% conjugated lipid by mole or by total weight of the composition. The composition may
contain 60-70% ionizable lipid by mole or by total weight of the composition, 25-35%

cholesterol by mole or by total weight of the composition, and 5-10% non-cationic-lipid by mole
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or by total weight of the composition. The composition may also contain up to 90% ionizable
lipid by mole or by total weight of the composition and 2 to 15% non-cationic lipid by mole or
by total weight of the composition. The formulation may also be a lipid nanoparticle formulation,
for example comprising 8-30% ionizable lipid by mole or by total weight of the composition, 5-
30% non- cationic lipid by mole or by total weight of the composition, and 0-20% cholesterol by
mole or by total weight of the composition; 4-25% 1onizable lipid by mole or by total weight of
the composition, 4-25% non-cationic lipid by mole or by total weight of the composition, 2 to
25% cholesterol by mole or by total weight of the composition, 10 to 35% conjugate lipid by
mole or by total weight of the composition, and 5% cholesterol by mole or by total weight of the
composition; or 2-30% ionizable lipid by mole or by total weight of the composition, 2-30%
non-cationic lipid by mole or by total weight of the composition, 1 to 15% cholesterol by mole or
by total weight of the composition, 2 to 35% conjugate lipid by mole or by total weight of the
composition, and 1-20% cholesterol by mole or by total weight of the composition; or even up to
90% ionizable lipid by mole or by total weight of the composition and 2-10% non-cationic lipids
by mole or by total weight of the composition, or even 100% cationic lipid by mole or by total
weight of the composition. In some embodiments, the lipid particle formulation comprises
ionizable lipid, phospholipid, cholesterol and a PEG-ylated lipid in a molar ratio of 50: 10:38.5:
1.5. In some other embodiments, the lipid particle formulation comprises ionizable lipid,
cholesterol and a PEG-ylated lipid in a molar ratio of 60:38.5: 1.5.

In some embodiments, the lipid particle comprises ionizable lipid, non-cationic lipid (e.g.
phospholipid), a sterol (e.g., cholesterol) and a PEG-ylated lipid, where the molar ratio of lipids
ranges from 20 to 70 mole percent for the ionizable lipid, with a target of 40-60, the mole percent
of non-cationic lipid ranges from 0 to 30, with a target of 0 to 15, the mole percent of sterol
ranges from 20 to 70, with a target of 30 to 50, and the mole percent of PEG-ylated lipid ranges
from 1 to 6, with a target of 2 to 5.

In some embodiments, the lipid particle comprises ionizable lipid / non-cationic- lipid /
sterol / conjugated lipid at a molar ratio of 50: 10:38.5: 1.5.

In an aspect, the disclosure provides a lipid nanoparticle formulation comprising
phospholipids, lecithin, phosphatidylcholine and phosphatidylethanolamine.

In some embodiments, one or more additional compounds can also be included. Those

compounds can be administered separately or the additional compounds can be included in the
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lipid nanoparticles of the invention. In other words, the lipid nanoparticles can contain other
compounds in addition to the nucleic acid or at least a second nucleic acid, different than the
first. Without limitations, other additional compounds can be selected from the group consisting
of small or large organic or inorganic molecules, monosaccharides, disaccharides, trisaccharides,
oligosaccharides, polysaccharides, peptides, proteins, peptide analogs and derivatives thereof,
peptidomimetics, nucleic acids, nucleic acid analogs and derivatives, an extract made from
biological materials, or any combinations thereof.

In some embodiments, a lipid nanoparticle (or a formulation comprising lipid
nanoparticles) lacks reactive impurities (e.g., aldehydes or ketones), or comprises less than a
preselected level of reactive impurities (e.g., aldehydes or ketones). While not wishing to be
bound by theory, in some embodiments, a lipid reagent is used to make a lipid nanoparticle
formulation, and the lipid reagent may comprise a contaminating reactive impurity (e.g., an
aldehyde or ketone). A lipid regent may be selected for manufacturing based on having less than
a preselected level of reactive impurities (e.g., aldehydes or ketones). Without wishing to be
bound by theory, in some embodiments, aldehydes can cause modification and damage of RNA,
e.g., cross-linking between bases and/or covalently conjugating lipid to RNA (e.g., forming lipid-
RNA adducts). This may, in some instances, lead to failure of a reverse transcriptase reaction
and/or incorporation of inappropriate bases, e.g., at the site(s) of lesion(s), e.g., a mutation in a
newly synthesized target DNA.

In some embodiments, a lipid nanoparticle formulation is produced using a lipid reagent
comprising less than 5%, 4%, 3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%,
or 0.1% total reactive impurity (e.g., aldehyde) content. In some embodiments, a lipid
nanoparticle formulation is produced using a lipid reagent comprising less than 5%, 4%, 3%, 2%,
1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of any single reactive impurity
(e.g., aldehyde) species. In some embodiments, a lipid nanoparticle formulation is produced
using a lipid reagent comprising; (i) less than 5%, 4%, 3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%,
0.5%, 0.4%, 0.3%, 0.2%, or 0.1% total reactive impurity (e.g., aldehyde) content; and (ii) less
than 5%, 4%, 3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of any
single reactive impurity (e.g., aldehyde) species. In some embodiments, the lipid nanoparticle

formulation is produced using a plurality of lipid reagents, and each lipid reagent of the plurality
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independently meets one or more criterion described in this paragraph. In some embodiments,
each lipid reagent of the plurality meets the same criterion, e.g., a criterion of this paragraph.

In some embodiments, the lipid nanoparticle formulation comprises less than 5%, 4%,
3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% total reactive impurity
(e.g., aldehyde) content. In some embodiments, the lipid nanoparticle formulation comprises
less than 5%, 4%, 3%, 2%, 1%, 0.9%. 0.8%. 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of
any single reactive impurity (e.g., aldehyde) species. In some embodiments, the lipid
nanoparticle formulation comprises: (i) less than 5%, 4%, 3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%,
0.5%, 0.4%, 0.3%, 0.2%, or 0.1% total reactive impurity (e.g., aldehyde) content; and (ii) less
than 5%, 4%, 3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of any
single reactive impurity (e.g., aldehyde) species.

In some embodiments, one or more, or optionally all, of the lipid reagents used for a lipid
nanoparticle as described herein or a formulation thereof comprise less than 5%, 4%, 3%, 2%,
1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% total reactive impurity (e.g.,
aldehyde) content. In some embodiments, one or more, or optionally all, of the lipid reagents
used for a lipid nanoparticle as described herein or a formulation thereof comprise less than 5%,
4%, 3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of any single
reactive impurity (e.g., aldehyde) species. In some embodiments, one or more, or optionally all,
of the lipid reagents used for a lipid nanoparticle as described herein or a formulation thereof
comprise: (1) less than 5%, 4%, 3%, 2%, 1%, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%,
or 0.1% total reactive impurity (e.g., aldehyde) content; and (ii) less than 5%, 4%, 3%, 2%, 1%,
0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% of any single reactive impurity (e.g.,
aldehyde) species.

In some embodiments, total aldehyde content and/or quantity of any single reactive
impurity (e.g., aldehyde) species is determined by liquid chromatography (LC), e.g., coupled
with tandem mass spectrometry (MS/MS), e.g., according to the method described in Example
40 of PCT/US21/20948. In some embodiments, reactive impurity (e.g., aldehyde) content and/or
quantity of reactive impurity (e.g., aldehyde) species is determined by detecting one or more
chemical modifications of a nucleic acid molecule (e.g., an RNA molecule, e.g., as described
herein) associated with the presence of reactive impurities (e.g., aldehydes), e.g., in the lipid

reagents. In some embodiments, reactive impurity (e.g., aldehyde) content and/or quantity of
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reactive impurity (e.g., aldehyde) species is determined by detecting one or more chemical
modifications of a nucleotide or nucleoside (e.g., a ribonucleotide or ribonucleoside, e.g.,
comprised in or isolated from a template nucleic acid, e.g., as described herein) associated with
the presence of reactive impurities (e.g., aldehydes), e.g., in the lipid reagents, e.g., according to
the method described in Example 41 of PCT/US21/20948. In embodiments, chemical
modifications of a nucleic acid molecule, nucleotide, or nucleoside are detected by determining
the presence of one or more modified nucleotides or nucleosides, e.g., using LC-MS/MS
analysis, e.g., according to the method described in Example 41 of PCT/US21/20948.

In some embodiments, a nucleic acid (e.g., RNA) described herein (e.g., a template
nucleic acid or a nucleic acid encoding a gene modifying polypeptide) does not comprise an
aldehyde modification, or comprises less than a preselected amount of aldehyde modifications.
In some embodiments, on average, a nucleic acid has less than 50, 20, 10, 5, 2, or 1 aldehyde
modifications per 1000 nucleotides, e.g., wherein a single cross-linking of two nucleotides is a
single aldehyde modification. In some embodiments, the aldehyde modification is an RNA
adduct (e.g., alipid-RNA adduct). In some embodiments, the aldehyde-modified nucleotide is
cross-linking between bases . In some embodiments, a nucleic acid (e.g., RNA) described herein
comprises less than 50, 20, 10, 5, 2, or 1 cross-links between nucleotide.

In some embodiments, LNPs are directed to specific tissues by the addition of targeting
domains. For example, biological ligands may be displayed on the surface of LNPs to enhance
interaction with cells displaying cognate receptors, thus driving association with and cargo
delivery to tissues wherein cells express the receptor. In some embodiments, the biological
ligand may be a ligand that drives delivery to the liver, e.g., LNPs that display GalNAc result in
delivery of nucleic acid cargo to hepatocytes that display asialoglycoprotein receptor (ASGPR).
The work of Akinc et al. Mol Ther 18(7):1357-1364 (2010) teaches the conjugation of a trivalent
GalNAc ligand to a PEG-lipid (GalNAc-PEG-DSG) to yield LNPs dependent on ASGPR for
observable LNP cargo effect (see, e.g., Figure 6 therein). Other ligand-displaying LNP
formulations, e.g., incorporating folate, transferrin, or antibodies, are discussed in
WO02017223135, which is incorporated herein by reference in its entirety, in addition to the
references used therein, namely Kolhatkar et al., Curr Drug Discov Technol. 2011 8:197-206;
Musacchio and Torchilin, Front Biosci. 2011 16:1388-1412; Yu et al., Mol Membr Biol. 2010
27:286-298,; Patil et al., Crit Rev Ther Drug Carrier Syst. 2008 25:1-61; Benoit et al.,
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Biomacromolecules. 2011 12:2708-2714; Zhao et al., Expert Opin Drug Deliv. 2008 5:309-319;
Akinc et al., Mol Ther. 2010 18:1357-1364; Srinivasan et al., Methods Mol Biol. 2012 820:105-
116; Ben-Arie et al., Methods Mol Biol. 2012 757:497-507; Peer 2010 J Control Release. 20:63-
68; Peer et al., Proc Natl Acad Sci U S A. 2007 104:4095-4100; Kim et al., Methods Mol Biol.
2011 721:339-353; Subramanya et al., Mol Ther. 2010 18:2028-2037; Song et al., Nat
Biotechnol. 2005 23:709-717; Peer et al., Science. 2008 319:627-630; and Peer and Lieberman,
Gene Ther. 2011 18:1127-1133.

In some embodiments, LNPs are selected for tissue-specific activity by the addition of a
Selective ORgan Targeting (SORT) molecule to a formulation comprising traditional
components, such as ionizable cationic lipids, amphipathic phospholipids, cholesterol and
poly(ethylene glycol) (PEG) lipids. The teachings of Cheng et al. Nat Nanotechnol 15(4):313-
320 (2020) demonstrate that the addition of a supplemental “SORT” component precisely alters
the in vivo RNA delivery profile and mediates tissue-specific (e.g., lungs, liver, spleen) gene
delivery and editing as a function of the percentage and biophysical property of the SORT
molecule.

In some embodiments, the LNPs comprise biodegradable, ionizable lipids. In some
embodiments, the LNPs comprise (9Z,127)-3-((4,4-bis(octyloxy )butanoyl )oxy)-2-((((3-
(diethylamino)propoxy)carbonyl)oxy)methyl)propyl octadeca-9,12-dienoate, also called 3- ((4,4-
bis(octyloxy)butanoyl)oxy)-2-((((3-(diethylamino)propoxy )carbonyl)oxy )methyl)propyl
(9Z.,127Z))-octadeca-9,12-dienoate) or another ionizable lipid. See, e.g, lipids of W02019/067992,
WO0/2017/173054, WO2015/095340, and W02014/136086, as well as references provided
therein. In some embodiments, the term cationic and ionizable in the context of LNP lipids is
interchangeable, e.g., wherein ionizable lipids are cationic depending on the pH.

In some embodiments, an LNP described herein comprises a lipid described in Table 19

Table 19 Exemplary lipids

. Molecular
LIPID ID Chemical Name Weight Structure

(92,122)-3-((4,4- bis(actyloxy)butanoyloxy)-2-((((3-
LIPIDV003 (diethylamino)propoxy)carbonyljoxy)methyljpropyl 852.29
octadeca-9, 12-dienoate
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LPID ID Chemical Name Molecular Structure
Weight
B, T NE \El(,_o,\._,‘. NNy
i &
Heptadecan-9-yl 8-((2-hydroxyethyl)(8-(nonyloxy)-8- TS =
LIPIDV004 oxooctyl)amino)octanoate rose L TN
&\

Qy o

LIPIDV005 919.56 L

In some embodiments, multiple components of a gene modifying system may be
prepared as a single LNP formulation, e.g., an LNP formulation comprises mRNA encoding for
the gene modifying polypeptide and an RNA template. Ratios of nucleic acid components may
be varied in order to maximize the properties of a therapeutic. In some embodiments, the ratio of
RNA template to mRNA encoding a gene modifying polypeptide is about 1:1 to 100:1, e.g.,
about 1:1 to 20:1, about 20:1 to 40:1, about 40:1 to 60:1, about 60:1 to 80:1, or about 80:1 to
100:1, by molar ratio. In other embodiments, a system of multiple nucleic acids may be prepared
by separate formulations, e.g., one LNP formulation comprising a template RNA and a second
LNP formulation comprising an mRNA encoding a gene modifying polypeptide. In some
embodiments, the system may comprise more than two nucleic acid components formulated into
LNPs. In some embodiments, the system may comprise a protein, e.g., a gene modifying
polypeptide, and a template RNA formulated into at least one LNP formulation.

In some embodiments, the average LNP diameter of the LNP formulation may be
between 10s of nm and 100s of nm, e.g., measured by dynamic light scattering (DLS). In some
embodiments, the average LNP diameter of the LNP formulation may be from about 40 nm to
about 150 nm, such as about 40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm, 70 nm, 75 nm, 80 nm,
85 nm, 90 nm, 95 nm, 100 nm, 105 nm, 110 nm, 115 nm, 120 nm, 125 nm, 130 nm, 135 nm, 140
nm, 145 nm, or 150 nm. In some embodiments, the average LNP diameter of the LNP
formulation may be from about 50 nm to about 100 nm, from about 50 nm to about 90 nm, from
about 50 nm to about 80 nm, from about 50 nm to about 70 nm, from about 50 nm to about 60
nm, from about 60 nm to about 100 nm, from about 60 nm to about 90 nm, from about 60 nm to
about 80 nm, from about 60 nm to about 70 nm, from about 70 nm to about 100 nm, from about
70 nm to about 90 nm, from about 70 nm to about 80 nm, from about 80 nm to about 100 nm,

from about 80 nm to about 90 nm, or from about 90 nm to about 100 nm. In some embodiments,
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the average LNP diameter of the LNP formulation may be from about 70 nm to about 100 nm. In
a particular embodiment, the average LNP diameter of the LNP formulation may be about 80
nm. In some embodiments, the average LNP diameter of the LNP formulation may be about 100
nm. In some embodiments, the average LNP diameter of the LNP formulation ranges from
about 1 mm to about 500 mm, from about 5 mm to about 200 mm, from about 10 mm to about
100 mm, from about 20 mm to about 80 mm, from about 25 mm to about 60 mm, from about 30
mm to about 55 mm, from about 35 mm to about 50 mm, or from about 38 mm to about 42 mm.

An LNP may, in some instances, be relatively homogenous. A polydispersity index may
be used to indicate the homogeneity of an LNP, e.g., the particle size distribution of the lipid
nanoparticles. A small (e.g., less than 0.3) polydispersity index generally indicates a narrow
particle size distribution. An LNP may have a polydispersity index from about 0 to about 0.25,
such as 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.11, 0.12, 0.13, 0.14, 0.15, 0.16,
0.17,0.18,0.19, 0.20, 0.21, 0.22, 0.23, 0.24, or 0.25. In some embodiments, the polydispersity
index of an LNP may be from about 0.10 to about 0.20.

The zeta potential of an LNP may be used to indicate the electrokinetic potential of the
composition. In some embodiments, the zeta potential may describe the surface charge of an
LNP. Lipid nanoparticles with relatively low charges, positive or negative, are generally
desirable, as more highly charged species may interact undesirably with cells, tissues, and other
elements in the body. In some embodiments, the zeta potential of an LNP may be from about -10
mV to about +20 mV, from about -10 mV to about +15 mV, from about -10 mV to about +10
mV, from about -10 mV to about +5 mV, from about -10 mV to about 0 mV, from about -10 mV
to about -5 mV, from about -5 mV to about +20 mV, from about -5 mV to about +15 mV, from
about -5 mV to about +10 mV, from about -5 mV to about +5 mV, from about -5 mV to about 0
mYV, from about 0 mV to about +20 mV, from about 0 mV to about +15 mV, from about 0 mV to
about +10 mV, from about 0 mV to about +5 mV, from about +5 mV to about +20 mV, from
about +5 mV to about +15 mV, or from about +5 mV to about +10 mV.

The efficiency of encapsulation of a protein and/or nucleic acid, e.g., gene modifying
polypeptide or mRNA encoding the polypeptide, describes the amount of protein and/or nucleic
acid that is encapsulated or otherwise associated with an LNP after preparation, relative to the
initial amount provided. The encapsulation efficiency is desirably high (e.g., close to 100%). The

encapsulation efficiency may be measured, for example, by comparing the amount of protein or
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nucleic acid in a solution containing the lipid nanoparticle before and after breaking up the lipid
nanoparticle with one or more organic solvents or detergents. An anion exchange resin may be
used to measure the amount of free protein or nucleic acid (e.g., RNA) in a solution.
Fluorescence may be used to measure the amount of free protein and/or nucleic acid (e.g., RNA)
in a solution. For the lipid nanoparticles described herein, the encapsulation efficiency of a
protein and/or nucleic acid may be at least 50%, for example 50%, 55%, 60%, 65%, 70%, 75%,
80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100%. In some
embodiments, the encapsulation efficiency may be at least 80%. In some embodiments, the
encapsulation efficiency may be at least 90%. In some embodiments, the encapsulation
efficiency may be at least 95%.

An LNP may optionally comprise one or more coatings. In some embodiments, an LNP
may be formulated in a capsule, film, or table having a coating. A capsule, film, or tablet
including a composition described herein may have any useful size, tensile strength, hardness or
density.

Additional exemplary lipids, formulations, methods, and characterization of LNPs are
taught by W02020061457, which is incorporated herein by reference in its entirety.

In some embodiments, in vitro or ex vivo cell lipofections are performed using
Lipofectamine MessengerMax (Thermo Fisher) or TransIT-mRNA Transfection Reagent (Mirus
Bio). In certain embodiments, LNPs are formulated using the GenVoy ILM ionizable lipid mix
(Precision NanoSystems). In certain embodiments, LNPs are formulated using 2,2-dilinoleyl-4-
dimethylaminoethyl-[1,3]-dioxolane (DLin-KC2-DMA) or dilinoleylmethyl-4-
dimethylaminobutyrate (DLin-MC3-DMA or MC3), the formulation and in vivo use of which are
taught in Jayaraman et al. Angew Chem Int Ed Engl 51(34):8529-8533 (2012), incorporated
herein by reference in its entirety.

LNP formulations optimized for the delivery of CRISPR-Cas systems, e.g., Cas9-gRNA
RNP, gRNA, Cas9 mRNA, are described in W02019067992 and W02019067910, both
incorporated by reference.

Additional specitic LNP formulations useful for delivery of nucleic acids are described in
US8158601 and US8168775, both incorporated by reference, which include formulations used in
patisiran, sold under the name ONPATTRO.
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Exemplary dosing of gene modifying LNP may include about 0.1, 0.25,0.3,0.5, 1, 2, 3,
4,5,6,8, 10, or 100 mg/kg (RNA). Exemplary dosing of AAV comprising a nucleic acid
encoding one or more components of the system may include an MOI of about 10!, 1012, 10%3,

and 10" vg/kg.
Kits, Articles of Manufacture, and Pharmaceutical Compositions

In an aspect the disclosure provides a kit comprising a gene modifying polypeptide or a
gene modifying system, e.g., as described herein. In some embodiments, the kit comprises a
gene modifying polypeptide (or a nucleic acid encoding the polypeptide) and a template RNA (or
DNA encoding the template RNA). In some embodiments, the kit further comprises a reagent
for introducing the system into a cell, e.g., transfection reagent, LNP, and the like. In some
embodiments, the kit is suitable for any of the methods described herein. In some embodiments,
the kit comprises one or more elements, compositions (e.g., pharmaceutical compositions), gene
modifying polypeptides, and/or gene modifying systems, or a functional fragment or component
thereof, e.g., disposed in an article of manufacture. In some embodiments, the kit comprises
instructions for use thereof.

In an aspect, the disclosure provides an article of manufacture, e.g., in which a kit as
described herein, or a component thereof, is disposed.

In an aspect, the disclosure provides a pharmaceutical composition comprising a gene
modifying polypeptide or a gene modifying system, e.g., as described herein. In some
embodiments, the pharmaceutical composition further comprises a pharmaceutically acceptable
carrier or excipient. In some embodiments, the pharmaceutical composition comprises a
template RNA and/or an RNA encoding the polypeptide. In embodiments, the pharmaceutical
composition has one or more (e.g, 1, 2, 3, or 4) of the following characteristics:

(a) less than 1% (e.g., less than 0.5%, 0.4%, 0.3%, 0.2%, or 0.1%) DNA template relative
to the template RNA and/or the RNA encoding the polypeptide, e.g., on a molar basis;

(b) less than 1% (e.g., less than 0.5%, 0.4%, 0.3%, 0.2%, or 0.1%) uncapped RNA
relative to the template RNA and/or the RNA encoding the polypeptide, e.g., on a molar basis;

(c) less than 1% (e.g., less than 0.5%, 0.4%, 0.3%, 0.2%, or 0.1%) partial length RNAs
relative to the template RNA and/or the RNA encoding the polypeptide, e.g., on a molar basis;

(d) substantially lacks unreacted cap dinucleotides.
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Chemistry, Manufacturing, and Controls (CM(C)

Purification of protein therapeutics is described, for example, in Franks, Protein
Biotechnology: Isolation, Characterization, and Stabilization, Humana Press (2013); and in
Cutler, Protein Purification Protocols (Methods in Molecular Biology), Humana Press (2010).

In some embodiments, a gene modifying system, polypeptide, and/or template nucleic
acid (e.g., template RNA) conforms to certain quality standards. In some embodiments, a gene
modifying system, polypeptide, and/or template nucleic acid (e.g., template RNA) produced by a
method described herein conforms to certain quality standards. Accordingly, the disclosure is
directed, in some aspects, to methods of manufacturing a gene modifying system, polypeptide,
and/or template nucleic acid (e.g., template RNA) that conforms to certain quality standards, e.g.,
in which said quality standards are assayed. The disclosure is also directed, in some aspects, to
methods of assaying said quality standards in a gene modifying system, polypeptide, and/or
template nucleic acid (e.g., template RNA). In some embodiments, quality standards include,
but are not limited to, one or more (e.g., 1,2,3,4,5,6,7, 8,9, 10, 11, or 12) of the following:

(1) the length of the template RNA, e.g., whether the template RNA has a length that is
above a reference length or within a reference length range, e.g., whether at least 80%, 85%,
90%, 95%, 96%, 97%, 98%, or 99% of the template RNA present is greater than 100, 125, 150,
175, or 200 nucleotides long;

(i1) the presence, absence, and/or length of a polyA tail on the template RNA, e.g,,
whether at least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the template RNA present
contains a polyA tail (e.g., a polyA tail that is at least 5, 10, 20, 30, 50, 70, 100 nucleotides in
length);

(i) the presence, absence, and/or type of a 5" cap on the template RNA, e.g., whether at
least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the template RNA present contains a 5’
cap, e.g., whether that cap is a 7-methylguanosine cap, e.g., a O-Me-m7G cap;,

(iv) the presence, absence, and/or type of one or more modified nucleotides (e.g., selected
from pseudouridine, dihydrouridine, inosine, 7-methylguanosine, 1-N-methylpseudouridine (1-
Me-Y¥), S-methoxyuridine (5-MO-U), 5-methylcytidine (SmC), or a locked nucleotide) in the
template RNA, e.g., whether at least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the

template RNA present contains one or more modified nucleotides;
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(v) the stability of the template RNA (e.g., over time and/or under a pre-selected
condition), e.g., whether at least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the template
RNA remains intact (e.g., greater than 100, 125, 150, 175, or 200 nucleotides long) after a
stability test;

(vi) the potency of the template RNA in a system for modifying DNA, e.g., whether at
least 1% of target sites are modified after a system comprising the template RNA is assayed for
potency;

(vii) the length of the polypeptide, first polypeptide, or second polypeptide, e.g., whether
the polypeptide, first polypeptide, or second polypeptide has a length that is above a reference
length or within a reference length range, e.g., whether at least 80%, 85%, 90%, 95%, 96%, 97%,
98%, or 99% of the polypeptide, first polypeptide, or second polypeptide present is greater than
600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, 1300, 1350, 1400,
1450, 1500, 1600, 1700, 1800, 1900, or 2000 amino acids long (and optionally, no larger than
2500, 2000, 1500, 1400, 1300, 1200, 1100, 1000, 900, 800, 700, or 600 amino acids long);

(viii) the presence, absence, and/or type of post-translational modification on the
polypeptide, first polypeptide, or second polypeptide, e.g., whether at least 80, 85, 90, 95, 96, 97,
98, or 99% of the polypeptide, first polypeptide, or second polypeptide contains phosphorylation,
methylation, acetylation, myristoylation, palmitoylation, isoprenylation, glipyatyon, or
lipoylation, or any combination thereof;

(ix) the presence, absence, and/or type of one or more artificial, synthetic, or non-
canonical amino acids (e.g., selected from ornithine, B-alanine, GABA, §-Aminolevulinic acid,
PABA, a D-amino acid (e.g., D-alanine or D-glutamate), aminoisobutyric acid, dehydroalanine,
cystathionine, lanthionine, Djenkolic acid, Diaminopimelic acid, Homoalanine, Norvaline,
Norleucine, Homonorleucine, homoserine, O-methyl-homoserine and O-ethyl-homoserine,
ethionine, selenocysteine, selenohomocysteine, selenomethionine, selenoethionine,
tellurocysteine, or telluromethionine) in the polypeptide, first polypeptide, or second
polypeptide, e.g., whether at least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the
polypeptide, first polypeptide, or second polypeptide present contains one or more artificial,
synthetic, or non-canonical amino acids;

(x) the stability of the polypeptide, first polypeptide, or second polypeptide (e.g., over
time and/or under a pre-selected condition), e.g., whether at least 80%, 85%, 90%, 95%, 96%,
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97%, 98%, or 99% of the polypeptide, first polypeptide, or second polypeptide remains intact
(e.g., greater than 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250,
1300, 1350, 1400, 1450, 1500, 1600, 1700, 1800, 1900, or 2000 amino acids long (and
optionally, no larger than 2500, 2000, 1500, 1400, 1300, 1200, 1100, 1000, 900, 800, 700, or 600
amino acids long)) after a stability test;

(x1) the potency of the polypeptide, first polypeptide, or second polypeptide in a system
for modifying DNA, e.g., whether at least 1% of target sites are modified after a system
comprising the polypeptide, first polypeptide, or second polypeptide is assayed for potency; or

(xii) the presence, absence, and/or level of one or more of a pyrogen, virus, fungus,
bacterial pathogen, or host cell protein, e.g., whether the system is free or substantially free of
pyrogen, virus, fungus, bacterial pathogen, or host cell protein contamination.

In some embodiments, a system or pharmaceutical composition described herein is
endotoxin free.

In some embodiments, the presence, absence, and/or level of one or more of a pyrogen,
virus, fungus, bacterial pathogen, and/or host cell protein is determined. In embodiments,
whether the system is free or substantially free of pyrogen, virus, fungus, bacterial pathogen,
and/or host cell protein contamination is determined.

In some embodiments, a pharmaceutical composition or system as described herein has
one or more (e.g., 1, 2, 3, or 4) of the following characteristics:

(a) less than 1% (e.g., less than 0.5%, 0.4%, 0.3%, 0.2%, or 0.1%) DNA template relative
to the template RNA and/or the RNA encoding the polypeptide, e.g., on a molar basis;

(b) less than 1% (e.g., less than 0.5%, 0.4%, 0.3%, 0.2%, or 0.1%) uncapped RNA
relative to the template RNA and/or the RNA encoding the polypeptide, e.g., on a molar basis;

(c) less than 1% (e.g., less than 0.5%, 0.4%, 0.3%, 0.2%, or 0.1%) partial length RNAs
relative to the template RNA and/or the RNA encoding the polypeptide, e.g., on a molar basis;

(d) substantially lacks unreacted cap dinucleotides.

EXAMPLES
The invention is further illustrated by the following examples. The examples are
provided for illustrative purposes only and are not to be construed as limiting the scope or

content of the invention in any way.
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Example 1: Gene modifying systems comprising Cas-Pol fusions with various Pol domains

to enable precise editing in human cells

This example describes the ability of Cas-Pol fusions to programmably install mutations
in genomic DNA in human cells. More specifically, the polymerase domain of Cas-Pol fusions,
e.g., a polymerase domain described in this application, e.g., the human DNA Pol6, is varied to
determine the genome editing capacity of Cas-Pol fusions employing novel polymerase
combinations. Template nucleic acids are co-delivered with Cas-Pol expression plasmids in

human cells to determine the target editing activity of Cas-Pol fusions.

In order to generate domain libraries for genome engineering polypeptides, Cas effector
proteins are selected; see in Table 3 and Table 4. Additional Cas9 domains are further selected
for use in the genome engineering polypeptides described herein, as features including PAM
requirements of a target sequence, predicted mutations for conferring nickase activity (e.g.,
D10A, H840A, or N863 A for SpCas9), and gRNA features including single-guide composition,
e.g., specific spacer parameters and gRNA scaffold sequence for conferring polypeptide binding
for the cognate Cas enzyme, are able to be determined (Table 8). Linker sequences to connect
Cas and Pol domains are collected based on a search for diversity of length, flexibility, and
composition in order to optimize fusion proteins (Table 6). Polymerase domains are mined from
a variety of sources using literature and polymerase protein domain signatures as described in
this application, including wild-type polymerases capable of RNA and/or DNA-dependent DNA
polymerization activity, derived polymerases with improved properties (e.g., thermostability,
processivity, fidelity), derived polymerases with inactivated or reactivated functional domains
(e.g., inactivated or reactivated domains conferring 5'-3' or 3'-5' exonuclease activity,
proofreading activity, helicase activity, or RNase activity), and polymerases with synthetically
evolved RNA-dependent and/or DNA-dependent DNA polymerase activity (e.g., the RTX
polymerase derived from PolB of Thermococcus kodakarensis (KOD), as described in Ellefson

et al Science 352(6293):1590-1593 (2016), incorporated herein by reference in its entirety).

Specifically, to assess the use of novel Pol domains in the context of a gene modifying
polypeptide to successfully edit the genome, a subset of exemplary Pol domains are selected for

fusion to a Cas9(N863A) nickase. Briefly, the protein sequences of monomeric human
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polymerases are determined using UniProt (The UniProt Consortium Nucleic Acids Res
49(D1):D480-D489 (2021)) and functional domains further predicted and annotated using
InterPro (Blum et al Nucleic Acids Res 49(D1):D344-D354 (2021)) and InterProScan (Jones et
al Bioinformatics 30(9):1236-1240 (2014)) (Table X therein). Though not wishing to be limited
by such example, proteins from the polymerase families Y, X, and A have been described that
comprise a single subunit (see, e.g., Hoitsma et al Cell Mol Life Sct 77(1):35-59 (2020),

incorporated herein by reference in its entirety).

To generate precise edits using genome engineering system Cas-Pol fusions, Template
nucleic acids are constructed to template polymerization of an edit into the genomic target site by
the Pol domain. Template nucleic acids are designed to comprise (i) a gRNA spacer sequence for
guiding the Cas-Pol to the target region, e.g., a sequence complementary to a 20-nucleotide
sequence in the HEK3 locus; (ii) a primer-binding sequence (PBS) capable of complementary
base pairing with a single strand of the nicked DNA for target-primed polymerization, (iii) a
heterologous object sequence providing a template for polymerization that further comprises the
intended final target sequence; and (iv) a gRNA scaffold sequence to associate with the Cas9
domain of the Cas9-Pol polypeptide fusion. The constructs employed here specifically follow the
5"to 3' orientation (i), (iv), (iii), (ii). In some embodiments, (iii) may comprise RNA and/or DNA
nucleotides. In some embodiments, (i) may comprise RNA and/or DNA nucleotides. Without
wishing to be limited by example, (i) and (iv) comprise RNA nucleotides in these experiments.
Template compositions are described in Table 21 (Templates P1, P2, P3), where (i1) and (ii1)
may each be included as either RNA or DNA nucleotides. Template molecules optionally further
comprise a 5’ cap and 3’ polyA tail.

