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RNA-GUIDED GENOME RECOMBINEERING AT KILOBASE SCALE
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 62/984,618, filed
March 3, 2020, and U.S. Provisional Application No. 63/146,447, filed February 5, 2021, the contents of

each are incorporated herein by reference.
FIELD

[0002]  The present invention relates to RNA-guided recombineering-editing systems using phage

recombination enzymes as well as methods, vectors, nucleic acid compositions, and kits thereof.
BACKGROUND

[0003]  The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) system, originally
found in bacteria and archaea as part of the immune system to defend against invading viruses, forms the
basis for genome editing technologies that can be programmed to target specific stretches of a genome or
other DNA for editing at precise locations. While various CRISPR-based tools are available, the majority
are geared towards editing short sequences. Long-sequence editing is highly sought after in the
engineering of model systems, therapeutic cell production and gene therapy. Prior studies have developed
technologies to improve Cas9-mediated homology-5 directed repair (HDR), and tools leveraging nucleic
acid modification enzymes with Cas9, e.g., prime-editing, demonstrated editing up to 80 base-pairs (bp)
in length. Despite these progresses, there are continued demands for large-scale mammalian genome

engineering with high efficiency and fidelity.
SUMMARY

[0004]  Provided herein are systems and methods that facilitate nucleic acid editing in a manner that
allows large-scale nucleic acid editing with high accuracy and low off-target errors. These systems and
methods employ a combination of microbial recombination components with CRISPR recombination
components.

[0005]  For example, disclosed herein are systems comprising a protein, a nucleic acid molecule
comprising a guide RNA sequence that is complementary to a target DNA sequence, and a microbial
recombination protein. The microbial recombination protein may be, for example, RecE, RecT, lambda

exonuclease (Exo), Bet protein (betA, redB), exonuclease gp6, single-stranded DNA-binding protein
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gp2.5, or a derivative or variant thereof. In some embodiments, the system further comprises donor DNA.
In some embodiments, the target DNA sequence is a genomic DNA sequence in a host cell.

[0006] In some embodiments, the system further comprises a recruitment system comprising at least
one aptamer sequence and an aptamer binding protein functionally linked to the microbial recombination
protein as part of a fusion protein. In some embodiments, the aptamer sequence is an RNA aptamer
sequence or a peptide aptamer sequence. In some embodiments, the RNA aptamer sequence is part of the
nucleic acid molecule. In some embodiments, the nucleic acid molecule comprises two RNA aptamer
sequences. In some embodiments, the microbial recombination protein is functionally linked to the
aptamer binding protein as a fusion protein. In some embodiments, the binding protein comprises a MS2
coat protein, a lambda N22 peptide, or a functional derivative, fragment, or variant thereof. In some
embodiments, the fusion protein further comprises a linker and/or a nuclear localization sequence.

[0007]  Disclosed herein are compositions comprising a nucleic acid sequence encoding a fusion
protein comprising a microbial recombination protein functionally linked to an aptamer binding protein.
The microbial recombination protein may be RecE, RecT, lambda exonuclease (Exo), Bet protein (betA,
redB), exonuclease gpo, single-stranded DNA-binding protein gp2.5, or a derivative or variant thereof.
The compositions may further comprise one or both of a polynucleotide comprising a nucleic acid
sequence encoding a Cas protein and a nucleic acid molecule comprising a guide RNA sequence that is
complementary to a target DNA sequence. In some embodiments, the nucleic acid molecule further
comprises at least one RNA aptamer sequence. In some embodiments, the polynucleotide comprising a
nucleic acid sequence encoding a Cas protein further comprises a sequence encoding at least one peptide
aptamer sequence.

[0008]  Also disclosed herein are vectors comprising a nucleic acid sequence encoding a fusion protein
comprising a microbial recombination protein functionally linked to an aptamer binding protein. The
microbial recombination protein may be RecE, RecT, lambda exonuclease (Exo), Bet protein (betA,
redB), exonuclease gp6, single-stranded DNA-binding protein gp2.5, or a derivative or variant thereof.
The vectors may further comprise one or both of a polynucleotide comprising a nucleic acid sequence
encoding a Cas protein and a nucleic acid molecule comprising a guide RNA sequence that is
complementary to a target DNA sequence. In some embodiments, the nucleic acid molecule further
comprises at least one RNA aptamer sequence. In some embodiments, the polynucleotide comprising a
nucleic acid sequence encoding a Cas protein further comprises a sequence encoding at least one peptide

aptamer sequence.

RECTIFIED SHEET (RULE 91)



WO 2021/178432 PCT/US2021/020513

[0009]  In some embodiments, the RecE and RecT recombination protein is derived from F. coli. In
some embodiments, the RecE, or derivative or variant thereof, comprises an amino acid sequence with at
least 70% similarity to amino acid sequences selected from the group consisting of SEQ ID NOs: 1-8. In
some embodiments, the RecT, or derivative or variant thereof, comprises an amino acid sequence with at
least 70% similarity to amino acid sequences selected from the group consisting of SEQ ID NO: 9.
[0010]  In some embodiments, the Cas protein is Cas9 or Cas12a. In some embodiments, the Cas
protein is a catalytically dead. In some embodiments, the Cas9 protein is wild-type Streptococcus
pyogenes Cas9 or a wild-type Staphylococcus aureus Cas9. In some embodiments, the Cas9 protein is a
Cas9 nickase (e.g., wild-type Streptococcus pyogenes Cas9 with an amino acid substation at position 10
of D10A).

[0011]  Also disclosed is a eukaryotic cell comprising the systems or vectors disclosed herein.

[0012]  Further disclosed herein are methods of altering a target genomic DNA sequence in a host cell.
The methods comprise contacting the systems, compositions, or vectors described herein with a target
DNA sequence (e.g., introducing the systems, compositions, or vectors described herein into a host cell
comprising a target genomic DNA sequence). Kits containing one or more reagents or other components
useful, necessary, or sufficient for practicing any of the methods are also disclosed herein,

[0013]  Other aspects and embodiments of the disclosure will be apparent in light of the following

detailed description and accompanying figures.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014]  FIG. 1A and FIG. 1B are the reconstructed RecE (FIG. 1A) and RecT (FIG. 1B) phylogenetic
trees with eukaryotic recombination enzymes from yeast and human.

[0015]  FIG. 2A is a phylogenetic tree and length distribution of RecE/RecT homologs. FIG. 2B is the
metagenomics distribution of RecE/T. FIG. 2C is a schematic showing central models disclosed herein.
FIG. 2D are graphs of the genome knock-in efficiency of RecE/T homologs.

[0016]  FIG. 3A and 3B are graphs of the high-throughput sequencing (HTS) reads of homology
directed repair (HDR) at the £EAMX1 (FIG. 3A) locus and the VEGFA (FIG. 3B) locus. FIGS. 3C-3D are
graphs of the mKate knock-in efficiency at HSP904A 1 (FIG. 3C), DYNLTI (FIG. 3D), and A4V S1 (FIG.
3E) loci in HEK293T cells. FIG. 3F is images of mKate knock-in efficiency in HEK293T cells with
RecT. FIG. 3G is a schematic of an exemplary A4VS1 knock-in strategy and chromatogram trace from

RecT knock-in group. FIG. 3H is schematics and graphs of the recruitment control experiment and
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corresponding knock-in efficiency. All results are normalized to NR. (NC, no cutting; NR, no
recombinator).

[0017]  FIGS. 4A-4C are graphs of the relative mKate knock-in efficiencies to the NE group at
HSP904AI (FIG. 4A), DYNLT! (FIG. 4B), and AAVS! (FIG. 4C) loci in HEK293T cells. (NC, no cutting
control group. NR, no recombinator control group.) FIG. 4D is an image of an exemplary agarose gel of
junction PCR that validates mKate knock-in at A4VS1 locus. FIG. 4E and 4F are graphs of the absolute
and (FIG. 4E) and relative (FIG. 4F) LOV knock-in efficiencies at A4V S1 locus.

[0018]  FIGS. 5A-5D are graphs of the genomic knock-in efficiencies at different loci across cell lines
A549 (FIG. 5A), HepG2 (FIG. 5B), HeLa (FIG. 5C), and hESCs (H9) (FIG. 5D). FIG. 5E is images of
mKate knock-ins in hESCs. FIG. 5F and 5G are genomic-wide off-target site (OTS) counts (FIG. 5F) and
OTS chromosomal distribution (FIG. 5G) of REDITv1 tools.

[0019]  FIGS. 6A-6D are graphs of the relative mKate knock-in efficiency at the AAVS1 locus and the
DYNT1I locus in A549 cell line (FIG. 6A), the DYNLT1 locus and the HSP90AA I locus in HepG2 cell line
(FIG. 6B), the DYNLTI locus and the HSP90AAI locus in Hela cell line (FIG. 6C), and the HSP90AA
locus and the OC T4 locus in hES-HO cell line (FIG. 6D). (NC, no cutting control group. NR, no
recombinator control group. All data normalized to NR group.) FIG. 6E is representative FACS results of
HSP90AA 1 mKate knock-in in hES-HO cells.

[0020]  FIGS. 7A-7D are graphs of the absolute mKate knock-in efficiencies of different homology
arm lengths at the DYNLTI (FIG. 7A) and HSP90AAI (FIG. 7B) loci and the no recombinator controls for
DYNLTI (FIG. 7C) and HSP90AA! (FIG. 7D).

[0021]  FIGS. 8A-8E are graphs of the indel rates of the top 3 predicted off-target loci associated with
sgEMXI1 (FIGS. 8A-8C) or sgVEGFA (FIGS. 8D-8E) in the REDITv1 system.

[0022]  FIG. 9A is a schematic of select embodiments of REDITv2N and corresponding knock-in
efficiencies in HEK293T cells. FIG. 9B and 9C are graphs of genomic-wide off-target site (OTS) counts
(FIG. 9B) and OTS chromosomal distribution (FIG. 9C) comparing REDITv2N against REDITv1. FIG.
9D is a schematic of select embodiments of REDITv2D and corresponding knock-in efficiencies. FIG. 9E
is a graph of editing efticiency of REDITv1, REDITv2N, and REDITv2D under serum starvation
conditions. FIG. 9F is the knock-in efficiencies of REDITv3 in hESCs. FIG. 9G is images of mKate
knock in using REDITv3 in hESCs.
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[0023]  FIG. 10A and 10B are schematics and graphs of the relative mKate knock-in efficiencies of
select embodiments of REDITv2N (FIG. 10A) and REDITv2D (FIG. 10B) at the DYNLT1 locus and the
HSP90AAI locus.

[0024]  FIGS. 11A-11D are images of agarose gels showing junction PCR of mKate knock-in at the
DYNLTI locus and the HSP90AA! locus for a select REDITv2N system.

[0025]  FIG. 12A and 12B are graphs of the genomic distribution of detected off-target cleavages of
select embodiments of REDITv2 (FIG. 12A) and REDITv2N (FIG. 12B). A pileup includes alignments
that have two or more reads overlapping with each other. Flanking pairs include alignments that show up
on opposite strands within 200bp upstream of each other. Target matched includes alignments that match
to a treated target in the upstream sequence (up to 6 mismatches, including 1 mismatch in the PAM, are
allowed in the target sequence). FIG. 12C is a graph of the HTS HDR and indel reads at ZA/X1 locus for
REDITV2N system.

[0026]  FIG. 13A is an image of an agarose gel showing junction PCR of mKate knock-ins at the
DYNLTI locus for REDITv2D system.

[0027]  FIGS. 14A-14C are graphs of the mKate knock-in efficiencies at the HSP904A4 1 locus in
REDITv2 (FIG. 14A), REDITv2N (FIG. 14B) and REVITv2D (FIG. 14C) when treated with different
FBS concentrations. FIGS. 14D-14F are graphs of the mKate knock-in efficiencies at the HSP90A4A 1
locus in REDITv2 (FIG. 14D), REDITv2N (FIG. 14E) and REVITv2D (FIG. 14F) when treated with
different serum FBS concentrations.

[0028]  FIG. 15 is images of the nuclear localization of RecE 587 and RecT following EGFP fusion to
the REDITv1 systems. Nuclei were stained with NucBlue Live Ready Probes Reagent.

[0029]  FIG. 16A and 16B are the relative mKate knock-in efficiencies at HSP90A4A land DYNLT1 loci
following fusion of different nuclear localization sequences to either the N- or C-terminus of RecT and
RecE 587. FIG. 16C and 16D are graphs of the absolute mKate knock-in efficiencies of the constructs
from FIGS. 16A and 16B for the DYNLT1 locus (FIG. 16C) and the HSP90AA 1 locus (FIG. 16D).

[0030]  FIGS. 17A-17D are graphs of the relative (FIGS. 17A and 17B) and absolute (FIGS. 17C and
17D) mKate knock-in efficiencies for the DYNLT1 locus (FIGS. 17A and 17C) and the HSP904A1 locus
(FIGS. 17B and 17D) following fusion new NLS sequences as well as optimal linkers to REDITv2 and
REDITV3 variants. The REDITv2 versions using REDITv2N (D10A or H840A) and REDITv2D (dCas9)
are indicated in the horizonal axis, along with the number of guides used. The different colors represent

the different control groups and REDIT versions.
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[0031]  FIG. 18 is a graph of the relative editing efficiency of REDITv3N system at HSP90AA 1 locus
in hES-HO cells.

[0032]  FIG. 19A is a diagram of an exemplary saCas9 expression vector. FIGS. 19B-19E are graphs
of the relative mKate knock-in efficiencies at the A4VS7 locus (FIG. 19D) and HSP90A4A 1 locus (FIG.
19E) of different effectors in saCas9 system and the respective absolute efficiencies (FIG. 19B and 19C,
respectively). NC, no cutting control group. NR, no recombinator control group.

[0033] FIG. 20A is a schematic of RecT truncations. FIGS. 20B and 20C are graphs of the relative
mKate knock-in efficiencies at the DYNLT1 locus for wild-type Streptococcus pyogenes Cas9 and
Streptococcus pyogenes CasOn(D10A) with single- and double-nicking,

[0034] FIG. 21A is a schematic of RecE 587 truncations. FIGS. 21B and 21C are graphs of the
relative mKate knock-in efficiencies at the DYNLT locus for wild-type Streptococcus pyogenes Cas9 and
Streptococcus pyogenes CasOn(D10A) with single- and double-nicking.

[0035]  FIGS. 22A and 22B are graphs of comparison of efficiency to perform recombineering-based
editing with various exonucleases (FIG. 22A) and single-strand DNA annealing protein (SSAP) (FIG.
22B) from naturally occurring recombineering systems, including NR (no recombinator) as negative
control. The gene-editing activity was measured using mKate knock-in assay at genomic loci (DYNLT1
and HSP90AAT1). The data shown are percentage of successful mKate knock-in using human HEK293
cells, each experiments were performed in triplicate (n=3).

[0036]  FIGS. 23A-23E show a compact recruitment system using boxB and N22. The REDIT
recombinator proteins were fused to N22 peptide and within the sgRNA was boxB, the short cognizant
sequence of N22 peptide (FIG. 23A). FIGS. 23B-23E are graphs of the gene-editing efficiency using
mKate knock-in assay, with wildtype SpCas9, with side-by-side comparisons to the MS2-MCP
recruitment system. FIGS. 23B and 23D are absolute mKate knock-in efficiency at DYNLTI, HSP90AA1
loci and FIGS. 23C and 23E are relative efficiencies. The data shown are percentage of successful mKate
knock-in using HEK293 human cells, each experiments were performed in triplicate (n=3).

[0037]  FIGS. 24A-24C show a SunTag recruitment system. The REDIT recombinator proteins were
fused to scFV antibody and the GCN4 peptide in tandem fashion (10 copies of GCN4 peptide separated
by linkers) was fused to the Cas9 protein (FIG. 24A). An mKate knock-in experiment (FIG. 24B) with the
DYNLTI locus was used to measure the gene-editing knock-in efficiency (FIG. 24C). All data are
measurements of gene-editing efficiency using mKate knock-in assay, with wildtype SpCas9. Absolute

mKate knock-in efficiency at DYNLT/ are shown in the bottom right corner of each flow cytometry plot,
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where the control is without recombinator (NR), which included scFV fused to GFP protein as negative
control, all experiments done in HEK293 human cells.

[0038]  FIGS. 25A and 25B exemplify REDIT with a Cas12A system. A Cpfl/Casl12a based REDIT
system via the SunTag recruitment design was created (FIG. 25A) for two different Cpf1/Cas12a proteins.
Using the mKate knock-in assay, the efficiencies at two endogenous loci (DYNLT1 and AAST) were
measured. (FIG. 25B). Shown are absolute mKate knock-in efficiency as measured by mKate+ cell
percentage using HEK293 human cells, each experiment was performed in triplicate (n=3), where the
negative control is without recombinator (NR).

[0039]  FIGS. 26A and 26B are the measurements of precision recombineering activity via mKate
knock-in gene-editing assay using RecE and RecT homologs at the DYNLT1 locus (A) and the HSP90AA 1
locus (B). Shown are absolute mKate knock-in efficiency as measured by mKate+ cell percentage using
HEK293 human cells, each experiments were performed in triplicate (n=3), where the negative control is
without recombinator (NR) and no cutting (NC). The original RecE and RecT from E. coli were also
included as positive controls.

[0040]  FIGS. 27A and 27B is a schematic showing the SunTag-based recruitment of SSAP RecT to
Cas9-gRNA complex for gene-editing (FIG. 27A) and a graph quantifying the editing efficiencies of
SunTag compared to MS2-based strategies (FIG. 27B).