Table 20: Template nucleic acids and second-nick gRNA used in Example 1

Name Description Spacer Sca_ﬁold Pol te.rpplate PI?S Full Templte Molectle
(i () (il (i)
avoredie GGCCCAGACTGAGCACGTGA
GAAATAGCAAGT
TAAAATAAGGCT GTTTTAGAGCTAGAAATAGCA
HEK3_8PBS_10R GGCCCAGACTGAGCACG cereeT | AaTT TAAGGCTAGTCCG
Template P1 T(CTTatl) ToA AGTCCGTTATCA | TCTGCCATCAAAG CA TTATCI \AAAAACTTG 57600
ACTTGAAAAAGT AAAAA
GGCACCGAGTC ACCGAGTCGGTGCTCTGCCAT
GGTGC CAAAGCGTGCTCA
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Name Description Spg)c o Sca\tf)o'd Pol t((aimplate P(?)S Full Template Molecule
CTTTTAGAGCTA GGCCCAGACTGAGCACGTGA
GARATAGCAAGT
Ay sareer | CTTTTAGAGCTAGARATAGCA
Tomoto P | HEK313PBS 10 | GGCCCAGACTGAGCACG AAAAAGTCCGTTATCA TSTGOOATCARG SOTORT | AGTTAAMATAAGGCTAGTCCS
pla RT(CTTatt) TCA TTATCAACTTGAAMAGTGGC
ACTTGAAAAAGT G
e
aaTac
GTTTTAGAGCTA GGCOCAGACTGAGCACGTGA
CARATAGCAAGT GTTTTAGAGCTAGAAATAGCA
TAAMATAAGGCT CGTGCT | AGTTAAAATAAGGCTAGTCCG
Template P3 g?{cafgg?s—m ?gECCAGACTGAGCACG AGTCCGTTATCA | TCTGCCATCARAG CAGTCT | TTATCAACTTGAAARAGTGGC
ACTTGAARAAGT GGGCC | ACCGAGTCGGTGCTCTGCCAT
GGCACCGAGTC CAAAGCGTGCTCAGTCTGRG
aeTac cc
GTTI TAGAGCTA GCATGGTGCACCTGACTCCTG
GARATAGCAAGT
Sy cAGTA | GTTTTAGAGCTAGARATAGCA
HBB_13PBS_10R | GCATGGTGCACCTGACTC | TAAAA AGTTAMATAAGGCTAGTCCG
Template P4 | rircaate) CTG ﬁg}?gﬂmgﬁ AGACTTCTCCACAG SGTGCA TTATCAACTTGAAAAGTGGC
v ACCGAGTCGGTGCAGACTTCT
CCACAGGAGTCAGGTGCAC
caTac
CTTTTAGAGCTA
GARATAGCAAGT
TAAMATAAGGCT
2GRNAPS | HEK3 +90 STORACCAGTATCCCGET | agrceaTTATCA | NA NA NA
ACTTGAAAAAGT
GGCACCGAGTC
aTaC
CTTTTAGAGCTA
GARATAGCAAGT
TAAMATAAGGCT
2GRNAPS | HBB +72 SSETTGATACCAACCTGC AGTCCGTTATCA | NA NA NA
ACTTGAARAAGT
GGCACCGAGTC
GaTac

U20S or HEK293T cells are transfected by electroporation of 250,000 cells/well with

~800 ng of Cas9-Pol fusion (e.g., pol theta fusion) expression plasmid, 200 ng of a chemically

synthesized template nucleic acid molecule, and optionally 83 ng of an additional second-nick

gRNA (2gRNA PS5 for Templates P1, P2, P3 or 2gRNA P6 for Template P4) (Table 21). To

assess the genome editing capacity of Cas-Pol fusions, genomic DNA (gDNA) is collected on

day 3 post-transfection. The frequencies of intended (exact and scarless edit as designed) and

unintended (any non-intended changes to the target sequence) edits at target loci (HEK3 for

Templates P1, P2, P3 or HBB for Template P4) are analyzed by amplicon sequencing. As used

herein, amplicon sequencing of a target site comprises the use of site-specific primers in PCR

amplification of the target site, sequencing of amplicons on an Illumina MiSeq, and detection

and characterization of editing events using the CRISPResso2 pipeline (Clement et al Nat

Biotechnol 37(3):224-226 (2019)). In some embodiments, active Cas-Pol fusions result in




10

15

20

WO 2023/039407 PCT/US2022/076024

detectable levels of edits, e.g., at least 0.1% of sequencing reads demonstrate the target site edit.
In some embodiments, desirable Cas-Pol fusions demonstrate a higher frequency of intended to

unintended edits, e.g., at least 2-fold higher frequency of intended edits to unintended edits.

Example 2: Improvement of expression of Cas-Pol fusions through linker selection

This example illustrates the optimization of Cas-Pol fusions to improve protein
expression in mammalian cells. Construction of novel Cas-Pol fusions by the substitution of
new functional domains as described in Example 1 above may result in low or moderate
expression of the genome engineering polypeptide. Thus, it is contemplated here that modified
configurations of the fusions may be advantageous in the context of different domains. Without
wishing to be limited by the example, one such approach for improving the expression and
stability of new fusions is through the use of a linker library. Here, the peptide linker sequence
between the Cas and Pol domains of a Cas-Pol fusion is varied using a library of linker
sequences. More specifically, linkers from Table 21 below are used to generate new variants of a
Cas9 fusion constructs and delivered to human cells to screen for improved Cas-Pol protein

expression.

A set of 22 peptide linkers (Table 21) with varying degrees of length, flexibility,
hydrophobicity, and secondary structure are first used to generate variants of a Cas-Pol fusion
protein by substitution of the original linker (see example 30 referenced above). HEK293T cells
are transfected by electroporation of 250,000 cells/well with ~800 ng of each Cas9-Pol fusion
plasmid along with 200 ng of a single-guide RNA plasmid. To assess the expression level of
Cas9-Pol fusions, cell lysates are collected on day 2 post-transfection and analyzed by Western

blot using a primary antibody against Cas9.

Table 21. Peptide sequences for use as linkers between the Cas and Pol domains in genome

engineering polypeptides comprising Cas-Pol fusions

# Linker sequence Notes

1 GGS Short

2 GGGGS Flexible, short
3 (GGGGS)2 Flexible

4 (GGGGS)3 Flexible, long
5 (GGGGS)4 Flexible, very long
6 (G)6 Flexible

7 (G)8 Flexible

8 GSAGSAAGSCGEF Flexible

9 (GSSGSS) Mid

10 (GSSGSS)2 Mid, Flexible
11 (GSSGSS)3 Mid
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7 SGSETPGTSESATPES XTEN
13 (EARAK] Rigid hefix. short

14 (EARAK)? Rigid hely, mid

15 (EARAK)3 Rigid helix. long

16 PAP Rigid, short

17 PAPAP Rigid, short

18 PAPAPAPAP Rigid, mid

19 A(EAMAK)IALEAEAAAK)AA Eéﬂfe'g’e“’ long with
20 GGGGS(EAMAKIGGGES Flexiole < helx - flex
21 (EAAAK)GGGGS(EARAK) Helix — fiex - helix
) SGCSSGOSSGSETPCTSESATPESSGASSGESS fli):kl'ﬁl}e - XTEN -

Example 3: Gene modifying polypeptide selection by pooled screening in HEK293T &
U20S cells

This example describes the use of an RNA gene modifying system for the targeted editing
of a coding sequence in the human genome. More specifically, this example describes the infection
of HEK293T and U20S cells with a library of gene modifying candidates, followed by transfection
of a template guide RNA (tgRNA) for in vitro gene modifying in the cells, e.g., as a means of
evaluating a new gene modifying polypeptide for editing activity in human cells by a pooled
screening approach.

The gene modifying polypeptide library candidates assayed herein each comprise: 1) a S.
pvogenes (Spy) Cas9 nickase containing an N863A mutation that inactivates one endonuclease
active site; 2) one of the 122 peptide linkers depicted at Table 6; and 3) a reverse transcriptase
(RT) domain from Table 2 of retroviral origin. The particular retroviral RT domains utilized were
selected if they were expected to function as a monomer. For each selected RT domain, the wild-
type sequences were tested, as well as versions with point mutations installed in the primary wild-
type sequence. In particular, 143 RT domains were tested, either wild type or containing various
mutations. In total, 17,446 Cas-linker-RT gene modifying polypeptides were tested.

The system described here is a two-component system comprising: 1) an expression
plasmid encoding a human codon-optimized gene modifying polypeptide library candidate within
alentiviral cassette, and 2) a tgRNA expression plasmid expressing a non-coding tgRNA sequence
that is recognized by Cas and localizes it to the genomic locus of interest, and that also templates
reverse transcription of the desired edit into the genome by the RT domain, driven by a U6
promoter. The lentiviral cassette comprises: (i) a CMV promoter for expression in mammalian

cells; (i) a gene modifying polypeptide library candidate as shown; (iii) a self-cleaving T2A
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polypeptide; (iv) a puromycin resistance gene enabling selection in mammalian cells; and (v) a
polyA tail termination signal.

To prepare a pool of cells expressing gene modifying polypeptide library candidates,
HEK293T or U20S cells were transduced with pooled lentiviral preparations of the gene
modifying candidate plasmid library. HEK293 Lenti-X cells were seeded in 15 cm plates (12x10°
cells) prior to lentiviral plasmid transfection. Lentiviral plasmid transfection using the Lentiviral
Packaging Mix (Biosettia, 27 ug) and the plasmid DNA for the gene modifying candidate library
(27 ug) was performed the following day using Lipofectamine 2000 and Opti-MEM media
according to the manufacturer’s protocol. Extracellular DNA was removed by a full media change
the next day and virus-containing media was harvested 48 hours after. Lentiviral media was
concentrated using Lenti-X Concentrator (TaKaRa Biosciences) and 5 mL lentiviral aliquots were
made and stored at -80°C. Lentiviral titering was performed by enumerating colony forming units
post Puromycin selection. HEK293T or U20S cells carrying a BFP-expressing genomic landing
pad were seeded at 6x10 cells in culture plates and transduced at a 0.3 multiplicity of infection
(MOI) to minimize multiple infections per cell. Puromycin (2.5 ug/mL) was added 48 hours post
infection to allow for selection of infected cells. Cells were kept under puromycin selection for at
least 7 days and then scaled up for tgRINA electroporation.

To determine the genome-editing capacity of the gene modifying library candidates in the
assay, infected BFP-expressing HEK293T or U20S cells were then transfected by electroporation
of 250,000 cells/well with 200 ng of a tgRNA (either g4 or g10) plasmid, designed to convert BFP
to GFP, at sufficient cell count for >1000x coverage per library candidate.

The g4 tgRNA (5'to 3") is as follows: 20 nucleotide spacer region
(GCCGAAGCACTGCACGCCQGT), a scaffold region
(GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGC), the template region encoding the single base pair
substitution to change BFP to GFP (bold) and a PAM inactivation that introduces a synonymous
point mutation in the SpyCas9 PAM (NGG to NCG) that prevents re-engagement of the gene
modifying polypeptide upon completion of a functional gene modifying reaction (undetline)
(ACCCTGACGTACG), and the 13 nucleotide PBS (GCGTGCAGTGCTT).

Similarly, the g10 tgRNA (5'to 3') is as follows: 20 nucleotide spacer region
(AGAAGTCGTGCTGCTTCATG), a scaffold region
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(GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGC), the template region encoding the single base pair
substitution to change BFP to GFP (bold) and a PAM inactivation that introduces a synonymous
point mutation in the SpyCas9 PAM (NGG to NGA) that prevents re-engagement of the gene
modifying polypeptide upon completion of a functional gene modifying reaction (undetline)
(ACCCTGACCTACGGCGTGCAGTGCTTCGGCCGCTACCCCGATCACAT), and 13
nucleotide PBS (GAAGCAGCACGAC).

To assess the genome-editing capacity of the various constructs in the assay, cells were
sorted by Fluorescence-Activated Cell Sorting (FACS) for GFP expression 6-7 days post-
electroporation. Cells were sorted and harvested as distinct populations of unedited (BFP+) cells,
edited (GFP+) cells and imperfect edit (BFP-, GFP-) cells. A sample of unsorted cells was also
harvested as the input population to determine enrichment during analysis.

To determine which gene modifying library candidates have genome-editing capacity in
this assay, genomic DNA (gDNA) was harvested from sorted and unsorted cell populations, and
analyzed by sequencing the gene modifying library candidates in each population. Briefly, gene
modifying sequences were amplified from the genome using primers specific to the lentiviral
cassette, amplified in a second round of PCR to dilute genomic DNA, and then sequenced using
Oxford Nanopore Sequencing Technology according to the manufacturer’s protocol.

After quality control of sequencing reads, reads of at least 1500 and no more than 3200
nucleotides were mapped to the gene modifying polypeptide library sequences and those
containing a minimum of an 80% match to a library sequence were considered to be successfully
aligned to a given candidate. To identify gene modifying candidates capable of performing gene
editing in the assay, the read count of each library candidate in the edited population was compared
to its read count in the initial, unsorted population. For purposes of this pooled screen, gene
modifying candidates with genome-editing capacity were selected as those candidates that were
enriched in the converted (GFP+) population relative to unsorted (input) cells and wherein the
enrichment was determined to be at or above the enrichment level of a reference (Element ID No:
17380).

A large number of gene modifying polypeptide candidates were determined to be enriched
in the GFP+ cell populations. For example, of the 17,446 candidates tested, over 3,300 exhibited

enrichment in GFP+ sorted populations (relative to unsorted) that was at least equivalent to that of
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the reference under similar experimental conditions (HEK293T using g4 tgRNA; HEK293T cells
using g10 tgRNA; or U20S cells using g4 tgRNA), shown in Table D. Although the 17,446
candidates were also tested in U20S cells using g10 tgRNA, the pooled screen did not yield
candidates that were enriched in the converted (GFP+) population relative to unsorted (input) cells

under that experimental condition; further investigation is required to explain these results.

Table D. Combinations of linker and RT sequences screened. The amino acid sequence of

each RT in this table is provided in Table 6.

Linker amino acid sequence RT domain name
EAAAKGSS PERV_QAVFZ2_3mutA_WS
EAAAKEAAAKEAAAKEAAAK MLVMS_P03355_PLV919
PAPEAAAK MLVFF_P26809_3mutA
EAAAKPAPGGG MLVFF_P26809_3mutA
(G38GS3GSSGSSGSSG3S PERV_Q4VFZ2_3mut
PAPGGGEARAK MLVAV_P03356_3mutA
AEAAAKEAAAKEAAAKEAAAKAL EAEAAAKEAAAKEAAAKEAAAKA MLVMS_P03355_PLV319
GSSEARAK MLVFF_P26809_3mutA
EAAAKPAPGGS MLVFF_P26809_3mutA
GGSGGSGGSGESGESGES MLVFF_P26809_3mutA
AEAAAKEAAAKEAAAKEAAAKAL EAEAAAKEAAAKEAAAKEAAAKA XMRV6_A17651_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA PERV_Q4VFZ2_3mutA_WS
EAAAKEAAAKEAAAK MLVFF_P26809_3mutA
PAPEAAAKGSS MLVFF_P26809_3mutA
AEAAAKEAAAKEAAAKEAAAKAL EAEAAAKEAAAKEAAAKEAAAKA PERV_Q4VFZ2_3mutA WS
EAAAKEAAAKEAAAK PERV_Q4VFZ2_3mutA WS
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA AVIRE_P03360_3mutA
PAPAPAPAPAP MLVCB_P08361_3mutA
PAPAPAPAPAP MLVFF_P26809_3mutA
EAAAKGGSPAP PERV_Q4VFZ2_3mutA WS
PAP MLVMS_P03355_PLV919
PAPGGGGSS WNSV_P03359_3mutA
SGSETPGTSESATPES MLVFF_P26809_3mutA
PAPEAAAKGSS XMRV6_A17651_3mutA
EAAAKGGSGGG MLVMS_P03355_PLV919
GGGGSGEGES MLVFF_P26809_3mutA
GGGPAPGSS MLVAV_P03356_3mutA
GGSGGSGGESGESGESGES XMRV6_A17651_3mut
GGGGSGEGESGEGESGEGESGEGESGEEES MLVCB_P083671_3mutA
GSSPAP AVIRE_P03360_3mutA
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Linker amino acid sequence

RT domain name

EAAAKGSSPAP MLVFF_P26803_3mutA
GSSGGGEAAAK MLVFF_P26803_3mutA
GGSGGSGGSGGESGGSGGS MLVMS_P03355_3mutA_WS
PAPAPAPAP MLVFF_P26809_3mutA
EAAAKEAAAKEAAAKEAAAK XMRVG_A12651_3mutA
EAAAKGGSPAP MLVMS_P03355_3mutA_WS
PAPGGSEAAAK AVIRE_P03360_3mutA
GGGGSGGGGSGGGGESGEEGSGEEGSGGGES AVIRE_P03360_3mutA
EAAAKGGGGSEAAAK MLVCB_P08361_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA WMSV_P03359_3mutA

GSS MLVMS_P03355_PLV919
GSSGSSGSSGSS MLVMS_P03355_PLV919
GSSPAPEAAAK XMRV6_A17651_3mutA
GGSPAPEAAAK MLVFF_P26809_3mutA
GGGEAAAKGGS MLVFF_P26803_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mutA_WS
GGGGGGGG PERV_Q4VFZ2_3mut
GGGPAP MLVCB_P08361_3mutA
PAPAPAPAPAPAP MLYCB_P08361_3mutA
GGSGGSGGSGGSGGSGGS MLVCB_P08361_3mutA

PAP MLVMS_P03355_3mutA_WS
GGSGGSGGSGGSCGSGES PERV_Q4VFZ2_3mutA_WS
PAPAPAPAPAPAP MLVMS_P03355_PLV919
EAAAKPAPGSS MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mutA_WS
EAAAKGGS MLVMS_P03355_3mutA_WS
GGGGSEAAAKGGGGS MLVFF_P26809_3mutA
EAAAKPAPGSS MLVFF_P26809_3mutA
GGGGSGGGESGEGESEGEGES MLVMS_P03355_PLV919
EAAAKGGGGGS MLVMS_P03355_PLV919
GGSPAP XMRVG_A17651_3mutA
EAAAKGGGPAP MLVMS_P03355_PLV319
EAAAKEAAAKEAAAKEAAAKEAAAK MLVFF_P26803_3mutA

PAP MLYCB_P08361_3mutA
EAAAK XMRV6_A17651_3mutA
GGSGSSPAP PERV_Q4VFZ2_3mutA_WS
GSSGSSGSSGSSGSSGSS MLYMS_P03355_PLV919
GSSEAAAKGGG MLYVAV_P03356_3mutA
GGGEAAAKGGS XMRVE_A17651_3mutA
EAAAKGGGGSEAAAK MLVAV_P03356_3mutA
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Linker amino acid sequence

RT domain name

GGGGSGGGGESGGGEGS MLVFF_P26803_3mutA
GGGGSGGGGSGCGESEGGEES AVIRE_P03360_3mutA
SGSETPGTSESATPES AVIRE_P03360_3mutA
GGGEAAAKPAP MLVFF_P26809_3mutA
EAAAKGSSGGG MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAK WMSV_P03359_3mut
GGSGGSGGSGES XMRV6_A12651_3mutA
GGSEAAAKPAP MLVFF_P26809_3mutA
EAAAKGSSGGG XMRVG_A172651_3mutA
GGGGS MLVFF_P26809_3mutA
GGGEAAAKGSS MLVMS_P03355_PLV919
PAPAPAPAPAPAP MLVAV_P03356_3mutA
GGGGSGGGGESGCEESEGEES MLYCB_P08361_3mutA
GGGEAAAKGSS MLVCB_P08361_3mutA
PAPGGSGSS MLVFF_P26803_3mutA
GSAGSAAGSGEF MLYCB_P08361_3mutA
PAPGGSEAAAK MLVMS_P03355_3mutA_WS
GGSGSS XMRV6_A17651_3mutA
PAPGGGGSS MLYMS_P03355_PLV919
GSSGSSGSS XMRV6_A17651_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

MLVMS_P03355_3mutA_WS

EAAAK

MLVMS_P03355_PLV319

GSSGSSGSSGSS MLVFF_P26809_3mutA
PAPGGGGSS MLVCB_P08361_3mutA
GGGEAAAKGGS MLVCB_P08361_3mutA
PAPGGGEAAAK MLVMS_P03355_PLV919
GGGGGSPAP XMRVG_A12651_3mutA
EAAAKGGS XMRVG_A17651_3mutA
EAAAKGSSPAP XMRV6_A17651_3mut
PAPEAAAK MLVAV_P03356_3mutA
GGSGGSGGSGGES MLVMS_P03355_3mutA_WS
GGGPAPGGS MLVMS_P03355_PLV319
GSSGSSGSSGSS PERV_Q4VFZ2_3mutA_WS
EAAAKPAPGGS MLYCB_P08361_3mutA
GS3GSS MLVFF_P26803_3mutA
EAAAKEAAAKEAAAKEAAAK MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAK FLV_P10273_3mutA

GSS MLVFF_P26803_3mutA
EAAAKEAAAK MLVMS_P03355_3mutA_WS
PAPEAAAKGGG MLVAV_P03356_3mutA
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Linker amino acid sequence

RT domain name

GGSGSSEARAK MLVFF_P26803_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2
GSSEAAAKPAP AVIRE_P03360_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK MLVCB_P08361_3mutA
EAAAKGGG MLVFF_P26809_3mutA
GSSPAPGGG MLVCB_P08361_3mutA
GGGPAPGSS MLVMS_P03355_PLV919
GGGGGS MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mut
GGGGSGGGGSGEGESGEEESGEEES WMSV_P03359_3mutA
EAAAKEAAAKEAAAK PERV_Q4VFZ2_3mut
PAPAPAPAP MLVCB_P08361_3mutA
GSSGS5GSSGSSGSS PERV_Q4VFZ2_3mut
GGGGSSEAAAK MLVMS_P03355_3mutA_WS
GGSGGSGGSGES MLYCB_P08361_3mutA
PAPEAAAKGGS MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVCB_P08361_3mutA
EAAAKGGGGSEAAAK MLVMS_P03355_PLV919
EAAAKGGGGSEAAAK MLYMS_P03355_3mutA_WS
EAAAKGGGPAP XMRV6_A17651_3mut
EAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mutA_WS
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA FLV_P10273_3mutA
GGSEAAAKGGG MLVMS_P03355_3mutA_WS
GGGGSGEGGESGEEESEEEGESCEEESGEEES KORV_QSTTC1-Pro_3mutA
GGGPAPGGS MLVCB_P08361_3mutA
PAPAPAPAPAPAP XMRVG_A17651_3mutA
GGSGSSGGG XMRVG_A12651_3mutA
GGSGSSGGEG MLVCB_P08361_3mutA
GGGEAAAKGGS MLVMS_P03355_3mutA_WS
EAAAK MLVCB_P08361_3mutA
GGSPAPGSS MLVMS_P03355_3mutA_WS
GGGGSSEAAAK PERV_Q4VFZ2_3mut
PAPAPAPAPAP MLYBM_Q7SVK7_3mut
EAAAKEAAAKEAAAKEAAAK MLYVAV_P03356_3mutA
GGGGGSGSS MLVCB_P08361_3mutA
EAAAKGSSPAP MLVMS_P03355_3mutA_WS
PAPAPAPAPAPAP MLVMS_P03355_3mutA_WS
GSSGGGGGS MLVMS_P03355_3mutA_WS
PAPGSSGGG MLVMS_P03355_PLV319
GGSGGGPAP MLVCB_P08361_3mutA
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Linker amino acid sequence

RT domain name

GGGGGGG MLVCB_P08361_3mutA
GSSGSSGSSGSSGSSGSS MLVCB_P08361_3mutA
GGGPAPGGS MLVFF_P26809_3mutA
EAAAKGGSGGG PERV_Q4VFZ2_3mut
EAAAKGGGGSS MLVMS_P03355_3mutA_WS
GESGSSGSSGSSGESGES MLVMS_P03355_3mut
GGGGSGEGESGEEESEEEES MLVBM_Q7SVK7_3mutA_WS
PAPAPAPAPAP MLVMS_P03355_PLV919
GGGEAAAKGGS MLVMS_P03355_PLV919
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA MLVMS_P03355_3mut
GSAGSAAGSGEF MLVMS_P03355_3mutA_WS
GSSGSSGSSGSSESS MLVFF_P26809_3mutA
EAAAKGGSGSS MLVFF_P26809_3mutA
PAPGGG MLVFF_P26809_3mutA
GGGPAPGSS XMRV6_A17651_3mutA
PAPEAAAKGGS AVIRE_P03360_3mutA
PAPGGGEAAAK MLVFF_P26809_3mut
GGGGSSEAAAK MLVCB_P08361_3mutA
EAAAK MLVMS_P03355_PLV919

GGGGSGGGGSCGGESCEEESCEEESGGGEES

BAEVM_P10272_3mutA

GGSGGGEAAAK

MLVMS_P03355_PLV919

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

MLVFF_P26803_3mutA

GSSPAPGGS XMRVG_A12651_3mutA
GGSGGGPAP MLVMS_P03355_PLV919
EAAAK AVIRE_P03360_3mutA

GSS XMRVG_A17651_3mutA
GGSGGSGGS MLVFF_P26809_3mutA
EAAAKEAAAKEAAAKEAAAK AVIRE_P03360_3mut
PAPEAAAKGGG PERV_Q4VFZ2_3mutA_WS
GGGGGSEAAAK BAEVM_P10272_3mutA
GGSGSSGGEG MLVMS_P03355_3mutA_WS
GGGGGGG MLVMS_P03355_3mutA_WS
GSSEAAAKPAP PERV_Q4VFZ2_3mut
GGGGGSEAAAK WMSV_P03353_3mut

GBGGSGGGGSGGEESEGEESGGEGEES

MLVFF_P26803_3mut

GGGEAAAKGGS AVIRE_P03360_3mutA
GGSPAPGGG AVIRE_P03360_3mutA
GSAGSAAGSGEF MLYVAV_P03356_3mutA
EAAAK MLVAV_P03356_3mutA
EAAAKPAPGSS WMSV_P03359_3mutA
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Linker amino acid sequence

RT domain name

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

PERV_Q4VFZ2_3mutA_WS

GGSEAAAKPAP MLVCB_P08361_3mutA
PAPAPAPAPAPAP MLVBM_Q7SVK7_3mutA_WS
GGSPAPGGG MLVMS_P03355_3mutA_WS
GGSEAAAKGGG MLVMS_P03355_3mut
GGSGGSGGSGES MLVFF_P26809_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVFF_P26809_3mutA
GGG AVIRE_P03360_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA PERV_Q4VFZ2_3mut
GGSGGSGGSGGES MLVMS_P03355_3mutA_WS
GGGEAAAK MLVCB_P08361_3mutA
GSSGSSGSSGSSGSSGSS MLVMS_P03355_3mutA_WS
GSSGGGPAP MLVMS_P03355_3mutA_WS
GSSEAAAKPAP MLVFF_P26809_3mutA
EAAAKEAAAK MLVMS_P03355_PLV919

GBGGESGGEGGESCEEESBEEESCEEESGEEES

MLYCB_P08361_3mut

GBGGGG MLVMS_P03355_3mutA_WS
GGSGSSGGG MLVFF_P26803_3mutA
GSSGGGEAAAK PERV_Q4VFZ2_3mutA_WS
PAPAPAPAPAP PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK SFV3L_P27401_2mut
EAAAKGGSGGG BAEVM_P10272_3mutA
GGGGSSPAP PERV_Q4VFZ2_3mutA_WS
GGGEAAAKPAP MLVMS_P03355_PLV919
GGSGGGPAP BAEVM_P10272_3mutA
PAPGSSGGS MLVMS_P03355_PLV919
GGSGGGPAP MLYMS_P03355_3mutA_WS
EAAAKGGSPAP PERV_Q4VFZ2_3mutA_WS
EAAAKGGSGGG MLVMS_P03355_3mutA_WS
PAPGSSGGG MLVFF_P26809_3mutA
GSSEAAAKGGS MLVFF_P26809_3mutA
PAPGSSEAAAK MLVFF_P26803_3mutA
EAAAKGSSPAP KORV_QISTTC1-Pro_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK MLYBM_Q7SVK7_3mutA_WS
PAPGSSEAAAK MLVMS_P03355_PLV319
EAAAKGSSGGG MLVMS_P03355_3mutA_WS
EAAAKGGGGGS AVIRE_P03360_3mutA
EAAAKEAAAKEAAAK MLVMS_P03355_PLV319
PAPAPAPAPAPAP MLVFF_P26803_3mutA
GGGGSGGGGESGEGEES MLYCB_P08361_3mutA
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PAPGGSEAAAK MLVCB_P08361_3mutA
PAPGSSEAAAK MLVBM_Q7SVK7_3mutA_WS
PAPEAAAKGSS AVIRE_P03360_3mutA
GGSPAPGSS WMSV_P03359_3mutA
PAPGGSGGG MLVMS_P03355_PLV919
EAAAKGGSGSS MLVMS_P03355_3mutA_WS
GGSGGG MLVFF_P26809_3mutA
GGSEAAAKGSS KORV_QSTTC1_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA MLVCB_P08361_3mutA
PAPAPAPAPAPAP PERV_Q4VFZ2_3mutA_WS
PAPEAAAK MLVMS_P03355_3mutA_WS
GGSEAAAKGGG MLVMS_P03355_PLV919
GSSPAP MLVMS_P03355_3mutA_WS
GGGGSS MLVMS_P03355_PLV919
GGGEAAAKPAP AVIRE_P03360_3mutA
EAAAKPAPGGS MLVAV_P03356_3mutA
EAAAKGGGPAP MLVAV_P03356_3mutA
PAPGGSEAAAK BAEVM_P10272_3mutA
PAPGGSGSS MLVMS_P03355_3mutA_WS
PAPGGSGSS AVIRE_P03360_3mutA
GGSGGGPAP MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAK BAEVM_P10272_3mutA
GGGGSGEGGESGGCESCEEESCEEES MLVMS_P03355_PLV919
GGGGSSPAP MLVCB_P08361_3mutA
GSSGGGPAP MLVFF_P26809_3mutA
GGGGSSGGS MLVMS_P03355_PLV919
GGSGGG MLVCB_P08361_3mutA
GSSGGGGGS MLVMS_P03355_PLV919
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS XMRV6_A17651_3mutA
GGGGGSGSS KORV_QITTCA_3mut
GGGEAAAKGGS BAEVM_P10272_3mutA
GGSGGG BAEVM_P10272_3mutA
PAPAPAP KORV_QSTTC1-Pro_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

SFV3L_P27401_2mutA

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

MLVBM_Q7SVK7_3mutA_WS

GSSGSSGSSGSSGSS

MLVMS_P03355_3mutA_WS

GSSGGGEAAAK MLVMS_P03355_3mutA_WS
GSSGGSEARAK MLVFF_P26803_3mutA

PAP MLVMS_P03355_PLV319
EAAAKGGGGSEAAAK MLVBM_Q7SVK7_3mutA_WS
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PAPAP AVIRE_P03360_3mutA

PAP MLVFF_P26803_3mutA
GSSGGG MLVMS_P03355_3mut
GSSPAPGGS MLVFF_P26809_3mutA
PAPAPAPAP XMRVG_A12651_3mutA
EAAAKGSSGGS PERV_Q4VFZ2_3mut
PAPEAAAKGGG KORV_QITTC1-Pro_3mutA
PAPGGS MLVCB_P08361_3mutA
EAAAKGGG MLVCB_P08361_3mutA
GSSEAAAKPAP MLVMS_P03355_PLV919
PAPGGS MLVFF_P26809_3mutA
EAAAKGGS MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK FLV_P10273_3mutA
PAPGGSEAAAK MLVAV_P03356_3mutA
GSS MLYCB_P08361_3mutA
GSSGSSGSSGSS AVIRE_P03360_3mutA
GSSGSSGSS MLVFF_P26803_3mutA
GSSGGG MLVMS_P03355_PLV319
EAAAK MLVFF_P26803_3mutA
GGSPAPEAAAK MLVCB_P08361_3mutA
GGSGSS MLVCB_P08361_3mutA
GSSPAPGGG MLVMS_P03355_PLV319
EAAAKEAAAKEAAAKEAAAKEAAAK MLVAV_P03356_3mutA
EAAAKGSSPAP FLV_P10273_3mutA
GGGGSS XMRVG_A12651_3mutA
GGSPAPGSS MLVMS_P03355_PLV919
EAAAKEAAAKEAAAKEAAAKEAAAK MLVYMS_P03355_3mutA_WS
PAPEAAAKGGG FLV_P10273_3mutA
EAAAKPAPGGS XMRV6_A17651_3mut
PAPAP BAEVM_P10272_3mutA
EAAAKEAAAKEAAAKEAAAK MLVMS_P03355_PLV919
GSSPAPGGG MLVMS_P03355_PLV319
EAAAKGGGPAP KORV_QSTTC1_3mutA
PAPEAAAK MLYMS_P03355_PLV319
PAPGGGEAAAK PERV_Q4VFZ2_3mutA_WS
EAAAKGSSGGS MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAK MLYMS_P03355_PLV319
GSSEAAAK MLVMS_P03355_3mutA_WS
GSSGSSGSSGSS MLVMS_P03355_3mutA_WS
GGGGSGGGGSCCGGESEGGEES MLVMS_P03355_3mutA_WS
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EAAAKGGGGSEAAAK

MLYMS_P03355_3mut

GGS

MLYCB_P08361_3mutA

GGGGSGGGGESCEGESEEEESCGEESCGEES

XMRVG_A12651_3mutA

GGSGSSPAP MLVCB_P08361_3mutA
GGGGSGGGESGEEES XMRVG_A12651_3mutA
PAPAPAPAPAP BAEVM_P10272_3mutA
PAPAPAPAPAP MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAK MLYBM_Q7SVK7_3mut
GGGGSGGGGSGGGESGEEGSCGGES BAEVM_P10272_3mutA
GGSGGSGGS MLVMS_P03355_3mutA_WS
EAAAKPAPGSS MLVMS_P03355_PLV919
GSS MLVMS_P03355_3mutA_WS
PAPEAAAKGGS MLYMS_P03355_3mutA_WS
GGGPAPGGS MLVMS_P03355_3mutA_WS
EAAAKGGGGSS MLYVAV_P03356_3mutA
GSSGSSGSSGSSGSS MLVFF_P26803_3mut
SGSETPGTSESATPES PERV_Q4VFZ2_3mut
GGSEAAAKGGG MLVMS_P03355_3mut
GSSGSSGSSGSSGSSGSS AVIRE_P03360_3mutA
PAPAPAPAPAPAP AVIRE_P03360_3mut
GGSGGS XMRV6_A17651_3mutA
PAPGSSEAAAK MLVCB_P08361_3mut
GGSPAPEAAAK PERV_Q4VFZ2_3mut
EAAAKGGGGGS MLVCB_P08361_3mutA
GGSGGSGGSGGES MLVMS_P03355_PLV919
GGGGSSEAAAK MLVMS_P03355_PLV919
GSSEAAAKGGG MLVFF_P26809_3mutA
PAPGGS MLVMS_P03355_3mutA_WS
EAAAKGGSGGG MLVCB_P08361_3mutA
EAAAKGGG PERV_Q4VFZ2_3mut
PAPGGS XMRVG_A17651_3mutA
GSSPAPGGG XMRV6_A1Z651_3mutA
PAPEAAAKGGG MLVMS_P03355_3mutA_WS
GSSEAAAKGGG PERV_Q4VFZ2_3mutA_WS
PAPGGSEAAAK XMRV6_A17651_3mutA
GGGGEGS MLVMS_P03355_3mutA_WS
GGSPAPEAAAK MLVMS_P03355_3mutA_WS
GGGPAP MLVFF_P26803_3mutA
PAPGSSGGG XMRVE_A17651_3mutA
PAPGSSGGG MLVBM_Q7SVK7_3mutA_WS