[0041]  FIGS. 28A-28C show comparisons of REDIT with alternative HDR-enhancing gene-editing
approaches. FIG. 28A is schematics showing alternative HDR-enhancing approaches via fusing functional
domains, CtIP or Geminin (Gem), to Cas9 protein (left) and when combined with REDIT (right). FIG.
28B is an alternative small-molecule HDR-enhancing approach through cell cycle control. Nocodazole
was used to synchronize cells at the G2/M boundary (left) according to the timeline shown (right). FIG.
28C is comparisons of gene-editing efficiencies using REDIT and alternative HDR-enhancing tools,
Cas9-HE (CtIP fusion), Cas9-Gem (Geminin fusion), and Nocodazole (noc), along with combination of
REDIT with these methods (Cas9-HE/Cas9-Gem/noc+REDIT). Donor DNAs have 200 + 400 bp
(DYNLTI) or 200 + 200bp (HSP90AAI) of HAs. All assays performed with no donor, NTC and Cas9 (no
enhancement) controls. #P < 0.05, compared to REDIT; ##P < 0.01, compared to REDIT.

[0042]  FIGS. 29A-29D show template design guideline, junction precision, and capacity of REDIT
gene-editing methods. FIG. 29A is graphs of a homology arm (HA) length test comparing different
template designs of HDR donors (longer HAs) or NHEJ/MMEJ donors (zero/shorter HAs) using REDIT

and Cas9 references. Top and bottom are two genomic loci tested using mKate knock-in assay. FIG. 29B
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is a design of an exemplary junction profiling assay through isolation of knock-in clones, followed by
genomic PCR using primers (fwd, rev) binding outside donor to avoid template amplification. Paired
Sanger sequencing of the PCR products reveal homologous and non-homologous edits at the 5’- and 3’-
junctions. FIG. 29C is a graph of the percentage of colonies with indicated junction profiles from the
Sanger sequencing of knock-in clones as in FIG. 29B. Editing methods and donor DNA are listed at the
bottom (HA lengths indicated in bracket). FIG. 29D is a graph of knock-in efficiencies using a 2-kb
cassette to insert dual-GFP/mKate tags to validate REDIT methods with Cas9. HA lengths of donor
DNAs indicated at the bottom.

[0043]  FIGS. 30A-30C show GISseq results indicating that REDIT is an efficient method with the
ability to insert kilobase-length sequences with less unwanted editing events. FIG. 30A is a schematic
showing the design, procedures, and analysis steps for GIS-seq to measure genome-wide insertion sites of
the knock-in cassettes. High-molecular-weight (HMW) genomic DNA purification was needed to remove
potential contamination from donor DNAs. Donor DNAs had 200 bp HAs each side. FIG. 30B is
representative GIS-seq results showing plus/minus reads at on-target locus DYNLT1. The expected 2A-
mKate knock-in site before the stop codon of the last exon are the center of the trimmed reads (reads
clipped to remove 2A-mKate cassette). The template mutations help to avoid gRNA targeting and
distinguish genomic and edited reads are labeled. FIG. 30C is a summary of top GIS-seq insertion sites
comparing Cas9dn and REDITdn groups, showing the expected on-target insertion site (highlighted) and
reduced number of identified off-target insertion sites when using REDITdn. (Left) DYNLTI and (Right)
ACTB loci with MLE calculated from the distribution of filtered and trimmed GIS-seq reads.

[0044]  FIGS. 31A-31F show the dependence of REDIT gene-editing on endogenous DNA repair and
applying REDIT methods for human stem cell engineering. FIG. 31A is a model showing the editing
process and major repair pathways involved when using REDIT or Cas9 for gene-editing, the HDR
pathway are highlighted for chemical perturbation (inhibition of RAD51). Donor DNAs with 200 + 200
bp HAs are used for all inhibitor experiments. FIGS. 31B and 31C are graphs showing the relative knock-
inefficiency of REDIT tools compared with Cas9 reference treated with RADS1 inhibitor BO2 and RI-1,
or vehicle-treated, for the wtCas9-based REDIT and Cas9 (FIG. 31B) and for Cas9 nickase-based
REDITdn and Cas9dn (FIG. 31C). All conditions were measured with 1-kb knock-in assay at two
genomic loci (DYNLTI and HSP90AAI). FIG. 31D are graphs of knock-in efficiencies in hESCs (H9)
using REDIT and REDITdn tested across three genomic loci, compared with corresponding Cas9 and
Cas9dn references. FIGS. 31E and 31F are flow cytometry plots of mKate knock-in results in hESCs
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using REDIT, REDITdn with Cas9, Cas9dn, and NTC controls. Donor DNAs in the hESC experiments
have 200 + 200 bp HAs across all loci tested.

[0045]  FIGS. 32A-32B show chemical perturbations to dCas9 REDIT. Gene editing efficiencies were
determined when treated with mammalian DNA repair pathway inhibitors (Mirin, RI-1, and B02) with
(FIG. 32A) and without (FIG. 32B) cell cycle inhibitor (Thy, doubly Thymidine) blocking. Statistical
analyses are from t-test results with 1% FDR via a two-stage step-up method.

[0046]  FIGS. 33A and 33B are schematics of the DNA components (gene-editing vectors and
template DNA) and tail vein injection of mice, respectively.

[0047]  FIGS. 34A-34C are results from the tail vein injection of mice with gene-editing vectors. FIG.
34A is a schematic and gel electrophoresis of PCR analysis of liver hepatocytes from the injected mice.
FIG. 34B is the Sanger sequencing results of the PCR amplicon (SEQ ID NO: 162). FIG. 34C is a
schematic of next-generation sequencing and a graph of the quantification of knock-in junction errors.
[0048] FIGS. 35A and 35B are schematics of the DNA components (gene-editing and control vector)
and adeno-associated virus (AAV) treatment, respectively. FIG. 35C is fluorescent images of lungs from

AAV treated mice and graphs of corresponding quantitation of tumor number.

DETAILED DESCRIPTION OF THE INVENTION

[0049]  The present disclosure is directed to a system and the components for DNA editing. In
particular, the disclosed system based on CRISPR targeting and homology directed repair by phage
recombination enzymes. The system results in superior recombination efficiency and accuracy at a

kilobase scale.
1. Definitions

[0050]  To facilitate an understanding of the present technology, a number of terms and phrases are
defined below. Additional definitions are set forth throughout the detailed description.

[0051]  The terms “comprise(s),” “include(s),” “having,” “has,” “can

7«
)

contain(s),” and variants
thereof, as used herein, are intended to be open-ended transitional phrases, terms, or words that do not
preclude the possibility of additional acts or structures. The singular forms “a,” “and” and “the” include
plural references unless the context clearly dictates otherwise. The present disclosure also contemplates
other embodiments “comprising,” “consisting of” and “consisting essentially of,” the embodiments or

elements presented herein, whether explicitly set forth or not.
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[0052]  For the recitation of numeric ranges herein, each intervening number there between with the
same degree of precision is explicitly contemplated. For example, for the range of 6-9, the numbers 7 and
8 are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the number 6.0, 6.1, 6.2,6.3,6.4, 6.5,
6.6,6.7, 6.8, 6.9, and 7.0 are explicitly contemplated.

[0053]  Unless otherwise defined herein, scientific, and technical terms used in connection with the
present disclosure shall have the meanings that are commonly understood by those of ordinary skill in the
art. For example, any nomenclature used in connection with, and techniques of, cell and tissue culture,
molecular biology, immunology, microbiology, genetics and protein and nucleic acid chemistry and
hybridization described herein are those that are well known and commonly used in the art. The meaning
and scope of the terms should be clear; in the event, however of any latent ambiguity, definitions provided
herein take precedent over any dictionary or extrinsic definition. Further, unless otherwise required by
context, singular terms shall include pluralities and plural terms shall include the singular.

[0054]  The terms “complementary” and “complementarity” refer to the ability of a nucleic acid to
form hydrogen bond(s) with another nucleic acid sequence by either traditional Watson-Crick base-paring
or other non-traditional types of pairing. The degree of complementarity between two nucleic acid
sequences can be indicated by the percentage of nucleotides in a nucleic acid sequence which can form
hydrogen bonds (e.g., Watson-Crick base pairing) with a second nucleic acid sequence (e.g., 50%, 60%,
70%, 80%, 90%, and 100% complementary). Two nucleic acid sequences are “perfectly complementary”
if all the contiguous nucleotides of a nucleic acid sequence will hydrogen bond with the same number of
contiguous nucleotides in a second nucleic acid sequence. Two nucleic acid sequences are “substantially
complementary” if the degree of complementarity between the two nucleic acid sequences is at least 60%
(e.g., 65%, 70%, 75%, 80%, 85%, 90%, 95%. 97%., 98%, 99%, or 100%) over a region of at least 8
nucleotides (e.g., 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30, 35, 40, 45, 50, or
more nucleotides), or if the two nucleic acid sequences hybridize under at least moderate, preferably high,
stringency conditions. Exemplary moderate stringency conditions include overnight incubation at 37° C in
a solution comprising 20% formamide, 5xSSC (150 mM NaCl, 15 mM trisodium citrate), 50 mM sodium
phosphate (pH 7.6), 5xDenhardt’s solution, 10% dextran sulfate, and 20 mg/ml denatured sheared salmon
sperm DNA, followed by washing the filters in 1xSSC at about 37-50° C., or substantially similar
conditions, e.g., the moderately stringent conditions described in Sambrook et al., infra. High stringency
conditions are conditions that use, for example (1) low ionic strength and high temperature for washing,

such as 0.015 M sodium chloride/0.0015 M sodium citrate/0.1% sodium dodecyl sulfate (SDS) at 50° C,
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(2) employ a denaturing agent during hybridization, such as formamide, for example, 50% (v/v)
formamide with 0.1% bovine serum albumin (BSA)/0.1% Ficoll/0.1% polyvinylpyrrolidone (PVP)/50
mM sodium phosphate buffer at pH 6.5 with 750 mM sodium chloride and 75 mM sodium citrate at 42°
C., or (3) employ 50% formamide, 5xSSC (0.75 M NaCl, 0.075 M sodium citrate), 50 mM sodium
phosphate (pH 6.8), 0.1% sodium pyrophosphate, SxDenhardt’s solution, sonicated salmon sperm DNA
(50 pg/ml), 0.1% SDS, and 10% dextran sulfate at 42° C., with washes at (1) 42° C. in 0.2xSSC, (ii) 55°
C. in 50% formamide, and (iii) 55° C. in 0.1xSSC (preferably in combination with EDTA). Additional
details and an explanation of stringency of hybridization reactions are provided in, e.g., Sambrook et al.,
Molecular Cloning: A Laboratory Manual, 3rd ed., Cold Spring Harbor Press, Cold Spring Harbor, N.Y.
(2001); and Ausubel et al., Current Protocols in Molecular Biology, Greene Publishing Associates and
John Wiley & Sons, New York (1994).

[0055] A cell has been “genetically modified,” “transformed,” or “transfected” by exogenous DNA,
e.g., a recombinant expression vector, when such DNA has been introduced inside the cell. The presence
of the exogenous DNA results in permanent or transient genetic change. The transforming DNA may or
may not be integrated (covalently linked) into the genome of the cell. In prokaryotes, yeast, and
mammalian cells for example, the transforming DNA may be maintained on an episomal element such as
a plasmid. With respect to eukaryotic cells, a stably transformed cell is one in which the transforming
DNA has become integrated into a chromosome so that it is inherited by daughter cells through
chromosome replication. This stability is demonstrated by the ability of the eukaryotic cell to establish
cell lines or clones that comprise a population of daughter cells containing the transforming DNA. A
“clone” is a population of cells derived from a single cell or common ancestor by mitosis. A “cell line” is
a clone of a primary cell that is capable of stable growth in vitro for many generations.

[0056]  Asused herein, a “nucleic acid” or a “nucleic acid sequence” refers to a polymer or oligomer
of pyrimidine and/or purine bases, preferably cytosine, thymine, and uracil, and adenine and guanine,
respectively. The present technology contemplates any deoxyribonucleotide, ribonuclectide, or peptide
nucleic acid component, and any chemical variants thereof, such as methylated, hydroxymethylated, or
glycosylated forms of these bases, and the like. The polymers or oligomers may be heterogenous or
homogenous in composition and may be isolated from naturally occurring sources or may be artificially
or synthetically produced. In addition, the nucleic acids may be DNA or RNA, or a mixture thereof, and
may exist permanently or transitionally in single-stranded or double-stranded form, including

homoduplex, heteroduplex, and hybrid states. In some embodiments, a nucleic acid or nucleic acid
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sequence comprises other kinds of nucleic acid structures such as, for instance, a DNA/RNA helix,
peptide nucleic acid (PNA), morpholino nucleic acid (see, e.g., Braasch and Corey, Biochemistry, 41(14):
4503-4510 (2002)) and U.S. Pat. No. 5,034,506, incorporated herein by reference), locked nucleic acid
(LNA,; see Wahlestedt et al., Proc. Natl. Acad. Sci. U.S.A., 97: 5633-5638 (2000), incorporated herein by
reference), cyclohexenyl nucleic acids (see Wang, J. Am. Chem. Soc., 122: 8595-8602 (2000),
incorporated herein by reference), and/or a ribozyme. Hence, the term “nucleic acid” or “nucleic acid
sequence” may also encompass a chain comprising non-natural nucleotides, modified nucleotides, and/or
non- nucleotide building blocks that can exhibit the same function as natural nucleotides (e.g., “nucleotide
analogs”); further, the term “nucleic acid sequence” as used herein refers to an oligonucleotide, nucleotide
or polynucleotide, and fragments or portions thereof, and to DNA or RNA of genomic or synthetic origin,
which may be single or double-stranded, and represent the sense or antisense strand. The terms “nucleic

EEIN3

acid,” “polynucleotide,” “nucleotide sequence,” and “oligonucleotide” are used interchangeably. They
refer to a polymeric form of nucleotides of any length, either deoxyribonucleotides or ribonucleotides, or
analogs thereof.

[0057] A “peptide” or “polypeptide” is a linked sequence of two or more amino acids linked by
peptide bonds. The peptide or polypeptide can be natural, synthetic, or a modification or combination of
natural and synthetic. Polypeptides include proteins such as binding proteins, receptors, and antibodies.
The proteins may be modified by the addition of sugars, lipids or other moieties not included in the amino
acid chain. The terms “polypeptide” and “protein,” are used interchangeably herein.

[0058]  Asused herein, the term “percent sequence identity” refers to the percentage of nucleotides or
nucleotide analogs in a nucleic acid sequence, or amino acids in an amino acid sequence, that is identical
with the corresponding nucleotides or amino acids in a reference sequence after aligning the two
sequences and introducing gaps, if necessary, to achieve the maximum percent identity. Hence, in case a
nucleic acid according to the technology is longer than a reference sequence, additional nucleotides in the
nucleic acid, that do not align with the reference sequence, are not taken into account for determining
sequence identity. Methods and computer programs for alignment are well known in the art, including
BLAST, Align 2, and FASTA.

[0059] A “vector” or “expression vector” is a replicon, such as plasmid, phage, virus, or cosmid, to
which another DNA segment, e.g., an “insert,” may be attached or incorporated so as to bring about the

replication of the attached segment in a cell.
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[0060]  The term “wild-type” refers to a gene or a gene product that has the characteristics of that gene
or gene product when isolated from a naturally occurring source. A wild-type gene is that which is most
frequently observed in a population and is thus arbitrarily designated the “normal” or “wild-type” form of
the gene. In contrast, the term “modified,” “mutant,” or “polymorphic” refers to a gene or gene product
that displays modifications in sequence and or functional properties (e.g., altered characteristics) when
compared to the wild-type gene or gene product. It is noted that naturally occurring mutants can be
isolated; these are identified by the fact that they have altered characteristics when compared to the wild-

type gene or gene product.
2. RNA-guided CRISPR Recombineering System

[0061]  Inbacteria and archaea, CRISPR/Cas systems provide immunity by incorporating fragments of
invading phage, virus, and plasmid DNA into CRISPR loci and using corresponding CRISPR RNAsg
(“crRNAs”) to guide the degradation of homologous sequences. Each CRISPR locus encodes acquired
“spacers” that are separated by repeat sequences. Transcription of a CRISPR locus produces a “pre-
crRNA,” which is processed to yield crRNAs containing spacer-repeat fragments that guide effector
nuclease complexes to cleave dSDNA sequences complementary to the spacer. Three different types of
CRISPR systems are known, type I, type I1, or type III, and classified based on the Cas protein type and
the use of a proto-spacer-adjacent motif (PAM) for selection of proto-spacers in invading DNA. The
endogenous type Il systems comprise the Cas9 protein and two noncoding crRNAs: trans-activating
crRNA (tractRNA) and a precursor crRNA (pre-crRNA) array containing nuclease guide sequences (also
referred to as “spacers”) interspaced by identical direct repeats (DRs). tractRNA 1s important for
processing the pre-crRNA and formation of the Cas9 complex. First, tractRNAs hybridize to repeat
regions of the pre-crRNA. Second, endogenous RNaselll cleaves the hybridized crRNA-tracrRNAs, and a
second event removes the 5” end of each spacer, yielding mature crRNAs that remain associated with both
the tractRNA and Cas9. Third, each mature complex locates a target double stranded DNA (dsDNA)
sequence and cleaves both strands using the nuclease activity of Cas9.