248



WO 2023/039407

PCT/US2022/076024

Linker amino acid sequence

RT domain name

GGGEAAAKGSS MLYMS_P03355_3mutA_WS
GSSEAAAKGGS MLYCB_P08361_3mutA
PAPGGSGSS MLVCB_P08361_3mutA
EAAAKGGGGSEAAAK BAEVM_P10272_3mutA
PAPAPAP PERV_Q4VFZ2_3mutA_WS
GGGGGG MLVAV_P03356_3mutA
GSSPAPEAAAK MLVCB_P08361_3mutA
GGSGGSGGS MLVMS_P03355_3mutA_WS
GSSGSSGSSGSSGSS XMRVG_A12651_3mut
GGGPAPGGS XMRVG_A17651_3mutA
GGGPAPEAARAK BAEVM_P10272_3mutA
GGSGGG AVIRE_P03360_3mutA
SGSETPGTSESATPES PERV_Q4VFZ2_3mutA_WS
EAAAKGSSPAP MLVMS_P03355_PLV919
GSSEAAAK XMRV6_A17651_3mut
GSSGGSGGG MLVFF_P26803_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK WMSV_P03359_3mutA
GGGGSEAAAKGGGGES MLVMS_P03355_PLV919
PAPGGGGSS MLVMS_P03355_3mutA_WS
SGSETPGTSESATPES MLVYMS_P03355_3mutA_WS
GGSPAPEAAAK KORV_QISTTCA1-Pro_3mutA
GSSEAAAKGGG MLVMS_P03355_3mutA_WS
GSSEAAAK WMSV_P03359_3mutA
GGGGSEAAAKGGGGS AVIRE_P03360_3mutA

GSS WMSV_P03359_3mutA
PAPGGSEAAAK MLVFF_P26809_3mutA
GGGGS MLYMS_P03355_3mutA_WS
GGGPAP MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mutA_WS
EAAAKPAPGSS PERV_Q4VFZ2_3mut
EAAAKPAPGSS MLVCB_P08361_3mutA
GGGGGG WMSV_P03359_3mutA
EAAAKPAPGGS MLYMS_P03355_PLV319
PAPGGGEARAK PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAKEAAAK AVIRE_P03360_3mutA
GSSEAAAKPAP XMRV6_A17651_3mutA
PAPGGSEAAAK MLYBM_Q7SVK7_3mutA_WS
PAPGSS MLYCB_P08361_3mutA
EAAAKGGG MLVMS_P03355_3mutA_WS
EAAAKPAP MLVCB_P08361_3mutA
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PAPEAAAKGGS MLYBM_Q7SVK7_3mutA_WS
GGSPAPGGG MLYCB_P08361_3mutA
PAPGGSGSS WMSV_P03359_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_PLV919
GGSGGGPAP MLVMS_P03355_PLV919

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

MLVMS_P03355

PAPEAAAKGSS

MLVCB_P08361_3mutA

EAAAKGSS MLVMS_P03355_3mutA_WS
GGSGGS MLVYMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAK BAEVM_P10272_3mutA
GGGGSEAAAKGGGGS FLV_P10273_3mutA
GGSEAAAKGGG MLVCB_P08361_3mutA
GSSGS5GSSGSSGSS BAEVM_P10272_3mutA
GGGGSGGGGESGEGGESGEEGSCEEESGGGEES MLVFF_P26809_3mutA
EAAAKGGG PERV_Q4VFZ2_3mut
GGGGGSEAAAK MLVCB_P08361_3mutA
EAAAKPAPGGS MLVMS_P03355_3mutA_WS
GGGGGSGSS XMRV6_A17651_3mutA
PAPGSSEAAAK MLVMS_P03355_3mutA_WS
GSSEAAAKPAP MLYCB_P08361_3mutA
EAAAKGSSPAP MLVAV_P03356_3mutA
GGGPAPGGS WMSV_P03359_3mutA
GGSPAP MLVMS_P03355_3mutA_WS
GGSEAAAKGGG MLVMS_P03355_3mutA_WS
GGGGGGGE MLVFF_P26809_3mutA

GGGGSGGGGESGEGESEEEESCEEESGGGEES

MLVMS_P03355_3mutA_WS

GGGGSGGGGESGEGGESGEEESCEEGSGGGES

MLYBM_Q7SVK7_3mutA_WS

GSSPAPGGG MLVAV_P03356_3mutA
GGGGGG AVIRE_P03360_3mutA
GSSGGS MLVMS_P03355_3mutA_WS
GGSPAPGSS MLVFF_P26809_3mutA
PAPEAAAKGGG PERV_Q4VFZ2_3mut
EAAAKGGGPAP MLVFF_P26803_3mutA
GGGEAAAKGGS MLYMS_P03355_PLV919
GGSGSSPAP MLVFF_P26803_3mutA
SGSETPGTSESATPES WMSV_P03359_3mutA
PAPGGSEAAAK MLYBM_Q7SVK7_3mutA_WS
GGSGGG MLVMS_P03355_PLV319
GGGGSSPAP PERV_Q4VFZ2_3mut
GGGEAAAKGSS MLVAV_P03356_3mutA
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PAPAPAPAPAPAP MLVMS_P03355_3mutA_WS
EAAAKGGGGSEAAAK PERV_Q4VFZ2
EAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_PLV919
GGGGGSEAAAK PERV_Q4VFZ2_3mut
PAPGSSEAAAK MLVCB_P08361_3mutA
GSAGSAAGSGEF PERV_Q4VFZ2_3mutA_WS
EAAAKGGGGSEAAAK MLVFF_P26809_3mutA
GGSPAPGGG PERV_Q4VFZ2_3mutA_WS
GSSEAAAKGGG AVIRE_P03360_3mutA
GGGEAAAKPAP MLVMS_P03355_3mutA_WS
GGGPAP AVIRE_P03360_3mutA
GGSEAAAK MLVCB_P08361_3mutA
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS PERV_Q4VFZ2_3mut
EAAAKPAPGGS MLVBM_Q7SVK7_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

XMRV6_A17651_3mut

GBGGGGEE MLVCB_P08361_3mutA
PAPGSS PERV_Q4VFZ2_3mut
EAAAK PERV_Q4VFZ2_3mut
GSAGSAAGSCGEF MLYMS_P03355_3mutA_WS
PAPGGGEAARAK PERV_Q4VFZ2_3mut
EAAAKGSSGGS MLVFF_P26803_3mut
GGGGSEAAAKGGGGS BAEVM_P10272_3mutA
GGGGSGEGESGEEES MLVMS_P03355_PLV919
EAAAKGGGGSEAAAK BAEVM_P10272_3mut
PAPGGGEAAAK MLVMS_P03355_3mutA_WS
GGSEAAAKPAP MLVMS_P03355_3mutA_WS
PAPAP MLVCB_P08361_3mutA
PAPAP MLVFF_P26809_3mutA
GGSPAP AVIRE_P03360_3mutA
EAAAKGSSGGS MLVCB_P08361_3mutA
PAPGSSGGS AVIRE_P03360_3mutA
EAAAKGGGGSEAAAK XMRV6_A1Z651_3mutA
PAPAPAP BAEVM_P10272_3mutA
GGSGGSGGSGESGGSGES MLYMS_P03355_PLV919
GGGGGSGSS MLVMS_P03355_PLV319
PAPGSSEAAAK XMRV6_A12651_3mut
GGSEAAAKPAP XMRV6_A17651_3mutA
EAAAKEAAAKEAAAKEAAAK XMRV6_A17651_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

WMSV_P03359_3mut

GGSGGGEAAAK

XMRV6_A17651_3mutA
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GGGEAAAK XMRV6_A17651_3mutA
GGGGSGGGESGGGGS MLVMS_P03355_3mutA_WS
GGSGGSGGSGESGES MLVFF_P26809_3mutA
GSSGGGGGS MLVMS_P03355_3mut
PAPGGSEAAAK MLVMS_P03355_3mutA_WS
GSSGGSPAP MLVMS_P03355_3mutA_WS
SGSETPGTSESATPES XMRV6_A12651_3mutA
GGGGSGGGGS MLVMS_P03355_PLV919
PAPAPAPAPAP MLVYMS_P03355_3mut
G5SGSS XMRVG_A17651_3mutA
GSSEAAAKPAP PERV_Q4VFZ2_3mut
GGSGSSGGG MLVMS_P03355_3mutA_WS
EAAAKEAAAK MLVCB_P08361_3mutA
GSSGSSGSSGSS MLVMS_P03355_3mutA_WS
GSSPAPGGG PERV_Q4VFZ2_3mutA_WS
EAAAKEAAAKEAAAK MLVMS_P03355_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

SFV1_P23074_2mutA

GGGGSGGGGSCCEESEEEESCEEESCEEES

MLVMS_P03355_PLV919

GSAGSAAGSCGEF MLYMS_P03355_PLV919
PAPGSSEAAAK MLVMS_P03355_3mutA_WS
GGSEAAAK MLVMS_P03355_3mutA_WS
GSSGSSGSSGSSGSS PERV_Q4VFZ2_3mutA_WS
GGSEAAAKPAP PERV_Q4VFZ2_3mutA_WS
GGSGGSGGS MLVCB_P08361_3mutA
EAAAKGGSGSS MLVCB_P08361_3mutA
GGGGSGGGGSGGGESEEEGSCEGES FLV_P10273_3mutA
EAAAKEAAAKEAAAKEAAAK MLYBM_Q7SVK7_3mutA_WS
GGSGSSPAP BAEVM_P10272_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK XMRV6_A17651_3mutA
GGGGSGGGGSGEGESCEEGSCEEES MLVBM_Q7SVK7 _3mutA_WS
GGSGSS WMSV_P03359_3mutA
PAPEAAAK MLVCB_P08361_3mutA
EAAAKPAP BAEVM_P10272_3mutA
GSSPAP PERV_Q4VFZ2_3mutA_WS
GGGPAP PERV_Q4VFZ2_3mutA_WS
EAAAKGGSGSS MLVMS_P03355_3mutA_WS
EAAAKGGGGSEAAAK AVIRE_P03360_3mutA
GGSGGG KORV_QSTTC1-Pro_3mutA
GSSPAP MLVFF_P26803_3mutA
GGSGSSEAAAK BAEVM_P10272_3mutA
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PAPGSSGGS BAEVM_P10272_3mutA
GGGGGG MLVFF_P26809_3mutA
PAPGGSEAAAK MLVMS_P03355_PLV919
PAPGGS MLVMS_P03355_PLV919
GGSGGSCGSGES BAEVM_P10272_3mutA
GSSPAP MLVCB_P08361_3mutA
PAPAPAPAP MLVMS_P03355_3mutA_WS
GGGGGG MLVCB_P08361_3mutA
GSSGSSGSSGSSGSSGSS KORV_QSTTC1-Pro_3mutA
GSSEAAAKGGS BAEVM_P10272_3mutA
GGSEAAAK FLV_P10273_3mutA
GGSGGSGGSGGSGGES KORV_QSTTC1-Pro_3mutA
GSSPAPEAAAK PERV_Q4VFZ2_3mut
GSSGSSGSSGSSGSS XMRVG_A17651_3mutA
EAAAKPAPGGS MLVMS_P03355_3mut

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

FLV_P10273_3mut

GGSPAPEAAAK XMRV6_A12651_3mut
EAAAKGGSGGG MLVFF_P26803_3mutA
EAAAKEAAAKEAAAKEAAAK MLVFF_P26803_3mutA
GSSPAP WMSV_P03359_3mutA
PAPAPAPAP MLVAV_P03356_3mutA
PAPGGSEAAAK KORV_QSTTC1_3mut
GGSGSSEARAK MLVBM_Q7SVK7_3mutA_WS
GSSGGG MLVCB_P08361_3mutA
GGGEAAAKGSS PERV_Q4VFZ2_3mut
PAPGGSGGG MLVFF_P26809_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA FFV_093209

PAPGGGGSS MLVMS_P03355_3mutA_WS
EAAAKGGS MLVAV_P03356_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVBM_Q7SVK7_3mutA_WS
GGSGGSGGS WMSV_P03359_3mutA
PAPAP MLVMS_P03355_3mutA_WS
GSSGGGEAAAK MLYVAV_P03356_3mutA
GGGGSSEAAAK MLVFF_P26803_3mutA
EAAAKGSSGGS MLVMS_P03355_PLV319
EAAAKGGGGSEAAAK MLVMS_P03355_3mutA_WS
GGGGGGEEG MLYMS_P03355_PLV319
GSSGSSGSS MLVMS_P03355_PLV319
GGGEAAAKPAP PERV_Q4VFZ2_3mutA_WS
GGGGGSGSS MLVMS_P03355_3mutA_WS
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GGGGGGG MLVMS_P03355_PLV919
GGS MLVMS_P03355_PLV919
GSSGGG MLVMS_P03355_3mutA_WS
EAAAKGGSGSS PERV_Q4VFZ2_3mutA_WS
PAPGSSEAAAK MLVMS_P03355_PLV919
GSSEAAAKPAP MLVMS_P03355_PLV919
GGSPAPGSS BAEVM_P10272_3mutA
GSAGSAAGSGEF MLVCB_P08361_3mut
GGSPAPGGG PERV_Q4VFZ2_3mut
GGGGSGGGGESGGGESGEGES MLYMS_P03355_3mut
GSSGSSGSS PERV_Q4VFZ2_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mut
GGGGSEAAAKGGGGS MLVCB_P08361_3mutA
GGSEAAAKGSS MLVAV_P03356_3mutA
EAAAKGGGGSEAAAK MLVCB_P08361_3mut

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

XMRV6_A17651_3mutA

PAPGGGEAAAK MLVMS_P03355_3mutA_WS
GSSGGGEAAAK PERV_Q4VFZ2_3mutA_WS
GSSGSS MLYCB_P08361_3mut
PAPAPAPAPAPAP PERV_Q4VFZ2_3mut
GGSPAPGGG MLVFF_P26803_3mutA
GGSGGSGGSGGSGGS MLVCB_P08361_3mutA
EAAAKEAAAK MLVFF_P26809_3mutA

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

GALV_P21414_3mut

PAPAPAPAPAPAP WMSV_P03359_3mutA
GGGEAAAKGGS KORV_QSTTC1_3mutA
EAAAKGGGPAP KORV_QITTC1_3mut
PAPEAAAKGSS MLVBM_Q7SVK7_3mutA_WS
PAPEAAAKGSS FLV_P10273_3mutA
PAPGGSEAAAK MLVMS_P03355_3mut
GSSPAPGGG BAEVM_P10272_3mutA
GGGEAAAKPAP KORV_QSTTC1-Pro_3mutA
GGGGSGGGGS MLYMS_P03355_PLV319
GGGEAAAKGSS MLVFF_P26803_3mutA
PAPGGGGSS MLVBM_Q7SVK7_3mutA_WS
GSSEAAAK BAEVM_P10272_3mutA
GGGGGGEEG MLYMS_P03355_PLV319
PAPGSSGGS MLYVAV_P03356_3mutA
GGGGSGGGGSGGGGESGGGES BAEVM_P10272_3mutA

PAP MLVMS_P03355_3mut
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EAAAKGSSPAP XMRV6_A17651_3mutA
PAPEAAAKGGS MLVFF_P26803_3mutA
GSSGGGEAAAK BAEVM_P10272_3mutA
PAPAPAP MLVMS_P03355_3mutA_WS
GGSEAAAKGGG MLVMS_P03355_PLV919
GSSEAAAK PERV_Q4VFZ2_3mut

GGGG MLVMS_P03355_3mutA_WS
GGGGGS MLVMS_P03355_3mut
GGGGSSEAAAK PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK SFV3L_P27401-Pro_2mutA
GGSEAAAKGSS MLVMS_P03355_3mutA_WS
PAPGSSGGS XMRV6_A1Z651_3mutA
GGSPAP MLYMS_P03355_3mutA_WS
GGGGSSEAAAK BAEVM_P10272_3mut
GGSGGSGGSGES AVIRE_P03360_3mutA
PAPGSSGGS MLVFF_P26803_3mutA
GSSPAPGGG MLVMS_P03355_3mutA_WS
GGGGGGG MLVMS_P03355_3mutA_WS
EAAAKGGGGGS MLVMS_P03355_3mutA_WS
EAAAKGGSGGG MLVMS_P03355_PLV319
GGGGSSEAAAK XMRV6_A17651_3mutA
GGGGSEAAAKGGGGS MLVBM_Q7SVK7_3mutA_WS
GSSGSS MLVMS_P03355_PLV919
GGSGGG MLVMS_P03355_PLV919
PAPEAAAKGGG AVIRE_P03360_3mutA

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

FOAMV_P14350-Pro_2mutA

GGGGGSGSS

PERV_Q4VFZ2_3mut

GSSGSSGSSGSSGSS KORV_QSTTC1-Pro_3mut
GGGGSEAAAKGGGGS MLVMS_P03355_3mutA_WS
GGGGGSPAP FLV_P10273_3mut
GGGEAAAK MLVMS_P03355_3mutA_WS
GGSGGSGGSGGES FLV_P10273_3mutA

GGG MLYMS_P03355_PLV319
GGSPAPEAAAK BAEVM_P10272_3mutA
EAAAKEAAAK FLV_P10273_3mutA
GGGEAAAKPAP BAEVM_P10272_3mutA
GGGEAAAKGGS PERV_Q4VFZ2_3mut
GGSGGSGGS PERV_Q4VFZ2_3mut
EAAAKGGGPAP XMRVE_A17651_3mutA
EAAAK MLVBM_Q7SVK7_3mutA_WS
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PAPEAAAKGGG PERV_Q4VFZ2_3mut
EAAAKGSS MLVCB_P08361_3mutA
GGSEAAAKGGG MLVBM_Q7SVK7_3mutA_WS
cieelesieieleiereieleleielcieler] XMRVG_A12651_3mutA
GGGGSGEGGESGEEESCEEGESCEEES BAEVM_P10272_3mut
GGGGSSPAP PERV_Q4VFZ2_3mutA_WS
GGSGGSGGSGESGGSGES PERV_Q4VFZ2_3mut
GGGEAAAKPAP PERV_Q4VFZ2_3mut
EAAAKEAAAK BAEVM_P10272_3mutA
GGSGSSEAAAK XMRVG_A17651_3mutA
PAPEAAAKGSS WMSV_P03353_3mutA
PAPAPAPAPAP XMRV6_A1Z651_3mutA
GSSGGGEAAAK MLVMS_P03355_PLV919
GSSPAPGGG MLVFF_P26809_3mutA
GGSPAPEAAAK MLVFF_P26809_3mut
PAPGGSEAAAK PERV_Q4VFZ2_3mut
GGGGESS MLVFF_P26809_3mutA
GGSGSSGGG BAEVM_P10272_3mutA
GSSGGGEAAAK MLVMS_P03355_3mutA_WS
EAAAKGGS MLVBM_Q7SVK7_3mutA_WS
GGGPAPGGS MLVMS_P03355_PLV919
EAAAKEAAAK MLVMS_P03355_PLV919
GSSGSSGSS MLVMS_P03355_PLV919
GGGEAAAKPAP MLVAV_P03356_3mutA
SGSETPGTSESATPES FLV_P10273_3mutA
PAPAPAPAPAP KORV_QSTTC1-Pro_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

BAEVM_P10272_3mutA

PAPGSSGGG

MLVMS_P03355_3mutA_WS

GSSGGGEAAAK

XMRV6_A17651_3mutA

GGGGSGGGGESGEGESEEEGSCEGES

XMRV6_A1Z651_3mutA

GGGGSSPAP

MLVFF_P26809_3mutA

GGSGGGPAP PERV_Q4VFZ2_3mutA_WS
GSS PERV_Q4VFZ2_3mut
EAAAKGSSPAP MLYMS_P03355_3mut
EAAAKGGG XMRV6_A17651_3mutA
GSSGSSGSSGSS WMSV_P03359_3mutA
PAPEAAAKGSS MLYMS_P03355_PLV319
GSSEAAAK AVIRE_P03360_3mutA
EAAAKGGSGSS AVIRE_P03360_3mutA
GSSEAAAK MLVMS_P03355_3mut
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GGSGSSEARAK MLVMS_P03355_PLV919
GGSEAAAKGGG MLVFF_P26809_3mutA
GGGESGEEESGEEESEEEES MLVAV_P03356_3mutA
PAPAPAPAPAPAP MLVFF_P26809_3mut
EAAAKPAPGSS KORV_QSTTC1-Pro_3mut
PAPGSSEAAAK MLVAV_P03356_3mutA
GGGGSSPAP WMSV_P03359_3mutA
EAAAKGGGGGS MLVMS_P03355_3mutA_WS
GGGEAAAKGGS MLVYMS_P03355_3mut
GGSGSSGGG MLYMS_P03355_3mut
GGGPAPGGS MLVAV_P03356_3mutA
PAPGGGGGS MLVMS_P03355_PLV919
GGGPAPGSS PERV_Q4VFZ2_3mut
GGGGGGG MLVFF_P26809_3mutA
GGSGGGGESS MLVCB_P08361_3mutA
GGGGGG FLV_P10273_3mutA
GGSEAAAKGSS PERV_Q4VFZ2_3mut
GGSPAPGGG BAEVM_P10272_3mutA
GGSPAPGSS AVIRE_P03360_3mutA
GGSGGSGGSGGES KORV_QITTC1_3mut
EAAAKEAAAKEAAAKEAAAKEAAAK MLVBM_Q7SVK7_3mut
PAPGSSGGS XMRV6_A12651_3mut
EAAAKGGGGSS PERV_Q4VFZ2_3mutA_WS
GGSGGSCESGESGGES PERV_Q4VFZ2_3mutA_WS
PAPGGSGGG MLVMS_P03355_PLV919
PAPGSSGGG PERV_Q4VFZ2_3mutA_WS
GSSGSS BAEVM_P10272_3mutA
EAAAKGSS MLVFF_P26809_3mutA
GGGPAP MLVMS_P03355_PLV919
EAAAKGGGGGS MLVFF_P26809_3mutA
EAAAKGGSPAP MLVBM_Q7SVK7_3mutA_WS

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

WMSV_P03359_3mutA

GSSPAPGGG

MLVBM_Q7SVK7_3mutA_WS

GGGEAAAKGSS AVIRE_P03360_3mutA
GGGGSSEAAAK AVIRE_P03360_3mutA
GGGGGGGG PERV_Q4VFZ2_3mutA_WS
PAPGSSEAAAK BAEVM_P10272_3mutA
EAAAKGSS MLVFF_P26803_3mut
GSSEAAAKGGG MLVCB_P08361_3mutA
GGSEAAAK MLVBM_Q7SVK7_3mutA_WS
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GSSEAAAKGGG PERV_Q4VFZ2_3mutA_WS
PAPGGSGGG WMSV_P03359_3mutA
GSSGGSGGG MLVCB_P08361_3mutA
EAAAKGSSGGG FLV_P10273_3mutA
GSSEAAAK MLVCB_P08361_3mutA
GSSGGGEAAAK MLVMS_P03355_3mut
GGGGSGGGES MLVCB_P08361_3mutA
EAAAKGGGGSEAAAK MLYBM_Q7SVK7_3mutA_WS
EAAAKGGG PERV_Q4VFZ2_3mutA_WS
EAAAKGGSPAP MLVMS_P03355_PLV919
GGGPAPGGS AVIRE_P03360_3mutA
GSSEAAAK MLVBM_Q7SVK7_3mutA_WS
GSSGGGEAAAK PERV_Q4VFZ2_3mut
SGSETPGTSESATPES MLVMS_P03355_PLV919
GGSGSSPAP MLYMS_P03355_3mut
GBGGGG MLVBM_Q7SVK7_3mutA_WS
GGSPAPGGG XMRV6_A17651_3mutA
GGSGSS PERV_Q4VFZ2_3mutA_WS
PAP MLYBM_Q7SVK7_3mutA_WS
EAAAKPAPGSS MLVMS_P03355_PLV319
EAAAKGGG MLVMS_P03355_3mut
GSSEAAAKPAP PERV_Q4VFZ2_3mutA_WS
GGGGSS MLVMS_P03355_3mutA_WS
GGSGSSEAAAK PERV_Q4VFZ2_3mut
GGGGSS BAEVM_P10272_3mutA
PAPAP MLVFF_P26809_3mut
PAPEAAAKGGG BAEVM_P10272_3mutA
EAAAKGGS MLVMS_P03355_PLV919
PAPAPAPAPAPAP PERV_Q4VFZ2_3mutA_WS
GGGGGSEAAAK MLVMS_P03355_3mut
PAPGGS PERV_Q4VFZ2_3mut
GGGGSS MLVCB_P08361_3mutA
GGGGS MLYVAV_P03356_3mutA
GSSPAPEAAAK MLYMS_P03355_PLV319
GGGGSSGGS MLVFF_P26803_3mutA
PAPEAAAKGSS MLVMS_P03355_PLV319
GGSGSSEARAK MLVMS_P03355_3mutA_WS
EAAAKGGG MLYVAV_P03356_3mutA
PAPGSSEAAAK FLV_P10273_3mutA
EAAAKGSSGGG MLYCB_P08361_3mutA
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PAPEAAAK KORV_QSTTC1-Pro_3mutA
GGSPAPEAAAK KORV_QITTC1-Pro_3mut
GGSGGSGGSGESGESGES MLVAV_P03356_3mutA
GSSEAAAKPAP MLVBM_Q7SVK7_3mutA_WS
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA KORV_QSTTC1-Pro_3mutA
GSSGGGEAAAK XMRVG_A12651_3mut
PAPGGSGGG AVIRE_P03360_3mutA
PAPGGSEAAAK PERV_Q4VFZ2_3mutA_WS
GGGGS MLVYMS_P03355_3mutA_WS
GGGGSGGGGSGGGES MLVBM_Q7SVK7_3mutA_WS
PAPAPAPAPAP PERV_Q4VFZ2_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mut
GSSGGSEARAK MLVMS_P03355_3mutA_WS
GGSGGSGGSGGES WMSV_P03359_3mutA
EAAAKGSSGGG WMSV_P03359_3mutA
EAAAKGGG PERV_Q4VFZ2_3mutA_WS
SGSETPGTSESATPES PERV_Q4VFZ2_3mut
PAPGSSGGS MLVMS_P03355_3mutA_WS
PAPEAAAKGSS PERV_Q4VFZ2_3mut
PAPEAAAK AVIRE_P03360_3mutA
GSSEAAAKGGG BAEVM_P10272_3mutA
GSSPAP MLVAV_P03356_3mutA
EAAAKEAAAKEAAAKEAAAK MLVFF_P26809_3mut
PAPGGSGSS MLVAV_P03356_3mutA
GGGGSGGGGSGGGGS PERV_Q4VFZ2_3mutA_WS
GSSGGSEAARAK MLVCB_P08361_3mutA
EAAAKGGS KORV_QITTC1-Pro_3mutA
EAAAKGGS MLVFF_P26809_3mutA
GGSPAP MLVMS_P03355_PLV919
GGSGSS MLVMS_P03355_PLV319
SGSETPGTSESATPES WMSV_P03353_3mut
GGGGGGG WMSV_P03359_3mut
GGSPAPGSS MLVCB_P08361_3mutA
GGGGSSGGS WMSV_P03359_3mut
PAPGGS MLVMS_P03355_PLV818
PAPGSSGGS MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK MLVFF_P26809_3mut

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

PERV_Q4VFZ2_3mut

GGSGGSGGSGGSGGS

BAEVM_P10272_3mutA

GSSEAAAK

PERV_Q4VFZ2_3mut
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EAAAKEAAAKEAAAKEAAAK KORV_Q9TTC1-Pro_3mutA
GGSGGSGGSGGSGGS MLVMS_P03355_3mut
PAPAPAPAPAPAP MLVMS_P03355_3mut
GGSPAPEAAAK MLVMS_P03355_PLV919
EAAAK WMSV_P03359_3mutA
EAAAKGSSGGS MLVBM_Q7SVK7_3mutA_WS
GGSGGGESS MLVMS_P03355_3mutA_WS
GGGEAAAKPAP MLVMS_P03355_3mut
EAAAKGGSGGG XMRVG_A172651_3mutA
GGGGGSEAAAK KORV_QSTTC1-Pro_3mutA
GGGGGG BAEVM_P10272_3mutA
GGGGGG MLVMS_P03355_3mut
GGGGGGG MLVBM_Q7SVK7_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

AVIRE_P03360

PAPGSSGGS

PERV_Q4VFZ2_3mut

GBGGES XMRV6_A1Z651_3mut
EAAAKPAP XMRV6_A17651_3mutA
GGG MLVMS_P03355_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

FLV_P10273_3mut

EAAAKGSSPAP MLYMS_P03355_3mut
SGSETPGTSESATPES BAEVM_P10272_3mutA
GGSPAPEAAAK MLVMS_P03355_3mut
GSSGSSGSSGSS MLVAV_P03356_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA MLVMS_P03355_3mut
GGSPAP MLVCB_P08361_3mutA
GGGGGSEAAAK MLVMS_P03355_3mutA_WS
GGGGG MLVFF_P26809_3mutA
GSSEAAAK MLVAV_P03356_3mutA
GGS BAEVM_P10272_3mut
EAAAKGGSPAP MLVCB_P08361_3mutA
PAPAPAPAP FLV_P10273_3mutA
PAPGGGEAARAK MLVCB_P08361_3mutA
GGGGSSEAAAK MLVMS_P03355_3mutA_WS
GGGGG PERV_Q4VFZ2_3mutA_WS
GGSGGSGGSGESGGSGES PERV_Q4VFZ2_3mut
GGGGG MLVMS_P03355_3mut
PAPEAAAKGGG MLYBM_Q7SVK7_3mutA_WS
GSSGGGPAP XMRV6_A17651_3mutA
GSSGESGSSGSSGSSGSS PERV_Q4VFZ2_3mutA_WS
EAAAKGGSPAP PERV_Q4VFZ2_3mut

260




WO 2023/039407

PCT/US2022/076024

Linker amino acid sequence

RT domain name

GSSGGSEAARAK MLVMS_P03355_PLV919
GSS PERV_Q4VFZ2_3mut
EAAAKGGS WMSV_P03359_3mutA
GGGGGSPAP PERV_Q4VFZ2_3mutA_WS
EAAAKGSS MLVMS_P03355_PLV919
EAAAKGGGGSS KORV_QSTTC1-Pro_3mutA
PAPGSSGGG PERV_Q4VFZ2_3mut
GGGGSSEAAAK MLVFF_P26809_3mut
PAPAPAP MLVYMS_P03355_3mut
GSSGGSEAAAK XMRVG_A17651_3mut
PAPEAAAKGSS MLVMS_P03355_3mutA_WS
GGSGGSGGSGGSGGES MLVMS_P03355_3mutA_WS
GGSGSSPAP XMRVG_A12651_3mutA
GGGGSSPAP MLVMS_P03355_PLV919
GGGGS MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mutA_WS
EAAAKEAAAK KORV_QSTTC1_3mutA
PAPGGGEAAAK BAEVM_P10272_3mutA
GSSGGSEAARAK XMRV6_A17651_3mutA

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

FLV_P10273_3mut

GSSEAAAKPAP MLVMS_P03355_3mutA_WS
EAAAKPAPGSS PERV_Q4VFZ2_3mutA_WS
GSSGGSPAP XMRVG_A12651_3mutA
GSSEAAAKGGG PERV_Q4VFZ2_3mut
GGGEAAAKGGS WMSV_P03359_3mutA
GSSEAAAKGGG MLVFF_P26809_3mut
PAPAPAP KORV_QITTC1-Pro_3mutA
EAAAKGGSPAP MLVMS_P03355_3mutA_WS
PAPGGSEAAAK PERV_Q4VFZ2_3mut
GGGGS MLVBM_Q7SVK7_3mutA_WS
EAAAKGSSGGG KORV_QITTC1_3mut
EAAAKGGGPAP MLVCB_P08361_3mutA
EAAAKGSS BAEVM_P10272_3mutA
GGSPAPGGG MLYBM_Q7SVK7_3mutA_WS
GGGGSEAAAKGGGGS MLVMS_P03355_3mutA_WS
GGGEAAAKGGS PERV_Q4VFZ2_3mutA_WS
EAAAKGGGGSS MLVMS_P03355_3mutA_WS
EAAAKGGGPAP MLVFF_P26803_3mut
GSSPAP PERV_Q4VFZ2_3mutA_WS
EAAAKGGS MLVMS_P03355_3mut
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GGGGSS KORV_QI9TTC1-Pro_3mutA
EAAAKGSSPAP MLVMS_P03355_3mutA_WS
GGGPAP PERV_Q4VFZ2_3mut
EAAAKGSSGGS XMRVG_A12651_3mutA
PAPGGG MLVAV_P03356_3mutA
GSSPAPEAAAK BAEVM_P10272_3mutA
GGGPAP MLVBM_Q7SVK7_3mutA_WS
GSSGGGGGS AVIRE_P03360_3mutA
SGSETPGTSESATPES MLVMS_P03355_PLV919
GGGPAP MLVFF_P26809_3mut
EAAAKGGGGSS XMRV6_A17651_3mutA
GGGGSSPAP XMRV6_A1Z651_3mut
GGGGSEAAAKGGGGS MLVMS_P03355_3mut
GSSPAP MLVBM_Q7SVK7_3mutA_WS
GGSGSSEARAK FLV_P10273_3mutA
SGSETPGTSESATPES MLVBM_Q7SVK7_3mutA_WS
PAPGGG AVIRE_P03360_3mutA
GGGEAAAKPAP MLVMS_P03355_3mutA_WS
EAAAKGGSGSS PERV_Q4VFZ2_3mut
GGSPAPGGG MLVAV_P03356_3mutA
PAPGGSGSS BAEVM_P10272_3mutA
GSSGGSPAP MLVFF_P26809_3mutA
EAAAKGSSGGG PERV_Q4VFZ2_3mut
GGGGSGGGES PERV_Q4VFZ2_3mutA_WS
GSSGGGGGS BAEVM_P10272_3mutA
GGGGSSGGS MLVBM_Q7SVK7_3mutA_WS
EAAAKGGS PERV_Q4VFZ2_3mutA_WS
G5SGSSGSSGSS MLVYMS_P03355_3mut