[0062]  CRISPR/Cas gene editing systems have been developed to enable targeted modifications to a
specific gene of interest in eukaryotic cells. CRISPR/Cas gene editing systems are commonly based on
the RNA-guided Cas9 nuclease from the type I prokaryotic clustered regularly interspaced short
palindromic repeats (CRISPR) adaptive immune system. Engineering CRISPR/Cas systems for use in
eukaryotic cells typically involves reconstitution of the crRNA-tracrRNA-Cas9 complex. In human cells,

for example, the Cas9 amino acid sequence may be codon-optimized and modified to include an
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appropriate nuclear localization signal, and the crRNA and tracrRNA sequences may be expressed
individually or as a single chimeric molecule via an RNA polymerase II promoter. Typically, the crRNA
and tracrRNA sequences are expressed as a chimera and are referred to collectively as “guide RNA”
(gRNA) or single guide RNA (sgRNA). Thus, the terms “guide RNA,” “single guide RNA,” and
“synthetic guide RNA,” are used interchangeably herein and refer to a nucleic acid sequence comprising a

2«

tractrRNA and a pre-ctrRNA array containing a guide sequence. The terms “guide sequence,” “guide,” and
“spacer,” are used interchangeably herein and refer to the about 20 nucleotide sequence within a guide
RNA that specifies the target site. In CRISPR/Cas9 systems, the guide RNA contains an approximate 20-
nucleotide guide sequence followed by a protospacer adjacent motif (PAM) that directs Cas9 via Watson-
Crick base pairing to a target sequence.

[0063] In some embodiments, the disclosure provides a system for RNA-guided recombineering
utilizing tools from CRISPR gene editing systems. The system comprises: a Cas protein, a nucleic acid
molecule comprising a guide RNA sequence that is complementary to a target DNA sequence and a
microbial recombination protein.

[0064]  Cas protein families are described in further detail in, e.g., Haft et al., PLoS Comput. Biol.,
1(6): €60 (2005), incorporated herein by reference. The Cas protein may be any Cas endonucleases. In
some embodiments, the Cas protein is Cas9 or Cas12a, otherwise referred to as Cpf1. In one embodiment,
the Cas9 protein is a wild-type Cas9 protein. The Cas9 protein can be obtained from any suitable
microorganism, and a number of bacteria express Cas9 protein orthologs or variants. In some
embodiments, the Cas9 is from Streptococcus pyogenes or Staphylococcus aureus. Cas9 proteins of other
species are known in the art (see, e.g., U.S. Patent Application Publication 2017/0051312, incorporated
herein by reference) and may be used in connection with the present disclosure. The amino acid
sequences of Cas proteins from a variety of species are publicly available through the GenBank and
UniProt databases.

[0065]  Insome embodiments, the Cas9 protein is a Cas9 nickase (Cas9n). Wild-type Cas9 has two
catalytic nuclease domains facilitating double-stranded DNA breaks. A Cas9 nickase protein is typically
engineered through inactivating point mutation(s) in one of the catalytic nuclease domains causing Cas9
to nick or enzymatically break only one of the two DNA strands using the remaining active nuclease
domain. Cas9 nickases are known in the art (see, e.g., U.S. Patent Application Publication 2017/0051312,
incorporated herein by reference) and include, for example, Streptococcus pyogenes with point mutations

at D10 or H840. In select embodiments, the Cas9 nickase is Streptococcus pyogenes Cas9n (D10A).
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[0066] In some embodiments, the Cas protein is a catalytically dead Cas. For example, catalytically
dead Cas9 is essentially a DNA-binding protein due to, typically, two or more mutations within its
catalytic nuclease domains which renders the protein with very little or no catalytic nuclease activity.
Streptococcus pyogenes Cas9 may be rendered catalytically dead by mutations of D10 and at least one of
E762, H840, N854, N863, or D986, typically H840 and/or N863 (see, e.g., U.S. Patent Application
Publication 2017/0051312, incorporated herein by reference). Mutations in corresponding orthologs are
known, such as N580 in Staphylococcus aureus Cas9. Oftentimes, such mutations cause catalytically dead
Cas proteins to possess no more than 3% of the normal nuclease activity.

[0067]  In some embodiments, the system comprises a nucleic acid molecule comprising a guide RNA
sequence complementary to a target DNA sequence. The guide RNA sequence, as described above,
specifies the target site with an approximate 20-nucleotide guide sequence followed by a protospacer
adjacent motif (PAM) that directs Cas9 via Watson-Crick base pairing to a target sequence.

[0068]  The terms “target DNA sequence,” “target nucleic acid,” “target sequence,” and “target site”
are used interchangeably herein to refer to a polynucleotide (nucleic acid, gene, chromosome, genome,
etc.) to which a guide sequence (e.g., a guide RNA) is designed to have complementarity, wherein
hybridization between the target sequence and a guide sequence promotes the formation of a
Cas9/CRISPR complex, provided sufficient conditions for binding exist. In some embodiments, the target
sequence is a genomic DNA sequence. The term “genomic,” as used herein, refers to a nucleic acid
sequence (e.g., a gene or locus) that is located on a chromosome in a cell. The target sequence and guide
sequence need not exhibit complete complementarity, provided that there is sufficient complementarity to
cause hybridization and promote formation of a CRISPR complex. A target sequence may comprise any
polynucleotide, such as DNA or RNA. Suitable DNA/RNA binding conditions include physiological
conditions normally present in a cell. Other suitable DNA/RNA binding conditions (e.g., conditions in a
cell-free system) are known in the art; see, e.g., Sambrook, referenced herein and incorporated by
reference. The strand of the target DNA that is complementary to and hybridizes with the DNA-targeting
RNA is referred to as the “complementary strand” and the strand of the target DNA that is complementary
to the “complementary strand” (and is therefore not complementary to the DNA-targeting RNA) is
referred to as the “noncomplementary strand” or “non-complementary strand.”

[0069]  The target genomic DNA sequence may encode a gene product. The term “gene product,” as
used herein, refers to any biochemical product resulting from expression of a gene. Gene products may be

RNA or protein. RNA gene products include non-coding RNA, such as tRNA, rRNA, micro RNA
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(miRNA), and small interfering RNA (siRNA), and coding RNA, such as messenger RNA (mRNA). In
some embodiments, the target genomic DNA sequence encodes a protein or polypeptide.

[0070]  In some embodiments, for instance, when the system includes a Cas9 nickase or a catalytically
dead Cas 9, two nucleic acid molecules comprising a guide RNA sequence may be utilized. The two
nucleic acid molecules may have the same or different guide RNA sequences, thus complementary to the
same or different target DNA sequence. In some embodiments, the guide RNA sequences of the two
nucleic acid molecules are complementary to a target DNA sequences at opposite ends (e.g., 3’ or 5°)
and/or on opposite strands of the insert location.

[0071]  Insome embodiments, the system further comprises a recruitment system comprising at least
one aptamer sequence and an aptamer binding protein functionally linked to the microbial recombination
protein as part of a fusion protein.

[0072]  In some embodiments, the aptamer sequence is an RNA aptamer sequence. In some
embodiments, the nucleic acid molecule comprising the guide RNA also comprises one or more

RNA aptamers, or distinct RNA secondary structures or sequences that can recruit and bind another
molecular species, an adaptor molecule, such as a nucleic acid or protein. The RNA aptamers can be
naturally occurring or synthetic oligonucleotides that have been engineered through repeated rounds of in
vitro selection or SELEX (systematic evolution of ligands by exponential enrichment) to bind to a specific
target molecular species. In some embodiments, the nucleic acid comprises two or more aptamer
sequences. The aptamer sequences may be the same or different and may target the same or different
adaptor proteins. In select embodiments, the nucleic acid comprises two aptamer sequences.

[0073]  Any RNA aptamer/ aptamer binding protein pair known may be selected and used in
connection with the present disclosure (see, e.g., Jayasena, S.D., Clinical Chemistry, 1999. 45(9): p. 1628-
1650; Gelinas, et al., Current Opinion in Structural Biology, 2016. 36: p. 122-132; and Hasegawa, H.,
Molecules, 2016; 21(4): p. 421, incorporated herein by reference).

[0074] A number of RNA aptamer binding, or adaptor, proteins exist, including a diverse array of
bacteriophage coat proteins. Examples of such coat proteins include but are not limited to: MS2, Qp, F2,
GA, fr, JPS01, M12, R17, BZ13, JP34, JP500, KU1, M11, MX1, TW18, VK, SP, FI, ID2, NL95, TW19,
AP205, ¢Cb35, ¢Cb8r, $Cb12r, 9Cb23r, 7s and PRR1. In some embodiments, the RNA aptamer binds
MS2 bacteriophage coat protein or a functional derivative, fragment or variant thereof. MS2 binding RNA
aptamers commonly have a simple stem-loop structure, classically defined by a 19 nucleotide RNA

molecule with a single bulged adenine on the 5’ leg of the stem (Witherall GW., et al., (1991) Prog.
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Nucleic Acid Res. Mol. Biol., 40, 185-220, incorporated herein by reference). However, a number of
vastly different primary sequences were found to be able to bind the MS2 coat protein ( Parrott AM, et al.,
Nucleic Acids Res. 2000;28(2):489-497, Buenrostro JD, et al. Natura Biotechnology 2014; 32, 562-568,
and incorporated herein by reference). Any of the RNA aptamer sequence known to bind the MS2
bacteriophage coat protein may be utilized in connection with the present disclosure. In select
embodiments, the MS2 RNA aptamer sequence comprises: AACAUGAGGAUCACCCAUGUCUGCAG
(SEQ ID NO:145), AGCAUGAGGAUCACCCAUGUCUGCAG (SEQ ID NO:146), or
AGCGUGAGGAUCACCCAUGCCUGCAG (SEQ ID NO:147).

[0075] N-proteins (Nut-utilization site proteins) of bacteriophages contain arginine-rich conserved
RNA recognition motifs of ~20 amino acids, referred to as N peptides. The RNA aptamer may bind a
phage N peptide or a functional derivative, fragment or variant thereof. In some embodiments, the phage
N peptide is the lambda or P22 phage N peptide or a functional derivative, fragment or variant thereof.
[0076]  In select embodiments, the N peptide is lambda phage N22 peptide, or a functional derivative,
fragment or variant thereof. In some embodiments, the N22 peptide comprises an amino acid sequence
with at least 70% similarity to the amino acid sequence GNARTRRRERRAEKQAQWKAAN (SEQ ID
NO: 149). N22 peptide, the 22 amino acid RNA-binding domain of the A bacteriophage antiterminator
protein N (AN-(1-22) or AN peptide), is capable of specifically binding to specific stem-loop structures,
including but not limited to the BoxB stem-loop. See, for example Cilley and Williamson, RNA 1997,
3(1):57-67, incorporated herein by reference. A number of different BoxB stem-loop primary sequences
are known to bind the N22 peptide and any of those may be utilized in connection with the present
disclosure. In some embodiments, the N22 peptide RNA aptamer sequence comprises a nucleotide
sequence with at least 70% similarity to an RNA sequence selected from the group consisting of
GCCCUGAAAAAGGGC (SEQ ID NO: 150), GCCCUGAAGAAGGGC (SEQ ID NO: 151),
GCGCUGAAAAAGCGC (SEQ ID NO: 152), GCCCUGACAAAGGGC (SEQ ID NO: 153), and
GCGCUGACAAAGCGC (SEQ ID NO: 154). In some embodiments, the N22 peptide RNA aptamer
sequence is selected from the group consisting of SEQ ID NOs: 150-154.

[0077]  In select embodiments, the N peptide is the P22 phage N peptide, or a functional derivative,
fragment or variant thereof. A number of different BoxB stem-loop primary sequences are known to bind
the P22 phage N peptide and variants thereof and any of those may be utilized in connection with the
present disclosure. See, for example Cocozaki, Ghattas, and Smith, Journal of Bacteriology 2008,

190(23):7699-7708, incorporated herein by reference. In some embodiments, the P22 phage N peptide
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comprises an amino acid sequence with at least 70% similarity to the amino acid sequence
GNAKTRRHERRRKLAIERDTI (SEQ ID NO: 155). In some embodiments, the P22 phage N peptide
RNA aptamer sequence comprises a sequence with at least 70% similarity to an RNA sequence selected
from the group consisting of GCGCUGACAAAGCGC (SEQ ID NO: 156) and CCGCCGACAACGCGG
(SEQ ID NO: 157). In some embodiments, the P22 phage N peptide RNA aptamer sequence is selected
from the group consisting of SEQ ID NOs: 156-157, UGCGCUGACAAAGCGCG (SEQ ID NO: 158) or
ACCGCCGACAACGCGGU (SEQ ID NO: 159).

[0078]  In some embodiments, the aptamer sequence is a peptide aptamer sequence. The peptide
aptamers can be naturally occurring or synthetic peptides that are specifically recognized by an affinity
agent. Such aptamers include, but are not limited to, a c-Myc affinity tag, an HA affinity tag, a His
affinity tag, an S affinity tag, a methionine-His affinity tag, an RGD-His affinity tag, a 7> His tag, a
FLAG octapeptide, a strep tag or strep tag II, a V5 tag, or a VSV-G epitope. Corresponding aptamer
binding proteins are well-known in the art and include, for example, primary antibodies, biotin, affimers,
single domain antibodies, and antibody mimetics.

[0079]  An exemplary peptide aptamer includes a GCN4 peptide (Tanenbaum et al., Cell 2014;
159(3):635-646, incorporated herein by reference). Antibodies, or GCN4 binding protein can be used as
the aptamer binding proteins.

[0080]  In some embodiments, the peptide aptamer sequence is conjugated to the Cas protein. The
peptide aptamer sequence may be fused to the Cas in any orientation (e.g., N-terminus to C-terminus, C-
terminus to N-terminus, N-terminus to N-terminus). In select embodiments, the peptide aptamer is fused
to the C-terminus of the Cas protein.

[0081]  Insome embodiments, between 1 and 24 peptide aptamer sequences may be conjugated to the
Cas protein. The aptamer sequences may be the same or different and may target the same or different
aptamer binding proteins. In select embodiments, 1 to 24 tandem repeats of the same peptide aptamer
sequence are conjugated to the Cas protein. In preferred embodiments between 4 and 18 tandem repeats
are conjugated to the Cas protein. The individual aptamers may be separated by a linker region. Suitable
linker regions are known in the art. The linker may be flexible or configured to allow the binding of
affinity agents to adjacent aptamers without or with decreased steric hindrance. The linker sequences may
provide an unstructured or linear region of the polypeptide, for example, with the inclusion of one or more
glycine and/or serine residues. The linker sequences can be at least about 2, 3, 4, 5, 6, 7, 8, 9, 10 or more

amino acids in length.
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[0082]  In some embodiments, the fusion protein comprises a microbial recombination protein
functionally linked to an aptamer binding protein. The microbial recombination protein may be RecE,
RecT, lambda exonuclease (Exo), Bet protein (betA, redB), exonuclease gp6, single-stranded DNA-
binding protein gp2.5, or a derivative or variant thereof.

[0083]  Inselect embodiments, the microbial recombination protein is RecE or RecT, or a derivative or
variant thereof. Derivatives or variants of RecE and RecT are functionally equivalent proteins or
polypeptides which possess substantially similar function to wild type RecE and RecT. RecE and RecT
derivatives or variants include biologically active amino acid sequences similar to the wild-type
sequences but differing due to amino acid substitutions, additions, deletions, truncations, post-
translational modifications, or other modifications. In some embodiments, the derivatives may improve
translation, purification, biological half-life, activity, or eliminate or lessen any undesirable side effects or
reactions. The derivatives or variants may be naturally occurring polypeptides, synthetic or chemically
synthesized polypeptides or genetically engineered peptide polypeptides. RecE and RecT bioactivities are
known to, and easily assayed by, those of ordinary skill in the art, and include, for example exonuclease
and single-stranded nucleic acid binding, respectively.

[0084]  The RecE or RecT may be from a number of microbial organisms, including Escherichia coli,
Pantoea breeneri, Type-F symbiont of Plautia stali, Providencia sp. MGF014, Shigella sonnei,
Pseudobacteriovorax antillogorgiicola, among others. In preferred embodiments, the RecE and RecT
protein is derived from Escherichia coli.

[0085]  Insome embodiments, the fusion protein comprises RecE, or a derivative or variant thereof.
The RecE, or derivative or variant thereof, may comprise an amino acid sequence selected from the group
consisting of SEQ ID NOs: 1-8. The RecE, or derivative or variant thereof, may comprise an amino acid
sequences with at least 70% (e.g., 75%., 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99%, or 100%) similarity to amino acid sequences selected from the group consisting of SEQ ID NOs: 1-
8. In select embodiments, the RecE, or derivative or variant thereof, comprises an amino acid sequences
with at least 90% similarity to amino acid sequences selected from the group consisting of SEQ ID NOs:
1-8. In exemplary embodiments, the RecE, or derivative or variant thereof, comprises an amino acid
sequences with at least 90% similarity to amino acid sequences selected from the group consisting of SEQ
ID NOs: 1-3.

[0086]  In some embodiments, the fusion protein comprises RecT, or a derivative or variant thereof.