GGS MLVMS_P03355_3mutA_WS
GSSGGSEARAK MLVBM_Q7SVK7_3mutA_WS

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

XMRV6_A1Z651

GGGGG FLV_P10273_3mutA
PAPEAAAKGSS PERV_Q4VFZ2_3mut
GGGGGG WMSV_P03358_3mut
EAAAKGGG BAEVM_P10272_3mutA
GGGGSS MLVMS_P03355_3mutA_WS
GSSGGGEAAAK KORV_QITTC1_3mut
GGSGSS AVIRE_P03360_3mutA
EAAAKPAP MLVMS_P03355_3mut
EAAAKEAAAKEAAAK FLV_P10273_3mutA
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GGGG XMRV6_A17651_3mutA
GSSPAPGGS BAEVM_P10272_3mutA
GSSGGGGGES MLVFF_P26809_3mutA
GGGGSSCGS MLVAV_P03356_3mutA
GGS PERV_Q4VFZ2_3mut
GGGGG WMSV_P03359_3mutA
GSSGSSGSSGSSGSSGSS FLV_P10273_3mutA
PAPGGGGSS MLVAV_P03356_3mutA
GGGGGGGE BAEVM_P10272_3mutA
SGSETPGTSESATPES MLVCB_P08361_3mutA
PAPGGG BAEVM_P10272_3mutA
GSSGSSGSS MLVCB_P08361_3mutA
GGSGSS MLYMS_P03355_3mutA_WS
EAAAKGGGGSEAAAK WMSV_P03359_3mutA
GGGGGGEG FLV_P10273_3mutA
GSSGSS MLVMS_P03355_3mutA_WS
PAPEAAAKGGS XMRV6_A17651_3mutA
EAAAKEAAAK MLVMS_P03355_3mut
GGGGSGGGGESGGGEGS BAEVM_P10272_3mutA
EAAAKGSSPAP MLVMS_P03355_PLV319
GGGGSSEAAAK MLVMS_P03355_3mut
GGGGSSEAAAK BAEVM_P10272_3mutA
PAPGGSGSS PERV_Q4VFZ2_3mut
GGSGGGEAAAK MLVFF_P26809_3mut
PAPEAAAKGGS PERV_Q4VFZ2_3mut
GGGPAPGSS AVIRE_P03360_3mut
PAPGGSGGG PERV_Q4VFZ2_3mutA_WS
GGGGGGGE PERV_Q4VFZ2_3mutA_WS
GSSEAAAK MLVMS_P03355_3mutA_WS
GGGGSGGGGSGGGES PERV_Q4VFZ2_3mutA_WS
EAAAKGGS MLVYMS_P03355_3mut
GGGGGSGSS MLVCB_P08361_3mut
GGGPAP KORV_QISTTC1-Pro_3mutA
EAAAKPAPGGG MLYCB_P08361_3mut
GSSGGSPAP MLVCB_P08361_3mutA

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

MLVMS_P03355_3mut

PAPAPAPAP MLYMS_P03355_3mut
GSSGGS XMRV6_A17651_3mutA
GSSEAAAKGGG MLVMS_P03355_3mut
GGSGSSPAP MLVMS_P03355_3mutA_WS
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GSSEAAAKGGS MLVMS_P03355_PLV919
EAAAKEAAAKEAAAKEAAAKEAAAK BAEVM_P10272_3mut
PAPGGGGSS KORV_QITTC1_3mutA
EAAAKGSS MLVMS_P03355_3mutA_WS
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA FFV_093209_2mut
GGSGGSGGSGGSGGSGES BAEVM_P10272_3mutA
GGGGGG MLVMS_P03355_PLV919
PAPEAAAK BAEVM_P10272_3mutA
GGSGSSEARAK MLVAV_P03356_3mutA
GGG MLVCB_P08361_3mutA
GGGGG MLVCB_P08361_3mutA
GGSGGSGGSGGES KORV_QSTTC1-Pro_3mutA
GSSGSSGSSGSSGSSGSS XMRVG_A12651_3mutA
GSSEAAAKPAP FLV_P10273_3mutA
GGGEAAAKPAP MLVCB_P08361_3mutA
GSSGSSGSS MLVMS_P03355_3mutA_WS
PAPAPAPAP MLVMS_P03355_PLV919
EAAAKGGG MLVMS_P03355_PLV319
PAPAPAPAPAPAP FLV_P10273_3mutA
EAAAKGGSGSS MLVMS_P03355_3mut
GGGGGG PERV_Q4VFZ2_3mutA_WS
PAPGGG MLVCB_P08361_3mutA
GGGGGSGSS KORV_QSTTC1_3mutA
GGGGSGGGESGEGESGEGES XMRVG_A12651_3mut
GGSGGSGGS KORV_QITTC1-Pro_3mutA
EAAAKPAPGGG MLVMS_P03355_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

XMRV6G_A12651

GGGGSGGGGESGEGESGEEESCEEESGGEES

FLV_P10273_3mutA

EAAAKGGGGSEAAAK PERV_Q4VFZ2_3mutA_WS
GGGPAPGSS AVIRE_P03360_3mutA
GGGGG MLVMS_P03355_3mutA_WS
GGGGSGGGGESGGGESEEEGESEEEESGGGEES MLVMS_P03355_3mut
GGGGSGGGGS MLVMS_P03355_3mutA_WS
EAAAKGGSPAP XMRV6_A17651_3mutA
EAAAKGSSPAP AVIRE_P03360_3mutA
PAPGGSGSS KORV_QITTC1-Pro_3mutA
GSS MLYBM_Q7SVK7_3mutA_WS
GSS WMSV_P03359_3mut
GGGPAPGSS MLVFF_P26803_3mutA
EAAAKPAP MLVMS_P03355_3mut
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GSSPAPEAAAK FLV_P10273_3mutA
GGSPAPGSS MLVBM_Q7SVK7_3mutA_WS
GGGGGSEAAAK XMRVG_A12651_3mut
PAPEAAAKGGG WMSV_P03359_3mutA
PAPGGG PERV_Q4VFZ2_3mut
GGSPAPEAAAK WMSV_P03359_3mutA
GGSGGGESS PERV_Q4VFZ2_3mut
EAAAKGGGGSS PERV_Q4VFZ2_3mut
EAAAKGGSPAP AVIRE_P03360_3mut
GGSGGGGESS WMSV_P03359_3mutA
PAPGSSEAAAK MLVFF_P26809_3mut
GSSEAAAK MLVMS_P03355_PLV919
GSAGSAAGSGEF AVIRE_P03360_3mutA
EAAAKGGSGSS MLVMS_P03355_3mut
GGSEAAAKPAP MLVMS_P03355_PLV919

GBGGSGGGGESGCEESEEEESGEEES

MLVFF_P26803_3mutA

PAPGSSEAAAK PERV_Q4VFZ2_3mutA_WS
GGGGSSPAP MLVMS_P03355_3mutA_WS
PAPAPAP MLYCB_P08361_3mutA
EAAAKPAPGGG MLVBM_Q7SVK7_3mutA_WS
GGGPAPGSS BAEVM_P10272_3mutA

PAP MLVMS_P03355_3mutA_WS
PAPGGSGGG MLVMS_P03355_3mutA_WS
GGSGGSCESGESGGES MLVBM_Q7SVK7_3mutA_WS
PAPAPAPAP XMRVG_A12651_3mut
GSSPAPGGG MLVMS_P03355_3mutA_WS
GSSPAPGGG MLYMS_P03355_3mut
PAPGGG MLVMS_P03355_PLV919
GGGEAAAKGSS WMSV_P03353_3mut
EAAAKGSS KORV_QSTTC1-Pro_3mutA
EAAAKGGS PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mut
PAPEAAAKGGG MLVMS_P03355_PLV9319
EAAAKGSSGGG MLVFF_P26803_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

PERV_Q4VFZ2

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

MLVAV_P03356_3mutA

GSSGGSGGG MLVFF_P26803_3mut
GSSGSSGSSGSS PERV_Q4VFZ2_3mutA_WS
GGSPAPGGG MLVMS_P03355_PLV319
GSS BAEVM_P10272_3mut
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GGGPAPGSS MLYMS_P03355_3mutA_WS
GGGGSS KORV_QSTTC1_3mutA
GSSGGSGGG BAEVM_P10272_3mutA
EAAAKEAAAKEAAAK MLVCB_P08361_3mutA

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

FLV_P10273_3mutA

PAPGGGGGS PERV_Q4VFZ2_3mut
PAPAPAPAPAP KORV_QITTC1-Pro_3mutA
EAAAK MLVMS_P03355_3mutA_WS
GGG MLVCB_P08361_3mut
GGSEAAAKGGG BAEVM_P10272_3mutA
GGGGGSGSS MLVAV_P03356_3mutA
EAAAKGSSPAP MLVBM_Q7SVK7_3mutA_WS
GGSGGSGGS XMRVG_A12651_3mut
EAAAKPAPGGG KORV_QSTTC1-Pro_3mutA
GGGPAPEAAAK FLV_P10273_3mutA
GGSPAPEAAAK MLVMS_P03355_3mutA_WS
GGSGGSGGSGGSGES MLVFF_P26809_3mut
EAAAKGGSGSS MLVMS_P03355_PLV319
GGGEAAAKGGS MLYBM_Q7SVK7_3mutA_WS
PAPAPAPAP BAEVM_P10272_3mutA
EAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mut
EAAAKPAP XMRV6_A12651_3mut
EAAAKEAAAK MLVBM_Q7SVK7_3mutA_WS
EAAAKGGG BAEVM_P10272_3mut
EAAAKGSS MLVAV_P03356_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVFF_P26809_3mut
GGGPAPGSS PERV_Q4VFZ2_3mutA_WS
GGGG PERV_Q4VFZ2_3mut
EAAAKGGSGSS MLVMS_P03355_PLV919
GGGGSGGGGSGGGES MLVMS_P03355_3mutA_WS
EAAAK MLVMS_P03355_3mutA_WS
GGGGSS PERV_Q4VFZ2
PAPEAAAKGGS MLVCB_P08361_3mut

GSs MLVMS_P03355_3mut
GSAGSAAGSGEF MLVFF_P26809_3mutA

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

KORV_QISTTC1-Pro_3mut

GGGGSGGGGS AVIRE_P03360_3mutA
EAAAK MLVMS_P03355_3mut
GGGPAPGGS PERV_Q4VFZ2_3mut
GGGGSGGGGESGEGEES MLYMS_P03355_PLV919
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PAPGGG MLYMS_P03355_3mutA_WS
GGGEAAAKPAP PERV_Q4VFZ2_3mutA_WS
EAAAKPAPGSS KORV_Q9TTC1-Pro_3mutA
PAPGSS KORV_QSTTC1_3mutA
GSAGSAAGSGEF PERV_Q4VFZ2_3mut
PAPGGGGSS KORV_QITTC1-Pro_3mutA
GSSGGGEAAAK MLVCB_P08361_3mutA
GSS AVIRE_P03360_3mutA
GSSGSSGSSGSS XMRVG_A12651_3mutA
PAPEAAAKGGG MLVMS_P03355_PLV919
GGGPAPEAARAK MLVCB_P08361_3mutA
PAPGGGGGS MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mutA_WS
GGGGGSPAP MLVFF_P26809_3mutA
GSSGSSGSSGSSGSS PERV_Q4VFZ2
GSSPAPEAAAK MLVMS_P03355_PLV319
GSSGSSGSSGSSGSSGSS MLVBM_Q7SVK7_3mutA_WS
GSSGSSGSSGSSGSSGSS MLVMS_P03355_3mutA_WS
GGSPAPEAAAK MLVAV_P03356_3mutA
GSSGGG BAEVM_P10272_3mut
EAAAKGSSGGS KORV_QISTTCA1-Pro_3mutA
GGSGSSEAAAK MLVMS_P03355_3mutA_WS
GGGPAPEAAAK MLVFF_P26809_3mutA
GGGPAPGGS MLVMS_P03355_3mutA_WS
GGGGG MLVMS_P03355_PLV919
GGGEAAAKPAP MLVBM_Q7SVK7_3mutA_WS
GGGGSGGGGS WMSV_P03359_3mut
GGGPAPEAAAK PERV_Q4VFZ2_3mut
GGSGSSEAAAK MLVMS_P03355_PLV919
EAAAKGGGPAP MLVMS_P03355_3mutA_WS
GSSGSSGSSGSSGSS KORV_QSTTC1-Pro_3mutA
PAPAP WMSV_P03359_3mutA
GGSPAPGSS MLYVAV_P03356_3mutA
GGSGGGPAP MLYMS_P03355_3mut
GGSPAP MLVMS_P03355_PLV319
EAAAKGGSPAP PERV_Q4VFZ2_3mut
GSSPAPGGG KORV_QSTTC1-Pro_3mutA
GSAGSAAGSGEF MLYMS_P03355_3mut
GGSPAP PERV_Q4VFZ2_3mut
GSSGSS KORV_QSTTC1-Pro_3mut
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GGGPAPGSS

MLYMS_P03355_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

FOAMV_P14350

PAPGSSGGG MLVMS_P03355_PLV919
GGSEAAAKPAP BAEVM_P10272_3mutA
GGGGGS MLVCB_P08361_3mutA
PAPEAAAKGGS MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK BAEVM_P10272_3mutA
GGSEAAAK BAEVM_P10272_3mutA
GSSPAPEAAAK MLVYMS_P03355_3mutA_WS
PAPGGG WMSV_P03359_3mut
EAAAKPAP PERV_Q4VFZ2_3mut
GSSGSSGSSGSSESS WMSV_P03359_3mut
PAPGGG MLVBM_Q7SVK7_3mutA_WS
GGSGGGEAAAK BAEVM_P10272_3mutA
PAPGGS MLVMS_P03355_3mut
GGSGGSGGSGGES MLVBM_Q7SVK7_3mutA_WS
EAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mut
GGSEAAAKGGG WMSV_P03359_3mutA
GGGPAP BAEVM_P10272_3mutA

GGGGSGGGGSCGGESCEEESCEEESGGGEES

XMRV6_A17651_3mut

GGSPAPGSS KORV_QITTC1_3mut
GGGPAPGSS MLVMS_P03355_3mut
GGGGSSCGS BAEVM_P10272_3mutA
GGGEAAAKGSS KORV_QSTTC1-Pro_3mutA
PAPAP MLVBM_Q7SVK7_3mutA_WS
GGSPAPGGG PERV_Q4VFZ2_3mut
PAPGSS PERV_Q4VFZ2_3mutA_WS
GSSGGSPAP MLVBM_Q7SVK7_3mutA_WS
EAAAKGGGGSEAAAK PERV_Q4VFZ2_3mut
GSSEAAAKGGS KORV_QSTTC1-Pro_3mut
PAPAPAPAP KORV_QISTTC1-Pro_3mutA
GGSEAAAKPAP WMSV_P03359_3mutA
PAPGGS FLV_P10273_3mutA
EAAAKGGGPAP PERV_Q4VFZ2_3mut
GGSGSSGGG AVIRE_P03360_3mutA
EAAAKGGSGSS BAEVM_P10272_3mutA

SGGCSSGGSSGSETPGTSESATPESSGGSSGGSS

MLYCB_P08361_3mutA

GSSEAAAKGGS

XMRV6_A17651_3mutA

GGGGG

BAEVM_P10272_3mutA

GGGGSGGGGSCCEESEEEESCEEESCEGEES

SFV3L_P27401_2mutA

268




WO 2023/039407

PCT/US2022/076024

Linker amino acid sequence
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GGGEAAAKGSS MLYMS_P03355_PLV919
EAAAKGGGGSEAAAK KORV_QSTTC1_3mutA
EAAAKGGG AVIRE_P03360_3mut
GGSGGG MLVMS_P03355_3mutA_WS
GGSGSSGGG MLVMS_P03355_PLV919
GGGGSGGGGESGEGESGEEGESCEEESGGEES KORV_QITTC1_3mut
GGGGSEAAAKGGGGS KORV_QSTTC1_3mutA
PAPAPAPAPAP FLV_P10273_3mutA

GGS MLYBM_Q7SVK7_3mutA_WS
GGGGGSEAAAK MLVBM_Q7SVK7_3mutA_WS
GSSGSSGSSGSSGSS MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mut
GGSGSSGGG PERV_Q4VFZ2_3mut

PAP MLVFF_P26809_3mut
GSSPAPEAAAK MLYVAV_P03356_3mutA
EAAAKGGGGSS MLYMS_P03355_3mut
GGGEAAAKGGS XMRV6_A12651_3mut
GGSGGGPAP MLVBM_Q7SVK7_3mutA_WS
GSAGSAAGSCGEF BAEVM_P10272_3mutA
GSSEAAAK MLVCB_P08361_3mut
PAPGSS MLVMS_P03355_3mut
EAAAKEAAAKEAAAK MLVAV_P03356_3mutA
GSAGSAAGSGEF XMRVG_A12651_3mutA
GSSGSSGSSGSS BAEVM_P10272_3mutA

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

KORV_Q9TTC1-Pro_3mut

GGGGSSEAAAK

WMSV_P03359_3mut

GSSGGGEAAAK MLYBM_Q7SVK7_3mutA_WS
EAAAKPAP MLVFF_P26809_3mutA
GGSPAPGGG KORV_QSTTC1_3mutA
PAPEAAAK FLV_P10273_3mutA
GSSGSSGSS MLVBM_Q7SVK7_3mutA_WS
GSSGGGEAAAK FLV_P10273_3mutA
GGSPAP MLVBM_Q7SVK7_3mutA_WS
GSAGSAAGSCEF KORV_QSTTC1-Pro_3mutA
PAPGGSEAAAK MLVMS_P03355_PLV319
GGSPAPEAAAK MLVBM_Q78VK7_3mutA_WS
GGGGGSPAP MLYBM_Q7SVK7_3mutA_WS
EAAAKGSSPAP WMSV_P03359_3mut
EAAAKGGGPAP MLVBM_Q7SVK7_3mutA_WS
PAPGSS KORV_QSTTC1-Pro_3mutA
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GGSGSSGGG

BAEVM_P10272_3mut

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

FFV_093209-Pro_2mut

GGSGGSGGSGESGESGES WMSV_P03359_3mutA
GGSGGSGGS PERV_Q4VFZ2_3mutA_WS
GGGGG PERV_Q4VFZ2_3mutA_WS
GGGPAP FLV_P10273_3mutA
PAPGGSGGG XMRV6_A12651_3mutA
GGGGSEAAAKGGGGS XMRV6_A17651_3mut
EAAAKGSSGGG KORV_QSTTC1-Pro_3mutA
GSSGGSEAAAK WMSV_P03353_3mut
EAAAKGGSGSS PERV_Q4VFZ2_3mut
PAPAPAPAPAP PERV_Q4VFZ2_3mut
GGGGSGGGGESGEGESGEEGSCEEESGGGEES MLVMS_P03355_3mutA_WS
GGGGGGG KORV_QSTTC1_3mutA
EAAAK KORV_QSTTC1-Pro_3mutA
GGGEAAAKGGS KORV_QSTTC1-Pro_3mutA
GGGEAAAKGGS PERV_Q4VFZ2_3mutA_WS
GGGGGSPAP XMRV6_A17651_3mut
GGGGSGGGGESGGGGESGEGES MLVFF_P26809_3mut
GGGGGGG MLVFF_P26809_3mut
PAPAPAPAPAPAP AVIRE_P03360_3mutA
GSSPAPGGG FLV_P10273_3mutA
GGGGGSPAP MLVMS_P03355_3mutA_WS
GGGGSGGGESGEEES MLVMS_P03355_3mut
GGGGSGGGGSGGGGS KORV_QITTC1_3mut
GSSEAAAKGGS MLVAV_P03356_3mutA
GSSGSSGSSGSSGSS MLYMS_P03355_3mut
EAAAKGGGGGS PERV_Q4VFZ2_3mutA_WS
GSSGGGGGS PERV_Q4VFZ2_3mut
GGGEAAAKPAP MLVMS_P03355_3mut
GSSGGSPAP PERV_Q4VFZ2_3mutA_WS
GSSGGGPAP BAEVM_P10272_3mutA
GGGGGSGSS MLVMS_P03355_PLV919

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

BAEVM_P10272_3mut

PAPEAAAK MLVMS_P03355_3mut
GGGGSGGGGESGGGEES FLV_P10273_3mutA
GGSGSSGGG WMSV_P03359_3mutA
EAAAKGGS PERV_Q4VFZ2_3mut
EAAAKGSSPAP MLVCB_P08361_3mut
EAAAKGGSGSS WMSV_P03359_3mutA
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GSSGSS PERV_Q4VFZ2_3mutA_WS
PAPAPAPAP MLVMS_P03355_PLV919
GGSGGG PERV_Q4VFZ2_3mutA_WS
GSS MLVBM_Q7SVK7_3mutA_WS
PAP KORV_QSTTC1-Pro_3mutA
GGSGSSEAAAK MLVFF_P26809_3mut
PAPEAAAKGSS KORV_QITTC1-Pro_3mutA
GGSGGS MLVCB_P08361_3mutA
GGGGGGG PERV_Q4VFZ2_3mutA_WS
GGSPAPEAAAK MLVBM_Q7SVK7_3mut
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK KORV_QSTTC1_3mutA
GGSPAP MLVMS_P03355_3mut
GGSEAAAKGGG PERV_Q4VFZ2_3mut
GGGGSGGGGS FLV_P10273_3mutA
GGGEAAAK BAEVM_P10272_3mutA

GBGGESGGEGGESGCEESEEEESCEEESCEEES

SFV3L_P27401_2mut

GGSEAAAKPAP KORV_QITTCA-Pro_3mutA
GSSGGGEAAAK MLVMS_P03355_PLV919
GGGGGSEAAAK MLYMS_P03355_PLV919
EAAAKGGSGGG MLVYMS_P03355_3mutA_WS
GGGGSSPAP MLVAV_P03356_3mutA
EAAAKEAAAK MLVMS_P03355_3mutA_WS
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA SFV3L_P27401_2mut
GSSGSSGSSGSSCSS MLVMS_P03355_PLV919
GSSGGG KORV_QITTC1-Pro_3mutA
GSSGGS MLVFF_P26809_3mutA
GGGGSGGGGS XMRVG_A12651_3mutA
PAPGSS MLVBM_Q7SVK7_3mutA_WS
GGGPAPEAAAK XMRV6_A17651_3mutA
EAAAKGGS MLVFF_P26809_3mut

GSS KORV_QSTTC1_3mutA
GGGG PERV_Q4VFZ2_3mut
GGGGGSEAAAK AVIRE_P03360_3mutA
GSSGSSGSSGSSGSS MLYMS_P03355_PLV919
PAPGGSGGG PERV_Q4VFZ2_3mut
GGGPAP PERV_Q4VFZ2_3mut
GGGPAPEARAK AVIRE_P03360_3mutA
GGGEAAAK MLVCB_P08361_3mut

GGG MLVFF_P26803_3mutA
EAAAKPAPGSS XMRV6_A17651_3mutA
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GGSGSSEARAK PERV_Q4VFZ2_3mutA_WS
EAAAKGSS MLVMS_P03355_3mut
GGSGSSEAAAK BAEVM_P10272_3mut
GGSGGG MLVBM_Q7SVK7_3mutA_WS
GGGPAP MLVMS_P03355_PLV919
GGSPAPGGG PERV_Q4VFZ2_3mutA_WS
GGGGGSEAAAK MLVFF_P26809_3mutA
EAAAKGSSGGS MLYBM_Q7SVK7_3mut
PAPAP XMRVG_A12651_3mut
GSSPAPGGS MLVBM_Q7SVK7_3mutA_WS
GSSEAAAKGGG WMSV_P03353_3mutA
EAAAKGGGGGS PERV_Q4VFZ2_3mut
GSSGSSGSSGSSGSS MLVCB_P08361_3mutA
EAAAKGGGGSS PERV_Q4VFZ2_3mut
EAAAKGSS PERV_Q4VFZ2_3mut

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

AVIRE_P03360_3mutA

EAAAKGGS MLVCB_P08361_3mut
GSSGGSEAAAK MLVAV_P03356_3mutA
EAAAKPAPGGS PERV_Q4VFZ2_3mut
GGSGGS MLVAV_P03356_3mutA
EAAAKGSSGGG AVIRE_P03360_3mutA
GGSGGSGGSGES PERV_Q4VFZ2_3mut
GGCGGGGEE KORV_QSTTC1_3mutA
GGSGSSEAAAK MLVCB_P08361_3mutA
EAAAKGGG MLVBM_Q7SVK7_3mutA_WS
GGGGSGGGGSGGGGS MLVCB_P08361_3mut
GGSGGSGGSGGES PERV_Q4VFZ2_3mutA_WS
PAPAPAPAPAP WMSV_P03353_3mut
EAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mut
GGSGGSGGS XMRV6_A1Z651_3mutA
PAPGGGGSS BAEVM_P10272_3mutA
GSSEAAAKGGS MLVCB_P08361_3mut
GSSGGGPAP MLYCB_P08361_3mutA
GGSGSS MLYBM_Q7SVK7_3mutA_WS
GGGGGSEAAAK MLVAV_P03356_3mutA
GSSEAAAK PERV_Q4VFZ2_3mutA_WS
GGGGGSGSS MLYBM_Q7SVK7_3mutA_WS
EAAAKGGSGSS MLVFF_P26803_3mut

PAP FLV_P10273_3mutA

GGGGG MLVMS_P03355_3mutA_WS
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EAAAK PERV_Q4VFZ2_3mut

GSS FLV_P10273_3mutA
PAPAPAPAPAPAP KORV_QITTC1-Pro_3mutA
EAAAKEAAAKEAAAKEAAAK MLVCB_P08361_3mut
EAAAKGGGGSEAAAK XMRV6G_A12651_3mut
PAPGGSGGG MLVBM_Q7SVK7_3mutA_WS
GGSGGGPAP WMSV_P03359_3mutA
GGGGSSEAAAK MLYBM_Q7SVK7_3mutA_WS
PAPGGGGSS MLVCB_P08361_3mut
GGSGGSGGSGGES PERV_Q4VFZ2_3mutA_WS
PAPGGSGGG MLVMS_P03355_3mutA_WS
GSSPAPGGS MLVCB_P08361_3mutA
GSSGSSGSS MLVFF_P26809_3mut
PAPGGGGGS MLVBM_Q7SVK7_3mutA_WS
GSSPAP PERV_Q4VFZ2_3mut
GGSGGG KORV_QQTTC1-Pro_3mut
EAAAKGGGGSEAAAK PERV_Q4VFZ2_3mutA_WS
GGSPAPEAAAK PERV_Q4VFZ2_3mutA_WS
EAAAKPAP BAEVM_P10272_3mut

GGGGSGGGGSCGGESCEEESCEEESGGGEES

MLVMS_P03355_3mut

EAAAKGGGGSS MLVFF_P26809_3mut
EAAAKEAAAK MLVCB_P08361_3mut
GSSEAAAKGGS PERV_Q4VFZ2_3mut
GGSPAP KORV_QSTTC1-Pro_3mutA
EAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mutA_WS
GSSGSSGSSGSSGSS BAEVM_P10272_3mut
PAPEAAAK MLYMS_P03355_3mut
GSSGGSPAP PERV_Q4VFZ2
GGGPAPGGS BAEVM_P10272_3mutA
EAAAKPAPGGS MLVMS_P03355_PLV319
GGGGSGGGGS PERV_Q4VFZ2

GGGEAAAK KORV_QSTTC1-Pro_3mut
EAAAKGGGGGS FLV_P10273_3mutA
GGSPAPGSS MLYMS_P03355_3mut
GSSPAPEAAAK MLVMS_P03355_3mutA_WS
GSAGSAAGSGEF MLVBM_Q78VK7_3mutA_WS
EAAAK BAEVM_P10272_3mutA
EAAAKGGGGSS BAEVM_P10272_3mutA
GGG WMSV_P03359_3mut
GGSGSSPAP BAEVM_P10272_3mut
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GGSEAAAKPAP MLVBM_Q7SVK7_3mutA_WS
EAAAKGGSGSS MLVCB_P08361_3mut
PAPGSS MLVAV_P03356_3mutA
PAPEAAAKGGG MLVCB_P08361_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA FOAMV_P14350-Pro_2mut
GESGSSGSS PERV_Q4VFZ2_3mut
PAPGGG MLVMS_P03355_3mut
PAPGGS PERV_Q4VFZ2_3mut
GSSGGG MLVMS_P03355_PLV919
GSSGSSGSSGSSGSSGSS WMSV_P03359_3mut

PAP AVIRE_P03360_3mutA
EAAAKGSSPAP MLVBM_Q7SVK7_3mutA_WS
GSSGSSGSSGSS MLVMS_P03355_PLV919
GGGGSGGGGESGEGESGEEESCEEES AVIRE_P03360

GGGGS PERV_Q4VFZ2_3mut
EAAAKGSSGGG MLVBM_Q7SVK7_3mutA_WS
GGGGGG KORV_QSTTC1-Pro_3mut
GGSGSSEAAAK PERV_Q4VFZ2_3mut
GSSPAPEAAAK MLVBM_Q7SVK7_3mutA_WS
GGGGSGGGES MLVBM_Q7SVK7_3mutA_WS
GSSGGGGGS MLVAV_P03356_3mutA
GSAGSAAGSGEF WMSV_P03359_3mutA
GGGEAAAKGSS BAEVM_P10272_3mutA
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA FFV_093209-Pro_2mut
PAPGGSGGG MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK SFV3L_P27401_2mut
GGSGSSPAP MLVMS_P03355_PLV919
GGGGGG PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mut
EAAAKGSSPAP MLVFF_P26809_3mut
GGGPAPGGS MLVBM_Q7SVK7_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

SFV3L_P27401

PAP

PERV_Q4VFZ2_3mut

EAAAKGGS MLYMS_P03355_PLV319
GSSGGSEAAAK WMSV_P03358_3mutA
GGSGSSEAAAK KORV_QSTTC1-Pro_3mutA
EAAAKEAAAKEAAAK PERV_Q4VFZ2
GGSGGGEAAAK MLVMS_P03355_3mutA_WS
GGGGSGGGGSGGGGESGGGES BAEVM_P10272_3mut
EAAAKGSS XMRV6_A17651_3mutA

274




WO 2023/039407

PCT/US2022/076024

Linker amino acid sequence

RT domain name

GSSGGGGGS WMSV_P03359_3mutA
GSSGSSGSSGSSGSSGSS MLVFF_P26803_3mutA
GGSGSS MLVAV_P03356_3mutA
EAAAKGGGGSEAAAK MLVMS_P03355_PLV919
EAAAKGGGPAP PERV_Q4VFZ2
GGSEAAAKGGG MLVAV_P03356_3mutA

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

MLVBM_Q78VK7_3mut

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

KORV_QSTTC1-Pro_3mutA

GSSPAPEAAAK

MLVFF_P26809_3mutA

GGGGSEAAAKGGGGS PERV_Q4VFZ2_3mut
GSSGSSGSSGSS PERV_Q4VFZ2_3mut
GGSEAAAK MLVFF_P26809_3mutA
GGGGGGGG MLYMS_P03355_3mut
GSSGGG XMRVG_A17651_3mutA
EAAAKGGS BAEVM_P10272_3mutA
GGGGS BAEVM_P10272_3mutA
GGSEAAAKGGG KORV_QITTCA-Pro_3mutA
GGSGSSGGG KORV_QITTC1_3mutA
GGSGSSEARAK WMSV_P03359_3mut
EAAAKGGSGSS MLVBM_Q7SVK7_3mutA_WS
GGS BAEVM_P10272_3mutA
GGGPAPGSS WMSV_P03359_3mutA
GSSGSSGSSGSSGSS AVIRE_P03360_3mut
GGGEAAAKPAP XMRVG_A12651_3mut
GSSGGG MLVFF_P26809_3mutA
GGSPAPGSS PERV_Q4VFZ2_3mut
PAPGGS MLVCB_P08361_3mut
PAPAPAPAPAP KORV_QSTTC1_3mutA
GSSGGS MLVCB_P08361_3mutA
GSSGGSEARAK PERV_Q4VFZ2_3mut
EAAAKGSSGGS MLVMS_P03355_PLV919
EAAAKGGG WMSV_P03359_3mut
PAPGGGGGS BAEVM_P10272_3mutA
GGGGSEAAAKGGGGS WMSV_P03359_3mutA

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

MLVMS_P03355_3mutA_WS

GGS

KORV_QITTC1-Pro_3mutA

GSSGGSPAP BAEVM_P10272_3mutA
GGG MLVMS_P03355_PLV319
PAPGSS KORV_QITTC1-Pro_3mut
GGSEAAAKGGG FLV_P10273_3mutA
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GGSEAAAKPAP

PERV_Q4VFZ2_3mutA_WS

GGGGSSPAP XMRV6_A17651_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2_3mutA_WS
GGGG PERV_Q4VFZ2_3mutA_WS
GGSEAAAKPAP MLVMS_P03355_3mut
PAPGSSGGG MLVMS_P03355_3mutA_WS
PAPEAAAKGGS AVIRE_P03360_3mut
GGGGSSPAP MLVMS_P03355_3mutA_WS
GGGGSGGGGESGGEGGESGGEGES PERV_Q4VFZ2_3mut
GGGEAAAK MLYMS_P03355_3mut
GGGGSS MLVFF_P26809_3mut
GGSPAPGSS XMRV6_A1Z651_3mut
GGGGS KORV_QISTTC1-Pro_3mutA
EAAAKGSSGGS FLV_P10273_3mutA

GSS MLYMS_P03355_PLV319
GGGG MLVMS_P03355_PLV319
GSSGGS MLVMS_P03355_PLV319
GGSGGSGGSGGS MLVMS_P03355_3mut
PAPEAAAKGGS MLYMS_P03355_3mut
EAAAKGSSGGG BAEVM_P10272_3mutA
GSSEAAAK KORV_QITTC1-Pro_3mutA
GSAGSAAGSCEF KORV_QSTTC1_3mutA
GGGGGSEAAAK MLVCB_P08361_3mut
GGGG WMSV_P03359_3mut
GGGGSSEAAAK MLVMS_P03355_PLV919
PAPGGG WMSV_P03359_3mutA
EAAAKGGSGGG MLVAV_P03356_3mutA
GGGPAPGGS MLYMS_P03355_3mut
EAAAKPAP PERV_Q4VFZ2_3mutA_WS
GSSGSSGSS KORV_QSTTC1-Pro_3mutA
GSSPAPGGS XMRV6_A12651_3mut
GGGGGSPAP BAEVM_P10272_3mutA
GGSGSSGGG PERV_Q4VFZ2_3mutA_WS
GGGEAAAKGSS AVIRE_P03360_3mut
GSSEAAAK FLV_P10273_3mutA
EAAAK MLVMS_P03355_3mut
EAAAKGGSGSS WMSV_P03359_3mut
GSSEAAAKGGG PERV_Q4VFZ2_3mut
PAPGSSGGG BAEVM_P10272_3mutA
EAAAKGGGGGS MLVMS_P03355_3mut
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GGSEAAAKPAP