The RecT, or derivative or variant thereof, may comprise an amino acid sequence selected from the group
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consisting of SEQ ID NOs: 9-14. The RecT, or derivative or variant thereof, may comprise an amino acid
sequences with at least 70% (e.g., 75%., 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99%, or 100%) similarity to amino acid sequences selected from the group consisting of SEQ ID NOs: 9-
14. In select embodiments, the RecT, or derivative or variant thereof, comprises an amino acid sequences
with at least 90% similarity to amino acid sequences selected from the group consisting of SEQ ID NOs:
9-14. In exemplary embodiments, the RecT, or derivative or variant thereof, comprises an amino acid
sequences with at least 90% similarity to amino acid sequences selected from the group consisting of SEQ
ID NO: 9.

[0087]  Truncations may be from either the C-terminal or N-terminal ends, or both. For example, as
demonstrated in Example 6 below, a diverse set of truncations from either end or both provided a

3, 4,5, 10, 20, 30, 40, 50, 60, 100, 120 or

2 > 3 2

functional product. In some embodiments, one or more (2
more) amino acids may be truncated from the C-terminal, N-terminal ends as compared to the wild-type
sequence.

[0088]  In the fusion protein, the microbial recombination protein may be linked to either terminus of
the aptamer binding protein in any orientation (e.g., N-terminus to C-terminus, C-terminus to N-terminus,
N-terminus to N-terminus). In select embodiments, the microbial recombination protein N-terminus is
linked to the aptamer binding protein C-terminus. Thus, the overall fusion protein from N- to C-terminus
comprises the aptamer binding protein (N- to C-terminus) linked to the microbial recombination protein
(N- to C-terminus).

[0089]  Insome embodiments, the fusion protein further comprises a linker between the microbial
recombination protein and the aptamer binding protein. The linkers may comprise any amino acid
sequence of any length. The linkers may be flexible such that they do not constrain either of the two
components they link together in any particular orientation. The linkers may essentially act as a spacer. In
select embodiments, the linker links the C-terminus of the microbial recombination protein to the N-
terminus of the aptamer binding protein. In select embodiments, the linker comprises the amino acid
sequence of the 16-residue XTEN linker, SGSETPGTSESATPES (SEQ ID NO: 15) or the 37-residue
EXTEN linker, SASGGSSGGSSGSETPGTSESATPESSGGSSGGSGGS (SEQ ID NO: 148).

[0090]  In some embodiments, the fusion protein further comprises a nuclear localization sequence
(NLS). The nuclear localization sequence may be at any location within the fusion protein (e.g., C-
terminal of the aptamer binding protein, N-terminal of the aptamer binding protein, C-terminal of the

microbial recombination protein). In select embodiments, the nuclear localization sequence is linked to
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the C-terminus of the microbial recombination protein. A number of nuclear localization sequences are
known in the art (see, e.g., Lange, A, et al., J Biol Chem. 2007, 282(8): 5101-5105, incorporated herein
by reference) and may be used in connection with the present disclosure. The nuclear localization
sequence may be the SV40 NLS, PKKKRKYV (SEQ ID NO:16); the Tyl NLS,
NSKKRSLEDNETEIKVSRDTWNTKNMRSLEPPRSKKRIH (SEQ ID NO: 17); the c-Myc NLS,
PAAKRVKLD (SEQ ID NO:18); the biSV40 NLS, KRTADGSEFESPKKKRKYV (SEQ ID NO: 19); and
the Mut NLS, PEKKRRRPSGSVPVLARPSPPKAGKSSCI (SEQ ID NO: 20). In select embodiments, the
nuclear localization sequence is the SV40 NLS, PKKKRKYV (SEQ ID NO: 16).

[0091]  The Cas protein and the fusion protein are desirably included in a single composition alone, in
combination with each other, and/or the polynucleotide(s) (e.g., a vector) comprising the guide RNA
sequence and the aptamer sequence. The Cas protein and/or the fusion protein may or may not be
physically or chemically bound to the polynucleotide. The Cas protein and/or the microbial recombination
protein can be associated with a polynucleotide using any suitable method for protein-protein linking or
protein-virus linking known in the art.

[0092]  The disclosure further provides compositions and vectors comprising a polynucleotide
comprising a nucleic acid sequence encoding a fusion protein comprising a microbial recombination
protein functionally linked to an RNA aptamer binding protein.

[0093]  The compositions or vectors may further comprise at least one or both of a polynucleotide
comprising a nucleic acid sequence encoding a Cas protein and a nucleic acid molecule comprising a
guide RNA sequence that is complementary to a target DNA sequence. In some embodiments, the nucleic
acid molecule comprising a guide RNA sequence further comprises at least one RNA aptamer sequence.
In some embodiments, the polynucleotide comprising a nucleic acid sequence encoding a Cas protein
further comprises a sequence encoding at least one peptide aptamer sequence.

[0094]  Descriptions of the nucleic acid molecule comprising a guide RNA sequence, the aptamer
sequences, the Cas proteins, the microbial recombination proteins, and the aptamer binding proteins set
forth above in connection with the inventive system also are applicable to the polynucleotides of the
recited compositions and vectors.

[0095]  The nucleic acid sequence encoding the Cas protein and/or the nucleic acid sequence encoding
a fusion protein comprising a microbial recombination protein functionally linked to an aptamer binding
protein can be provided to a cell on the same vector (e.g., in cis) as the nucleic acid molecule comprising

the guide RNA sequence and/or the RNA aptamer sequence. In such embodiments, a unidirectional
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promoter can be used to control expression of each nucleic acid sequence. In another embodiment, a
combination of bidirectional and unidirectional promoters can be used to control expression of multiple
nucleic acid sequences.

[0096]  In other embodiments, a nucleic acid sequence encoding the Cas protein, the nucleic acid
sequence encoding a fusion protein comprising a microbial recombination protein functionally linked to
an aptamer binding protein, and the nucleic acid molecule comprising the guide RNA sequence and/or the
RNA aptamer sequence can be provided to a cell on separate vectors (e.g., in frans). Each of the nucleic
acid sequences in each of the separate vectors can comprise the same or different expression control
sequences. The separate vectors can be provided to cells simultaneously or sequentially.

[0097]  The vector(s) comprising the nucleic acid sequences encoding the Cas protein and encoding a
fusion protein comprising a microbial recombination protein functionally linked to an aptamer binding
protein can be introduced into a host cell that is capable of expressing the polypeptide encoded thereby,
including any suitable prokaryotic or eukaryotic cell. As such, the disclosure provides an isolated cell
comprising the vector or nucleic acid sequences disclosed herein. Preferred host cells are those that can be
easily and reliably grown, have reasonably fast growth rates, have well characterized expression systems,
and can be transformed or transfected easily and efficiently. Examples of suitable prokaryotic cells
include, but are not limited to, cells from the genera Bacillus (such as Bacillus subtilis and Bacillus
brevis), Escherichia (such as E. coli), Pseudomonas, Streptomyces, Salmonella, and Envinia. Suitable
eukaryotic cells are known in the art and include, for example, yeast cells, insect cells, and mammalian
cells. Examples of suitable yeast cells include those from the genera Kluyveromyces, Pichia, Rhino-
sporidium, Saccharomyces, and Schizosaccharomyces. Exemplary insect cells include Sf-9 and HIS
(Invitrogen, Carlsbad, Calif.) and are described in, for example, Kitts et al., Biotechniques, 14: 810-817
(1993); Lucklow, Curr. Opin. Biotechnol., 4. 564-572 (1993); and Lucklow et al., J. Virol., 67: 4566-
4579 (1993), incorporated herein by reference. Desirably, the host cell is a mammalian cell, and in some
embodiments, the host cell is a human cell. A number of suitable mammalian and human host cells are
known in the art, and many are available from the American Type Culture Collection (ATCC, Manassas,
Va.). Examples of suitable mammalian cells include, but are not limited to, Chinese hamster ovary cells
(CHO) (ATCC No. CCL61), CHO DHFR-cells (Urlaub et al., Proc. Natl. Acad. Sci. USA, 97: 4216-4220
(1980)), human embryonic kidney (HEK) 293 or 293T cells (ATCC No. CRL1573), and 3T3 cells
(ATCC No. CCL92). Other suitable mammalian cell lines are the monkey COS-1 (ATCC No. CRL1650)
and COS-7 cell lines (ATCC No. CRL1651), as well as the CV-1 cell line (ATCC No. CCL70). Further
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exemplary mammalian host cells include primate, rodent, and human cell lines, including transformed cell
lines. Normal diploid cells, cell strains derived from in vitro culture of primary tissue, as well as primary
explants, are also suitable. Other suitable mammalian cell lines include, but are not limited to, mouse
neuroblastoma N2A cells, HeLa, HEK, A549, HepG2, mouse L-929 cells, and BHK or HaK hamster cell
lines. Methods for selecting suitable mammalian host cells and methods for transformation, culture,

amplification, screening, and purification of cells are known in the art.
3. Methods of Altering Target DNA

[0098]  The disclosure also provides a method of altering a target DNA. In some embodiments, the
method alters genomic DNA sequence in a cell, although any desired nucleic acid may be modified.
When applied to DNA contained in cells, the method comprises introducing the systems, compositions, or
vectors described herein into a cell comprising a target genomic DNA sequence. Descriptions of the
nucleic acid molecule comprising a guide RNA sequence, the Cas proteins, the microbial recombination
proteins, the recruitment systems, and polynucleotides encoding thereof, the cell, the target genomic DNA
sequence, and components thereof, set forth above in connection with the inventive system are also
applicable to the method of altering a target genomic DNA sequence in a cell. The systems, composition
or vectors may be introduced in any manner known in the art including, but not limited to, chemical
transfection, electroporation, microinjection, biolistic delivery via gene guns, or magnetic-

assisted transfection, depending on the cell type.

[0099]  Upon introducing the systems described herein into a cell comprising a target genomic DNA
sequence, the guide RNA sequence binds to the target genomic DNA sequence in the cell genome, the
Cas protein associates with the guide RNA and may induce a double strand break or single strand nick in
the target genomic DNA sequence and the aptamer recruits the microbial recombination proteins to the
target genomic DNA sequence through the aptamer binding protein of the fusion protein, thereby altering
the target genomic DNA sequence in the cell. When introducing the compositions, or vectors described
herein into the cell, the nucleic acid molecule comprising a guide RNA sequence, the Cas9 protein, and
the fusion protein are first expressed in the cell.

[00100] In some embodiments, the cell is in an organism or host, such that introducing the disclosed
systems, compositions, vectors into the cell comprises administration to a subject. The method may
comprise providing or administering to the subject, in vivo, or by transplantation of ex vivo treated cells,

systems, compositions, vectors of the present system.
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[00101] A “subject” may be human or non-human and may include, for example, animal strains or
species used as “model systems” for research purposes, such a mouse model as described herein.
Likewise, subject may include either adults or juveniles (e.g., children). Moreover, subject may mean any
living organism, preferably a mammal (e.g., human or non-human) that may benefit from the
administration of compositions contemplated herein. Examples of mammals include, but are not limited
to, any member of the Mammalian class: humans, non-human primates such as chimpanzees, and other
apes and monkey species; farm animals such as cattle, horses, sheep, goats, swine; domestic animals such
as rabbits, dogs, and cats; laboratory animals including rodents, such as rats, mice and guinea pigs, and
the like. Examples of non-mammals include, but are not limited to, birds, fish, and the like. In one
embodiment of the methods and compositions provided herein, the mammal is a human.

[00102]  As used herein, the terms “providing”, “administering,” “introducing,” are used
interchangeably herein and refer to the placement of the systems of the disclosure into a subject by a
method or route which results in at least partial localization of the system to a desired site. The systems
can be administered by any appropriate route which results in delivery to a desired location in the subject.
[00103] The phrase “altering a DNA sequence,” as used herein, refers to modifying at least one
physical feature of a DNA sequence of interest. DNA alterations include, for example, single or double
strand DNA breaks, deletion, or insertion of one or more nucleotides, and other modifications that affect
the structural integrity or nucleotide sequence of the DNA sequence. The modifications of a target
sequence in genomic DNA may lead to, for example, gene correction, gene replacement, gene tagging,
transgene insertion, nucleotide deletion, gene disruption, gene mutation, gene knock-down, and the like.
[00104] In some embodiments, the systems and methods described herein may be used to correct one
or more defects or mutations in a gene (referred to as “gene correction”). In such cases, the target genomic
DNA sequence encodes a defective version of a gene, and the system further comprises a donor nucleic
acid molecule which encodes a wild-type or corrected version of the gene. Thus, in other words, the target
genomic DNA sequence is a “disease-associated” gene. The term “disease-associated gene,” refers to any
gene or polynucleotide whose gene products are expressed at an abnormal level or in an abnormal form in
cells obtained from a disease-affected individual as compared with tissues or cells obtained from an
individual not affected by the disease. A disease-associated gene may be expressed at an abnormally high
level or at an abnormally low level, where the altered expression correlates with the occurrence and/or
progression of the disease. A disease-associated gene also refers to a gene, the mutation or genetic

variation of which is directly responsible or is in linkage disequilibrium with a gene(s) that is responsible
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for the etiology of a disease. Examples of genes responsible for such “single gene” or “monogenic”
diseases include, but are not limited to, adenosine deaminase, -1 antitrypsin, cystic fibrosis
transmembrane conductance regulator (CFTR), p-hemoglobin (HBB), oculocutaneous albinism IT
(OCA2), Huntingtin (HTT), dystrophia myotonica-protein kinase (DMPK), low-density lipoprotein
receptor (LDLR), apolipoprotein B (APOB), neurofibromin 1 (NF1), polycystic kidney disease 1 (PKD1),
polycystic kidney disease 2 (PKD2), coagulation factor VIII (F8), dystrophin (DMD), phosphate-
regulating endopeptidase homologue, X-linked (PHEX), methyl-CpG-binding protein 2 (MECP2), and
ubiquitin-specific peptidase 9Y, Y-linked (USP9Y). Other single gene or monogenic diseases are known
in the art and described in, e.g., Chial, H. Rare Genetic Disorders: Learning About Genetic Disease
Through Gene Mapping, SNPs, and Microarray Data, Nature Education 1(1):192 (2008), incorporated
herein by reference; Online Mendelian Inheritance in Man (OMIM); and the Human Gene Mutation
Database (HGMD).

[00105] In another embodiment, the target genomic DNA sequence can comprise a gene, the mutation
of which contributes to a particular disease in combination with mutations in other genes. Diseases caused
by the contribution of multiple genes which lack simple (e.g., Mendelian) inheritance patterns are referred
to in the art as a “multifactorial” or “polygenic” disease. Examples of multifactorial or polygenic diseases
include, but are not limited to, asthma, diabetes, epilepsy, hypertension, bipolar disorder, and
schizophrenia. Certain developmental abnormalities also can be inherited in a multifactorial or polygenic
pattern and include, for example, cleft lip/palate, congenital heart defects, and neural tube defects.

[00106] In another embodiment, the method of altering a target genomic DNA sequence can be used to
delete nucleic acids from a target sequence in a cell by cleaving the target sequence and allowing the cell
to repair the cleaved sequence in the absence of an exogenously provided donor nucleic acid molecule.
Deletion of a nucleic acid sequence in this manner can be used in a variety of applications, such as, for
example, to remove disease-causing trinucleotide repeat sequences in neurons, to create gene knock-outs
or knock-downs, and to generate mutations for disease models in research.

[00107] The term “donor nucleic acid molecule” refers to a nucleotide sequence that is inserted into the
target DNA (e.g., genomic DNA). As described above the donor DNA may include, for example, a gene
or part of a gene, a sequence encoding a tag or localization sequence, or a regulating element. The donor
nucleic acid molecule may be of any length. In some embodiments, the donor nucleic acid molecule is
between 10 and 10,000 nucleotides in length. For example, between about 100 and 5,000 nucleotides in

length, between about 200 and 2,000 nucleotides in length, between about 500 and 1,000 nucleotides in
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length, between about 500 and 5,000 nucleotides in length, between about 1,000 and 5,000 nucleotides in
length, or between about 1,000 and 10,000 nucleotides in length,

[00108] The disclosed systems and methods overcome challenges encountered during conventional
gene editing, including low efficiency and off-target events, particularly with kilobase-scale nucleic acids.
In some embodiments, the disclosed systems and methods improve the efficiency of gene editing. For
example, the disclosed systems and methods can have a 2- to 10-fold increase in efficiency over
conventional CRISPR-Cas9 systems and methods, as shown in Examples 2, 3, and 5. In some
embodiments, the improvement in efficiency is accompanied by a reduction in off-target events. The off-
target events may be reduced by greater than 50% compared to conventional CRISPR-Cas9 systems and
methods, for example, a reduction of off-target events by about 90% is shown in Example 3. Another
aspect of increasing the overall accuracy of a gene editing system is reducing the on-target insertion-
deletions (indels), a byproduct of HDR editing. In some embodiments, the disclosed systems and methods
reduce the on-target indels by greater than 90% compared to conventional CRISPR-Cas9 systems and
methods, as shown in Example 3.

[00109] The disclosure further provides kits containing one or more reagents or other components
useful, necessary, or sufficient for practicing any of the methods described herein. For example, kits may
include CRISPR reagents (Cas protein, guide RNA, vectors, compositions, etc.), recombineering reagents
(recombination protein-aptamer binding protein fusion protein, the aptamer sequence, vectors,
compositions, etc.) transfection or administration reagents, negative and positive control samples (e.g.,
cells, template DNA), cells, containers housing one or more components (e.g., microcentrifuge tubes,
boxes), detectable labels, detection and analysis instruments, software, instructions, and the like.

[00110] Any element of any suitable CRISPR/Cas gene editing system known in the art can be
employed in the systems and methods described herein, as appropriate. CRISPR/Cas gene editing
technology is described in detail in, for example, U.S. Patent Nos. 8,546,553, 8,697,359; 8,771,945,
8,795,965; 8,865,406; 8,871,445 8 889.356: 8,889.418: 8.895,308; 8,9066,616: 8,932,814; 8,945.839:
8,993,233; 8,999,641; 9,115,348; 9,149,049, 9,493,844; 9,567,603, 9,637,739; 9,663,782; 9,404,098;
9,885,026; 9,951,342; 10,087,431; 10,227,610; 10,266,850; 10,601,748: 10,604,771; and 10,760,064 and
U.S. Patent Application Publication Nos. US2010/0076057; US2014/0113376; US2015/0050699;
US2015/0031134; US2014/0357530; US2014/0349400; US2014/0315985; US2014/0310830;
US2014/0310828; US2014/0309487, US2014/0294773; US2014/0287938; US2014/0273230;
US2014/0242699, US2014/0242664, US2014/0212869; US2014/0201857; US2014/0199767;
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US2014/0189896; US2014/0186919; US2014/0186843; and US2014/0179770, each incorporated herein
by reference.
[00111] The following examples further illustrate the invention but should not be construed as in any

way limiting its scope.
EXAMPLES

Materials and Methods
[00112] RecE/T Homolog Screening RefSeq non-redundant protein database was downloaded from
NCBI on October 29, 2019. The database was searched with £. coli Rac prophage RecT (NP_415865.1)
and RecE (NP _415866.1) as queries using position-specific iterated (PSI)-BLAST! to retrieve protein
homologs. Hits were clustered with CD-HIT2 and representative sequences were selected from each
cluster for multiple alignment with MUSCLE?. Then, FastTree4 was used for maximum likelihood tree
reconstruction with default parameters. A diverse set of RecET homologs were selected, synthesized by
GenScript, and cloned into pMPH_MCP vectors for testing.
[00113] Plasmids construction pX330, pMPH and pU6-(Bbsl) CBh-Cas9-T2A-BFP plasmids were
obtained from Addgene. Tested effector DNA fragments were ordered from IDT, Genewiz, and
GenScript. The fragments were Gibson assembled into the backbones using NEBuilder HiFi DNA
Assembly Master Mix (New England BioLabs). All sgRNAs (Table 1) were inserted into backbones

using Golden Gate cloning. All constructs were sequence-verified with Sanger sequencing of prepped

plasmids.
Table 1. Sequence for sgRNAs
Primer Name Genomic Target Sequence
sp-EMX1 EMX1 GTCACCTCCAATGACTAGGG (SEQ ID
NO:21)
sp-VEGFA VEGFA GGTGAGTGAGTGTGTGCGTG (SEQ ID
NO:22)
sp-DYNLT1 DYNLTI AAGGCCATAGGCTGGACTGC (SEQ ID
NO:23)
sp-HSP90AAL HSP90AAI GTAGACTAATCTCTGGCTGA (SEQ ID
NO:24)
sp-OCT4 OCT4 TCTCCCATGCATTCAAACTG (SEQ ID NO:25)
sp-AAVS1 AAVSI ACCCCACAGTGGGGCCACTA (SEQID
NO:26)
nsp-EMX1-guidel EMX1 GTCACCTCCAATGACTAGGG (SEQ ID
NO:27)
nsp-EMX1-guide2 EMX1 GTCACCTCCAATGACTAGGG (SEQ ID
NO:28)
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nsp-DYNLT1-guidel DYNLTI AAGGCCATAGGCTGGACTGC (SEQ ID
nsp-DYNLT1-guide2 DYNLT1 g(()}gz)CTGACGATGCAGTACA (SEQID
nsp-HSP90AA1-guidel HSP90AAL 2$:§3ACTAATCTCTGGCTGA (SEQID
nsp-HSP9OA A 1-guide2 HSP90AAL ¥gg%éATCTCCTTCAAGGGG (SEQ ID NO:32)
nsp-OCT4-guidel OCT4 ATGCATGGGAGAGCCCAGAG (SEQ ID
nsp-OCT4-guide2 OCT4 IG%I(C)'C?"l)';GCCCTTCTAGGAATGG (SEQID

NO:34

[00114] Cell culture Human Embryonic Kidney (HEK) 293T, HeLa and HepG2 were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies), with 10% fetal bovine serum (FBS,
HyClone), 100 U/mL penicillin, and 100 pg/mL streptomycin (Life Technologies) at 37 °C with 5% COa.
[00115] hES-H9 cells were maintained in mTeSR1 medium (StemCell Technologies) at 37 °C with 5%
CQOa. Culture plates were pre-coated with Matrigel (Corning) 12 hours prior to use, and cells were
supplemented with 10 uM Y27632 (Sigma) for the first 24 hours after passaging. Culture media was
changed every 24 hours.

[00116]  Transfection HEK293T cells were seeded into 96-well plates (Corning) 12-24 hours prior to
transfection at a density of 30,000 cells/well, and 250 ng of total DNA was transfected per well. HeLa and
HepG2 cells were seeded into 48-well plates (Corning) one day prior to transfection at a density of 50,000
and 30,000 cells/well respectively, and 400 ng of total DNA was transfected per well. Transfections were
performed with Lipofectamine 3000 (Life Technologies) following the manufacturer’s instructions.
[00117]  Electroporation For hES-HO related transfection experiments, P3 Primary Cell 4D-
NucleofectorTM X Kit S (Lonza) was used following the manufacturer’s protocol. For each reaction,
300,000 cells were nucleofected with 4 ug total DNA using the DC100 Nucleofector Program.

[00118]  Fluorescence-activated cell sorting (FACS) mKate knock-in efficiency was analyzed on a
CytoFLEX flow cytometer (Beckman Coulter; Stanford Stem Cell FACS Core). 72 hours after
transfection, cells were washed once with PBS and dissociated with TrypLE Express Enzyme (Thermo
Fisher Scientific). Cell suspension was then transferred to a 96-well U-bottom plate (Thermo Fisher
Scientific) and centrifuged at 300xG for 5 minutes. After removing the supernatant, pelleted cells were
resuspended with 50 ul 4% FBS in PBS, and cells were sorted within 30 minutes of preparation.

[00119] RFLP HEK293T cells were transfected with plasmid DNA and PCR templates and harvested
after 72 hours for genomic DNA using the QuickExtract DNA Extraction Solution (Biosearch
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Technologies) following the manufacturer’s protocol. The target genomic region was amplified using
specific primers outside of the homology arms of the PCR template. PCR products were purified with
Monarch PCR & DNA Cleanup Kit (New England BioLabs). 300 ng of purified product was digested
with BsrGI (EMX1, New England BioLabs) or Xbal (VEGFA, NEB), and the digested products were
analyzed on a 5% Mini-PROTEAN TBE gel (Bio-Rad).

[00120]  Next-Generation Sequencing Library Preparation 72 hours after transfection, genomic DNA
was extracted using QuickExtract DNA Extraction Solution (Biosearch Technologies). 200 ng total DNA
was used for NGS library preparation. Genes of interest were amplified using specific primers (Table 2)
for the first round PCR reaction. Illumina adapters and index barcodes were added to the fragments with a
second round PCR using the primers listed in Table 2. Round 2 PCR products were purified by gel
electrophoresis on a 2% agarose gel using the Monarch DNA Gel Extraction Kit (NEB). The purified
product was quantified with Qubit dSDNA HS Assay Kit (Thermo Fisher) and sequenced on an Illumina
MiSeq according to the manufacturer’s instructions.

Table 2. Sequence for primers used for PCR template, RFLP and NGS

Primer Name | Usage Genomic Sequence
Target

EMX1-PCR-F PCR EMX1 CATTCTGCCTCTCTGTATGGAAAAGAGC

template (SEQ ID NO:35)
EMX1-PCR-R PCR EMX1 CCCATTGAACTACCTGGGCCTGATTC (SEQ

template ID NO:36)
VEGFA-PCR- PCR VEGFA AGGTTTGAATCATCACGCAGGC (SEQ ID
F template NO:37)
VEGFA-PCR- PCR VEGFA ATTCAAGTGGGGAATGGCAAGC (SEQ ID
R template NO:38)
DYNLTI1- PCR DYNLTI | TGCCGTAAATGCTGCTCTCT (SEQ ID NO:39)
PCR-100bp-F template
DYNLTI1- PCR DYNLTI | AGACTTGCCAAGGTTCTTTGTG (SEQ ID
PCR-200bp-F template NO:40)
DYNLTI1- PCR DYNLTI | AGTGACCTGTGTAATTATGCAGAAG (SEQ
PCR-400bp-F template ID NO:41)
DYNLTI1- PCR DYNLTI | TGAAAGTGCCACAAAACAAAGAGA (SEQ
PCR-100bp-R template ID NO:42)
DYNLTI1- PCR DYNLTI AAGACAAGTGGCAACGCAG (SEQ ID
PCR-200bp-R template NO:43)
DYNLTI1- PCR DYNLTI | CGTTTATGATACTATGCAGACTATGAAGAA
PCR-400bp-R template C (SEQ ID NO:44)
HSP90AAI- PCR | HSP90AAI | ATGAAGATGACCCTACTGCTGAT (SEQID
PCR-100bp-F template NO:45)
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HSP90AATI- PCR HSPI904A1 | TACTGTCTTGAAAGCAGATAGAAACC (SEQ
PCR-200bp-F template ID NO:46)
HSP90AAL- PCR HSP90441 | GCAGCAAAGAAACACCTGGA (SEQ ID
PCR-600bp-R template NO:47)
HSP90AAI- PCR HSP904A1 | GTTGTCATGCCATACAGACTTTTT (SEQ ID
PCR-100bp-R template NO:48)
HSP90AAI- PCR HSP904A1 | AGCATTACTAGCTCTGCTTTAGTG (SEQ ID
PCR-200bp-R template NO:49)
HSP90AAI- PCR HSP904A1 | TCCACAAGACTGGGTCTGAG (SEQ ID
PCR-600bp-R template NO:50)
OCT4-PCR-F PCR OCT4 GCGACTATGCACAACGAGAGG (SEQ ID
template NO:51)
OCT4-PCR-R PCR 0CT4 AAGTGTGTCTATCTACTGTGTCCCAG (SEQ
template ID NO:52)
AAVSI1-PCR-F PCR AAVSI GATGCTCTTTCCGGAGCACT (SEQID
template NO:53)
AAVS1-PCR-R PCR AAVS1 GCCAAGGACTCAAACCCAGAA (SEQID
template NO:54)
EMX1-RFLP-F RFLP EMXI TGGTGGATTTCGGACTACCCT (SEQ ID
NO:55)
EMXI1-RFLP-R | RFLP EMX1 TTCGGACTGGAACCGTCAGC (SEQID
NO:56)
VEGFA-RFLP- RFLP VEGFA AGACGTTCCTTAGTGCTGGC (SEQ ID
F NO:57)
VEGFA-RFLP- RFLP VEGFA AAAAGTTTCAGTGCGACGCC (SEQ ID
R NO:58)
DYNLTI1 KI Junction | DYNLTI | AGGAGGTCCCATCAGATGCT (SEQ ID
PCR-F PCR NO:59)
HSP90AAI Junction | HSP904A1 | GGCTGGACAGCAAACATGGA (SEQ ID
KIPCR-F PCR NO:60)
AAVS1KI Junction AAVS1 GATGCTCTTTCCGGAGCACT (SEQID
PCR-F PCR NO:61)
Junction PCR Junction mKate TTGCTGCCGTACATGAAGCTG (SEQ ID
universal-R PCR NO:62)
EMX1-NGS-F NGS EMX1 CCATCTCATCCCTGCGTGTCTCCAGAAGA
AGGGCTCCCATCAC (SEQ ID NO:63)
EMX1-NGS-R NGS EMX1 CCTCTCTATGGGCAGTCGGTGATEAGCAG
CAAGCAGCACTCTG (SEQ ID NO:64)
VEGFA-NGS- NGS VEGFA CCATCTCATCCCTGCGTGTCTCCCAGCGT
F CTTCGAGAGTGAGG (SEQ ID NO:65)
VEGFA-NGS- NGS VEGFA CCTCTCTATGGGCAGTCGGTGATeTTGGA
R ATCCTGGAGTGACCC (SEQ ID NO:66)
EMX-OT1-F Off | EMXIOT- | CCATCTCATCCCTGCGTGTCTCCACAAAA
Target | / GCTCCACATGCTAGGA (SEQ ID NO:67)
EMX-OT1-R Off | EMX1OT- | CCTCTCTATGGGCAGTCGGTGATgGCTGA

Target

1

CTTTGGGCTCCTTCT (SEQ ID NO:68)
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EMX-OT2-F Off | EMXIOI- | CCATCTCATCCCTGCGTGTCTCCACACAC
Target |2 TCCCCAGGATCTCA (SEQ ID NO:69)
EMX-0OT2-R Ooff | EMXIO0T- | CCTCTCTATGGGCAGTCGGTGAT2AATGT
Target |2 CAGCTGAAGCAGGCT (SEQ ID NO:70)
EMX-OT3-F Ooff | EMXI10T- | CCATCTCATCCCTGCGTGTCTCCGGCTAC
Target |3 CCTGACAACTGCTT (SEQ ID NO:71)
EMX-0T3-R Off |EMXIOI- | CCTCTCTATGGGCAGTCGGTGATeAGGAC
Target |3 AGACATGACAAGGCA (SEQ ID NO:72)
VEGFA-OT1- Ooff VEGEFA OT- | CCATCTCATCCCTGCGTGTCTCCGCAGGC
F Target |/ AAGCTGTCAAGGGT (SEQ ID NO:73)
VEGFA-OT1- Ooff VEGEFA OT- | CCTCTCTATGGGCAGTCGGTGATgCCCTC
R Target | / ACACCCACACCCTCA (SEQ ID NO:74)
VEGFA-OT2- Ooff VEGFA OT- | CCATCTCATCCCTGCGTGTCTCCGGAGG
F Target |2 GGTGTCATCGTTCTG (SEQ ID NO:75)
VEGFA-OT2- Ooff VEGFA OT- | CCTCTCTATGGGCAGTCGGTGATeCAAAT
R Target |2 TGCGCCATAGCTGGG (SEQ ID NO:76)
VEGFA-OT3- Ooff VEGEFA OT- | CCATCTCATCCCTGCGTGTCTCCTGAGCG
F Target | 3 CTCTTCGTCTTTCC (SEQID NO:77)
VEGFA-OT3- Off VEGEA OT- | CCTCTCTATGGGCAGTCGGTGATgGCCAG
R Target | 3 GAACACAGGAATGCTA (SEQ ID NO:78)
[00121]  High-throughput Sequencing Data Analysis Processed (demultiplexed, trimmed, and merged)

sequencing reads were analyzed to determine editing outcomes using CRISPPResso2° by aligning
sequenced amplicons to reference and expected HDR amplicons. The quantification window was
increased to 10 bp surrounding the expected cut site to better capture diverse editing outcomes, but
substitutions were ignored to avoid inclusion of sequencing errors. Only reads containing no mismatches
to the expected amplicon were considered for HDR quantification; reads containing indels that partially
matched the expected amplicons were included in the overall reported indel frequency.

[00122]  Statistical Analysis Unless otherwise stated, all statistical analysis and comparison were
performed using t-test, with 1% false-discovery-rate (FDR) using two-stage step-up method of Benjamini,
Krieger and Yekutieli (Benjamini, Y., et. al, Biometrika 93, 491-507 (2006), incorporated herein by
reference). All experiments were performed in triplicates unless otherwise noted to ensure sufficient
statistical power in the analysis.

[00123]  Determination of editing at predicted Cas9 off-target sites To evaluate RecT/RecE off-target
editing activity at known Cas9 off-target sites, same genomic DNA extracts for knock-in analysis were
used as template for PCR amplification of top predicted off-targets sites (high scored as predicted
CRISPOR, a web-based analysis tool) for the EMX1, VEGFA guides, primer sequences are listed in

Table 2.
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[00124] iGUIDE Off-target Analysis Genome-wide, unbiased off-target analysis was performed
following the iGUIDE pipeline (Nobles, C L., et al. Genome Biol 20, 14 (2019), incorporated herein by
reference) based on Guide-seq invented previously (Tsai, S., ef al. Nat Biotechnol 33, 187-197 (2015),
incorporated herein by reference). HEK293T cells were transfected in 20uL Lonza SF Cell Line
Nucleofector Solution on a Lonza Nucleofector 4-D with program DS-150 according to the
manufacturer’s instructions. 300ng of gRNA-Cas9 plasmids (or 150ng of each gRNACasOn plasmid for
the double nickase), 150ng of the effector plasmids, and Spmol of double stranded oligonucleotides
(dsODN) were transfected. Cells were harvested after 72hrs for genomic DNA using Agencourt
DNAdvance reagent kit. 400ng of purified gDNA which was then fragmented to an average of 500bp and
ligated with adaptors using NEBNext Ultra Il FS DNA Library Prep kit following manufacturer’s
instructions. Two rounds of nested anchored PCR from the oligo tag to the ligated adaptor sequence were
performed to amplify targeted DNA, and the amplified library was purified, size-selected, and sequenced
using [llumina Miseq V2 PE300. Sequencing data was analyzed using the published iGUIDE pipeline,

with the addition of a downsampling step which ensures an unbiased comparison across samples.