AVIRE_P03360_3mut

GGGPAPGGS XMRV6_A17651_3mut
GGGGS KORV_QITTC1_3mutA
GGSGGSCGSGGSGES XMRV6_A12651_3mut
GGGPAP KORV_QSTTC1-Pro_3mut
EAAAKPAP MLVBM_Q7SVK7_3mutA_WS
GGSEAAAK MLVMS_P03355_PLV919
GSSEAAAKPAP KORV_QSTTC1-Pro_3mutA
GGSGSS MLVYMS_P03355_3mut
EAAAKPAPGGG PERV_Q4VFZ2_3mut
GGSPAPEAAAK KORV_QSTTC1_3mutA
GGSEAAAKGGG AVIRE_P03360_3mutA
GGGGSEAAAKGGGGS MLVMS_P03355_PLV919
GSSGGGEAAAK KORV_QSTTC1-Pro_3mutA
EAAAKGGGPAP WMSV_P03353_3mut
GSSPAP XMRVG_A17651_3mutA

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

SFV3L_P27401-Pro

GGSEAAAKGSS MLVMS_P03355_PLV319
GSSGGSEAAAK KORV_QSTTC1-Pro_3mutA
GGSEAAAKGSS KORV_QITTC1-Pro_3mutA
EAAAKGGG AVIRE_P03360_3mutA
GSSGGSEAAAK BAEVM_P10272_3mutA
GGGGSEAAAKGGGGS KORV_QSTTC1-Pro_3mut
PAPGSSEAAAK MLVMS_P03355_3mut
PAPEAAAK WMSV_P03359_3mut
PAPGGSGSS PERV_Q4VFZ2_3mutA_WS
PAPGSS BAEVM_P10272_3mut
PAPGGGGGS MLYMS_P03355_3mut
EAAAKPAPGSS MLVBM_Q7SVK7_3mutA_WS
GSSPAPGGS MLVMS_P03355_PLV319
GGSGSSEARAK MLVYMS_P03355_3mut
GGGGGG KORV_QSTTC1-Pro_3mutA
EAAAKEAAAKEAAAKEAAAK MLYBM_Q7SVK7_3mut
GGSPAPGSS MLYMS_P03355_PLV319
PAPAPAPAPAP MLVCB_P08361_3mut
GGSGSSPAP WMSV_P03359_3mutA
EAAAKGGSGGG PERV_Q4VFZ2_3mutA_WS
GSSGSSGSSGSSGSS PERV_Q4VFZ2_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

KORV_QITTC1_3mutA

GSSGGGEAAAK

WMSV_P03359_3mutA
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GSSGGSEARAK FLV_P10273_3mutA
GGGGGGGG PERV_Q4VFZ2_3mut
PAPGGSEAAAK FLV_P10273_3mutA
GGGGSSPAP BAEVM_P10272_3mutA
PAPAPAPAP WMSV_P03359_3mut
GGSEAAAKPAP PERV_Q4VFZ2_3mut
PAPGGSGGG BAEVM_P10272_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_3mut
GGGGSGGGGSGGGGS PERV_Q4VFZ2_3mut
GGSGGGPAP PERV_Q4VFZ2_3mut
GGGPAPEAARAK MLVFF_P26809_3mut
GGGGGSGSS MLVMS_P03355_3mutA_WS
GSS MLYCB_P08361_3mut
GGGGGSPAP MLVMS_P03355_PLV919
GGSPAP MLYVAV_P03356_3mutA
GGGPAPGGS KORV_QITTC1-Pro_3mutA
PAPGSSGGG FLV_P10273_3mutA
PAPGSSGGG WMSV_P03359_3mutA
PAPGGS MLYBM_Q7SVK7_3mutA_WS
GGGEAAAKGSS PERV_Q4VFZ2_3mutA_WS
GGSEAAAKGSS MLVBM_Q7SVK7_3mutA_WS
PAPGGSEAAAK MLVCB_P08361_3mut
GGSEAAAKGGG XMRVG_A12651_3mutA
GGSGGGESS WMSV_P03359_3mut
GGGEAAAKPAP KORV_QITTC1_3mutA
EAAAKGSS KORV_Q9TTC1-Pro_3mut
PAPEAAAKGSS MLVFF_P26809_3mut
GSAGSAAGSGEF PERV_Q4VFZ2_3mut
EAAAKGGGGGS WMSV_P03353_3mut
EAAAKGSSPAP WMSV_P03359_3mutA
GGGGSEAAAKGGGGS XMRVG_A17651_3mutA
GSSEAAAKPAP SFV3L_P27401-Pro_2mutA
GGGGGG PERV_Q4VFZ2_3mutA_WS
PAPGGS BAEVM_P10272_3mut

PAP AVIRE_P03360_3mut
PAPAPAP MLVBM_Q7SVK7_3mutA_WS
GGGG PERV_Q4VFZ2_3mutA_WS
GSSGGSEARAK MLYBM_Q7SVK7_3mut
GGSGGGGESS MLVFF_P26809_3mut
GGGGSSGGS AVIRE_P03360_3mutA
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GSSPAPGGG PERV_Q4VFZ2_3mutA_WS
GGSEAAAKPAP MLVMS_P03355_PLV919
PAP KORV_Q9TTC1-Pro_3mut
GSSGGS PERV_Q4VFZ2_3mut
GGGGG PERV_Q4VFZ2_3mut
GSSGGGPAP FLV_P10273_3mutA
GSSEAAAKGGG KORV_QSTTC1-Pro_3mut
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MLVCB_P08361_3mut
GGSEAAAKPAP MLVCB_P08361_3mut
PAPAPAPAPAPAP BAEVM_P10272_3mutA
GGGGSEAAAKGGGGS MLVMS_P03355_3mut
EAAAKPAPGSS MLVMS_P03355_3mut
GSSGSSGSSGSSGSS MLVBM_Q7SVK7_3mutA_WS
PAPEAAAKGSS MLVAV_P03356_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

AVIRE_P03360_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

PERV_Q4VFZ2_3mut

GGSEAAAKGGG PERV_Q4VFZ2_3mutA_WS
GGSGGGGESS MLVFF_P26803_3mutA
PAPEAAAKGSS MLYCB_P08361_3mut
GGG PERV_Q4VFZ2_3mutA_WS
GGSGGGEAAAK MLVMS_P03355_3mut
EAAAKGGGGSS WMSV_P03359_3mut
GSSPAPGGG WMSV_P03359_3mutA
EAAAKGSSGGG PERV_Q4VFZ2_3mut
GGSGGGEAAAK PERV_Q4VFZ2_3mutA_WS
GGSGGSGGSGGSGES PERV_Q4VFZ2_3mutA_WS
EAAAKPAPGGS PERV_Q4VFZ2_3mutA_WS
GGGGGSEAAAK PERV_Q4VFZ2_3mutA_WS
GSSPAP MLVFF_P26809_3mut
GGGEAAAKPAP AVIRE_P03360_3mut
GSSGGSEARAK MLVMS_P03355_PLV919
EAAAKPAPGGS WMSV_P03359_3mutA
PAPGGG KORV_QSTTC1_3mutA
EAAAKGSSPAP KORV_QSTTC1-Pro_3mut
GSSPAPEAAAK MLVFF_P26803_3mut
GGSGGGEAAAK MLVFF_P26809_3mutA
GSSGSSGSS WMSV_P03359_3mutA
EAAAKGGS BAEVM_P10272_3mut
EAAAKPAPGGS KORV_QITTC1 _3mutA
EAAAKPAPGGS BAEVM_P10272_3mutA
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GSSGGGGGS PERV_Q4VFZ2_3mut
PAPGGGGSS PERV_Q4VFZ2_3mut
GSSGSSGSS WMSV_P03359_3mut
EAAAKEAAAKEAAAKEAAAK WMSV_P03359_3mut

GGS AVIRE_P03360_3mut
EAAAKPAPGSS MLVFF_P26809_3mut
EAAAKGGG KORV_QITTC1_3mut
PAPGSSEAAAK MLVMS_P03355_3mut
PAPGSSGGS MLVMS_P03355_PLV919
GSSPAPEAAAK MLVMS_P03355_3mut
GSSGSSGSSGSSGSSGSS WMSV_P03353_3mutA
GGGGS BAEVM_P10272_3mut
GSSPAP MLYMS_P03355_3mut
EAAAKGGGGSEAAAK KORV_QSTTC1-Pro_3mutA
EAAAKEAAAK WMSV_P03359_3mutA
GGGGESSGGS MLVCB_P08361_3mutA
PAPGGSEAAAK BAEVM_P10272_3mut
EAAAKGGSPAP MLVFF_P26803_3mut
GSSGGSGGG MLYBM_Q7SVK7_3mutA_WS
GSSGGS PERV_Q4VFZ2_3mut
PAPGGSGSS PERV_Q4VFZ2_3mutA_WS
EAAAKGGSGSS KORV_QSTTC1-Pro_3mutA
PAPAP MLVCB_P08361_3mut
EAAAKGSSPAP PERV_Q4VFZ2_3mutA_WS
EAAAKPAPGGG MLVMS_P03355_PLV919
GGGGSGGGGESGEGGESGEEESCEEESGGEES MLVBM_Q7SVK7 _3mut
EAAAKGGGGSS MLVMS_P03355_PLV919
PAPEAAAK PERV_Q4VFZ2_3mut
EAAAKPAPGSS BAEVM_P10272_3mutA
GGSPAP PERV_Q4VFZ2_3mutA_WS
GGSGGS BAEVM_P10272_3mutA
PAPEAAAKGSS KORV_QISTTC1_3mut
PAPGSS MLYMS_P03355_PLV319
PAPAPAPAPAP MLYVAV_P03356_3mutA
GGG XMRV6_A17651_3mutA
GGGPAP PERV_Q4VFZ2_3mutA_WS
GSSPAPEAAAK KORV_QSTTC1_3mutA
PAP BAEVM_P10272_3mutA
GGSPAP BAEVM_P10272_3mutA
PAPEAAAKGGS MLYMS_P03355_PLV919
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PAPGSSGGS PERV_Q4VFZ2_3mutA WS
PAPAPAPAPAPAP PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAK MLVCB_P08361_3mut
GGSGESGGSGGSEGS MLVMS_P03355_PLV919
EAAAKPAPGGS MLVMS_P03355_3mut
eetteles MLVMS_P03355_PLV919
EAAAKPAP MLVMS_P03355_3mutA_WS
GGSEARAK XMRVE_A1Z651_3mutA
GGSGGE KORV_Q9TTC1_3mut
GGSGGGEAAAK PERV_Q4VFZ2_3mut
PAPEAAAKGGG AVIRE_P03360

PAPAP PERV_Q4VFZ2_3mut

GSS KORV_QSTTC1-Pro_3mutA
EAAAKGSSGGG MLVAV_P03356_3mutA
GGSPAPGSS MLVBM_Q7SVK7_3mutA_WS
PAPEAAAK MLVAV_P03356_3mut
EAAAKGGSPAP BAEVM_P10272_3mutA
PAPAPAPAP WMSV_P03359_3mutA
PAPGGSEARAK MLVMS_P03355_3mut
GGSGGSGGSGES WMSV_P03359_3mut
GGGGGSGSS XMRV6_A17651_3mut
PAPGGSGGG KORV_Q9TTC1_3mutA
GGS MLVMS_P03355_3mut
EAAAK WMSV_P03359_3mut
GGGEAAAKGSS MLVBM_Q7SVK7_3muta_WS
GGSPAPGSS MLVCB_P08361_3mut
GGSEAAAKPAP PERV_Q4VFZ2_3mut
celcleticlelcerelecetiecelesieclees) MLVCB_P08361_3mutA
GGSGSS BAEVM_P10272_3mutA
GGGEAAAKGSS IWMSV_P03359_3mutA
EAAAKGGSPAP WMSV_P03359_3mut
GSSPAPEAAAK MLYMS_P03355_3mut
GGSGGSGGSGES MLVMS_P03385_PLV919
GSSPAPEAAAK WMSV_P03359_3mut
Ceettents PERV_Q4VFZ2
GGSGSSEARAK WMSV_P03359_3mutA
GGSGGG MLVFF_P26803_3mut
GGSPAPGGG MLVFF_P26803_3mut
GGSGGSGGS BAEVM_P10272_3mutA
GGGGSSEAAAK MLVBM_Q7SVK7_3mut
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GGSPAPGSS

MLYMS_P03355_3mut

EAAAKPAPGSS AVIRE_P03360_3mut
GGGGSSGGS FLV_P10273_3mutA
GGSPAPEAAAK PERV_Q4VFZ2_3mut
GGSEAAAK MLVMS_P03355_3mutA_WS
GESGSSGSSGSS MLVCB_P08361_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK MLVMS_P03355_PLV919
GGGGG PERV_Q4VFZ2_3mut
GGSEAAAKGSS MLVCB_P08361_3mutA
GSSGGG MLVBM_Q7SVK7_3mutA_WS
PAPGSSGGG KORV_QSTTC1-Pro_3mutA
GGSGGS BAEVM_P10272_3mut
EAAAKGGGGGS MLYBM_Q7SVK7_3mutA_WS
GGSGSSPAP MLVCB_P08361_3mut
PAPGSSGGG KORV_QSTTC1
PAPGGSGGG MLVMS_P03355_3mut
GGGG WMSV_P03359_3mutA
EAAAKGGSPAP MLVCB_P08361_3mut
GSSGSS FLV_P10273_3mutA
GGSEAAAKPAP SFV3L_P27401_2mut
EAAAKGSSGGS MLVAV_P03356_3mutA

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

MLVAV_P03356_3mutA

EAAAKGGSGSS PERV_Q4VFZ2_3mutA_WS
GGGGG MLVCB_P08361_3mut
GGGEAAAK BAEVM_P10272_3mut
GGSGGSGGSGGES MLVCB_P08361_3mut
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK PERV_Q4VFZ2
PAPAPAPAPAP MLVMS_P03355_3mutA_WS
EAAAKEAAAK XMRV6_A12651_3mut
GSSGGSEARAK PERV_Q4VFZ2_3mutA_WS
PAPGGSEAAAK KORV_QSTTC1-Pro_3mutA
EAAAKGGGPAP MLVBM_Q7SVK7_3mutA_WS
PAPGGSGSS PERV_Q4VFZ2
SGSETPGTSESATPES MLYMS_P03355_3mut
GGSGGS MLVMS_P03355_PLV319
EAAAKGGS FLV_P10273_3mut
GGSPAPGSS MLVMS_P03355_3mutA_WS
EAAAKEAAAKEAAAKEAAAK FFV_093209_2mut
GSSGGSGGG MLVMS_P03355_3mutA_WS
PAPGSSEAAAK WMSV_P03359_3mut
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PAPAPAPAPAPAP KORV_Q9TTC1_3mutA
GGGGSS BAEVM_P10272_3mut
GGGGSEAAAKGGGGS AVIRE_P03360_3mut
GSSPAPEAAAK KORV_QSTTC1-Pro_3mutA
PAPEAAAKGGG MLVBM_Q7SVK7_3mut
EAAAKEAAAK WMSV_P03359_3mut
EAAAK SFV3L_P27401-Pro_2mutA
GSSGGSGGG XMRV6_A172651_3mutA
GGGEAAAKPAP WMSV_P03359_3mutA
GGSGGS MLVFF_P26809_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK FOAMV_P14350_2mutA
GGGGG MLVAV_P03356_3mutA
GSSGGSEARAK BAEVM_P10272_3mut

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

SFV1_P23074

GGSGGGPAP

MLVCB_P08361_3mut

GGSGSS PERV_Q4VFZ2_3mut
SGSETPGTSESATPES MLVFF_P26803_3mut
EAAAKGGSPAP MLVMS_P03355_3mut
PAPAP PERV_Q4VFZ2_3mut

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

MLYBM_Q7SVK7_3mut

GGGGGS BAEVM_P10272_3mutA
EAAAKEAAAK AVIRE_P03360_3mut
GSSGGSEARAK PERV_Q4VFZ2_3mut
GGGEAAAK WMSV_P03359_3mut
GSSGGGEAAAK AVIRE_P03360_3mutA

GGG XMRVG_A12651_3mut
GGGGSEAAAKGGGGS BAEVM_P10272_3mut
GGGG MLYMS_P03355_3mut
GGSGGS MLVMS_P03355_3mutA_WS
GGSGGGGSS MLVBM_Q7SVK7_3mutA_WS
GSSPAPGGS PERV_Q4VFZ2_3mut
GSSPAPEAAAK PERV_Q4VFZ2_3mutA_WS
EAAAKGGS WMSV_P03359_3mut
GGSGGSGGSGEES PERV_Q4VFZ2_3mut
GGGGSSEAAAK KORV_QSTTCA-Pro_3mut
PAPAPAPAPAPAP MLVAV_P03356_3mut
EAAAKGSSGGG MLYMS_P03355_PLV919
GGGGG MLVYBM_Q7SVK7_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

FFV_093209_2mutA

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

KORV_QSTTC1-Pro_3mut
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GGSPAPGGG MLYMS_P03355_3mutA_WS
GGGEAAAKGGS MLYMS_P03355_3mut
GGGEAAAK PERV_Q4VFZ2_3mut
PAPEAAAKGGG MLVMS_P03355_3mut
GSSGSSGSSGSSCSSGSS BAEVM_P10272_3mutA

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

GALV_P21414_3mutA

EAAAKGGSPAP

FFV_093209-Pro

EAAAKEAAAK MLVFF_P26809_3mut
GGGGSGGGGSGEGGESGEEGSCGEESGGGEGS PERV_Q4VFZ2_3mutA_WS
GGSGGSGGSGGES MLVAV_P03356_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK SFV3L_P27401_2mutA
GSSGSSGSSGSSGSSGSS BAEVM_P10272_3mut
GGGGS MLVMS_P03355_PLV919

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

SFV1_P23074

GGGGSGGGGS

KORV_QSTTC1-Pro_3mutA

GBGGSGGGEGS MLYMS_P03355_3mut
GGSGSS KORV_QSTTC1_3mutA
GSSPAPGGG PERV_Q4VFZ2_3mut
GSSGGSPAP PERV_Q4VFZ2_3mutA_WS
PAPGGS PERV_Q4VFZ2_3mutA_WS
GGSPAPEAAAK FOAMV_P14350_2mutA
GGGPAPGGS SFV3L_P27401_2mut
PAPGSSGGG MLVCB_P08361_3mut
GSSGGGEAAAK AVIRE_P03360_3mut
GSSGGG XMRVG_A12651_3mut
GSSGSS PERV_Q4VFZ2_3mut
GSSGGG MLVAV_P03356_3mutA
PAPGGGGGS PERV_Q4VFZ2_3mut
GSSEAAAK MLVMS_P03355_3mut
PAPGGG FLV_P10273_3mutA
GGGGSGGGGS PERV_Q4VFZ2_3mut
GSSGGS MLVMS_P03355_PLV919
GGGGSGGGGS SFV3L_P27401_2mut
EAAAKGGSGSS FLV_P10273_3mutA
GSSEAAAKGGS MLVMS_P03355_3mutA_WS
PAPGSSEAAAK SFV3L_P27401_2mutA
GGGGSGGGGS SFV3L_P27401-Pro_2mutA
PAPGSSEAAAK PERV_Q4VFZ2_3mut
PAPGSSEAAAK PERV_Q4VFZ2
GGSPAPGGG AVIRE_P03360_3mut
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GGGGEGS PERV_Q4VFZ2_3mutA_WS
GGGGSSGGS PERV_Q4VFZ2_3mut
PAPAPAPAP AVIRE_P03360_3mutA
GGSGGS WMSV_P03359_3mutA
GGGPAPGGS PERV_Q4VFZ2_3mut
GGSGGSGGSGGSGGES MLVMS_P03355_PLV919
GGSGGG PERV_Q4VFZ2_3mut
EAAAKEAAAK SFV3L_P27401_2mut
PAPGSS XMRVG_A12651_3mut
GSSEAAAK MLVFF_P26809_3mut
GGSPAPGGG MLVMS_P03355_3mut
EAAAKGGG WMSV_P03359_3mutA
GSSEAAAKGGS PERV_Q4VFZ2_3mutA_WS
GSSGGSPAP FFV_093209

GGGGEGS KORV_QSTTC1-Pro_3mut
GSSGGG MLVCB_P08361_3mut
GS38GSS MLVCB_P08361_3mutA
GGSEAAAKPAP BAEVM_P10272_3mut
EAAAKGGGGSS MLYCB_P08361_3mut
EAAAKPAPGGS KORV_QITTC1-Pro_3mutA
GSSGSSGSSGSSGSS MLVAV_P03356_3mutA
GGGGSEAAAKGGGGS PERV_Q4VFZ2_3mutA_WS
GGSGSS KORV_QSTTC1-Pro_3mut
GSS SFV3L_P27401-Pro_2mutA
PAPAP BAEVM_P10272_3mut
EAAAKPAP BAEVM_P10272
EAAAKEAAAKEAAAKEAAAKEAAAK KORV_QSTTC1-Pro_3mut
GGGGGGG PERV_Q4VFZ2_3mutA_WS
GGGGS MLVMS_P03355_3mut
GSSGGG FLV_P10273_3mutA
PAPAPAPAPAP FLV_P10273_3mut
EAAAKEAAAKEAAAK WMSV_P03359_3mutA
GSSGGS MLVBM_Q7SVK7_3mutA_WS
EAAAKPAPGGG MLYMS_P03355_3mut
GSSPAPGGS WMSV_P03358_3mut
PAPGSSGGG PERV_Q4VFZ2_3mutA_WS
GSSGGG AVIRE_P03360_3mutA
PAPGGSGSS MLVFF_P26803_3mut
PAPGSS PERV_Q4VFZ2_3mut
GGGGGSGSS WMSV_P03359_3mutA
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EAAAKGGGGSS MLYBM_Q7SVK7_3mutA_WS
GGGGGGG BAEVM_P10272_3mut
PAPEAAAKGSS MLVMS_P03355_3mut
GGSGGGEAAAK MLVMS_P03355_PLV919
EAAAKGGGGGS MLVCB_P08361_3mut
PAPGGS KORV_Q9TTC1-Pro_3mut
GGGG FLV_P10273_3mutA
EAAAKGGSGSS MLYBM_Q7SVK7_3mutA_WS
GGGGSSGGS MLVYMS_P03355_3mutA_WS
GGGGGGGE WMSV_P03359_3mut
GGSGSSGGG MLVMS_P03355_PLV919
GSSEAAAKGGS KORV_QSTTC1-Pro_3mutA
EAAAKPAPGSS MLYCB_P08361_3mut
GGSPAPGSS KORV_QSTTC1_3mutA
PAPGSSGGG BAEVM_P10272_3mut
EAAAKPAPGSS WMSV_P03359_3mut
GGSPAPEAAAK XMRV6_A17651_3mutA
GSSPAP FLV_P10273_3mutA

GSS BAEVM_P10272_3mutA
EAAAKPAPGGS FLV_P10273_3mutA
GGSGSSPAP FLV_P10273_3mutA
PAPGSSGGS MLVMS_P03355_3mut
GSAGSAAGSGEF PERV_Q4VFZ2_3mutA_WS
GSSGGSEAAAK KORV_QSTTC1_3mutA
GSSGGS MLVMS_P03355_3mutA_WS
EAAAKGGGGSEAAAK SFV3L_P27401_2mut
GSSGGS PERV_Q4VFZ2_3mutA_WS
GGSPAPEAAAK FLV_P10273_3mut
GGSEAAAKGSS PERV_Q4VFZ2_3mutA_WS
GSSPAPEAAAK PERV_Q4VFZ2_3mutA_WS
GGSGSSGGEG PERV_Q4VFZ2_3mut
GGGG AVIRE_P03360_3mutA
GGSEAAAKPAP WMSV_P03359_3mut
GSSGGSPAP MLYVAV_P03356_3mutA
GSSGGSEAAAK MLVMS_P03355_3mut
PAPEAAAKGGS KORV_QSTTC1-Pro_3mut
GGSPAP PERV_Q4VFZ2_3mutA_WS
GGSEAAAK MLYVAV_P03356_3mutA
EAAAKGGGGSEAAAK KORV_QITTCA-Pro_3mut

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

MLYMS_P03355_PLV919
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GSSEAAAK KORV_QSTTC1_3mutA
GGG AVIRE_P03360
GGSEAAAKGSS MLVBM_Q7SVK7_3mut
GGSEAAAKGSS MLVMS_P03355_3mut
GGSPAPEAAAK MLVCB_P08361_3mut
GGSGGGEAAAK MLVCB_P08361_3mut
GGSEAAAKPAP MLVMS_P03355_3mutA_WS
EAAAKGGSGSS KORV_QSTTC1-Pro_3mut
GGGEAAAKGGS MLVCB_P08361_3mut
EAAAKGGGGSEAAAK FLV_P10273_3mutA
GGSPAP MLVFF_P26809_3mut
GGGGSSGGS XMRV6_A1Z651_3mutA
PAP MLYCB_P08361_3mut
GGS SFV3L_P27401-Pro_2mutA
GGGGSGGGGS MLYMS_P03355_3mut
GGGEAAAKGGS MLVAV_P03356_3mutA
GSSGSSGSSGSSGSSGSS MLVMS_P03355_PLV919
PAPGSS MLVCB_P08361_3mut
GGSGGSGGS MLYMS_P03355_PLV919
PAPGGSGGG FLV_P10273_3mutA
GGGGSGGGGSGGGGS FLV_P10273_3mut
GGSGSSGGG KORV_QSTTC1-Pro_3mutA
GGSGESCGS GALV_P21414_3mutA
GGGEAAAKGGS WMSV_P03359_3mut
SGSETPGTSESATPES KORV_QITTC1_3mutA
EAAAKGGGGGS KORV_QSTTC1-Pro_3mut
EAAAKGSSPAP BAEVM_P10272_3mut
GGGG MLVCB_P08361_3mut
GGGGSGGGGSGEGESGEEESEEEES MLVBM_Q7SVK7_3mut
GSSGGSGGG MLVMS_P03355_PLV319
GGSGSS MLVFF_P26809_3mut
EAAAKGGS AVIRE_P03360_3mutA
GSSEAAAKGGS MLVBM_Q7SVK7_3mutA_WS
EAAAKPAPGGG WMSV_P03359_3mut
PAPGSSGGG MLVCB_P08361_3mutA
GGGGSSEAAAK KORV_QSTTC1-Pro_3mutA
GSSEAAAKPAP BAEVM_P10272_3mutA
PAPGGGEAARAK MLVBM_Q7SVK7_3mutA_WS
GGSGGGEAAAK MLVCB_P08361_3mutA

GGGGSGGGGSCGGESCEEESCEEESGGGEES

FFV_093209
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EAAAKGGGGGS GALV_P21414_3mutA
GGSPAPGGG MLYMS_P03355_3mut
GSSGSSGSS FLV_P10273_3mutA
EAAAK MLVBM_Q7SVK7_3mut
GGGGSSCGS MLVMS_P03355_3mut
GGSGSSPAP PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAK BAEVM_P10272_3mut
GGGPAPGSS MLVMS_P03355_3mut
GSSPAPGGS PERV_Q4VFZ2_3mutA_WS
PAPAP FLV_P10273_3mutA
PAPAPAPAP PERV_Q4VFZ2_3mut
GGGGGSEAAAK GALYV_P21414_3mutA
GGGGGSGSS BAEVM_P10272_3mutA
GGGEAAAKGSS KORV_QSTTC1_3mutA
GGGGGSPAP AVIRE_P03360_3mut
GGGGGSEAAAK SFV3L_P27401_2mutA
GBS KORV_QSTTC1_3mutA
GGGGGGG PERV_Q4VFZ2_3mut
SGSETPGTSESATPES SFV3L_P27401_2mutA
EAAAKGGSGGG MLVMS_P03355_3mut
GGGGS MLVFF_P26803_3mut
EAAAKGSSGGG BAEVM_P10272_3mut
EAAAKPAPGGS MLVF5_P26810_3mutA
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS SFV3L_P27401_2mutA
GGSPAPGGG WMSV_P03359_3mutA
GSAGSAAGSGEF MLVFF_P26809_3mut
GGGGSSGGS MLYMS_P03355_3mutA_WS
GGGGGGG MLVCB_P08361_3mut
GSSEAAAK WMSV_P03359_3mut
PAPGSS FLV_P10273_3mutA
GSSGGG PERV_Q4VFZ2_3mutA_WS
PAPGGG MLVFF_P26809_3mut
GGGGGSPAP MLYMS_P03355_3mut
GGSEAAAK XMRV6_A1Z651_3mut
GSSGGG PERV_Q4VFZ2_3mut
GGSGGSGGSGES MLVMS_P03355_3mut
PAPAP AVIRE_P03360_3mut
GGSEAAAK PERV_Q4VFZ2_3mut
GGGGS MLVMS_P03355_PLV319
GGGG BAEVM_P10272_3mutA
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EAAAKGGGGSS MLYCB_P08361_3mutA
EAAAKEAAAKEAAAK GALV_P21414_3mutA
PAPGGGEAAAK KORV_Q9TTC1
EAAAKGGSPAP MLVMS_P03355_3mut
GGSGSSEARAK MLVMS_P03355_3mut
GGSPAPEAAAK FLV_P10273_3mutA
GGGGGGG PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK SFV1_P23074_2mutA
EAAAKGSSGGS MLVYMS_P03355_3mut
GSSEAAAKPAP MLVFF_P26809_3mut
GGGGSS FLV_P10273_3mutA
EAAAKGGSGGG AVIRE_P03360_3mutA
GGSGGS PERV_Q4VFZ2_3mutA_WS
GGGGGSPAP AVIRE_P03360_3mutA
EAAAKEAAAKEAAAK XMRV6_A17651_3mut
PAPEAAAKGGS FLV_P10273_3mutA
GSSGGSEAAAK MLVCB_P08361_3mut
EAAAKGGSGGG MLYMS_P03355
GGSGGGPAP MLYMS_P03355_3mut
GGS XMRV6_A17651_3mut
GGSEAAAKPAP MLVFF_P26809_3mut
EAAAKGGG MLVMS_P03355_PLV319
GSSGSSGSSGSS WMSV_P03359_3mut
GGSGSSPAP PERV_Q4VFZ2_3mut
GGGEAAAK MLVMS_P03355_3mutA_WS
GSSPAPGGS KORV_QSTTC1-Pro_3mutA
GSSEAAAKGGG SFV3L_P27401_2mut
EAAAKPAPGGS MLVCB_P08361_3mut
GGSGGGEAAAK PERV_Q4VF72

GGSGSS MLVCB_P08361_3mut
GGSGGGEAAAK MLVBM_Q7SVK7_3mutA_WS
GGSGGSGGSGESGGSGES FLV_P10273_3mut
PAPEAAAKGSS MLYMS_P03355_3mut
EAAAKGSSGGS WMSV_P03359_3mutA
GGSGSSEAAAK MLVCB_P08361_3mut
GGSGSSEAAAK KORV_QSTTC1_3mutA
GSSGGSGGG MLYMS_P03355_PLV319
EAAAKGGSGGG SFV3L_P27401-Pro_2mutA
GGSGGS AVIRE_P03360_3mutA
GSAGSAAGSCGEF MLYMS_P03355_PLV919

289




WO 2023/039407

PCT/US2022/076024

Linker amino acid sequence

RT domain name

GGSGSS GALV_P21414_3mutA
GGGG MLVFF_P26809_3mutA
GGGCESGEGESGEEESEEEES WMSV_P03359_3mut
SGSETPGTSESATPES BAEVM_P10272_3mut
EAAAKEAAAKEAAAKEAAAK FOAMV_P14350_2mutA
GGGEAAAKGGS FLV_P10273_3mutA
GSSGGSEAAAK MLVFF_P26809_3mut
EAAAKGGGGSS MLVAV_P03356_3mut
PAPGGSEAAAK KORV_QISTTC1-Pro_3mut
EAAAK XMRVG_A17651_3mut
GSSGSSGSSGSSGSSGSS PERV_Q4VFZ2_3mut
GGGG MLVCB_P08361_3mutA
GSSGSS WMSV_P03359_3mutA
GSSGGSPAP AVIRE_P03360_3mut
GGSGGSGGS MLVCB_P08361_3mut
EAAAKGGGPAP FLV_P10273_3mutA
GGGGSGGGES MLVCB_P08361_3mut
GGSEAAAKGSS PERV_Q4VFZ2_3mutA_WS

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

SFV3L_P27401_2mutA

GGSGSSEARAK PERV_Q4VFZ2_3mutA_WS
EAAAKEAAAKEAAAKEAAAK SFV3L_P27401-Pro_2mutA
GSSEAAAKGGS FLV_P10273_3mutA
GGSGSS PERV_Q4VFZ2
GGSGSSEAAAK SFV3L_P27401-Pro_2mutA
GSSGSSGSS XMRVG_A12651_3mutA
EAAAKGSSPAP KORV_QSTTC1_3mutA
EAAAKPAP FLV_P10273_3mutA
GGSGSSEAAAK KORV_QSTTC1-Pro_3mut
GGGGSGGGGSGEGESGEEESCEEESGGGES KORV_QSTTC1_3mutA
ciciclerieielciereieleles) KORV_QSTTC1-Pro_3mutA
GGGGGGG FLV_P10273_3mut
EAAAKGSS WMSV_P03359_3mut
EAAAKGGGPAP MLVCB_P08361_3mut
GSSGSS MLYBM_Q7SVK7_3mutA_WS
EAAAKGGGGGS MLVFF_P26803_3mut
GGSGGGEAAAK FLV_P10273_3mutA
PAPGSS MLVFF_P26803_3mutA
PAPGSS BAEVM_P10272_3mutA
GGSPAPGSS AVIRE_P03360_3mut
GGGGSSEAAAK MLVMS_P03355_3mut
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GSSGGGGGS FFV_093209-Pro
EAAAKGSSPAP PERV_Q4VFZ2_3mut
GSSPAPGGS PERV_Q4VFZ2_3mut
GGGGGG BAEVM_P10272_3mut
EAAAKGGGGSS PERV_Q4VFZ2_3mutA_WS
PAPGGSEAAAK KORV_QITTC1_3mutA
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS MLVMS_P03355_3mutA_WS
GSSGSSGSSGSS MLVMS_P03355_3mut
EAAAKGSSGGG MLVMS_P03355_PLV919
GGSEAAAKPAP AVIRE_P03360_3mutA
GSSGSSGSSGSSGSS WMSV_P03353_3mutA
GGGEAAAKPAP FLV_P10273_3mutA
PAPGSSGGG KORV_QSTTC1_3mutA
GSSGSS MLVMS_P03355_3mutA_WS
PAPEAAAK BAEVM_P10272_3mut
GGGPAPGSS PERV_Q4VFZ2
GSSGGSPAP MLVFF_P26803_3mut
GGGGSS SFV3L_P27401_2mut
PAPEAAAKGSS SFV3L_P27401_2mut
GGSGGGPAP XMRV6_A17651_3mutA
PAPGGS BAEVM_P10272_3mutA
EAAAKGGGGGS AVIRE_P03360_3mut
GSSGGSPAP KORV_QSTTC1-Pro_3mutA
GSSGGGGGES WMSV_P03359_3mut
GGGEAAAKGGS AVIRE_P03360_3mut
GGGEAAAKGSS BAEVM_P10272_3mut
PAPEAAAKGSS MLVAV_P03356_3mutA
G5SGSSGSSGSSGSS MLVCB_P08361_3mut
GGSPAPGSS FLV_P10273_3mutA
EAAAKGSSPAP BAEVM_P10272_3mutA
GGSGGSGGSGGSGGSGGS PERV_Q4VFZ2
GGGGSSEAAAK FLV_P10273_3mutA
GGGGSSPAP FFV_093209

GSSGGSPAP MLYMS_P03355_3mut
GGGPAPGSS MLVMS_P03355_PLV319
PAPGSSGGS PERV_Q4VFZ2_3mut
GGGGGSPAP MLVFF_P26803_3mut
SGSETPGTSESATPES MLVMS_P03355_3mutA_WS
GSSGSSGSSGSSGSS KORV_QITTC1 _3mutA
GSSPAPGGG WMSV_P03359_3mut
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PAPAPAPAPAPAP SFV3L_P27401_2mutA
GGGPAPGGS MLYMS_P03355_3mut
PAPGGSEAAAK WMSV_P03359_3mut
GGGGSSEAAAK FFV_093209-Pro
GGSPAPGGG FLV_P10273_3mutA
GSSPAPEAAAK AVIRE_P03360_3mut
GGGEAAAK FLV_P10273_3mutA
PAPEAAAKGGG MLVCB_P08361_3mut
GGSPAPGGG MLVCB_P08361_3mut
GGSGGGGESS BAEVM_P10272_3mutA
GSSPAPEAAAK MLVCB_P08361_3mut
GGSPAPGGG KORV_QSTTC1-Pro_3mutA
PAPGGSGSS KORV_QSTTC1_3mutA
GSSPAP KORV_QSTTC1-Pro_3mutA
SGSETPGTSESATPES MLYMS_P03355
GSSGSSGSS MLVAV_P03356_3mutA
PAPGSSGGS PERV_Q4VFZ2_3mutA_WS
PAPGGS KORV_QITTC1-Pro_3mutA
PAPEAAAKGGG SFV3L_P27401-Pro_2mutA
GGSGGSGGS BAEVM_P10272_3mut
PAPGGS MLVFF_P26803_3mut
GSSGGSPAP MLVMS_P03355_PLV319
GSSGGGGGS FLV_P10273_3mutA
GGGGGSPAP KORV_QSTTC1-Pro_3mut
EAAAKPAPGSS SFV3L_P27401-Pro_2mutA
EAAAKGGSPAP KORV_QSTTC1-Pro
GGGPAPEAAAK MLVMS_P03355_PLV919
GGSEAAAKGSS MLVMS_P03355
PAPEAAAKGSS KORV_QSTTC1_3mutA
PAPEAAAKGGS WMSV_P03359_3mutA
GSSGGG PERV_Q4VFZ2_3mutA_WS
EAAAKGGGGSS MLVMS_P03355_PLV919
EAAAKGGSPAP AVIRE_P03360_3mutA
GGGGESSGGS MLYMS_P03355_PLV319
PAPEAAAKGSS PERV_Q4VFZ2_3mutA_WS
EAAAKGGGGGS BAEVM_P10272_3mut
GSSGGGGGS MLYMS_P03355_3mut
PAPAPAPAP KORV_QITTC1_3mutA
GGSGGSGGSGGS MLVAV_P03356_3mut
PAPAPAPAP SFV3L_P27401_2mut

292




WO 2023/039407

PCT/US2022/076024

Linker amino acid sequence

RT domain name

GSSEAAAKPAP MLYMS_P03355_3mut
GGSGGGEAAAK SFV3L_P27401_2mutA
GSSGGSGGG MLVMS_P03355_3mutA_WS
GGGGGSPAP MLVCB_P08361_3mutA
GGGEAAAKGSS XMRVG_A12651_3mutA
GGGGSSPAP BAEVM_P10272_3mut
GGSGGG PERV_Q4VFZ2_3mut
GGGGSS MLYBM_Q7SVK7_3mutA_WS
EAAAKGSSGGS PERV_Q4VFZ2_3mutA_WS
GSSGGGGGS PERV_Q4VFZ2
EAAAKGSSGGS PERV_Q4VFZ2_3mut
EAAAKEAAAK MLVAV_P03356_3mut
GSSGGGEAAAK MLYAV_P03356_3mut
GSSPAPGGG XMRVG_A17651_3mut
GGGGSGGGGESGGGEES PERV_Q4VFZ2_3mut
EAAAKEAAAKEAAAKEAAAK KORV_QSTTC1_3mutA
EAAAKGGSGSS MLVBM_Q7SVK7_3mut
PAPEAAAK BLVJ_P03361

GSSGGG FFV_093209-Pro
GGSGGGEAAAK KORV_QITTC1-Pro_3mutA
EAAAK FLV_P10273_3mutA
GGGGSSPAP MLVMS_P03355_3mut

GSS SFV3L_P27401-Pro_2mut
PAPEAAAKGSS BAEVM_P10272_3mut
GGGGGSPAP PERV_Q4VFZ2_3mut
GSSGSSGSS BAEVM_P10272_3mutA
GGGGSGGGGESGGEGGESGGEGES SFV1_P23074_2mut
GGGGSSEAAAK SFV3L_P27401_2mutA
GGGGSGGGESGEGESEGEGES FOAMV_P14350-Pro_2mut
PAPGSSEAAAK MLVBM_Q7SVK7_3mutA_WS
GGGGGSGSS MLVFF_P26809_3mutA
GGSEAAAKGGG MLVBM_Q7SVK7_3mut
PAPGSSGGG PERV_Q4VFZ2

GGS PERV_Q4VFZ2_3mutA_WS
EAAAKGGSGSS FLV_P10273_3mut
GGGEAAAK WMSV_P03359_3mutA
GGSEAAAKPAP MLYBM_Q7SVK7_3mut
SGSETPGTSESATPES FOAMV_P14350-Pro_2mutA
EAAAKPAPGGS AVIRE_P03360_3mut
EAAAKGGGGGS KORV_QSTTC1-Pro_3mutA
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GGGGS PERV_Q4VFZ2_3mut
GGSEAAAKGSS MLVFF_P26803_3mutA
GGSEAAAKGGG AVIRE_P03360
GGSGGSCGSGESGGSGES SFV3L_P27401_2mut
GGSEAAAKGSS SFV3L_P27401-Pro_2mutA
GGGEAAAKPAP MLVCB_P08361_3mut
GGSEAAAK MLVMS_P03355_PLV919
GGSPAPGSS KORV_QSTTC1-Pro_3mutA
GSSPAPEAAAK WMSV_P03359_3mutA
GGSGSS KORV_QSTTC1-Pro_3mutA
PAPGGGGGS AVIRE_P03360_3mut
PAPEAAAKGSS FFV_093209-Pro
GGSGGGEAAAK WMSV_P03359_3mut
PAPGGG MLVMS_P03355_3mut
EAAAKGGG FLV_P10273_3mutA
GSSGSSGSSGSS MLVCB_P08361_3mut
EAAAKGGSGGG FFV_093209

GSSPAPGGS PERV_Q4VFZ2_3mutA_WS
GSSPAPGGS MLYCB_P08361_3mut
GGGPAP WMSV_P03359_3mutA
GGGPAP KORV_QSTTC1_3mutA
GGSPAPGSS KORV_QSTTC1-Pro_3mut
PAPAP MLVMS_P03355_3mut
GGGGGGG MLVMS_P03355_3mut
GGGGG KORV_Q9TTC1-Pro_3mut
GSAGSAAGSGEF FOAMV_P14350_2mutA
PAPAP KORV_QITTC1-Pro_3mutA
GGSEAAAKGGG SFV3L_P27401-Pro_2mutA
PAPAP WMSV_P03359_3mut
GGGGSGGGGSGGGES SFV3L_P27401_2mut
PAPGGS KORV_QSTTC1_3mutA
GGGEAAAKPAP FLV_P10273_3mut
GGGGEGS MLYVAV_P03356_3mutA
GSSEAAAKGGG WMSV_P03359_3mut
EAAAKGGGGSS GALV_P21414_3mutA
GSSGGS MLVAV_P03356_3mutA
GSSGGG MLYBM_Q7SVK7_3mut
PAPAPAP SFV3L_P27401-Pro_2mutA
GGGG KORV_QITTC1_3mutA
EAAAKPAPGGS MLVFF_P26803_3mut
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GGGGSGGGGS XMRV6_A17651_3mut
EAAAKGGG MLYCB_P08361_3mut
GGGGSSPAP KORV_QITTC1_3mutA
GSSEAAAKGGG KORV_QSTTC1-Pro_3mutA
GGGGG BLVJ_PQ3361_2mutB
GGGEAAAKGSS FFV_093209-Pro
GSSGSSGSS BAEVM_P10272_3mut
GSSGGSPAP PERV_Q4VFZ2_3mut
EAAAKGGS KORV_QITTCA_3mut
GGSPAPEAAAK AVIRE_P03360_3mut
GGSEAAAK WMSV_P03359_3mut
GSSGGS KORV_QSTTC1-Pro_3mutA
GGGPAPEAAAK KORV_QSTTC1 _3mutA
PAPGSS WMSV_P03359_3mutA
GGSEAAAKGSS FLV_P10273_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK SFV3L_P27401
GSSEAAAKGGG SFV3L_P27401-Pro_2mutA
GGGGSEAAAKGGGGS KORV_QITTC1-Pro_3mutA
GGSGGSGGS WMSV_P03359_3mut
GGGGGSGSS KORV_QITTC1-Pro
GGGGSGGGGSGGGGESGGGES MLVMS_P03355_3mut
EAAAKGGG PERV_Q4VFZ2
GGSEAAAKGGG KORV_QSTTC1-Pro_3mut
GSSGGSGGG PERV_Q4VFZ2_3mutA_WS
GGGGGS PERV_Q4VFZ2_3mut
GSAGSAAGSGEF PERV_Q4VFZ2
PAPEAAAKGSS BAEVM_P10272_3mutA
GSSPAPGGG MLVCB_P08361_3mut
GGGGSSPAP KORV_QSTTC1-Pro_3mutA
PAPGGSGGG MLVFF_P26809_3mut
GSSPAP KORV_QSTTC1_3mutA
PAPGSS SFV3L_P27401-Pro_2mut
GGSGGGGSS MLYMS_P03355_PLV319
GSSGGS WMSV_P03359_3mutA
EAAAKGGGGGS PERV_Q4VFZ2

GGGGG KORV_QSTTC1_3mutA
EAAAKGSS MLYMS_P03355_PLV319
EAAAKEAAAKEAAAKEAAAKEAAAK FLV_P10273_3mut
EAAAKEAAAKEAAAKEAAAK SFV3L_P27401-Pro_2mut
GSAGSAAGSCGEF SFV3L_P27401_2mutA
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GGGPAPGGS FLV_P10273_3mutA
GGSEAAAKGGG MLYCB_P08361_3mut
PAPGGGEAAAK BAEVM_P10272_3mut
EAAAKPAPGSS FOAMV_P14350_2mut
GGSEAAAK KORV_QSTTC1_3mutA
GGSGSS AVIRE_PQ3360
GGSPAPEAAAK MLVMS_P03355_PLV919
GGGGS XMRV6_A12651_3mut
GGSPAPGGG XMRVG_A12651_3mut
EAAAKPAPGGS PERV_Q4VFZ2

GSSPAP BAEVM_P10272_3mut
GGSGSSGGG FLV_P10273_3mutA
PAPGGG PERV_Q4VFZ2_3mutA_WS
GSSGGSEAARAK MLVBM_Q7SVK7_3mut
GGSEAAAK MLYMS_P03355_3mut
GGGPAPGGS MLVFF_P26803_3mut
GSAGSAAGSGEF MLVBM_Q7SVK7_3mutA_WS
EAAAKPAPGGS SFVCP_Q87040
PAPGGG PERV_Q4VFZ2_3mutA_WS
GSSPAPEAAAK MLVBM_Q7SVK7
PAPEAAAK MLVBM_Q7SVK7_3mut
PAPGGGGGS AVIRE_P03360_3mutA
GGSEAAAKPAP MLVBM_Q7SVK7_3mut
EAAAKGSS WMSV_P03359_3mutA
GGGEAAAK MLVFF_P26809_3mutA
EAAAKEAAAKEAAAK MLVMS_P03355_3mut
PAPEAAAKGGG BAEVM_P10272_3mut
PAPAPAP MLVCB_P08361_3mut
EAAAKPAPGGS BAEVM_P10272_3mut
GGGGSGGGGS FLV_P10273_3mut
GGGGSEAAAKGGGGS KORV_QITTC1_3mut
EAAAK FLV_P10273_3mut
PAPAPAP WMSV_P03359_3mut
GGGGSEAAAKGGGGS FFV_093209-Pro
GGSPAPEAAAK MLVMS_P03355_3mut
GGSGSSGGG XMRV6_A1Z651_3mut
GGSPAPGSS PERV_Q4VFZ2_3mut

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

SFV3L_P27401-Pro_2mutA

EAAAKGGGPAP

BAEVM_P10272_3mutA

GSSGGSEAAAK

MLVMS_P03355_3mutA_WS
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SGSETPGTSESATPES PERV_Q4VFZ2_3mutA_WS
EAAAKEAAAKEAAAKEAAAKEAAAK KORV_QITTC1-Pro_3mutA
GSSGSSGSS KORV_QITTC1_3mutA
GSSPAPGGG SFV3L_P27401-Pro_2mutA
GSSGGGEAAAK KORV_QSTTC1_3mutA
GGSGGGGESS PERV_Q4VFZ2_3mutA_WS
GSSGGGEAAAK MLVCB_P08361_3mut
GSSEAAAKGGG MLVCB_P08361_3mut
GGSGGGGSS KORV_QSTTC1_3mutA
GGSGSSPAP PERV_Q4VFZ2_3mutA_WS
GSSPAP MLVMS_P03355_3mut
GGGGSSEAAAK AVIRE_P03360

GGS WMSV_P03359_3mut
EAAAKEAAAK PERV_Q4VFZ2_3mut
PAPAPAPAP MLYVAV_P03356_3mut
GGSEAAAKGGG KORV_QSTTC1_3mutA
PAPGGG MLVAV_P03356_3mut
EAAAKGSS BAEVM_P10272_3mut
GGGGSGGGGS WMSV_P03359_3mutA
GGSGGSGGS SFV3L_P27401_2mut
EAAAK MLVCB_P08361_3mut
GGGGSSGGS WMSV_P03359_3mutA
GGGPAPEAAAK MLVAV_P03356_3mutA
EAAAKEAAAKEAAAK FFV_093209
GSSEAAAKGGG MLVBM_Q7SVK7 _3mut
GGGPAPGGS FLV_P10273_3mut
GGSEAAAKGGG WMSV_P03359_3mut
EAAAKGGGGGS XMRVG_A17651_3mutA
EAAAKGGSGGG FLV_P10273_3mutA
GGSEAAAKGGG SFV3L_P27401_2mutA
GGGGS PERV_Q4VFZ2_3mutA_WS
GSSGGS MLVMS_P03355_3mut
GSS8GSS MLYVAV_P03356_3mutA
GGSPAPGGG MLYBM_Q7SVK7_3mutA_WS
GSSGGGGGS MLVF5_P26810_3mut
PAPAPAPAP MLVCB_P08361_3mut
PAPAP PERV_Q4VFZ2_3mutA_WS
PAPGSSGGS KORV_QSTTC1_3mut
PAPGSSGGG PERV_Q4VFZ2_3mut
GGGEAAAK MLYMS_P03355_PLV919
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GGSGGSGGSGGSGGS SFV3L_P27401-Pro_2mutA
GGSGGG FLV_P10273_3mut
PAPEAAAKGGG MLVFF_P26809_3mut

PAP PERV_Q4VFZ2_3mutA_WS
PAPGGSGSS FFV_093209_2mut

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

FFV_083209-Pro_2mut

GSSGSSGSSGSS

FFV_093209-Pro

GSSGSSGSSGSSGSS FLV_P10273_3mutA
GGGEAAAKPAP PERV_Q4VFZ2
PAPGSSGGG SFV3L_P27401_2mut
PAPGGSGSS KORV_QSTTC1-Pro_3mut
PAPAPAPAPAP GALYV_P21414_3mutA
GGSGGGEAAAK PERV_Q4VFZ2_3mut
GSSPAP MLVCB_P08361_3mut
EAAAKPAP MLVF5_P26810_3mut
GBGGSGGGGESGEEESEGGES MLYBM_Q7SVK7_3mut
GGSGGG WMSV_P03359_3mut
GGSGGSGGS KORV_QITTC1_3mut
GGGGGGEG MLVFF_P26809_3mut
GGGGSS MLVAV_P03356_3mut
GSSGGGGGS SFV3L_P27401_2mut

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

GALV_P21414_3mutA

GSSGSSGSS PERV_Q4VFZ2_3mut
GSSPAPGGS MLVFF_P26809_3mut
PAPAPAP AVIRE_P03360_3mutA
EAAAKEAAAKEAAAKEAAAK WMSV_P03359_3mutA
PAPAPAPAP SFV3L_P27401_2mutA
GGGGSS MLVAV_P03356_3mutA
GSSGSSGSSGSSGSS SFV3L_P27401_2mutA
PAPGGS WMSV_P03353_3mutA
GSSEAAAKGGG PERV_Q4VFZ2
GSSGGSPAP MLVMS_P03355_PLV919
GSSGSSGSSGSSGSSGSS SFV3L_P27401_2mutA
GGSGSSGGG MLYCB_P08361_3mut
GGGPAPGSS SFV3L_P27401-Pro_2mutA
GSSEAAAKGGS WMSV_P03359_3mut
GSSEAAAKGGG MLYAV_P03356_3mut
GGSGGGPAP FFV_093209-Pro
GSS8GSS PERV_Q4VFZ2_3mut
PAPGGGGGS GALV_P21414_3mutA
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EAAAKPAPGGS MLYAV_P03356_3mut
GSSGSS MLYMS_P03355_3mut
EAAAKPAPGGS FFV_093209-Pro
GGGPAPEAAAK MLVMS_P03355_3mutA_WS
GSSEAAAKGGG MLVBM_Q7SVK7 _3mut
GGGEAAAKGGS BAEVM_P10272_3mut
GSSGSS KORV_QITTC1-Pro_3mutA
EAAAKEAAAKEAAAK SFV1_P23074
PAPGSSGGS KORV_QSTTC1-Pro_3mut
PAPAPAPAPAP MLVMS_P03355
GSSEAAAK SFV3L_P27401_2mut

PAP PERV_Q4VFZ2_3mut
GGSEAAAKGGG MLYBM_Q7SVK7_3mut
GGSGGGPAP MLVBM_Q7SVK7_3mutA_WS
GSSGSS MLYMS_P03355_3mut
GGSEAAAK MLYMS_P03355
GSSEAAAKGGS MLVMS_P03355_PLV319
PAPGGGGGS MLVFF_P26803_3mut
GSSGGG PERV_Q4VFZ2_3mut
GSSGGS PERV_Q4VFZ2_3mutA_WS
PAPGGG BAEVM_P10272_3mut
PAPGSSGGG MLVBM_Q7SVK7_3mut
GGSEAAAK SFV3L_P27401_2mut
GSSPAPEAAAK SFV3L_P27401-Pro_2mut
GSSGGSPAP BAEVM_P10272_3mut
GGSPAPGSS PERV_Q4VFZ2_3mutA_WS
GGSGGSGGS PERV_Q4VFZ2
GGSGGGPAP FLV_P10273_3mut
GGGPAPEAAAK SFV3L_P27401_2mutA
GGGGS FLV_P10273_3mutA
GSSGGSGGEG XMRV6_A12651_3mut
EAAAKGGGGSS PERV_Q4VFZ2
GGSGSSGGG SFV3L_P27401-Pro_2mutA
GGSGGSGGS MLVFF_P26803_3mut
GGGPAPEAAAK FLV_P10273_3mut
GSSGGGEAAAK MLVMS_P03355_3mut
GGG SFV3L_P27401_2mut
GSAGSAAGSGEF WMSV_P03359_3mut
GSSGGGPAP MLVMS_P03355_PLV319
GGGGSS KORV_QSTTC1-Pro_3mut
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GGGGSSEAAAK KORV_QITTC1
PAPGGSGGG SFV3L_P27401_2mut
GSSGSSGSSGSSGSS FFV_093209
GSSGGSPAP MLVMS_P03355_3mut
GGSEAAAK KORV_QSTTC1-Pro_3mutA
GGGGSGGGGS BAEVM_P10272_3mut
GSSEAAAKGGG AVIRE_P03360_3mut
EAAAKPAPGGG FLV_P10273_3mut
EAAAKGGSPAP SFV3L_P27401-Pro_2mutA
GSSEAAAKPAP MLVBM_Q7SVK7_3mut
GGGPAPGGS MLVCB_P08361_3mut
GGG SFV3L_P27401_2mutA
EAAAKGGGGSEAAAK SFV3L_P27401_2mutA
GGSGSSGGG MLVBM_Q7SVK7_3mut
GSAGSAAGSGEF BAEVM_P10272_3mut
GGGEAAAK FOAMV_P14350_2mutA
PAPEAAAKGGS WMSV_P03359_3mut
PAPAPAPAPAPAP MLVF5_P26810_3mutA
GGSGGGESS FLV_P10273_3mutA
PAPGSSGGS BAEVM_P10272_3mut
PAPEAAAK WMSV_P03359_3mutA
GSSGSSGSSGSSGSSGSS FFV_093209-Pro_2mut
GGGGGSGSS FFV_093209-Pro
GGGGGGGEE SFV3L_P27401-Pro_2mutA
GGGGGG FLV_P10273_3mut
GSSGGSGGG MLVAV_P03356_3mutA
GGGGSS SFV3L_P27401-Pro_2mutA
GGSGGGPAP FOAMV_P14350_2mut
GSSGSS AVIRE_P03360_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK SFV3L_P27401-Pro_2mutA
EAAAKEAAAK BAEVM_P10272_3mut
GSSPAPEAAAK GALV_P21414_3mutA
GGSEAAAKPAP SFV3L_P27401_2mutA
GGSGGGEAAAK SFV3L_P27401-Pro_2mutA
EAAAKGSSPAP FOAMV_P14350_2mut
GGSGSSEAAAK SFV3L_P27401_2mut

GGG PERV_Q4VFZ2
GGGGGSGSS FOAMV_P14350_2mut
GGSGGGEAAAK KORV_QITTCA-Pro_3mut
GSSGGSGGG AVIRE_P03360_3mutA
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EAAAKPAPGGG SFV3L_P27401_2mutA
PAPGGSGGG KORV_QISTTC1-Pro_3mut
PAPAPAP WMSV_P03359_3mutA
GSSEAAAKPAP SFV1_P23074
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS SRv2_P51517
GSSGGSGGG PERV_Q4VFZ2_3mutA_WS
GSSGSSGSSGSSGSSGSS FFV_093209
GSSGGGPAP WMSV_P03359_3mut
PAPAPAPAPAPAP MLYBM_Q7SVK7_3mut
GGGGGSPAP KORV_QSTTC1-Pro_3mutA
PAPGSS MLVBM_Q7SVK7_3mutA_WS
PAPEAAAKGGS SFV3L_P27401-Pro_2mut
GGGGSSPAP MLYMS_P03355_3mut
GGSEAAAK FFV_093209-Pro
EAAAKPAPGGS AVIRE_P03360_3mutA
PAPGSS WMSV_P03359_3mut
PAPGSSGGG SFV3L_P27401-Pro_2mutA
EAAAKEAAAKEAAAK SFV3L_P27401_2mut

GGS MLVRD_P11227_3mut
GGGGS KORV_QISTTC1-Pro_3mut
GGSGGGGESS KORV_QITTC1

GGSGGG MLVMS_P03355_3mutA_WS
GGGEAAAKPAP BAEVM_P10272_3mut
EAAAKEAAAKEAAAKEAAAKEAAAK FLV_P10273

PAPGGSGGG KORV_QITTC1-Pro_3mutA
GSSGSSGSSGSSGSSGSS HTL1L_P0OC211
GGGEAAAKPAP \WMSV_P03359
GSSGGSPAP FFV_093209-Pro
PAPAPAPAPAP SFV3L_P27401-Pro_2mutA
GSSGGSEARAK SFV3L_P27401_2mutA
GGSPAPGSS SFV3L_P27401_2mut
GGSGGSGGS KORV_QSTTC1-Pro_3mut
PAPEAAAKGSS KORV_QSTTC1-Pro_3mut
EAAAKGGS KORV_QSTTC1_3mutA
EAAAKGGGGSEAAAK SFV3L_P27401-Pro_2mut
GGGGSSPAP FFV_093209-Pro

EAAAK SFV3L_P27401_2mut
EAAAKGGGGSS BAEVM_P10272_3mut
GGGGGSEAAAK MLVBM_Q7SVK7_3mut
GGGG PERV_Q4VFZ2
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GGGGGSEAAAK FLV_P10273_3mut
EAAAKGGGPAP KORV_Q9TTC1-Pro
GGGESGEEESGEEESEEEES FFV_093209_2mutA
GSSGGSGGG PERV_Q4VFZ2_3mut
GGGGSGGGESGEEES GALV_P21414_3mutA
GGSGGGEAAAK AVIRE_P03360_3mutA
PAPEAAAKGGG SFV3L_P27401_2mut
GGGGSGGGGS AVIRE_P03360
GSSGGGEAAAK SFV3L_P27401_2mutA
GGGGG AVIRE_P03360_3mutA
GGSGSS KORV_QITTC1_3mut
PAPAPAPAPAPAP FOAMV_P14350_2mut
GGSEAAAKPAP KORV_QSTTC1-Pro_3mut
GGGGGG PERV_Q4VFZ2_3mut
GSSGGGEAAAK MLVBM_Q7SVK7

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

MLVAV_P03356

GGSPAPGSS BAEVM_P10272_3mut
GGGGSSPAP BAEVM_P10272
GGGGSEAAAKGGGGES SFV3L_P27401_2mut
GGGGGGGG GALV_P21414_3mutA
PAPAP MLVAV_P03356_3mut
GGGEAAAK PERV_Q4VFZ2_3mutA_WS
GSSPAPGGG FFV_093209_2mut
GGSGGSCESGESGGES BAEVM_P10272

GGGGGS MLVF5_P26810_3mutA
PAPGGGGSS FLV_P10273_3mutA
GGGEAAAK MLYBM_Q7SVK7_3mut
PAPEAAAKGGG WMSV_P03353_3mut
GSSEAAAK MLVBM_Q7SVK7_3mut
EAAAKEAAAK AVIRE_P03360
EAAAKGGGGGS MLYBM_Q7SVK7_3mut
GGGEAAAKGGS SFV3L_P27401-Pro_2mutA
PAPAPAPAPAP MLVF5_P26810_3mut
PAPGSSEAAAK SFV3L_P27401-Pro_2mutA
EAAAKEAAAKEAAAK BAEVM_P10272_3mutA
GGSPAPGSS MLVMS_P03355
PAPGSSGGS FLV_P10273_3mutA
EAAAKEAAAKEAAAKEAAAK FOAMV_P14350-Pro_2mut
EAAAKGGG KORV_QITTC1_3mutA
EAAAKGGSGGG MLVBM_Q7SVK7_3mut
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GGGGEGS KORV_QSTTC1-Pro_3mutA
PAPGGSGGG WMSV_P03359_3mut
GGGPAPGGS KORV_QITTC1_3mutA
GSS FFV_093209
GGSGGESCGS PERV_Q4VFZ2_3mut
GGGGS GALV_P21414_3mutA
GGGG MLVF5_P26810_3mut
GGSEAAAKPAP FFV_093209-Pro_2mut
PAPAPAPAP FFV_093209-Pro

PAP MLVF5_P26810_3mut
EAAAKEAAAKEAAAK FFV_093209_2mut
EAAAKGSS MLVCB_P08361_3mut
EAAAKGGG MLYBM_Q7SVK7_3mut
PAPEAAAKGGG FFV_093209_2mut
GSSGGGEAAAK SFV1_P23074-Pro_2mut
PAPGGGEAARAK GALV_P21414_3mutA
GBGGSGGGGESGGGESEGGEES FOAMV_P14350-Pro_2mutA
GSSGGG FOAMV_P14350_2mut
GGGGSGGGGSCGGESEGGEES SFV3L_P27401_2mutA
GGSGSS AVIRE_P03360_3mut
GGSGSSEAAAK MMTVB_P03365_WS
PAPAPAP MLVAV_P03356_3mutA
GSSGGSPAP SFV3L_P27401-Pro_2mut
GGSPAP AVIRE_PQ3360
GGSGGGPAP FFV_093209

GSSEAAAK PERV_Q4VFZ2
GSSGGGPAP PERV_Q4VFZ2_3mutA_WS
GGGGSSEAAAK KORV_QSTTC1_3mutA
GGSEAAAKPAP SFVCP_Q87040
GGSGGGPAP FOAMV_P14350_2mutA
GGGGSGGGESGGEGESGGEGES BLVJ_P03361_2mutB
GGGGSSPAP SFV3L_P27401_2mutA
EAAAKGGS MLVF5_P26810_3mut
GGSEARAKGSS MLYCB_P08361_3mut
GGGGSSEAAAK SFV3L_P27401_2mut
EAAAKGGSGGG FOAMV_P14350_2mut
GGSGGS FLV_P10273_3mut
EAAAKGGG FFV_093209-Pro
GSSGSSGSSGSSGSS SFV3L_P27401
GSSGGGPAP PERV_Q4VFZ2_3mutA_WS
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PAPGGSEAAAK

SFV3L_P27401-Pro_2mutA

GGSPAP KORV_QITTC1
EAAAKPAPGSS KORV_QITTC1_3mutA
SGSETPGTSESATPES SFV1_P23074

GSSPAP SFV3L_P27401-Pro_2mutA
GSSPAPGGG SFV3L_P27401_2mut
GGGEAAAKGSS SFV1_P23074_2mut
GGGPAPGGS BAEVM_P10272_3mut
EAAAKGGG KORV_QSTTC1-Pro_3mutA
GSSGGG SFV3L_P27401-Pro_2mut
GGSPAPEAAAK BAEVM_P10272_3mut
EAAAKGSSPAP FFV_093209
EAAAKGGGGSEAAAK SFV3L_P27401-Pro_2mutA
GSSGSSGSSGSSGSS SFV1_P23074_2mut
EAAAKGGSPAP FOAMV_P14350_2mut
GGSGGS KORV_QITTC1-Pro_3mutA
EAAAKGSSGGS GALV_P21414
GSSGGGPAP MLVAV_P03356
PAPEAAAKGGS FOAMV_P14350_2mut
EAAAKPAPGGG AVIRE_P03360_3mut
GGSPAP SFV3L_P27401_2mutA
GGGGSGGGGS SFV3L_P27401_2mutA
GGGGSS AVIRE_P03360_3mutA
GGSPAPGGG SFV3L_P27401-Pro_2mutA
EAAAKPAPGSS SFV3L_P27401
EAAAKPAP FOAMV_P14350-Pro_2mut
PAPEAAAKGSS PERV_Q4VFZ2_3mutA_WS
EAAAKGGSGSS SFV3L_P27401_2mutA
GGGEAAAKGSS GALV_P21414_3mutA
GGGGSEAAAKGGGGS PERV_Q4VFZ2_3mut
PAPGGSGSS FFV_093209-Pro_2mutA
GGSEAAAKPAP GALV_P21414_3mutA
GGSGGSGGSGGSGGS FFV_093209-Pro
GSSGGSEARAK SFV3L_P27401-Pro_2mut
GBS GALV_P21414_3mutA
PAPGGSEAAAK MLVMS_P03355
PAPEAAAKGGS BAEVM_P10272_3mutA
GGSGSSPAP SFV3L_P27401-Pro_2mutA
GSSPAP WMSV_P03359_3mut
GGGEAAAK MMTVB_P03365
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GGGGSS PERV_Q4VFZ2_3mut
GGSPAPGSS SFV3L_P27401-Pro_2mut
PAPGGS MLVBM_Q7SVK7_3mut
EAAAKGSSPAP MLVBM_Q7SVK7_3mut
GGGGSSCGS PERV_Q4VFZ2_3mut
PAPAPAPAPAPAP SFV1_P23074
GGSEAAAKGGG SFV3L_P27401-Pro_2mut
GGSGGS SFV1_P23074_2mut
GSSGGGGGS MLVF5_P26810_3mutA
EAAAKGGGPAP SFV3L_P27401
EAAAKEAAAKEAAAKEAAAK FOAMV_P14350-Pro_2mutA
GGGPAPGSS SFV3L_P27401_2mutA
GGGGSGGGGESGCEESEGEES SFV3L_P27401_2mut
EAAAKEAAAKEAAAKEAAAK MMTVB_P03365_W$
PAPGSSGGS KORV_QSTTC1-Pro_3mutA
PAPGSSEAAAK FOAMV_P14350-Pro_2mut
GSSPAPEAAAK BAEVM_P10272_3mut
EAAAKGGGGSEAAAK FFV_093209-Pro

GGSPAP PERV_Q4VFZ2
GGSGSSEARAK XMRV6_A17651_3mut
GGSEAAAKGGG GALV_P21414_3mutA
PAPGGGGSS AVIRE_P03360_3mutA
GGSGESCGSGES PERV_Q4VFZ2
GGGGSSCGS PERV_Q4VFZ2_3mutA_WS