EXAMPLE 1

[00125] In contrast to mammals, convenient recombineering-edit tools are available for bacteria, e.g.,
the phage lambda Red and RecE/T. Microbial recombineering has two major steps: template DNA is
chewed back by exonucleases (Exo), then the single-strand annealing protein (SSAP) supports homology
directed repair by the template, optionally facilitated by nuclease inhibitor. A system for RNA-guided
targeting of RecE/T recombineering activities was developed and achieved kilobase (kb) human gene-
editing without DNA cutting.

[00126] Candidate microbial systems with recombineering activities were surveyed. Two lines of
reasoning guided the search: 1) Orthogonality: prioritizing proteins with minimal resemblance to
mammalian repair enzymes; 2) Parsimony: focusing on systems with fewest interdependent components.
Three protein families were identified: lambda Red, RecE/T, and phage T7 gp6 (Exo) and gp2.5 (SSAP)
recombination machinery. Based on phylogenetic reconstruction, RecE/T proteins were determined to be
the most distant from eukaryotic recombination proteins and among the most compact (FIG. 1). Thus,
RecE/T systems were utilized for downstream analysis.

[00127] The NCBI protein database was systematically searched for RecE/T homologs. To develop a

portable tool, evolutionary relationships and lengths were examined (FIG. 2A). Co-occurrence analysis
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revealed that most RecE/T systems have only one of the two proteins (FIG. 2B). As prophage integration
could be imprecise, the 11% of species harboring both homologs were prioritized as evidence for intact
functionality.

[00128] The top 12 candidates were codon-optimized and MS2 coat protein (MCP) fusions were
constructed to recruit these RecE/T homologs, hereafter termed “recombinator”, to wild-type
Streptococcus pyogenes Cas9 (wtCas9) via MS2 RNA aptamers. To understand their respective molecular
effects as Exo and SSAP, each was tested independently (FIG. 2C). Initial results revealed Escherichia
coli RecE/T proteins (simplified as RecE and RecT) as promising candidates, as determined by genome
knock-in assays (FIG. 2D). While RecT is only 269 amino acid (AA) long, RecE was truncated from
AA587 (RecE 587) and the carboxy terminus domain (RecE CTD) based on functional studies (Muyrers,
J.P., Genes Dev. (2000); 14, 1971-1982, incorporated herein by reference).

[00129] To validate RecE/T recombineering in human cells, homology directed repair (HDR) was
measured at five genomic sites with two templates. While the RecE variants (RecE 587, RecE_CTD)
demonstrated variable increases in knock-in efficiency, RecT significantly enhanced HDR in all cases,
replacing ~16bp sequences at EMX1 and VEGFA, and knocking-in ~1kb cassette at HSP904A1, DYNLT]I,
AAVSI (FIGS. 3A-E, FIG. 4). These results were verified using imaging (FIG. 3F) and junction sites were
sequenced using Sanger sequencing to confirm precise insertion (FIG. 3G). To test if these activities are
truly sequence-specific, a no-recruitment control with the PP7 coat protein (PCP) that recognizes PP7
aptamers not MS2 aptamers was employed. RecE had activities without recruitment, whereas RecT
showed efficiency increases in a recruitment-dependent manner (FIG. 3H). Without being bound by
theory, this may be explained by RecE exonuclease activity acting promiscuously (FIG. 2C). The RecE/T
recombineering-edit (REDIT) tools was termed as REDITv1, with REDITv1_RecT as the preferred

variant.

EXAMPLE 2

[00130] Three tests on REDITv1 were performed to explore: 1) activity across cell types, 2) optimal
designs of HDR template, and 3) specificity. REDITv1 activity was robust across multiple genomic sites
in HEK, A549, HepG2, and HeL.a cells (FIGS. 5A-C, FIGS. 6A-C). Noticeably, in human embryonic
stem cells (hESCs), REDITv1 exhibited consistent increases of kilobase knock-in efficiency at
HSP90AAI and OCT4, with up to 3.5-fold improvement relative to Cas9-HDR (FIGS. SD-E, FIGS. 6D-
E). Different template designs were also tested. REDITv1 performed efficient kilobase editing using HA
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length as short as 200bp total, with longer HA supporting higher efficiency. It achieved up to 10%
efficiency (without selection) for kb-scale knock-in, a 5-fold increase over Cas9-HDR and significantly
higher than the 1~2% typical efficiency (FIG. 7). Lastly, the accuracy of REDITvI1 accuracy was
determined using deep sequencing of predicted off-target sites (OTSs) and GUIDE-seq. Although
REDITv1 did not increase off-target effects, detectable OTSs remained at previously reported sites for
EMX1 and VEGFA (FIGS. 5F-G, FIG. 8). In short, REDITvI showcased kilobase-scale genome
recombineering but retained the off-target issues, with REDITv1 RecT having the highest efficiency.

EXAMPLE 3

[00131] To alleviate unwanted edits, a version of REDIT with non-cutting Cas9 nickases (Cas9n) was
assessed. A similar strategy was previously employed (Ran, F.A.) et al | Cell (2013), 154: 1380-1389,
incorporated herein by reference) to address off-target issues but had low HDR efficiency. REDIT was
tested to determine if this system could overcome the limitation of endogenous repair and promote
nicking-mediated recombination. Indeed, the nickase version demonstrated higher efficiencies, with the
best results from Cas9n(D10A) with single- and double-nicking. This CasOn(D10A) variant was
designated REDITv2N (FIG. 9A). A 5%~10% knock-in without selection was observed using REDITv2N
double-nicking, comparable to REDITv1 using wtCas9 (FIG. 9A, FIG. 10A). Junction sequencing
confirmed the precision of knock-in for all targets (FIG. 11). This result represented 6- to 10-fold
improvement over Cas9n-HDR. Even with single-nicking REDITv2N, a ~2% efficiency for 1kb knock-in
was observed, a level considerably higher than the 0.46% HDR efficiency in previous report (Cong, L. et
al., Science. 339, 819-823, incorporated herein by reference) using regular single-nicking Cas9n and a
less-challenging 12-bp knock-in template (FIG. 9A).

[00132] The off-target activity of REDITv2N was investigated using GUIDE-seq. Results showed
minimal off-target cleavage and a reduction of OTSs by ~90% compared to REDITv1 (FIG. 9B).
Specifically, for DYNLT-targeting guides, the most abundant K/F6 OTS was significantly enriched in
REDITv1 group but disappeared when using REDITv2N (FIG. 9C). REDITv2N was highly accurate
(FIGS. 9B-C, FIG. 12).

[00133]  Another byproduct of HDR editing is on-target insertion-deletions (indels). They could
drastically lower yields of gene-editing, especially for long sequences. Indel formation was measured in

an EMXT knock-in experiment using deep sequencing. REDITv2N increased HDR to the same efficiency
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as its counterpart using wtCas9 (FIG. 12C, top), with a reduction of unwanted on-target indels by 92%
(FIG. 12C, bottom).

[00134] Concepts from GUIDE-seq, LAM-PCR, and TLA were used to develop an NGS-based assay
to identify genome-wide insertion sites (GIS), or GIS-seq (FIG. 30A). Using GIS-seq, NGS read
clusters/peaks representing knock-in insertion sites were obtained (FIG. 30B), showing representative
reads from the on-target site). GIS-seq was applied to DYNLT{ and ACTB loci to measure the knock-in
accuracy. Sequencing results indicated that, when considering sites with high confidence based on
maximum likelihood estimation, REDIT had less off-target insertion sites identified compared with Cas9
(FIG. 30C). Together, the clonal Sanger sequencing of knock-in junctions (FIGS. 9C and 12), GUIDE-seq
analysis (FIG. 9B), and GIS seq results (FIGS. 30A-30C) indicated that REDIT can be an efficient

method with the ability to insert kilobase-length sequences with less unwanted editing events.

EXAMPLE 4

[00135] REDIT was examined for long sequence editing ability in the absence of any nicking/cutting
of the target DNA. Remarkably, when using catalytically dead Cas9 (dCas9) to construct REDITv2D, an
exact genomic knock-in of a kilobase cassette was observed in human cells (FIG. 9D, top, FIG. 13).
While REDITv2D has lower efficiency than REDITv2N, it achieved programmable DNA-damage-free
editing at kilobase-scale with 1~2% efficiency and no selection (FIG. 9D, FIG. 10B). It was hypothesized
that two processes could be contributing to the REDITv2D recombineering. One possibility was via
dCas9 unwinding. If dCas9 could unwind DNA as it induces sequence-specific formation of loop, a
double-binding with two dCas9s would be expected to promote genome accessibility to RecE/T.
However, a significant increase upon delivering two guide RNAs was not observed (FIG. 9D, bottom).
Another possibility was that the unwinding of DNA during cell cycle permitted RecE/T to access the
target region mediated by dCas9 binding. A 1kb knock-in was performed with different REDIT tools at
varying serum levels (10% regular, 2% reduced, and no serum). As serum starvation arrests cell
proliferation, the results indicated that the cell cycle correlated positively with REDITv2D
recombineering (FIG. 9E). Upon no-serum treatment, HDR efficiency only dropped in
REDITv2D(dCas9) group, whereas REDITv1(wtCas9) and REDITv2N(D10A) were not affected (FIG.
9E, FIG. 14), supporting that DNA unwinding permitted RecE/T to access the target region.
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EXAMPLE 5

[00136] Microscopy analysis revealed incomplete nuclei-targeting of REDITv1, particularly
REDITv1 RecT (FIG. 15). Hence, different designs of protein linkers and nuclear localization signals
(NLSs) were tested (FIG. 15A). The extended XTEN-linker with C-terminal SV40-NLS was identified as
a preferred configuration, termed REDITv3 (FIG. 16). REDITv3 further achieved a 2- to 3- fold increase
of HDR efficiencies over REDITv2 across genome targets and Cas9 variants (wtCas9, Cas9n, dCas9)
(FIG. 17).

[00137] Finally, REDITv3 was utilized in hESCs to engineer kilobase knock-in alleles in human stem
cells. REDITV3N single- and double-nicking designs resulted in 5-fold and 20-fold increased HDR
efficiencies over no-recombinator controls, respectively (FIG. 9F). The efficacy and fidelity were
confirmed via a combination of assays described for previous REDIT versions (FIGS. 9F-G, FIG. 18).
Additionally, REDITv3 works effectively with Staphylococcus aureus Cas9 (SaCas9), a compact
CRISPR system suitable for in vivo delivery (FIG. 19).

EXAMPLE 6

[00138] To further investigate RecT and RecE 587 variants, both RecT and RecE_587 were truncated
at various lengths as shown in FIG. 20A and FIG. 21A, respectively. The resulting efficiencies were
measured using an mKate knock-in assay, with both wildtype SpCas9 and CasOn(D10A) with single- and
double-nicking at the DYNLT1 locus (FIGS. 20B-C and FIGS. 21B-C, respectively). Efficiencies of the
no recombination group are shown as the control.

[00139] The truncated versions of both RecT and RecE_587 retained significant recombineering
activity when used with different Cas9s. In particular, compared with the full-length RecT(1-269aa), the
new truncated versions such as RecT(93-264aa) are over 30% smaller yet they preserved essentially the
full activities of RecT in stimulating recombination in eukaryotic cells. Similarly, compared with the full-
length RecE(1-280aa), truncated versions such as RecE_587(120-221aa) and RecE 587(120-209aa) are
over 60% smaller but still retained high recombination activities in human cells. These truncated versions
demonstrated the potential to further engineer minimal-functional recombineering enzymes using RecE
and RecT protein variants, but also provide valuable compact recombineering tools for human genome
editing that is ideal for in vitro, ex vivo, and in vivo delivery given their small size.

[00140] Overall, REDIT harnessed the specificity of CRISPR genome-targeting with the efficiency of

RecE/RecT recombineering. The disclosed high-efficiency, low-error system makes a powerful addition
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to existing CRISPR toolkits. The balanced efficiency and accuracy of REDITv3N makes it an attractive

therapeutic option for knock-in of large cassette in immune and stem cells.

EXAMPLE 7

[00141] The reconstructed RecE and RecT phylogenetic trees with eukaryotic recombination enzymes
from yeast and human (FIGS. 1A and 1B) show the evolutionary distance of the proteins based on
sequence homology. The dotted boxes indicate the full-length E. coli RecB and E. coli RecE protein. The
catalytic core domain of E. coli RecB and E. coli RecE protein (solid boxes) was used for the comparison.
The gene-editing activities of these families of recombineering proteins were measured using the MS2-
MCP recruitment system, where sgRNA bearing MS2 stem-loop is used with recombineering proteins
fused to the MCP protein via peptide linker and with nuclear-localization signals.

[00142] Three exonuclease proteins were used: the exonuclease from phage Lambda, the RecES87 core
domain of E. coli RecE protein, and the exonuclease (gene name gp6) from phage T7 (FIG. 22A). The
gene-editing activity was measured using mKate knock-in assay at genomic loci (DYNLT1 and
HSP90AA1).

[00143] Similar measurements were made testing the genome editing efficiencies of three single-strand
DNA annealing proteins (SSAPs) from the same three species of microbes as the exonucleases, namely
Bet protein from phage Lambda, RecT protein from E. coli, and SSAP (gene name gp2.5) from phage T7
(FIG. 22B).

[00144] From these results, the genome recombineering activities of all three major family of
phage/microbial recombination systems was systematically measured and validated in eukaryotic cells
(lambda phage exonuclease and beta proteins; E. coli prophase RecE and RecT proteins, T7 phage
exonuclease gpo6 and single-strand binding gp2.5 proteins). All six proteins from three systems achieved
efficient gene editing to knock-in kilobase-long sequences into mammalian genome across two genomic
loci. Overall, the exonucleases showed ~3-fold higher recombination efficiency (up to 4% mKate genome
knock-in) when compared with no-recombinator controls. The single-strand annealing proteins (SSAP)
showed higher activities, with 4-fold to 8-fold higher gene-editing activities over the control groups. This
demonstrated the general applicability and validity that microbial recombination proteins in the
exonuclease and SSAP families could be engineered via the Cas9-based fusion protein system to achieve

highly efficient genome recombination in mammalian cells.
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EXAMPLE 8

[00145] In order to demonstrate the generalizability of REDIT protein design, alternative recruitment
systems were developed and tested. For a more compact REDIT system, the REDIT recombinator
proteins were fused to N22 peptide and at the same time the sgRNA included boxB, the short cognizant
sequence of N22 peptide, replacing MCP within the sgRNA (FIG. 23A). This boxB-N22 system
demonstrated comparable editing efficiencies at the two genomic sites tested as shown in FIGS. 23B-23E
with side-by-side comparisons of the MS2-MCP recruitment system.

[00146] A REDIT system using SunTag recruitment, a protein-based recruitment system, was
developed (FIGS. 24A and 27A). Because SunTag is based on fusion protein design, the sgRNA or
guideRNAs are the same as wild-type CRISPR system. Specifically, the REDIT recombinator proteins
were fused to scFV antibody peptide (replacing MCP), and the GCN4 peptide was fused in tandem
fashion (10 copies of GCN4 peptide separated by linkers) to the Cas9 protein. Thus, the scFV-REDIT
could be recruited to the Cas9 complex via affinity of GCN4 to scFV.

[00147] mKate knock-in experiments (FIG. 24B and 27B) were used to measure the editing
efficiencies at the DYNLT locus and the HSP90AA1 locus, respectively. This SunTag-based REDIT
system demonstrated significant increase of gene-editing knock-in efficiency at the DYNLT1 genomic
sites tested. In addition, the SunTag design significantly increased HRD efficiencies to ~2-fold better than

Cas9 but did not achieve increases as high as the MS2-aptamer.

EXAMPLE 9

[00148] In order to demonstrate the generalizability of REDIT protein design and develop versatile
REDIT system applicable to a range of CRISPR enzymes, Cpf1/Cas12a based REDIT system using the
SunTag recruitment design was developed (FIG. 25A). Two different Cpf1/Casl2a proteins were tested
(Lachnospiraceae bacterium ND2006, LbCpfl and Acidaminococcus sp. BV3L6) using the mKate knock-
in assay as previously shown (FIG. 25B).

[00149] These results showed that the microbial recombination proteins (exonuclease and single-strand
annealing proteins) could be engineered using alternative designs such as the SunTag recruitment system
to perform genome editing in eukaryotic cells. These protein-based recruitment system does not require
the usage of RNA aptamers or RNA-binding proteins, instead, they took advantage of fusion protein
domains directly connecting to the CRISPR enzymes to recruit REDIT proteins.
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[00150] In addition to the flexibility in recruitment system design, these results using Cpf1/Cas12a-
type CRISPR enzymes also demonstrated the general adaptability of REDIT proteins to various CRISPR
systems for genome recombination. Cpf1/Cas12a enzymes have different catalytic residues and DNA-
recognition mechanisms from the Cas9 enzymes. Hence, the REDIT recombination proteins
(exonucleases and single-strand annealing proteins) could function independent from the specific choices
of the CRISPR enzyme components (Cas9, Cpf1/Casl2a, and others). This proved the generalizability of
the REDIT system and open up possibility to use additional CRISPR enzymes (known and unknown) as

components of REDIT system to achieve accurate genome editing in eukaryotic cells.