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

BAEVM_P10272_3mutA

GGGPAP MLVAV_P03356_3mut
GGGGSGGGGESGGEGGESGGEGES FFV_093209_2mut
GSSEAAAK FFV_093209
GGSPAPEAAAK FOAMV_P14350_2mut
GGGGGSEAAAK FOAMV_P14350_2mut
GSSPAPGGS MLYBM_Q7SVK7_3mut
GSS SFVCP_Q87040_2mut
EAAAKPAP FOAMV_P14350-Pro
EAAAKGGG SFV3L_P27401_2mut
GGGEAAAK AVIRE_P03360_3mutA
PAPGSSGGG WMSV_P03359_3mut
EAAAKGGSPAP SFV3L_P27401
GSSGGSGGG SFV3L_P27401-Pro_2mutA
GSSGGGEAAAK GALV_P21414_3mutA
GGGPAPGSS MLVBM_Q7SVK7_3mutA_WS
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PAPGGGEARAK FFV_093209-Pro_2mut
GSSGSSGSSGSS SFV1_P23074_2mut
GGSEAAAK PERV_Q4VFZ2_3mutA_WS
GGGEAAAKPAP SFV3L_P27401_2mut
EAAAKGGGPAP SFV3L_P27401_2mut
GGGGSSPAP FLV_P10273_3mut
EAAAKPAPGSS FFV_093209_2mut
GGGGSSPAP SFV3L_P27401_2mut
GSSGSS KORV_QSTTC1_3mutA
GGGGSGGGGSGEGGESEEEESGEGES BLVJ_P03361_2mut
GGGGSSGGS GALV_P21414_3mutA
EAAAKGGSGSS FFV_093209-Pro
EAAAKPAP PERV_Q4VFZ2
GSSGGGEAAAK MLVBM_Q7SVK7_3mut
PAPGGSGGG BAEVM_P10272
EAAAKGGGPAP MLVF5_P26810
GSSGSSGSS MLVBM_Q7SVK7_3mut
GSSGGS AVIRE_P03360_3mutA
GGSEAAAKGGG FOAMV_P14350_2mut
EAAAKGGS MLVF5_P26810_3mutA
GGSGSSGGG WMSV_P03359_3mut
EAAAK SFV1_P23074_2mut
GSSGGSPAP SFV3L_P27401-Pro_2mutA
GGGGSSCGS KORV_Q9TTC1_3mut
PAPGGSGGG FFV_093209-Pro_2mut
GGGPAPGGS SFV3L_P27401_2mutA
GSSPAPEAAAK FLV_P10273_3mut
GGSGSSPAP SFV3L_P27401_2mut
GSSEAAAKGGS SFV3L_P27401_2mut
PAPGGG SFV3L_P27401_2mutA
SGSETPGTSESATPES KORV_QSTTC1-Pro_3mut
GGGGS SFV1_P23074-Pro_2mutA
GSSGGGEAAAK WMSV_P03359
EAAAKGGGGSEAAAK MLVF5_P26810_3mutA
GSSEAAAKPAP FFV_093209

GGGGGG SFV1_P23074_2mutA
EAAAKEAAAKEAAAK MMTVB_P03365-Pro
EAAAKPAPGSS MLYBM_Q7SVK7_3mut
GGSGSSEAAAK SFV3L_P27401_2mutA
GGSEAAAK MLVMS_P03355_3mut
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GGSPAPEAAAK

SFV3L_P27401_2mut

GGGPAPGSS SFV1_P23074
GGGGGSEAAAK MLVBM_Q7SVK7_3mutA_WS
EAAAKPAPGSS KORV_QSTTC1-Pro
GSSGSSGSSGSS SFV3L_P27401_2mut
EAAAKPAP SFV3L_P27401_2mut
GGGEAAAK PERV_Q4VFZ2_3mut
GGSGGS SFV3L_P27401_2mutA
EAAAKGSSGGS MMTVB_P03365
SGSETPGTSESATPES SFV3L_P27401
EAAAKGSSGGG PERV_Q4VFZ72
EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK MMTVB_P03365
GGSGGGPAP KORV_QSTTC1_3mutA
PAPAPAPAP SFV3L_P27401
GGGEAAAKGGS SFV1_P23074_2mut
GSSGGSGGG PERV_Q4VFZ2_3mut
PAPEAAAKGGS FOAMV_P14350_2mutA
GGGEAAAKGSS SFV3L_P27401_2mut
GGGGSGGGGESGGGGESGEGES MLVBM_Q7SVK7
PAPGSSGGG FLV_P10273
GGSGSSGGG FFV_093209
EAAAKPAPGSS MLVBM_Q7SVK7
GSSEAAAKGGG SFV3L_P27401_2mutA
GGSGGSCESGESGGES MLVF5_P26810
GGSEAAAKPAP SFV3L_P27401-Pro_2mutA
EAAAKGGSPAP SFV3L_P27401_2mutA
EAAAKGGGGGS SFV3L_P27401_2mut
GSSPAPEAAAK SFV3L_P27401_2mutA
PAPAP MLVBM_Q7SVK7_3mut
PAPGGSEAAAK KORV_QSTTC1-Pro
GGSGSS MLVF5_P26810_3mutA
GGSEAAAKPAP FFV_093209_2mut
GSS MLVMS_P03355

SGGSSGGSSCGSETPGTSESATPESSGGSSGGSS

SFV3L_P27401-Pro

PAPGGGEAAAK SFV3L_P27401_2mut
PAPGGGGGS SFV3L_P27401-Pro_2mut
PAPGGSGSS BAEVM_P10272_3mut
GSSGGGEAAAK FFV_093209
GGSEAAAKPAP SFV1_P23074_2mut
GGGGG FLV_P10273_3mut
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Linker amino acid sequence

RT domain name

GGGEAAAKGSS SFV3L_P27401
GSSGSSGSSGSSGSS SFV1_P23074-Pro
SGSETPGTSESATPES AVIRE_P03360
PAPGSSGGG MLVBM_Q7SVK7_3mut
GGGGSSPAP HTL3P_Q4U0X6_2mut
GGGEAAAK SFV1_P23074

GGSGGG AVIRE_P03360
EAAAKGSSGGG SFV3L_P27401_2mutA
GSSPAPEAAAK FOAMV_P14350-Pro_2mutA
GGGPAPGSS WMSV_P0335%
EAAAKGSSGGG MLVMS_P03355
GGGGGSEAAAK MLVMS_P03355
EAAAKPAPGGS SFV3L_P27401
EAAAKGSSPAP SFV3L_P27401
GGGGGGG FOAMV_P14350_2mutA
EAAAKEAAAKEAAAK SFV3L_P27401
GSSPAPGGS FFV_093209_2mutA
GGGGSSEAAAK SFV3L_P27401-Pro_2mutA
GGSEAAAKGSS GALV_P21414_3mutA
GGSEAAAKGSS BAEVM_P10272_3mutA
EAAAKPAPGGG MLVCB_P08361
GSSGSSGSSGSSGSSGSS SFV1_P23074-Pro
GGGGSEAAAKGGGGS FOAMV_P14350_2mut
GSSPAPGGS MLVMS_P03355_PLV919
GGGGSGGGGS FFV_093209-Pro
GSSGGSPAP KORV_QSTTC1_3mutA
GGSGGS GALYV_P21414_3mutA
PAPGSSEAAAK WMSV_P033598
PAPGGGGSS MMTVB_P03365-Pro
GGGGSSGGS PERV_Q4VFZ2_3mutA_WS
GGGGSGGGGS FFV_093209_2mut
GGGGSGGGGESGCGESEGGEES XMRV6_A1Z651
GGSGSSEARAK SFV1_P23074_2mut
GGSGGGGESS GALV_P21414_3mutA
GGSEAAAKPAP MLVBM_Q7SVK7
EAAAKGGSPAP SFV1_P23074_2mutA
PAPAPAPAP FFV_093209
GSSGGSPAP MMTVB_P03365-Pro
GGGGGSPAP KORV_QITTC1_3mutA
EAAAKGGGPAP PERV_Q4VFZ2
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GSSGGSPAP

BAEVM_P10272

GGGGG FFV_093209

GGGGGS FLV_P10273_3mutA
EAAAKEAAAKEAAAK FOAMV_P14350
PAPGGG MLVCB_P08361_3mut
GSSGGSEAAAK FOAMV_P14350_2mutA
GGSPAPGGG FLV_P10273_3mut
GSSGSSGSSGSSGSSGSS SFV1_P23074-Pro_2mutA
GGSPAPEAAAK SFV3L_P27401
PAPGGGGSS HTL3P_Q4U0X6_2mutB
GGGGSSEAAAK MMTVB_P03365_2mut_W$
PAPGGS MLVRD_P11227_3mut
GGSGGSGGSGESGGS MMTVB_P03365
GSAGSAAGSGEF AVIRE_P03360

GSSGGS BAEVM_P10272_3mutA
GGSGGGESS MMTVB_P03365
GGSGGGESS WMSV_P03359
PAPEAAAKGSS SFV1_P23074
GSSGSSGSSGSS SFV1_P23074-Pro_2mutA
PAPAPAPAPAPAP SFV3L_P27401
PAPGSSGGG FLV_P10273_3mut
GGSGSSPAP MLYMS_P03355
GGSGGGPAP FOAMV_P14350
PAPGGGGGS KORV_QSTTC1_3mutA
EAAAKGSSPAP GALV_P21414_3mutA
GGSGSSPAP MLVBM_Q7SVK7_3mut
EAAAKGSS SFV3L_P27401_2mut
GGGGGSEAAAK WMSV_P03359%
GGGGGGEE SFV1_P23074-Pro
EAAAKEAAAK MLVBM_Q7SVK7
GGGEAAAKGGS MLVBM_Q7SVK7
EAAAKGGSPAP SFV3L_P27401_2mut
GSSEAAAK XMRV6_A1Z651
PAPGGGEARAK MMTVB_P03365_W$
GGSPAP GALV_P21414_3mutA
GSSPAPGGG MLVBM_Q7SVK7_3mutA_WS
GGSGSSPAP SFV1_P23074_2mutA
GGS HTL32_QOR5R2_2mut
GGSGGGGESS MMTVB_P03365-Pro
GGGGSGGGGSCCGGESEGGEES SFVCP_Q87040_2mutA
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EAAAKGGGPAP

FOAMV_P14350_2mut

GSSGGGEAAAK

MMTVB_P03365

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

MLVBM_Q7SVK7_3mutA_WS

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

MMTVB_P03365_WS

EAAAKEAAAK FOAMV_P14350-Pro_2mut
GSSPAPEAAAK FOAMV_P14350_2mutA
EAAAKPAPGGS GALV_P21414_3mutA
GSSGGSPAP KORV_QSTTC1-Pro_3mut
GGGPAPEARAK MLVAV_P03356
GGGEAAAKPAP SFV1_P23074-Pro_2mut
GGGGGSEAAAK SFV3L_P27401_2mut
GGGPAPGSS SFV3L_P27401_2mut
GGSEAAAKPAP AVIRE_P03360
GSSGSSGSSGESGSSGSS SFV1_P23074-Pro_2mut
EAAAKGSSGGS FOAMV_P14350_2mutA
GGGGGG MLVBM_Q7SVK7_3mut
GSSPAPGGS PERV_Q4VFZ2
GGSGSSPAP GALV_P21414_3mutA
GGGPAPEAAAK SFV3L_P27401
GGSGGGEAAAK WMSV_P03359
GSAGSAAGSGEF SFV1_P23074_2mut
GSSGGGEAAAK MLVMS_P03355

GGG MMTVB_P03365-Pro
PAPGSSGGS FOAMV_P14350_2mut
GGGGSSPAP FFV_093209_2mut
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS MMTVB_P03365_WS$
GGGGGGG XMRV6G_A12651
PAPAPAPAPAP FOAMV_P14350
GGGGSGGGESGEGESEGEGES MMTVB_P03365_2mut_W$
GGSGGGPAP SFV3L_P27401_2mut
GGGGGG SFV1_P23074-Pro
EAAAKPAPGSS SFV3L_P27401_2mut
GGGGSSGGS HTL3P_Q4U0X6_2mut
PAPGSSEAAAK MMTVB_P03365-Pro
GGGGSSPAP FOAMV_P14350-Pro_2mut
PAPGSSGGS MMTVB_P03365

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA

SRv2_P51517

PAPAPAP MMTVB_P03365_2mut_W$
PAPGGGGGS MMTVB_P03365_2mutB
GGGGSS SFV1_P23074-Pro_2mutA
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EAAAKEAAAKEAAAKEAAAK SFV3L_P27401-Pro
GGSGGSGGSGGSGGS MMTVB_P03365-Pro
GGGGGGG SFV3L_P27401_2mut
PAPGGGEAAAK SFV3L_P27401
PAPGSS FOAMV_P14350_2mutA
GGGGSGGGGS SFVCP_Q87040_2mutA
GSSGGSGGG XMRV6_A12651

GGGGSGGGGSGGGGESGEEGSGEEGSGGGES

MLVBM_Q7SVK7

GSSEAAAKGGG

FFV_093209-Pro_2mut

GGSEAAAKPAP SFV3L_P27401-Pro
GSSGGSGGG SFV1_P23074_2mut
EAAAKGGGGSS FOAMV_P14350_2mutA
GGGGGG SFV3L_P27401_2mut
GGGGG MLVBM_Q7SVK7_3mut
PAPEAAAKGGG SFV3L_P27401
EAAAKGGSPAP KORV_QSTTC1_3mutA
GGGEAAAKPAP SFV1_P23074_2mut
GSSGSSGSSGSSGSSGSS KORV_QI9TTC1-Pro
EAAAKEAAAKEAAAKEAAAK SFVCP_Q87040
PAPGSSEAAAK MLVBM_Q7SVK7
GSSGSSGSS FFV_093209-Pro_2mut
GSSGGGPAP SFV3L_P27401-Pro_2mut
GGGPAPEAAAK WMSV_P03359_3mut
GGGEAAAK MMTVB_P03365-Pro
GSSGSSGSSGSS SFV3L_P27401-Pro_2mutA
PAPAPAPAPAP FFV_093209-Pro
GGSPAPEAAAK FFV_093209-Pro_2mut
GSSGSSGSSGSSGSSGSS GALV_P21414
EAAAKEAAAKEAAAKEAAAKEAAAK FOAMV_P14350
GGGPAPEAAAK MMTVB_P03365-Pro
PAPGGSGGG MLVF5_P26810_3mutA
PAPGGSGGG FLV_P10273_3mut
GGGEAAAKGGS SFV3L_P27401
GSAGSAAGSCEF MLYBM_Q7SVK7_3mut
GSSPAPGGG MPMV_P07572_2mutB
GSSGSSGSSGSSGSSGSS FOAMV_P14350
GGSGGGESS BLVJ_P03361_2mut
PAPEAAAKGSS SFV1_P23074-Pro
GGG FFV_093209
EAAAKGGGGSS SFV1_P23074_2mut
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Linker amino acid sequence

RT domain name

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

SRv2_P51517

GGGGSGGGGSCGGESCEEESCEEESGGGEES

MMTVB_P03365

GGGEAAAKGGS MMTVB_P03365_W$
GSSGSS SFV1_P23074
GSSGGGGGS SFV3L_P27401
GGGGSSEAAAK SFV1_P23074
EAAAKGSSGGS HTL1A_P03362_2mutB
GSSEAAAKGGS GALYV_P21414_3mutA
EAAAKGSSPAP SFV1_P23074
EAAAKPAPGSS SFV3L_P27401_2mutA
PAPGSSGGG SFV3L_P27401-Pro_2mut
GGGGSGGGESGEGESGEEESEEEGSGGEES SFV3L_P27401-Pro
EAAAKEAAAKEAAAKEAAAKEAAAK MMTVB_P03365_W$
GGGGSSEAAAK MLVF5_P26810_3mutA
EAAAKGGSPAP GALV_P21414
PAPEAAAKGSS MMTVB_P03365_W$
GSSGGGGGS SFVCP_Q87040_2mut
GGGGSSPAP SFV1_P23074
EAAAKGGGGSS XMRV6_A17651
PAPAPAPAP MMTVB_P03365
GGSEAAAKGSS SFV3L_P27401_2mutA
GSSPAPGGG MMTVB_P03365_WS
GGGGGG SFV3L_P27401-Pro
GGSGGSGGS FOAMV_P14350-Pro_2mut
PAPAPAPAPAPAP WMSV_P03359

GSSPAP MLVBM_Q7SVK7
GGGGGSGSS MMTVB_P03365_2mut_W$
EAAAKGSSGGS MMTVB_P03365_2mutB_WS
EAAAK FFV_093209_2mutA
PAPEAAAK SFV1_P23074-Pro
EAAAKGGSGSS SFV3L_P27401
GGSGGSGGS FFV_093209-Pro
GSSGGGEAAAK MMTVB_P03365

SGGSSGGSSCGSETPGTSESATPESSGGSSGGSS

MLVFF_P26803_3mutA

GGSGGSGGSGESGGSGES HTL1L_P0C211_2mutB
GGGEAAAK SFV3L_P27401-Pro_2mutA
GGGGGSGSS MMTVB_P03365
GSSPAPGGS FOAMV_P14350_2mutA
EAAAKGSS MLVMS_P03355
GSSGGSGGG FFV_093209-Pro
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Linker amino acid sequence

RT domain name

GGSGGGGSS MMTVB_P03365-Pro_2mut
GGSPAPGSS FOAMV_P14350_2mut
GGSGGSGGSGESGESGES SFVCP_Q87040-Pro_2mut
GSSEAAAKGGG FOAMV_P14350_2mutA
GGSGGESCGS MMTVB_P03365-Pro
GESGSSGSSGSSGESGES MMTVB_P03365_2mut_W$
GSSGSSGSSGSSGSS MMTVB_P03365-Pro
PAPEAAAK WDSV_092815
GSSGSSGSSGSSGSS FFV_093209-Pro_2mut
EAAAKGGGGSEAAAK MMTVB_P03365-Pro
GGSPAPEAAAK FOAMV_P14350

GSSGSS PERV_Q4VFZ72

GGG MMTVB_P03365-Pro
GGGGSGGGGSGGGES FFV_093209_2mut

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

MMTVB_P03365-Pro

GGSGSSPAP WMSV_P03359
GGGGGGGG SFV3L_P27401_2mut
PAPGSSEAAAK FOAMV_P14350-Pro_2mutA
GGGGSSPAP FOAMV_P14350_2mut
GSSGGSPAP MLYBM_Q7SVK7_3mut
GSSGGGGGS GALV_P21414_3mutA
EAAAKEAAAKEAAAKEAAAKEAAAK MMTVB_P03365
GSSGGGGGS SFV1_P23074_2mut
GGGGSEAAAKGGGGS SFV1_P23074
GGGEAAAKPAP FFV_093209
PAPGGGEAAAK SFV1_P23074
GGSGGGEAAAK PERV_Q4VFZ2_3mutA_WS
GSSGGG MMTVB_P03365-Pro
EAAAKGSSGGS FFV_093209_2mut
GGGGG SFV1_P23074_2mut
GGGPAP SFV3L_P27401
GSSGGSEARAK FFV_093209

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

MMTVB_P03365-Pro

GSSGGGEAAAK SFV1_P23074_2mutA
GSSGSSGSSGSSGSS SFV3L_P27401_2mut
GGSEAAAKPAP FLV_P10273
GGGGSGGGGS FOAMV_P14350-Pro_2mutA
GSSEAAAKPAP SFV3L_P27401
GGGGSEAAAKGGGGS MMTVB_P03365-Pro
PAPGSSEAAAK MLVF5_P26810_3mut
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Linker amino acid sequence

RT domain name

EAAAKGGSGGG SFV3L_P27401
GGGPAPGGS SFV3L_P27401
GSSEAAAKGGS FOAMV_P14350_2mutA
EAAAKGGSGGG HTL1L_POC211
GSSGGSPAP SFV3L_P27401_2mutA
PAPAP FFV_093209
PAPGGSGSS MMTVB_P03365_WS
EAAAKGGGGGS FOAMV_P14350_2mut
PAPEAAAKGGS SFV3L_P27401_2mut
GSSEAAAKPAP MMTVB_P03365-Pro
GGSGGS PERV_Q4VFZ2_3mut
GSSEAAAKGGG FFV_093209-Pro_2mutA
EAAAK HTL1L_POC211

GSSPAP MLVMS_P03355
EAAAKPAPGGG FFV_083209-Pro_2mut
GGGGSEAAAKGGGGS SFV1_P23074-Pro_2mut
EAAAKGSSGGS SFV3L_P27401
GSAGSAAGSCEF FFV_093209_2mutA
PAPEAAAKGGS MMTVB_P03365_2mutB_WS

EAAAKEAAAKEAAAKEAAAKEAAAKEAAAK

MMTVB_P03365

GGS MMTVB_P03365
GGSEAAAKPAP SFV1_P23074
EAAAKGSSGGG HTLV2_P03363_2mut
GGSEAAAKGGG MMTVB_P03365_W$
GGSGGS FFV_093209-Pro
GSSEAAAKGGS MMTVB_P03365-Pro
PAPAPAPAPAP SFV1_P23074_2mutA
GGSEAAAKGGG MMTVB_P03365_2mutB_WS
PAPAPAPAP MMTVB_P03365_W$

GGGGSGGGGSGEGESCEEGSCEEES

HTL3P_Q4U0X6_2mut

PAPGGSEAAAK

SFV1_P23074-Pro_2mut

GGSGGGPAP MMTVB_P03365
GSSGSSGSSGSSGSSGSS MMTVB_P03365-Pro
GGSEAAAKPAP SFV1_P23074-Pro
GGGEAAAKGSS SFV3L_P27401_2mutA
GGGPAPGGS AVIRE_P03360
PAPGGG MLVRD_P11227
GGSEAAAKGSS SFV3L_P27401_2mut
GGGEAAAKGSS FOAMV_P14350_2mut
GGGEAAAKGSS SFV1_P23074-Pro
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Linker amino acid sequence RT domain name
EAAAKEAAAKEARAKEARAK MLVAV_P03386
EAAAKGGGPAP JSRV_P31623_2mutB
EAARKGGGGSS FOAMV_P14350_2mut
EAAAKEAAAKEAAAKEAAAKEAAAK SRV2_P51517
GSSGGEGGS FFV_093209

PAPAPAP FOAMV_P14350_2mutA
GGSGGSGGSGES FOAMV_P14350
GGGEAAAK MMTVB_P03365_WS
GGGGGS SFV1_P23074_2mutA
GGSGGS IWMSV_P03359_3mut
EAARKGGS MMTVB_P03365-Pro
GGEGSS BLVJ_P03361_2mut
PAPAP MMTVB_P03365-Pro_2mut
PAPGGG SMRVH_P03364
EAAAKGGGGSS SFV3L_P27401
PAPAPAPAPAP MMTVB_P03365
GGGPAP MMTVB_P03365-Pro
GSSGGSGEG MMTVB_P03365
EAARKGGGPAP FOAMV_P14350_2mutA
GSSGSSGSSGSS SFV1_P23074
GGGGSGGGGS SFV3L_P27401
GSSGGSGEG MLVF5_P26810
GGGEAAAKPAP MMTVB_P03365-Pro
PAPEAAAK HTLV2_P03363_2mut
GSSGSSGSSGSS FOAMV_P14350_2mut
GSSEAAAKPAP MMTVB_P03365-Pro
PAPEAAAKGGG HTL3P_Q4U0X6_2mut
GGSEARAKGSS MMTVB_P03365-Pro
EAAAKPAPGGS MMTVB_P03365_2mut_W$
GSSGGSEARAK MLVF5_P26810_3mutA
celclelicelerelecerieceeseceeseeee MLVF5_P26810_3mut
EAAAKGGGGSS MMTVB_P03365-Pro
GGGGGSGSS HTL1A_P03362_2mutB
PAPAP FFV_093209-Pro_2mut
GGGGGSPAP HTL1C_P14078_2mut
GGGPAP HTLV2_P03363_2mut
EAAAKGGGGSEAARK SFVCP_Q87040
GGSEAMAKGGG FFV_093209-Pro_dmutA
GSSPAPGGS FOAMV_P14350-Pro_2mut
celelelele’s MMTVB_P03365-Pro
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EAAAKGSS SFV3L_P27401_2mutA
EAAAKGGGGSEAAAK MMTVB_P03365-Pro
GGGGSEAAAKGGGGS SFV1_P23074-Pro_2mutA
EAAAKGGGGSS MMTVB_P03365
GGGEAAAKGGS SFV1_P23074
PAPEAAAKGGG MLVF5_P26810
GGGGSSGGS MMTVB_P03365
GGSGSS MMTVB_P03365
PAPAPAPAPAPAP KORV_QITTCH
EAAAKGGG SFV1_P23074-Pro_2mut
PAPAPAPAPAPAP SRv2_P51517
GSSGSSGSSGSSESS FFV_093209-Pro_2mutA
GGGGSS FOAMV_P14350_2mut
PAPGGGEAAAK MMTVB_P03365_W$
GGSGGGEAAAK FFV_083209-Pro_2mut
PAPAPAPAPAP MMTVB_P03365_W$
GGGEAAAKGGS MMTVB_P03365-Pro
GGGEAAAKGSS MMTVB_P03365_2mutB
GSSPAPEAAAK MMTVB_P03365_W$
EAAAKEAAAKEAAAKEAAAKEAAAK SFV1_P23074-Pro_2mutA
PAPGGG SFV3L_P27401
GSSEAAAKGGG MMTVB_P03365_WS$
GGGGSSEAAAK FOAMV_P14350_2mut
PAPGSSGGS SFV1_P23074-Pro_2mut
GSSGSSGSSGSSGSSGSS SFV3L_P27401
EAAAKGSSGGG MMTVB_P03365
PAPGGGGSS WDSV_092815_2mutA
GGSPAP MMTVB_P03365-Pro
GGSGGSGGSGGSGGES SFVCP_Q87040-Pro_2mut
PAPAPAPAP MMTVB_P03365-Pro
GGGGG HTL1A_P03362
GGSGGSGGSGGES SFV1_P23074_2mutA
GSSGSSGSSGSSGSS FOAMV_P14350-Pro_2mut
PAPGGSEAAAK MMTVB_P03365_2mutB_W$S
PAPAPAPAP SFV1_P23074_2mut
PAPGGGGSS MMTVB_P03365
GGSGSS SFV3L_P27401_2mut
EAAAKEAAAKEAAAKEAAAK MMTVB_P03365_2mut
EAAAKGGSGGG HTL3P_Q4U0X6_2mut
PAPGGGGSS SFVCP_Q87040-Pro_2mutA
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EAAAKGGGGGS MLVAV_P03356
GGGGGS FOAMV_P14350_2mut
GGGEAAAKGGS FFV_093209-Pro_2mutA
EAAAKPAPGGG MMTVB_P03365_2mutB
GGSGGGPAP FFV_093209_2mut
GSSEAAAKPAP MMTVB_P03365
PAPAPAPAPAPAP SFV1_P23074_2mut
GGSPAPGGG MMTVB_P03365-Pro
GGSGGGEAAAK MMTVB_P03365
PAPAP SFVCP_Q87040
GSSEAAAK SFVCP_Q87040
ciciclerielelciereleleler] MMTVB_P03365-Pro
GSSGSSGSS SFV3L_P27401
EAAAKGGSGGG MMTVB_P03365-Pro
GSSPAP SFV1_P23074_2mut
GGGEAAAK SFV1_P23074-Pro
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA MMTVB_P03365-Pro
PAPGGS HTL1C_P14078_2mut
PAPGSSGGS SFV1_P23074_2mut
PAPEAAAK MMTVB_P03365_W$
PAPAP MMTVB_P03365-Pro
EAAAKGGS HTL1A_P03362_2mut
GGGGSEAAAKGGGGS HTL1C_P14078
EAAAKGSSGGS FOAMV_P14350-Pro
PAPGGSGSS MMTVB_P03365-Pro
PAPGGSEAAAK SFV1_P23074_2mut
PAPGSSEAAAK FFV_093209-Pro_2mut
PAPGSSGGG FOAMV_P14350-Pro_2mutA
GSSGGGEAAAK AVIRE_P03360
GGGGGG SMRVH_P03364_2mut
PAPEAAAKGGG MMTVB_P03365-Pro
GGGEAAAKGGS SFVCP_Q87040_2mutA
PAPAPAPAPAP SRv2_P51517
GSSGSSGSSGSSGSSGSS MMTVB_P03365
EAAAKGGGPAP MLVAV_P03356
PAPAPAPAPAP FOAMV_P14350-Pro_2mutA
PAPGGSEAAAK FOAMV_P14350
GSSGGGPAP HTL32_QOR5R2_2mutB
GGGGGSPAP HTL3P_Q4U0X6_2mutB
GSSGGSGGG MMTVB_P03365-Pro
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Linker amino acid sequence

RT domain name

PAPAP SFVCP_Q87040-Pro
GSSGGGPAP MMTVB_P03365-Pro
GGSGSS MMTVB_P03365-Pro_2mut
GGSPAPEAAAK SFV1_P23074-Pro_2mut
EAAAKGGSGGG SFV3L_P27401_2mut
GGGGSSEAAAK MMTVB_P03365_W$
GGGGGSGSS MMTVB_P03365_2mut
GGGGSSGGS SFV1_P23074-Pro_2mutA
EAAAKGGGGSEAAAK MMTVB_P03365_W$
PAPGGGEAAAK SFV1_P23074-Pro
PAPEAAAKGGG MMTVB_P03365
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA MMTVB_P03365
GSSGGSEARAK FOAMV_P14350-Pro_2mut
GGSPAP MLVBM_Q7SVK7_3mut
GSSEAAAK FOAMV_P14350
GSSEAAAK MMTVB_P03365-Pro
EAAAKGSSGGS HTL1A_P03362_2mut
GGGEAAAKPAP FOAMV_P14350-Pro_2mut
EAAAKGGSPAP FOAMV_P14350
GSSEAAAKPAP MMTVB_P03365_W$
GSSGSSGSS FOAMV_P14350_2mut
EAAAKEAAAKEAAAKEAAAK MMTVB_P03365_WS$
EAAAK MMTVB_P03365

PAPGSS BAEVM_P10272

PAPGGS FFV_093209-Pro_2mut
GGSGGS SFV1_P23074-Pro_2mutA
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS HTLV2_P03363_2mut
GGSGGGEAAAK MMTVB_P03365_W$
PAPGSSGGG HTL1A_P03362

GGSGGS SFV3L_P27401-Pro
GSSGSS SFV1_P23074-Pro
PAPGGSEAAAK MMTVB_P03365
GSAGSAAGSCGEF MMTVB_P03365-Pro
PAPGGG FOAMV_P14350_2mut
EAAAKGGSGSS MMTVB_P03365_W$
GSSGGGEAAAK SFV3L_P27401-Pro
GGSGGGPAP FOAMV_P14350-Pro_2mut
PAPAPAPAPAPAP WDSV_092815
SGSETPGTSESATPES SFVCP_Q87040-Pro_2mutA
GGSGGSGGS SFV1_P23074
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Linker amino acid sequence

RT domain name

GGGGSS SFVCP_Q87040_2mut
GGGGGSEAAAK MMTVB_P03365
SGSETPGTSESATPES MMTVB_P03365_W$
PAPAPAP SFV3L_P27401
PAPEAAAKGSS MMTVB_P03365_2mutB_WS
GESGSSGSSGSSGSS SRv2_P51517
GGGPAPGSS HTL32_QOR5R2_2mutB
GGSGGGGSS MMTVB_P03365-Pro
SGSETPGTSESATPES SRv2_P51517
EAAAKGSSGGS MMTVB_P03365-Pro
GSSPAPEAAAK MMTVB_P03365-Pro
GSSPAPEAAAK SRv2_P51517
GGGGSSPAP MMTVB_P03365-Pro
PAPGGGEAAAK SFV1_P23074-Pro_2mutA
PAPEAAAKGGS MMTVB_P03365
GSSGSSGSSGSSGSSGSS FOAMV_P14350-Pro
GGSPAPGSS SFV3L_P27401
GGGPAPGGS SFV1_P23074-Pro_2mutA
GGGPAPGSS MMTVB_P03365-Pro
EAAAKPAP MLVBM_Q7SVK7
EAAAKEAAAKEAAAK HTL1C_P14078
GSSGGSEAAAK SRv2_P51517
PAPGGGGGS SRv2_P51517
GGGEAAAK FFV_093209-Pro_2mut
EAAAKGGGPAP HTL32_QOR5R2
GGSGSSGGG MMTVB_P03365
PAPEAAAKGSS MMTVB_P03365-Pro
PAPGGGGGS MMTVB_P03365-Pro
EAAAKGGGGGS MMTVB_P03365_WS
GGGGGS MMTVB_P03365-Pro
GGGGSGGGGSGGGESCEEGSCEGES HTL1C_P14078
EAAAKGGSPAP MMTVB_P03365
GGGGSSPAP FFV_093209-Pro_2mut
GGGGESSGGS MMTVB_P03365-Pro
PAPGSSGGS MMTVB_P03365-Pro
GGGGEGS SRV2_P51517
GGSGSSGGG MMTVB_P03365
GSSGGSEARAK MMTVB_P03365-Pro
EAAAKEAAAKEAAAKEAAAK GALV_P21414
GGSEAAAKGGG MMTVB_P03365-Pro
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Linker amino acid sequence

RT domain name

SGGSSGGSSGSETPGTSESATPESSGGSSGGSS

MMTVB_P03365-Pro

GSSEAAAKGGS

MMTVB_P03365

GGGGSGGGGESCEGESEEEESCGEESCGEES

HTL3P_Q4U0X6_2mutB

GGGEAAAK MMTVB_P03365-Pro
PAPAPAPAP MMTVB_P03365-Pro
PAPGSSGGG MMTVB_P03365
GSSGSSGSSGSSGSS GALV_P21414

GGSPAP MMTVB_P03365_WS
GGGGSGGGGESGGGGESGGEESCEEGSGGGES MMTVB_P03365-Pro
PAPEAAAK MMTVB_P03365-Pro
PAPGSSGGG SFV1_P23074-Pro_2mutA
GGGGGSEAAAK MMTVB_P03365_2mutB_WS
PAPAPAPAPAP MMTVB_P03365-Pro
EAAAKGGSGSS MMTVB_P03365-Pro
EAAAKEAAAKEAAAKEAAAK MLVRD_P11227_3mut
PAPAPAPAP FOAMV_P14350_2mutA
GGGPAPGSS SFVCP_Q87040_2mut
PAPEAAAKGSS SFVCP_Q87040_2mut
GGSPAPGGG MMTVB_P03365-Pro
GGGGSGGGGSGCGESEGGEES MMTVB_P03365
EAAAKGGS HTL3P_Q4U0X6_2mut
PAPGSSGGS MMTVB_P03365_WS$
GGGGSGGGES MMTVB_P03365