EXAMPLE 10

[00151] Fifteen different species of microbes having RecE/RecT proteins were selected for a screen of
various RecE and RecT proteins across the microbial kingdom (Table 3). Each protein was codon-
optimized and synthesized. As previously described for E. coli RecE/RecT based REDIT systems, each
protein was fused via E-XTEN linker to the MCP protein with additional nuclear localization signal.
mKate knock-in gene-editing assay was used to measure efficiencies at DYNLT'/ locus (FIG. 26A, Table
4) and HSP90AA1 locus (FIG. 26B, Table 4). The homologs demonstrated the ability to enable and
enhance precision gene-editing.

Table 3: RecE and RecT protein homologs

Homolog | Source Protein
T1 Pantoea stewartii RecT
El Pantoea stewartii RecE
T2 Pantoea brenneri RecT
E2 Pantoea brenneri RecE
T3 Pantoea dispersa RecT
E3 Pantoea dispersa RecE
T4 Type-F symbiont of Plautia stali RecT
E4 Type-F symbiont of Plautia stali RecE
T5 Providencia stuartii RecT
E5 Providencia stuartii RecE
To Providencia sp. MGF014 RecT
E6 Providencia sp. MGFO014 RecE
T7 Providencia alcalifaciens DSM 30120 RecT
E7 Providencia alcalifaciens DSM 30120 RecE
T8 Shewanella putrefaciens RecT
E8 Shewanella putrefaciens RecE
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T9 Bacillus sp. MUM 116 RecT

E9 Bacillus sp. MUM 116 RecE

T10 Shigella sonnei RecT

E10 Shigella sonnei RecE

T11 Salmonella enterica RecT

Ell Salmonella enterica RecE

T12 Acetobacter RecT

E12 Acetobacter RecE

T13 Salmonella enterica subsp. enterica RecT

serovar Javiana str. 10721
E13 Salmonella enterica subsp. enterica RecE
serovar Javiana str. 10721

T14 Pseudobacteriovorax antillogorgiicola RecT

El4 Pseudobacteriovorax antillogorgiicola RecE

T1S Photobacterium sp. JCM 19050 RecT

E15 Photobacterium sp. JCM 19050 RecE

Table 4: mKate Knock-In Gene-Editing Efficiencies
DYNLT1 HSP90AAL1
Mean Mean
mKate+ (%) SEM mKate+ (%) SEM
NC 1.2100 0.0802 1.7333 0.1245
NR 2.0500 0.1442 4.0100 0.2166
EcRecE 587 5.1767 0.0897 3.7067 0.1784
EcRecT 9.9467 1.0143 6.5467 0.4646
Homolog T1 11.7333 0.4667 8.0733 0.8752
Homolog E1 5.7333 0.8503 7.6567 0.4556
Homolog T2 12.0000 0.5292 6.9233 0.4594
Homolog E2 7.4533 0.8553 6.4867 0.4359
Homolog T3 11.9000 1.3013 7.1200 0.2730
Homolog E3 2.0533 0.1020 6.7467 0.1565
Homolog T4 10.4433 0.7331 5.7567 0.8704
Homolog E4 5.7200 0.4744 6.2567 0.3339
Homolog T5 10.8267 0.9445 6.4300 0.3262
Homolog ES 4.4667 0.7116 6.0233 0.4366
Homolog T6 9.0533 0.3548 6.2500 0.4100
Homolog E6 5.4100 0.5981 5.9300 0.4708
Homolog T7 5.6467 0.7383 5.3700 0.4795
Homolog E7 44733 0.2444 5.7367 0.2105
Homolog T8 5.0400 0.5599 57133 0.4886
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Homolog E8 4.6567 0.3088 7.0533 0.4388
Homolog T9 8.1300 0.3523 6.2000 0.2511
Homolog E9 5.3233 0.5233 5.6900 0.4903
Homolog T10 8.5333 0.1601 5.5900 0.2237
Homolog E10 4.4000 1.0149 3.5900 0.1442
Homolog T11 9.8467 1.4374 4.9233 0.4074
Homolog E11 7.0567 1.5872 3.1167 0.2010
Homolog T12 8.5900 0.5401 52733 0.2935
Homolog E12 5.2633 0.3374 6.0800 0.5164
Homolog T13 9.9567 0.3324 5.7200 0.4267
Homolog E13 5.6333 0.2360 5.6900 0.3729
Homolog T14 6.7700 0.7022 47200 0.3612
Homolog E14 6.0167 0.4890 5.7100 0.1793
Homolog T15 7.8033 0.7075 52333 0.2302
Homolog E15 5.0700 0.5543 6.0500 0.5696

EXAMPLE 11

[00152] Next, to benchmark the RecT-based REDIT design, it was compared with three categories of
existing HDR-enhancing tools (FIGS. 28A and 28B): DNA repair enzyme CtIP fusion with the Cas9
(Cas9-HE), a fusion of the functional domain (amino acids 1 to 110) of human Geminin protein with the
Cas9 (Cas9-Gem), and a small-molecule enhancers of HDR via cell cycle control, Nocodazole. Across
endogenous targets tested, the RecT-based REDIT design had favorable performance compared with three
alternative strategies (FIG. 28C). Furthermore, the RecT-based REDIT design, which putatively acted
through activity independently from the other approaches, may synergize with existing methods. To test
this hypothesis, RecT-based REDIT design was combined with three different approaches (conveniently
through the MS2-aptamer) (FIG. 28A, right). The RecT-based REDIT design could indeed further
enhance the HDR-promoting activities of the tested tools (FIG. 28C).

EXAMPLE 12

[00153] The effect of template HA lengths on the editing efficiency of REDIT was quantified when
using the canonical HDR donor bearing HAs of at least 100 bp on each side (FIG. 29A, left). Higher HDR
rates were observed for both Cas9 and RecT groups with increasing HA lengths, and REDIT effectively
stimulated HDR over Cas9 using HA lengths as short as ~100bp each side. When supplied with a longer
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template bearing 600-800 bp total HA, RecT achieved over 10% HDR efficiencies for kb-scale knock-in
without selection, significantly higher than the 2-3% efficiency when only using Cas9. Recent reports
identified that using donor DNAs with shorter HAs (usually between 10 and 50 bp) could significantly
stimulate knock-in efficiencies thanks to the high repair activities from the Microhomology-mediated end
joining (MMEIJ) pathway. Knock-in efficiencies of the REDIT-based method were compared with Cas9,
using donor DNA with Obp (NHEJ-based), 10bp or 50bp (MMEIJ-based) HAs. The results demonstrated
that short-HA donors leveraging MMEJ mechanisms yielded higher editing efficiencies compared with
HDR donors (FIG. 29A, right). At the same time, REDIT was able to enhance the knock-in efficiencies as
long as there is HA present (no effect for the Obp NHEJ donor). This effect is particularly significant with
The 10 bp donors in which there was a significant effect, were chosen for further characterization and
comparison with the HDR donors.

[00154] The knock-in cells were clonally isolated and the target genomic region was amplified using
primers binding completely outside of the donor DNAs for colony Sanger sequencing (FIG. 29B. Junction
sequencing analysis (~48 colonies per gene per condition) revealed varying degrees of indels at the 5’-
and 3’- knock-in junctions, including at single or both junctions (FIG. 29C). Overall, HDR donors had
better precision than MMEJ donors, and REDIT modestly improved the knock-in yield compared with
Cas9, though junction indels were still observed.

[00155] Furthermore, the efficiencies of REDIT and Cas9 were compared when making different
lengths of editing. For longer edits, 2-kb knock-in cassettes were used (FIG. 29D), and for shorter edits
single-stranded oligo donors (ssODN) were used. When the knock-in sequence length was increased to
~2-kb using a dual-mKate/GFP template, REDIT maintained its HDR-promoting activity compared with
Cas9 across endogenous targets tested (FIG. 29D). For ssODN tests, at two well-established loci EMX1
and VEGFA, REDIT and Cas9 were used to introduce 12—16-bp exogenous sequences. As ssODN
templates are short (<100 bp HAs on each side), next-generation sequencing (NGS) was used to quantify
the editing events. Comparable levels of indels were observed between Cas9 and REDIT with improved

HDR efficiencies using REDIT.

EXAMPLE 13

[00156] The sensitivity of REDIT’s ability to promote HDR in the presence or absence of two
distinctive pharmacological inhibitors of RAD51, B02 and RI-1 (FIG. 31A). As expected, for Cas9-based
editing, RADS1 inhibition significantly lowered HDR efficiencies (FIGS. 31B, 31C, and 32A).
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Intriguingly, RADS51 inhibition decreased REDIT and REDITdn efficiencies only moderately, as both
REDIT/REDITdn methods maintained significantly higher knock-in efficiencies compared with
Cas9/Cas9dn under RADS1 inhibition.

[00157] Mirin, a potent chemical inhibitor of DSB repair, which has also been shown to prevent MRN
complex formation, MRN-dependent ATM activation, and inhibit Mrel1 exonuclease activity was also
used. When treating cells with Mrining, only the editing efficiencies of Cas9 reference experiments were
affected by the Miring treatment, whereas the REDIT versions were essentially the same as vehicle-
treated groups across all genomic targets (FIG. 32A).

[00158] To testif cell cycle inhibition affected recombination, cells were chemically synchronized at
the G1/S boundary using double Thymidine blockage (DTB). REDIT versions had reduced editing
efficiencies under DTB treatment, though it maintained higher editing efficiencies under DNA repair
pathway inhibition, compared with Cas9 reference experiments, when Miring RI-1, or B02 were
combined with DTB treatment (FIG. 32B).

[00159] To validate REDIT in different contexts, REDIT was applied in human embryonic stem cells
(hESCs) to test their ability to engineer long sequences in non-transformed human cells. Robust
stimulation of HDR was observed across all three genomic sites (HSP904A41, ACTB, OCT4/POUSFI)
using REDIT and REDITdn (FIGS. 31D and 31E). Of note, REDIT and REDITdn editing used donor
DNAs with 200-bp HAs on each side and achieved up to over 5% efficiency for kb-scale gene-editing
without selection compared with ~1% efficiency using non-REDIT methods. Additionally, REDIT
improved knock-in efficiencies in A549 (lung-derived), HepG2 (liver-derived), and HeLa (cervix-
derived) cells, demonstrating up to ~15% kb-scale genomic knock-in without selection. This
improvement was up to 4-fold higher than the Cas9 groups, supporting the potential of using REDIT
methods in different cell types.

EXAMPLE 14

[00160] 7n vivo use of dCas9-EcRecT (SAFE-dCas9) was tested using cleavage free dCas9 editor via
hydrodynamic tail vein injection. The gene editing vectors and template DNA used are shown in FIG.
33A. A gene editing vector (60 ug) and template DNA (60 ug) were injected via hydrodynamic tail vein
injection to deliver the components to the mouse. Successful gene editing of liver hepatocytes was
monitored by transgene-encoded protein expression from the albumin locus. A schematic of the

experimental procedure is shown in FIG. 33B.
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[00161] At approximately seven days after injection, the perfused mice livers were dissected. The lobes
of the liver were homogenized and processed to extract liver genomic DNA from the primary hepatocytes.
The extracted genomic DNA was used for three different downstream analyses: 1) PCR using knock-in-
specific primers and agarose gel electrophoresis (FIG. 34A); 2) Sanger sequencing of the knock-in PCR
product (FIG. 34B); 3) high-throughput deep sequencing of the knock-in junction to confirm and quantify
the accuracy of gene-editing using SAFE-dCas9 in vivo (FIG. 34C). Each downstream analysis confirmed
knock-in success with .

[00162] In addition, in vivo use was tested using adeno-associated virus (AAV) delivery into LTC mice
lungs. LTC mice include three genome alleles: 1) Lkb1 (flox/flox) allele allows Lkb1-KO when
expressing Cre; 2) R26(LSL-TdTom) allele allows detection of AAV-transduced cells via TdTom red
fluorescent protein; and 3) H11(LSL-Cas9) allele allows expression of Cas9 in AAV-transduced cells.
Schematics of the REDI gene editing vector and Cas9 control vectors are shown in FIG. 35A. As shown
in FIG. 35B, successful gene editing using the gene editing vector leads to Kras alleles that drive tumor
growth in the lung of the treated mice.

[00163] Approximately fourteen weeks after the AAV injection, perfused mice lungs were dissected.
Fixed lung tissue was used for imaging analysis to identify tumor formation from successful gene-editing
(FIG. 35C). Quantification of the surface tumor number via imagining analysis showed increased gene-

editing efficiencies and total number of tumors in the REDIT treated mice (FIG. 35C).

Escherichia coli RecE amino acid sequence (SEQ ID NO:1):
MSTKPLFLLRKAKKSSGEPDVVLWASNDFESTCATLDYLIVKSGKKLSSYFKAVATNFPVVNDL
PAEGEIDFTWSERYQLSKDSMTWELKPGAAPDNAHY QGNTNVNGEDMTEIEENMLLPISGQELP
IRWLAQHGSEKPVTHVSRDGLQALHIARAEELPAVTALAVSHKTSLLDPLEIRELHKLVRDTDKV
FPNPGNSNLGLITAFFEAYLNADYTDRGLLTKEWMKGNRVSHITRTASGANAGGGNLTDRGEGF
VHDLTSLARDVATGVLARSMDLDIYNLHPAHAKRIEEITAENKPPFSVFRDKFITMPGGLDY SRAI
VVASVKEAPIGIEVIPAHVTEYLNKVLTETDHANPDPEIVDIACGRSSAPMPQRVTEEGKQDDEEK
PQPSGTTAVEQGEAETMEPDATEHHQDTQPLDAQSQVNSVDAKYQELRAELHEARKNIPSKNPV
DDDKLLAASRGEFVDGISDPNDPKWVKGIQTRDCVYQNQPETEKTSPDMNQPEPVVQQEPEIAC
NACGQTGGDNCPDCGAVMGDATYQETFDEESQVEAKENDPEEMEGAEHPHNENAGSDPHRDC
SDETGEVADPVIVEDIEPGIYYGISNENYHAGPGISKSQLDDIADTPALYLWRKNAPVDTTKTKTL
DLGTAFHCRVLEPEEFSNRFIVAPEFNRRTNAGKEEEKAFLMECASTGKTVITAEEGRKIELMYQS
VMALPLGQWLVESAGHAESSIYWEDPETGILCRCRPDKIIPEFHWIMDVKTTADIQRFKTAYYDY
RYHVQDAFYSDGYEAQFGVQPTFVFLVASTTIECGRYPVEIFMMGEEAKLAGQQEYHRNLRTLA
DCLNTDEWPA IKTLSLPRWAKEYAND

Escherichia coli RecE_S587 amino acid sequence (SEQ ID NO:2):
ADPVIVEDIEPGIYYGISNENYHAGPGVSKSQLDDIADTPALYLWRKNAPVDTTKTKTLD
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LGTAFHCRVLEPEEFSNRFIVAPEFNRRTNSGKEEEKAFLRECASTGK TVITAEEGRKIEL
MYQSVMALPLGQWLVESAGHAESSIYWEDPETAILCRCRPDKIIPEFHWIMDVKTTADI
QRFKTAYYDYRYHVQDAFYSDGYEAQFGVQPTFVFLVASTTIECGRYPVEIFMMGEEA
KLAGQLEYHRNLRTLADCLNTDEWPAIKTLSLPRWAKEY AND*

Escherichia coli CTD_ RecE amino acid sequence (SEQ ID NO:3):
GISNENYHAGPGVSKSQLDDIADTPALYLWRKNAPVDTTKTKTLDLGTAFHCRVLEPEE
FSNRFIVAPEFNRRTNSGKEEEKAFLRECASTGKTVITAEEGRKIELMYQSVMALPLGQW
LVESAGHAESSIYWEDPETAILCRCRPDKIIPEFHWIMDVKTTADIQRFKTAYYDYRYHV
QDAFYSDGYEAQFGVQPTFVFLVASTTIECGRYPVEIFMMGEEAKLAGQLEYHRNLRTL
ADCLNTDEWPAIKTLSLPRWAKEYAND*

Pantoea brenneri RecE amino acid sequence (SEQ ID NO:4):
MQPGIYYDISNEDYHRGAGISKSQLDDIAISPAITYQWRKHAPVDEEKTAALDLGTALHCL
LLEPDEFSKRFQIGPEVNRRTTAGKEKEKEFIERCEAEGITPITHDDNRKLKLMRDSALAH
PIARWMLEAQGNAEASIYWNDRDAGVLSRCRPDKIITEFNWCVDVK STADIMKFQKDF
YSYRYHVQDAFYSDGYESHFHETPTFAFLAVSTSIDCGRYPVQVFIMDQQAKDAGRAE
YKRNIHTFAECLSRNEWPGIATLSLPFWAKELRNE

Type-F symbiont of Plautia stali RecE amino acid sequence (SEQ ID NO:5):
MQPGIYYDISNEDYHGGPGISKSQLDDIAISPATYQWRKHAPVDEEKTAALDLGTALHCL
LLEPDEFSKRFEIGPEVNRRTTAGKEKEKEFMERCEAEGVTPITHDDNRKLRLMRDSAM
AHPTIARWMLEAQGNAEASIYWNDRDTGVLSRCRPDKIITDFNWCVDVKSTADIKFQKD
FYSYRYHVQDAFYSDGYESHFDETPTFAFLAVSTSIDCGRYPVQVFIMDQQAKDAGRAE
YKRNIHTFAECLSRNEWPGIATLSLPYWAKELRNE