GGSGGS FOAMV_P14350
EAAAKGGGGSEAAAK SFVCP_Q87040-Pro_2mut
EAAAKEAAAKEAAAKEAAAK MMTVB_P03365-Pro_2mutB
PAPGGGEAAAK SFVCP_Q87040-Pro
G5SGSS JSRV_P31623_2mutB
EAAAKGGGGGS MMTVB_P03365_2mut_W$
GSSPAPEAAAK MMTVB_P03365-Pro
GGGEAAAK HTL1C_P14078
PAPEAAAKGSS HTL32_QOR5R2_2mutB
GGGGSSEAAAK MMTVB_P03365-Pro
PAPGSSGGS MMTVB_P03365-Pro
EAAAKGGGGGS MMTVB_P03365
GGGGSGGGGESGGEESEGGEES MMTVB_P03365
EAAAKGGGGSS HTL3P_Q4U0X6_2mut
GGGEAAAKGGS SFVCP_Q87040-Pro
GGGGGSPAP MMTVB_P03365-Pro_2mutB
GGSGGGEAAAK SFV3L_P27401-Pro
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Linker amino acid sequence

RT domain name

PAPGGGGGS SFV3L_P27401-Pro
EAAAKGGGGSEAAAK MMTVB_P03365
PAPEAAAKGSS MMTVB_P03365-Pro
GGSEAAAKGGG MMTVB_P03365-Pro
GGSGGSCESGGSGES SMRVH_P03364_2mutB
GGSGGSGGSGGSGES HTL1L_POC211_2mut
GGGGGG WDSV_092815
GGGGGSGSS MMTVB_P03365-Pro
GGSEAAAKPAP SFV3L_P27401-Pro_2mut
GGGPAPGSS MMTVB_P03365_2mut_W$
GGGGGS MMTVB_P03365_WS
GGSPAPEAAAK MMTVB_P03365
PAPEAAAKGGS HTL1A_P03362
EAAAKGGSGSS MMTVB_P03365_2mut_W$
GGGPAPEARAK SFV3L_P27401-Pro_2mut
PAPGGGGSS HTL32_QOR5R2_2mut
GSSPAPGGG HTL3P_Q4U0X6_2mut
GGGGSSGGS BLVAU_P25053_2mut
EAAAKGGGGGS HTL1L_P0OC211
GGSEAAAKGSS JSRV_P31623_2mutB
GSSGGG JSRV_P31623
GGSGGSGGSGES MMTVB_P03365-Pro
EAAAKPAP SFV1_P23074-Pro_2mutA
GGGGSSCGS MMTVB_P03365_W$
GGSGGS MMTVB_P03365_WS
EAAAKGGGGGS MMTVB_P03365-Pro
GGGGSGGGGESGEGGESGEEESCEEGSGGGES MMTVB_P03365
GGSGGSGGS MMTVB_P03365
GGGGGSEAAAK MLVBM_Q78VK7
GGSGSSPAP MMTVB_P03365_W$
EAAAKEAAAKEAAAK JSRV_P31623
PAPEAAAKGGS MMTVB_P03365-Pro
GGSGSSEARAK FOAMV_P14350
GGGGGSGSS MMTVB_P03365-Pro_2mut
GGGPAPGGS MMTVB_P03365
SGSETPGTSESATPES SFVCP_Q87040_2mut
GSSPAPGGS SFV1_P23074-Pro_2mutA
GSSGSSGSSGSSGSS MMTVB_P03365
EAAAKGGGPAP MMTVB_P03365

GSSGGG MMTVB_P03365_2mut_WS
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Linker amino acid sequence

RT domain name

GGGEAAAKPAP MMTVB_P03365
PAPGGSGGG MMTVB_P03365-Pro
GSSGGSGGG WDSV_092815_2mut
GGSGGG HTL32_QOR5R2_2mut
EAAAKGGSPAP HTLV2_P03363_2mut
GGSPAPEAAAK MMTVB_P03365-Pro
GSSGGSEAAAK MMTVB_P03365_2mut
GSAGSAAGSGEF MMTVB_P03365_W$
PAPGGSGSS FFV_093209
GGSEAAAKGGG MMTVB_P03365
GGSPAPGSS MMTVB_P03365-Pro
GSSGGSGGG SFV3L_P27401
PAPEAAAKGGG HTL1A_P03362_2mutB
GGGEAAAKPAP MMTVB_P03365-Pro
GGSEAAAK HTL32_QOR5R2_2mutB
GGGEAAAKGSS MPMV_P07572
GGGGGSEAAAK MMTVB_P03365-Pro
PAPAPAPAPAP SFVCP_Q87040-Pro_2mutA
PAPAPAPAPAP HTL1L_P0OC211_2mut
GGGGSSGGS HTL3P_Q4U0X6
PAPGGSEAAAK MMTVB_P03365_2mut_WS
PAPAPAPAPAP HTL1A_P03362
EAAAKPAPGGG MMTVB_P03365_2mut_W$
GGSEAAAK MMTVB_P03365_2mut_W$
GGGEAAAKGSS SFV1_P23074-Pro_2mutA
GGSPAPGSS MMTVB_P03365-Pro
GGSEAAAKPAP MLVBM_Q7SVK7
PAPEAAAKGGG MMTVB_P03365_2mut_W$
GSSEAAAKPAP MMTVB_P03365-Pro_2mutB
GGGGSEAAAKGGGGS MMTVB_P03365-Pro_2mut
GSSEAAAKGGS MMTVB_P03365-Pro_2mutB
GSSGSSGSSGSSGSS SRV2_P51517_2mutB
GGGGGSPAP HTL1L_P0OC211_2mut
GGSEAAAK MMTVB_P03365
GSSPAPEAAAK SMRVH_P03364_2mutB
GGGPAPGGS HTL1C_P14078_2mut
GGSPAPEAAAK MMTVB_P03365_W$
GGSEAAAKPAP HTL1A_P03362_2mut
PAPAPAPAP HTLV2_P03363_2mut
GSSPAPGGG MMTVB_P03365
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Linker amino acid sequence RT domain name
GSSGSSGSSGSS MMTVB_P03365-Pro
GGSEARAKGSS MMTVB_P03365_WS
GGSGSSGEG MMTVB_P03365_2mutB
GSSGSSGSSGSSGSSGSS JSRV_P31623_2mut
GGSEAAAKPAP MMTVB_P03365-Pro
GSSGGSGEG HTLV2_P03363_2mut
AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA WDSV_092815_2mut
GGSPAPEAAAK MMTVB_P03365
GGGGSSEAAAK MMTVB_P03365
GGSGGGEAMK SFV1_P23074-Pro_2mutA
GGGGSEAAAKGGEES WDSV_092815_2mut
GGSGSSEARAK MMTVB_P03365_2mutB_Ws
GGSEARAKPAP MMTVB_P03365_WS
GSSGGGEAAAK SFVCP_Q87040-Pro
GSSGGS SFVCP_Q87040-Pro_2mut
GGSEAAAKPAP SFVCP_Q87040_2mut
GSSGGSEAAAK SFVCP_Q87040_2mut
GSSPAPEAAAK SRV2_P51517_2mutB
GGSGGSGGSGESEGSGES BLVAU_P25059
GSSGSSGSSGSSGSS HTL1C_P14078_2mut
EAARKGGGGSS MMTVB_P03365_2mutB
GGGEAAAKGSS SFVCP_Q87040-Pro

Example 4: Gene modifying systems comprising Cas-Pol fusions with various human DNA
polymerase theta domains enable precise editing in human cells

In this example, exemplary gene modifying polypeptides comprising a Cas domain and a
polymerase domain (Cas-Pol fusions), were characterized and their ability to programmably
install mutations in genomic DNA in human cells was determined. The gene modifying
polypeptides comprised different truncations of an exemplary human polymerase (human DNA
Polymerase Theta (Pol0) (Figure 2, Table 23): the gene modifying polypeptide included the
polymerase domain, exonuclease domain, and either of two truncated central domains (Pol6 M
or Pol6 L) or lacked a central domain (Pol® 4x0q). The gene modifying polypeptides
comprised an exemplary Cas domain, SpCas9, comprising an N863A mutation (nCas9). Two

different linker sequences were used to connect the Cas domain and Pol domain:

Exemplary linker FL:




10
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DNA sequence:
TCTGGAGGATCTAGCGGAGGATCCTCTGGCAGCGAGACACCAGGAACAAGCGAGTC
AGCAACACCAGAGAGCAGTGGCGGCAGCAGCGGCGGCAGCAGC (SEQ ID NO: 4400)

Amino acid sequence:
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS (SEQ ID NO: 4401)

Exemplary linker UL:

DNA sequence:
GCCGAAGCCGCCGCCAAGGAGGCCGCCGCTAAGGAGGCTGCTGCCAAGGAAGCTGC
TGCTAAGGCTTTAGAAGCTGAAGCTGCTGCCAAAGAAGCTGCCGCCAAAGAGGCTG
CCGCAAAGGAGGCCGCTGCCAAGGCT (SEQ ID NO: 4402)

Amino acid sequence:

AEAAAKEAAAKEAAAKEAAAKALEAEAAAKEAAAKEAAAKEAAAKA (SEQ ID NO:
4403)

Six gene modifying polypeptides (Cas-Pol fusions) were tested: (1) nCas9-FL-Pol6 M, (2)
nCas9-FL-Polf 4x0q, (3) nCas9-UL-Pol6 L, (4) nCas9-UL-Pol® M, (S5) nCas9-UL-Pol® 4x0q,
and (6) a benchmark gene modifying polypeptide comprising nCas9 and a reverse transcriptase

domain instead of a polymerase domain.

Table 23: Exemplary Cas-Pol Fusion Gene Modifying Polypeptides

SEQID
Name Amino acid sequence NO

GASFDLSPGLQRILDKVSSPLENEKLKSMTINFSSLNRKNTELNEEQEVISNLETKQVQGISFSSNNEVKS | 4404
KIEMLENNANHDETSSLLPRKESNIVDDNGLIPPTPIPTSASKLTFPGILETPYNPWKTNNVLQPGESYLFG
SPSDIKNHDLSPGSRNGFKDNSPISDTSFSLQLSQDGLQLTPASSSSESLSIIDVASDQNLFQTFIKEWRC
KKRFSISLACEKIRSLTSSKTATIGSRFKQASSPQEIPIRDDGFPIKGCDDTLVVGLAVCWGGRDAYYFSL
QKEQKHSEISASLVPPSLDPSLTLKDRMWYLQSCLRKESDKECSVVIYDFIQSYKILLLSCGISLEQSYEDP
KVACWLLDPDSQEPTLHSIVTSFLPHELPLLEGMETSQGIQSLGLNAGSEHSGRYRASVESILIFNSMNQL
NSLLQKENLQDVFRKVEMPSQYCLALLELNGIGFSTAECESQKHIMQAKLDAIETQAYQLAGHSFSFTSS
DDIAEVLFLELKLPPNREMKNQGSKKTLGSTRRGIDNGRKLRLGRQFSTSKDVLNKLKALHPLPGLILEW
RRITNAITKVVFPLQREKCLNPFLGMERIYPVSQSHTATGRITFTEPNIQNVPRDFEIKMPTLVGESPPSQA
VGKGLLPMGRGKYKKGFSVNPRCQAQMEERAADRGMPFSISMRHAFVPFPGGSILAADYSQLELRILAH
LSHDRRLIQVLNTGADVFRSIAAEWKMIEPESVGDDLRQQAKQICYGIIYGMGAKSLGEQMGIKENDAAC
YIDSFKSRYTGINQFMTETVKNCKRDGFVQTILGRRRYLPGIKDNNPYRKAHAERQAINTIVQGSAADIVKI
ATVNIQKQLETFHSTFKSHGHREGMLQSDQTGLSRKRKLQRGMFCPIRGGFFILQLHDELLYEVAEEDVVQ
Pole_L VAQIVKNEMESAVKLSVKLKVKVKIGASWGELKDFDV

GFKDNSPISDTSFSLQLSQDGLQLTPASSSSESLSIIDVASDQNLFQTFIKEWRCKKRFSISLACEKIRSLT | 4405
SSKTATIGSRFKQASSPQEIPIRDDGFPIKGCDDTLVVGLAVCWGGRDAYYFSLQKEQKHSEISASLVPPS
LDPSLTLKDRMWYLQSCLRKESDKECSVVIYDFIQSYKILLLSCGISLEQSYEDPKVACWLLDPDSQEPTL
HSIVTSFLPHELPLLEGMETSQGIQSLGLNAGSEHSGRYRASVESILIFNSMNQLNSLLQKENLQDVFRKV
Pole_M EMPSQYCLALLELNGIGFSTAECESQKHIMQAKLDAIETQAYQLAGHSFSFTSSDDIAEVLFLELKLPPNR
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EMKNQGSKKTLGSTRRGIDNGRKLRLGRQFSTSKDVLNKLKALHPLPGLILEWRRITNAITKVVFPLQREK
CLNPFLGMERIYPVSQSHTATGRITFTEPNIQNVPRDFEIKMPTLVGESPPSQAVGKGLLPMGRGKYKKG
FSVNPRCQAQMEERAADRGMPFSISMRHAFVPFPGGSILAADYSQLELRILAHLSHDRRLIQVLNTGADV
FRSIAAEWKMIEPESVGDDLRQQAKQICYGIYGMGAKSLGEQMGIKENDAACYIDSFKSRYTGINQFMTE
TVKNCKRDGFVQTILGRRRYLPGIKDNNPYRKAHAERQAINTIVQGSAADIVKIATVNIQKQLETFHSTFKS
HGHREGMLQSDQTGLSRKRKLQGMFCPIRGGFFILQLHDELLYEVAEEDVVQVAQIVKNEMESAVKLSV

KLKVKVKIGASWGELKDFDV

Pol8_4x0q

SSSSESLSIIDVASDQNLFQTFIKEWRCKKRFSISLACEKIRSLTSSKTATIGSRFKQASSPQEIPIRDDGFPI
KGCDDTLVVGLAVCWGGRDAYYFSLQKEQKHSEISASLVPPSLDPSLTLKDRMWYLQSCLRKESDKEC

SVVIYDFIQSYKILLLSCGISLEQSYEDPKVACWLLDPDSQEPTLHSIVTSFLPHELPLLEGMETSQGIQSLG
LNAGSEHSGRYRASVESILIFNSMNQLNSLLQKENLQDYFRKVEMPSQYCLALLELNGIGFSTAECESQK

HIMQAKLDAIETQAYQLAGHSFSFTSSDDIAEVLFLELKLPPNREMKNQGSKKTLGSTRRGIDNGRKLRLG
RQFSTSKDVLNKLKALHPLPGLILEWRRITNAITKVVFPLQREKCLNPFLGMERIYPVSQSHTATGRITFTE

PNIGNVPRDFEIKMPTLVGESPPSQAVGKGLLPMGRGKYKKGFSVNPRCQAQMEERAADRGMPFSISM

RHAFVPFPGGSILAADYSQLELRILAHLSHDRRLIQVLNTGADVFRSIAAEWKMIEPESVGDDLRQQAKQI

CYGI'YGMGAKSLGEQMGIKENDAACYIDSFKSRYTGINQFMTETVKNCKRDGFVQTILGRRRYLPGIKDN
NPYRKAHAERQAINTIVQGSAADIVKIATVNIQKQLETFHS TFKSHGHREGMLQSDQTGLSRKRKLQGMF

CPIRGGFFILQLHDELL YEVAEEDVVQVAQIVKNEMESAVKLSVKLKVKVKIGASWGELKDFDV

4406

Pol6_4x0q
_Gs

SSSSESLSIIDVASDQNLFQTFIKEWRCKKRFSISLACEKIRGSGDDTLVVGLAVCWGGRDAYYFSLGGS
GGLDPSLTLKDRMWYLQSCLRKESDKECSVVIYDFIQSYKILLLSCGISLEQSYEDPKVACWLLDPDSQE
PTLHSIVTSFLPHELPLLEGMETSQGIQSLGLNAGSEHSGRYRASVESILIFNSMNQLNSLLQKENLQDVF
RKVEMPSQYCLALLELNGIGFSTAECESQKHIMQAKLDAIETQAYQLAGHSFSFTSSDDIAEVLFLELKLP
PGGSGGQFSTSKDVLNKLKALHPLPGLILEWRRITNAITKVVFPLQREKCLNPFLGMERIYPVSQSHTATG
RITFTEPNIQNVPRDFEIKMGGSGGMPFSISMRHAFVPFPGGSILAADYSQLELRILAHLSHDRRLIQVLNT
GADVFRSIAAEWKMIEPESVGDDLRQQAKQICYGIYGMGAKSLGEQMGIKENDAACYIDSFKSRYTGIN
QFMTETVKNCKRDGFVQTILGRRRYLPGIKDNNPYRKAHAERQAINTIVQGSAADIVKIATVNIQKQLETFH
STFKSHGHREGMLQSDGGSGGCPIRGGFFILQLHDELLYEVAEEDVVQVAQIVKNEMESAVKLSVKLKY
KVKIGASWGELKDFDV

4407

nCas9

DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRY
TRRKNRICYLQEIFSNEMAKYDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVD
STDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLS
KSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYAD
LFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAG
YIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFL
KDNREKIEKILTFRIPYYYGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPN
EKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECF
DSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVM
KQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGD
SLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRS
DKARGKSDNVYPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKH
VAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYP
KLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVW
DKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVL
VVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLAS
AGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANL
DKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRID
LSQLGGD

4408

Test template nucleic acids were constructed coding for a direct a single base pair substitution

which, when introduced as an edit by the exemplary gene modifying polypeptides, act to convert

an exogenous BFP marker to GFP (as described herein). Template nucleic acids comprised (i) a

gRNA spacer sequence for guiding the gene modifying polypeptide to the target region, e.g., a

sequence complementary to a 20-nucleotide sequence in BFP locus; (ii) a primer-binding

sequence (PBS) capable of complementary base pairing with a single strand of the nicked DNA

for target-primed polymerization; (iii) a heterologous object sequence providing a template for

polymerization that further comprises the intended final target sequence; and (iv) a gRNA
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scaffold sequence to associate with the Cas9 domain of the gene modifying polypeptide. The
exemplary template nucleic acids were arranged, from 5’ to 3" in the following order: (i)-(iv)-
(ii1)-(i1). Template compositions are described in Table 24 (RNACS-4239-DD, and RNACS-
4241-DR), where (ii) and (iii) may each be included as either RNA or DNA nucleotides.

Table 24: Template nucleic acids used in Example 1

Name Description Spa_ncer Sca.ﬂdd Pol te_(pplate PBS Full Template Molecule
(i) () (i} (il
mG*mC*mC*rGrArArGrCr
rGrUILIUMLRATGIA ArCrUrGrCrArCrGrCrCrGr
rGrCrUrArGrArArA
UIArGICTAAGHU UrGrUrUrUrUrArGrArGrCr
. GCGTGC | UrArGrArArArUrArGrCrArA
mG*mC*mC*rGrArArGrCrAr AGTG*m | rGrUrUrArArArArUrArArGr
TemolateDD | PEIRT | crecaciocioay | STOCmORr lBCNTgﬁi%T)ACG BEQ | s | GrerUAGUCIrGIUr
- - (SEQID NO: 4409) ArCTUTUIGTATATAT : U(SEQ ArUrCrArArCrUrUrGrArArA
ArAGIUIGIGICrAr ID NO: rArArGrUrGrGrCrArCrCrGr
CrCIGrAGIUICIGr 4415) ArGrUrCrGrGrUrGrCCCT
GACGTACGGCGTGCAG
GrUrGrC (SEQID TemeHmUAMU
NO: 4411) m
(SEQID NO: 4417)
mG*mC*mC*rGrArArGrCr
rGrUrUrlUrUrArGrA ArCrUrGrCrArCrGrCrCrGr
rGrCrUrArGrArArA UrGrUrUrUrUrArGrArGrCr
rUrArGrCrArArGrU rGrCrGrU | UrArGrArArArUrArGrCrArA
rUrArArArArUrArAr rGrCrArG | rGrUrUrArArArArUrArAIGr
Temolate DR BFP ot 11RT mG*mC*mC*rCrArArGrCrAr | GrGrCrUrArGrUrCr | CCTGACGTACG (SEQ | rUrG*mC* | GrCrUrArGrUrCrCrGrUrUr
P 13§gS_DR CrUrGrCrArCrGrCrCrGrU CrGrUrUrArUrCrAr | 1D NO: 4414) mU*mU ArUrCrArArCrUrUrGrArArA
- - (SEQID NO: 4410) ArCrUrUrGrArArAr (SEQID rATArGrUrGrGrCrArCrCrGr
ArArGrUIGIGrCrAr NO: ArGrUrCrGrGrUrGrCCCT
CrCrGrArGrUrCrGr 4416) GACGTACGIGrCrGrUrGr
GrUrGrC (SEQID CrArGrUrG* mC*mU*mU
NO: 4412) (SEQID NO: 4418)
(CrUUUUTAGr mG*mC*mC*rGrArArGrCr
ArCrUrGrCrArCrGrCrCrGr
ArGrCrUrArGrArAr
erergry | UrGrUrUrUrUrArGrArGiCr
ArUrArGICrArArGr
UrArGrArArArUrArGrCrArA
UrUrArAVATATrAr (CIOIAG rGrUrUrArArArArUrArArGr
BFP g4 {1RT | MO MCMCTGAAIGICIA | AGIGICUAIGU |6 6o nararumcr | V€™ | GromiGUicicrarutr
Template RR rCrUrGrCrArCrGrerCrGrl (| CrCrGrUrUrArUrCr ) mU*mU (
_13PBS_RR . G (SEQ ID NO: 4421) ArUrCrArArCrUrUrGrArArA
SEQID NO: 4419) ArArCrUrUrGrArAr SEQID
rArArGrUrGrGrCrArCrCrGr
ArArArGrUrGrGrCr NO:
ArGrUrCrGrGrUrGrCrCrCr
ArCrCrGrArGrUrCr 4429)
UrGrArCrGrUrArCrGrGrCr
GrGrurGrC (SEQ NI
ID NO: 4420) GrUrGrCrArGrUrG*mC*m
) U'mU (SEQ ID NO: 4423)

RNA, expressed as 't ', for example rA, rU; DNA, expressed as' ', for example A, T, 2' O-
methyl RNA bases are expressed as 'm_'; Phosphorothioated 2'-O-methyl RNA bases are entered
as'm *'.

Experiments were performed to determine the genome editing capacity of the Cas-Pol

fusion gene modifying polypeptides.

U20S or HEK293T cells were infected with lentiviral vectors encoding an exemplary

gene modifying polypeptide and containing an antibiotic (Puromycin) resistance cassette. The
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cells stably expressing the gene modifying polypeptide were selected by culturing the cells in
puromycin-supplemented media. 250,000 cells/well (96-well plate) were nucleofected with 2.5
uM and 5 uM of the chemically synthesized exemplary template nucleic acid molecules. Cells
were subjected to Fluorescence-activated Cell Sorting (FACS, flow) on day 3 post-nucleofection.
The frequency of intended editing (conversion of BFP positive cells into GFP positive cells) was
determined as the percentage of GFP positive cells relative to the percentage of BFP positive

cells (FIGs. 3A and 3B).

The results show that gene modifying polypeptides nCas9-UL-Pol6 L, nCas9-UL-
Pol6 M, nCas9-UL- Pol® 4x0q, nCas9-FL-Pol6 M, and nCas9-FL-Pol® 4x0q exhibited editing
activity, e.g., up to ~75% editing efficiency in HEK293 cells. The gene modifying polypeptides
showed high editing activity (comparable to or higher than the benchmark gene modifying
polypeptide containing a control reverse transcriptase) with template nucleic acid comprising a
DNA-encoded heterologous object sequence and an RNA primer binding sequence, denoted as
“DR” (FIG. 3A-B). The gene modifying polypeptides also exhibited editing activity with
template nucleic acid comprising both DNA heterologous object sequence and DNA primer
binding sequence, denoted as “DD”, although less than when an RNA primer binding sequence
was used (FIG. 3A-B). The gene modifying polypeptides showed no editing activity with
template nucleic acids comprising RNA heterologous object sequence and RNA primer binding
sequences, denoted as “RR” (FIG.3A-B). The levels of editing were comparable or higher than
the benchmark gene modifying polypeptide, demonstrating that gene modifying polypeptides
using polymerase domains are useful alternatives to gene modifying polypeptides using reverse
transcriptase domains. The results further demonstrate that a variety of truncations of Pol6 can
be used as polymerase domains, as the data shows gene modifying polypeptides comprising any

truncations tested (including complete truncation of the central domain) had editing activity.

It should be understood that for all numerical bounds describing some parameter in this

2

application, such as “about,” “at least,” “less than,” and “more than,” the description also
necessarily encompasses any range bounded by the recited values. Accordingly, for example,
the description “at least 1, 2, 3, 4, or 57 also describes, inter alia, the ranges 1-2, 1-3, 1-4, 1-5, 2-

3, 2-4,2-5,3-4, 3-5, and 4-5, et cetera.
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For all patents, applications, or other reference cited herein, such as non-patent literature
and reference sequence information, it should be understood that they are incorporated by
reference in their entirety for all purposes as well as for the proposition that is recited. Where
any conflict exists between a document incorporated by reference and the present application,
this application will control. All information associated with reference gene sequences disclosed
in this application, such as GenelDs or accession numbers (typically referencing NCBI accession
numbers), including, for example, genomic loci, genomic sequences, functional annotations,
allelic variants, and reference mRNA (including, e.g., exon boundaries or response elements) and
protein sequences (such as conserved domain structures), as well as chemical references (e.g.,
PubChem compound, PubChem substance, or PubChem Bioassay entries, including the
annotations therein, such as structures and assays, et cetera), are hereby incorporated by

reference in their entirety.

Headings used in this application are for convenience only and do not affect the

interpretation of this application.
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CLAIMS
What is claimed is:
1. A gene modifying polypeptide comprising:
a Cas domain (e.g., a Cas nickase domain, e.g., a Cas9 nickase domain);
a polymerase (Pol) domain of Table 1 or Table 23, or a sequence having at least 70%,
75%, 80%, 85%, 90%, 95%, 97%, 98%, or 99% identity thereto, wherein the Pol domain is C-
terminal of the Cas domain; and

a linker disposed between the Pol domain and the Cas domain.

2. The gene modifying polypeptide of claim 1, wherein the linker has a sequence from
Table 6, or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, or 99%
identity thereto.

2

3. The gene modifying polypeptide of claim 1 or 2, wherein the Pol domain has a sequence

with at least 90% identity to the Pol domain of Table 1 or 23.

4. The gene modifying polypeptide of any of the preceding claims, wherein the Pol domain
has a sequence with at least 95% identity to the Pol domain of Table 1 or 23.

5. The gene modifying polypeptide of any of the preceding claims, wherein the Pol domain
has a sequence with at least 98% identity to the Pol domain of Table 1 or 23.

6. The gene modifying polypeptide of any of the preceding claims, wherein the Pol domain
has a sequence with at least 99% identity to the Pol domain of Table 1 or 23.

7. The gene modifying polypeptide of any of the preceding claims, wherein the Pol domain
has a sequence with 100% identity to the Pol domain of Table 1 or 23.

8. The gene modifying polypeptide of any of the preceding claims, wherein the linker has a

sequence with at least 90% identity to the linker sequence from Table 6.

329



WO 2023/039407 PCT/US2022/076024

9. The gene modifying polypeptide of any of the preceding claims, wherein the linker has a

sequence with at least 95% identity to the linker sequence from Table 6.

10.  The gene modifying polypeptide of any of the preceding claims, wherein the linker has a

sequence with at least 97% identity to the linker sequence from Table 6.

11.  The gene modifying polypeptide of any of the preceding claims, wherein the linker has a

sequence with 100% identity to the linker sequence from Table 6.
12.  The gene modifying polypeptide of any of the preceding claims, wherein the Cas domain
comprises a sequence of Table 4, or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%,

98%, or 99% identity thereto.

13.  The gene modifying polypeptide of any of the preceding claims, wherein the Cas domain

is a Cas nickase domain.

14.  The gene modifying polypeptide of any of the preceding claims, wherein the Cas domain

is a Cas9 nickase domain.

15.  The gene modifying polypeptide of any of the preceding claims, wherein the Cas domain

comprises an N863A mutation.

16.  The gene modifying polypeptide of any of the preceding claims, which comprises an
NLS, e.g., wherein the gene modifying polypeptide comprises two NLSs.

17.  The gene modifying polypeptide of any of the preceding claims, which comprises an

NLS N-terminal of the Cas9 domain.

18.  The gene modifying polypeptide of any of the preceding claims, which comprises an

NLS C-terminal of the Pol domain.
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19.  The gene modifying polypeptide of any of the preceding claims, which comprises a first
NLS which is N-terminal of the Cas9 domain and a second NLS which is C-terminal of the Pol

domain.

20.  Anucleic acid (e.g., DNA or RNA, e.g., mRNA) encoding the gene modifying
polypeptide of any of the preceding claims.

21. A cell comprising the gene modifying polypeptide of any of claims 1-19 or the nucleic

acid of claim 20.

22, A system comprising:
1) the gene modifying polypeptide of any of claims 1-19, and
i1) a template nucleic acid (e.g., a template RNA) that comprises:

a) a gRNA spacer that is complementary to a portion a target nucleic acid
sequence;

b) a gRNA scaffold that binds the Cas domain of the gene modifying polypeptide;
¢) a heterologous object sequence; and

d) a primer binding site sequence (PBS sequence).

23.  The system of claim 22, wherein the template nucleic acid comprises RNA.

24.  The system of claim 22 or 23, wherein the template nucleic acid comprises DNA.

25.  The system of claim 22, wherein the template nucleic acid comprises DNA and RNA.

26.  The system of any of claims 22-25, wherein the template nucleic acid comprises a nucleic

acid sequence as listed in Table 24, or a nucleic acid sequence having at least 75%, 80%, 85%,

90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.
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27.  The system of claim 26, wherein the gRNA spacer of the template nucleic acid comprises
a spacer sequence as listed in Table 24, or a nucleic acid sequence having at least 75%, 80%,

85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

28.  The system of claim 26 or 27, wherein the gRNA scaffold of the template nucleic acid
comprises a scaffold sequence as listed in Table 24, or a nucleic acid sequence having at least

75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

29.  The system of any of claims 26-28, wherein the PBS sequence of the template nucleic
acid comprises a PBS sequence as listed in Table 24, or a nucleic acid sequence having at least

75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

30.  The system of claim 26, wherein the template nucleic acid sequence comprises one or
more (e.g., 1, 2, or all 3) of the following, e.g., in 5’ to 3’ order:

(1) a spacer sequence as listed in Table 24, or a nucleic acid sequence having at least
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto;

(i1) a scaffold sequence as listed in Table 24, or a nucleic acid sequence having at least
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto; and/or

(iii) a PBS sequence as listed in Table 24, or a nucleic acid sequence having at least 75%,

80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.
31.  The system of any of claims 26-30, wherein the template nucleic acid comprises a full
template molecule sequence as listed in Table 24, or a nucleic acid sequence having at least 75%,

80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

32, The system of any of claims 22-31, wherein the gRNA spacer and the gRNA scaffold
comprise RNA.

33.  The system of any of claims 22-32, wherein the heterologous object sequence comprises

DNA and PBS sequence comprise RNA.
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34.  The system of any of claims 22-32, wherein the heterologous object sequence and PBS

sequence comprise DNA.

35.  The system of any of claims 22-34, wherein the gene modifying polypeptide comprises
an amino acid sequence as listed in Table 23, or an amino acid sequence having at least 75%,

80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

36.  The system of any of claims 22-35, wherein the gene modifying polypeptide comprises
an amino acid sequence of any one of nCas9-UL-Pol6 L, nCas9-UL-Pol6 M, nCas9-UL-
Pol6 4x0q, nCas9-FL-Polf M, or nCas9-FL-Polf 4x0q, or an amino acid sequence having at
least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

37.  The system of any of claims 22-36, wherein the gene modifying polypeptide comprises a
Cas domain amino acid sequence of a gene modifying polypeptide as listed in Table 23, or an
amino acid sequence having at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%

sequence identity thereto.

38.  The system of any of claims 22-37, wherein the gene modifying polypeptide comprises a
Cas domain amino acid sequence of any one of nCas9-UL-Pol6 L, nCas9-UL-Pol6 M, nCas9-

UL-Pol6 4x0q, nCas9-FL-Pol6 M, or nCas9-FL- Pol8 4x0q, or an amino acid sequence having
at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

39.  The system of any of claims 22-38, wherein the gene modifying polypeptide comprises a
Pol domain amino acid sequence of a gene modifying polypeptide as listed in Table 23, or an
amino acid sequence having at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%

sequence identity thereto.

40.  The system of any of claims 22-39, wherein the gene modifying polypeptide comprises a
Pol domain amino acid sequence of any one of nCas9-UL- Polf_L, nCas9-UL-Pol6 M, nCas9-
UL-Pol6 4x0q, nCas9-FL-Pol8 M, or nCas9-FL-Pol8 4x0q, or an amino acid sequence having
at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.
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41.  The system of any of claims 22-40, wherein the gene modifying polypeptide comprises a
Cas domain amino acid sequence and a Pol domain amino acid sequence of a gene modifying
polypeptide as listed in Table 23, or amino acid sequences having at least 75%, 80%, 85%, 90%,
95%, 96%, 97%, 98%, or 99% sequence identity thereto.

42, The system of any of claims 22-41, wherein the gene modifying polypeptide comprises a
Cas domain amino acid sequence and a Pol domain amino acid sequence of any one of nCas9-
UL-Pol§ L, nCas9-UL-Polf M, nCas9-UL-Pol6 4x0q, nCas9-FL-Pol6 M, or nCas9-FL-
Pol6_4x0q, or amino acid sequences having at least 75%, 80%, 85%, 90%, 95%, 96%, 97%,
98%, or 99% sequence identity thereto.

43. A method for modifying a target nucleic acid in a cell (e.g., a human cell), the method
comprising contacting the cell with the system of any of claims 22-42, or nucleic acid encoding

the same, thereby modifying the target nucleic acid.

44, A method for treating a subject having a disease or condition associated with a genetic
defect, the method comprising;

administering to the subject a system, polypeptide, template RNA or DNA encoding the
same of any of the preceding claims, thereby treating the subject having a disease or condition

associated with a genetic defect.

45, The method of claim 44, wherein the disease or condition associated with a genetic defect
is an indication listed in any of Tables 12-15 and/or wherein the genetic defect is a defect in a

gene listed in any of Tables 12-15.

46. The method of claim 44 or 45, wherein the subject is a human patient.
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