Providencia sp. MGF014 RecE amino acid sequence (SEQ ID NO:6):
MKEGIYYNISNEDYHNGLGISKSQLDLINEMPAEYIW SKEAPVDEEKIKPLEIGTALHCLL
LEPDEYHKRYKIGPDVNRRTNVGKEKEKEFFDMCEKEGITPITHDDNRKLMIMRDSALA
HPIAKWCLEADGVSESSIYWTDKETDVLCRCRPDRIITAHNYIIDVKSSGDIEKFDYEYYN
YRYHVQDAFYSDGYKEVTGITPTFLFLVVSTKIDCGKYPVRTYVMSEEAKSAGRTAYK
HNLLTYAECLKTDEWAGIRTLSLPRWAKELRNE

Shigella sonnei RecE amino acid sequence (SEQ ID NO:7):
DRGLLTKEWRKGNRVSRITRTASGANAGGGNLTDRGEGF VHDLTSLARDIATGVLARS
MDVDIYNLHPAHAKRIEEITAENKPPFSVFRDKFITMPGGLDY SRAIVVASVKEAPIGIEVI
PAHVTAYLNKVLTETDHANPDPEIVDIACGRSSAPMPQRVTEEGKQDDEEKLQPSGTTA
DEQGEAETMEPDATKHHQDTQPLDAQSQVNSVDAKYQELRAELHEARKNIPSKNPVDA
DKLLAASRGEFVDGISDPNDPKWVKGIQTRDSVYQNQPETEKTSPDMKQPEPVVQQEPE
IAFNACGQTGGDNCPDCGAVMGDATYQETFDEENQVEAKENDPEEMEGAEHPHNENA
GSDPHRDCSDETGEVADPVIVEDIEPGIYYGISNENYHAGPGVSKSQLDDIADTPALYLW
RKNAPVDTTKTKTLDLGTAFHCRVLEPEEFSNRFIVAPEFNRRTNAGKEEEKAFLMECA
STGKMVITAEEGRKIELMYQSVMALPLGQWLVESAGHAESSIYWEDPETGILCRCRPDK
TPEFHWIMDVKTTADIQRFKTAYYDYRYHVQDAFYSDGYEAQFGVQPTFVFLVASTTIE
CGRYPVEIFMMGEEAKLAGQLEYHRNLRTLADCLNTDEWPAIKTLSLPRWAKEYAND
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Pseudobacteriovorax antillogorgiicola RecE amino acid sequence (SEQ ID NO:8):
MSKLSNLKVSNSDVDTLSRIRMKEGVYRDLPIESYHQSPGYSKTSLCQIDKAPIYLKTKV
PQKSTKSLNIGTAFHEAMEGVFKDKYVVHPDPGVNKTTKSWKDFVKRYPKHMPLKRSE
YDQVLAMYDAARSYRPFQKYHLSRGFYESSFYWHDAVTNSLIKCRPDYITPDGMSVIDF
KTTVDPSPKGFQYQAYKYHYYVSAALTLEGIEAVTGIRPKEYLFLAVSNSAPYLTALYR
ASEKEIALGDHFIRRSLLTLKTCLESGKWPGLQEEILELGLPFSGLKELREEQEVEDEFME
LVG

Escherichia coli RecT amino acid sequence (SEQ ID NO:9):
MTKQPPIAKADLQKTQGNRAPAAVKNSDVISFINQPSMKEQLAAALPRHMTAERMIRIA
TTEIRKVPALGNCDTMSFVSAIVQCSQLGLEPGSALGHAYLLPFGNKNEKSGKKNVQLII
GYRGMIDLARRSGQIASLSARVVREGDEFSFEFGLDEKLIHRPGENEDAPVTHVYAVAR
LKDGGTQFEVMTRKQIELVRSLSKAGNNGPWVTHWEEMAKKTAIRRLFKYLPVSIEIQR
AVSMDEKEPLTIDPADSSVLTGEYSVIDNSEE*

Pantoea brenneri RecT amino acid sequence (SEQ ID NO:10):
MSNQPPIASADLQKTQQSKQVANKTPEQTLVGFMNQPAMKSQLAAALPRHMTADRMI
RIVTTEIRKTPQLAQCDQSSFIGAVVQCSQLGLEPGSALGHAYLLPFGNGRSKSGQSNVQ
LIIGYRGMIDLARRSGQIVSLSARVVRADDEFSFEYGLDENLVHRPGENEDAPITHVYAV
ARLKDGGTQFEVMTVKQVEKVKAQSKASSNGPWVTHWEEMAKKTVIRRLFKYLPVSI
EMQKAVVLDEKAESDVDQDNASVLSAEYSVLESGDEATN

Type-F symbiont of Plautia stali RecT amino acid sequence (SEQ ID NO:11):
MSNQPPIASADLQKTQQSKQVANKTPEQTLVGFMNQPAMKSQLAAALPRHMTADRMI
RIVTTEIRKTPALATCDQSSFIGAVVQCSQLGLEPGSALGHAYLLPFGNGRSKSGQSNVQ
LIIGYRGMIDLARRSGQIVSLSARVVRADDEFSFEYGLDENLIHRPGDNEDAPITHVYAV
ARLKDGGTQFEVMTAKQVEKVKAQSKASSNGPWVTHWEEMAKKTVIRRLFKYLPVSI
EMQKAVVLDEKAESDVDQDNASVLSAEYSVLEGDGGE

Providencia sp. MGF014 RecT amino acid sequence (SEQ ID NO:12):

MSNPPLAQSDLQKTQGTEVK VKTKDQQLIQFINQPSMK AQLAAALPRHMTPDRMIRIVT
TEIRKTPALATCDMQSFVGAVVQCSQLGLEPGNALGHAYLLPFGNGKAKSGQSNVQLII
GYRGMIDLARRSNQIISISARTVRQGDNFHFEY GLNEDLTHTPSENEDSPITHVYAVARL

KDGGVQFEVMTYNQVEKVRASSKAGQNGPW VSHWEEMAKKTVIRRLFKYLPVSIEMQ
KAVVLDEKAEANVDQENATIFEGEYEEVGTDGN

Shigella sonnei RecT amino acid sequence (SEQ ID NO:13):
MTKQPPIAKADLQKTQENRAPAAIKNND VISFINQPSMKEQLAAALPRHMTAERMIRIA
TTEIRKVPALGNCDTMSFVSAIVQCSQLGLEPGSALGHAYLLPFGNKNEKSGKKNVQLII
GYRGMIDLARRSGQIASLSARVVREGDEFNFEFGLDEKLIHRPGENEDAPVTHVYAVAR
LKDGGTQFEVMTRRQIELVRSQSKAGNNGPWVTHWEEMAKKTAIRRLFKYLPVSIEIQR
AVSMDEKEPLTIDPADSSVLTGEYSVIDNSEE
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Pseudobacteriovorax antillogorgiicola RecT amino acid sequence (SEQ ID NO:14):
MGHLVSKTEQDYIKQHYAKGATDQEFEHFIGVCRARGLNPAANQIYFVKYRSKDGPAK
PAFILSIDSLRLIAHRTGDYAGCSEPIFTDGGKACTVTVRRNLKSGETGNFSGMAFYDEQ
VQOQKNGRPTSFWQSKPRTMLEKCAEAKALRKAFPQDLGQFYIREEMPPQYDEPIQVHK
PKALEEPRFSKSDLSRRKGLNRKLSALGVDPSRFDEVATFLDGTPDRELGQKLKLWLKE
AGYGVNQ

SV40 NLS amino acid sequence (SEQ ID NO:16):
PKKKRKV

Tyl NLS amino acid sequence (SEQ ID NO:17):
NSKKRSLEDNETEIKVSRDTWNTKNMRSLEPPRSKKRIH

c-Myc NLS amino acid sequence (SEQ ID NO:18):
PAAKRVKLD

biSV40 NLS amino acid sequence (SEQ ID NO:19):
KRTADGSEFESPKKKRKV

Mut NLS amino acid sequence (SEQ ID NO:20):
PEKKRRRPSGSVPVLARPSPPKAGKSSCI

Template DNA sequences (underlining marks the replaced or inserter editing sequences)

EMX1 HDR template sequence (SEQ ID NO:79):
CATTCTGCCTCTCTGTATGGAAAAGAGCATGGGGCTGGCCCGTGGGGTGGTGTCCAC
TTTAGGCCCTGTGGGAGATCATGGGAACCCACGCAGTGGGTcataggctctctcatttactactcacat
ccactctgtgaagaagegattatgatctctectctagaaaCTCGTAGAGTCCCATGTCTGCCGGCTTCCAGAG
CCTGCACTCCTCCACCTTGGCTTGGCTTTGCTGGGGCTAGAGGAGCTAGGATGCACA
GCAGCTCTGTGACCCTTTGTTTGAGAGGAACAGGAAAACCACCCTTCTCTCTGGCCC
ACTGTGTCCTCTTCCTGCCCTGCCATCCCCTTCTGTGAATGTTAGACCCATGGGAGCA
GCTGGTCAGAGGGGACCCCGGCCTGGGGCCCCTAACCCTATGTAGCCTCAGTCTTCC
CATCAGGCTCTCAGCTCAGCCTGAGTGTTGAGGCCCCAGTGGCTGCTCTGGGGGCCT
CCTGAGTTTCTCATCTGTGCCCCTCCCTCCCTGGCCCAGGTGAAGGTGTGGTTCCAG
AACCGGAGGACAAAGTACAAACGGCAGAAGCTGGAGGAGGAAGGGCCTGAGTCCG
AGCAGAAGAAGAAGGGCTCCCATCACATCAACCGGTGGCGCATTGCCACGAAGCAG
GCCAATGGGGAGGACATCGATGTCACCTCCAATGACTCGGATGTACACGGTCTGCA
ACCACAAACCCACGAGGGCAGAGTGCTGCTTGCTGCTGGCCAGGCCCCTGCGTGGG
CCCAAGCTGGACTCTGGCCACTCCCTGGCCAGGCTTTGGGGAGGCCTGGAGTCATGG
CCCCACAGGGCTTGAAGCCCGGGGCCGCCATTGACAGAGGGACAAGCAATGGGCTG
GCTGAGGCCTGGGACCACTTGGCCTTCTCCTCGGAGAGCCTGCCTGCCTGGGCGGGC
CCGCCCGCCACCGCAGCCTCCCAGCTGCTCTCCGTGTCTCCAATCTCCCTTTTGTTTT
GATGCATTTCTGTTTTAATTTATTTTCCAGGCACCACTGTAGTTTAGTGATCCCCAGT
GTCCCCCTTCCCTATGGGAATAATAAAAGTCTCTCTCTTAATGACACGGGCATCCAG
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CTCCAGCCCCAGAGCCTGGGGTGGTAGATTCCGGCTCTGAGGGCCAGTGGGGGCTG
GTAGAGCAAACGCGTTCAGGGCCTGGGAGCCTGGGGTGGGGTACTGGTGGAGGGGG
TCAAGGGTAATTCATTAACTCCTCTCTTTTGTTGGGGGACCCTGGTCTCTACCTCCAG
CTCCACAGCAGGAGAAACAGGCTAGACATAGGGAAGGGCCATCCTGTATCTTGAGG
GAGGACAGGCCCAGGTCTTTCTTAACGTATTGAGAGGTGGGAATCAGGCCCAGGTA
GTTCAATGGG

VEGFA HDR template sequence (SEQ ID NO:80):
AGGTTTGAATCATCACGCAGGCCCTGGCCTCCACCCGCCCCCACCAGCCCCCTGGCC
TCAGTTCCCTGGCAACATCTGGGGTTGGGGGGGCAGCAGGAACAAGGGCCTCTGTC
TGCCCAGCTGCCTCCCCCTTTGGGTTTTGCCAGACTCCACAGTGCATACGTGGGCTC
CAACAGGTCCTCTTCCCTCCCAGTCACTGACTAACCCCGGAACCACACAGCTTCCCG
TTctcagctccacaaacttggtgecaaattcttctcecctgggaageateectggacacttcccaaaggaccecagteactecagectgttg
gctgeegcetcactttgatgtetgcaggecagatgagggcetccagatggeacattgtcagagggacacactgtggecectgtgeccagecct
gggctctetgtacatgaageaactccagteccaaatatgtagetgtiteggagotcagaaatagggggtccaggageaaactceccecace
ccetttccaaageccattecctetttagecagageecggggtgotacagacggcagtcactagggggegetcggecaccacagggaagetg
ggtgaatggagegagcagegteticgagagtgaggacgtgtatotctatategotoagtoagtetcCacACTCTAGAGgtgtCg
Tgttgagggcgttggageggggagaaggecaggggteactccaggattccaatagatetgtgtgteectetecccaccegteectgteeg
gctetecgecttecectgeccccttcaatattcctagcaaagagggaacggetctcaggecectgtecegeacgtaaccteactttectgeteect
cctegecaatgececgegggegegtatetetggacagagtttccggegocggatgeataattticaggetgteaaccttggtaggaatega
gctteecctteattgeggegggct GCGGGCCAGGCTTCACTGAGCGTCCGCAGAGCCCGGGCCCGA
GCCGCGTGTGGAAGGGCTGAGGCTCGCCTGTcecccgecccecgggecgggccgggggcggggtcccgg
cggggcggAGCCATGCGCCCCCCCCtttttttttt AAAAGTCGGCTGGTAGCGGGGAGGATCGC
GGAGGCTTGGGGCAGCCGGGTAGCTCGGAGGTCGTGGCGCTGGGGGCTAGCACCAG
CGCTCTGTCGGGAGGCGCAGCGGTTAGGTGGACCGGTCAGCGGACTCACCGGCCAG
GGCGCTCGGTGCTGGAATTTGATATTCATTGATCCGGGttttatceetettettttttcttaaacatttttttttA
AAACTGTATTGTTTCTCGTTTTAATTTATTTTTGCTTGCCATTCCCCACTTGAAT

DYNLT1 HDR template sequence (SEQ ID NO:81):

AGTGACCTGTGTAATTATGCAGAAGAATGGAGCTGGATTACACACAGCAAGTTCCTGCTTCT
GGGACAGCTCTACTGACGGTATGATTTTCATTCATGTTTGTGAAGTTTTGTTGTGTGAAATAT
ATGACTGGAAGTTTCCTATCTTTGAATGCAATGCATGTTTATCACCTTTTAAAACATTTAATA
ATAGACTTGCCAAGGTTCTTTGTGTAGCATAGAGATGGGTACTTGAATGTTGGCCTTATTGTG
AGTAAAACGTCGTCCCCCAGCTTTCCCTGCCGTAAATGCTGCTCTCTTCCCTCCCGCAGGGAG
CTGCACTGTGCGATGGGAGAATAAGACCATGTACTGCATCGTCAGTGCCTTCGGACTGTCTA
TTGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCC
TGGACCTgccaccatggtoagcoagctoattaaggagaacatgcacatgaagetgtacatggagoocaccgtoaacaaccaccacttcaagtoc
acatccgagggcgaaggcaagecectacgagggcacccagaccatgagaatcaaggeggtegagggeggccctetecccttegecttcgacatcctag
ctaccagcticatgtacggcagcaaaaccttcatcaaccacacccagggcatceccgactictttaagcagtecticeccgagggocticacatgggagag
agtcaccacatacgaagatgggoocotectgaccgetacccaggacaccagectccaggacggctgccteatctacaacgtcaagatcagagggoote
aacttcccatccaacggcecctgtoatgcagaagaaaacactcggetgggaggectccaccgagacactgtacceegetgacggeggcctggaaggca
gagecgacatggecctgaagetcgtggecgggooccacctgatctgcaaccttaagaccacatacagatccaagaaacccgctaagaacctcaagatg

AGTTCATCCTCTAACCACCAGCCATGAATTCAGTGAACTCTTTTCTCATTCTCTTTGTTTTGTG
GCACTTTCACAATGTAGAGGAAAAAACCAAATGACCGCACTGTGATGTGAATGGCACCGAA
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GTCAGATGAGTATCCCTGTAGGTCACCTGCAGCCTGCGTTGCCACTTGTCTTAACTCTGAATA
TTTCATTTCAAAGGTGCTAAAATCTGAAATCTGCTAGTGTGAAACTTGCTCTACTCTCTGAAA
TGATTCAAATACACTAATTTTCCATACTTTATACTTTTGTTAGAATAAATTATTCAAATCTAA
AGTCTGTTGTGTTCTTCATAGTCTGCATAGTATCATAAACG

[0100] HSPY90AA1 HDR template sequence (SEQ ID NO:82):
GCAGCAAAGAAACACCTGGAGATAAACCCTGACCATTCCATTATTGAGACCTTAAGGCAAA
AGGCAGAGGCTGATAAGAACGACAAGTCTGTGAAGGATCTGGTCATCTTGCTTTATGAAACT
GCGCTCCTGTCTTCTGGCTTCAGTCTGGAAGATCCCCAGACACATGCTAACAGGATCTACAG
GATGATCAAACTTGGTCTGGGTAAGCCTTATACTATGTAATGTTAAAAAGAAAATAAACACA
CGTGACATTGAAGAAAATGGTGAACTTTCAGTTATCCAAACTTGGAGCACCTTGTCCTGCTT
GCTGCTTGGAGGTATTAAAGTATGttttttt AGGGATAAGTAAGGTCTTACAAGAGCAAAGAAAT
GAAATTGAGACTCATATGTCCTGTAATACTGTCTTGAAAGCAGATAGAAACCAAGAGTATTA
CCCTAATAGCTGGCTTTAAGAAATCTTTGTAATATGAGGATTTTATTTTGGAAACAGGTATTG
ATGAAGATGACCCTACTGCTGATGATACCAGTGCTGCTGTAACTGAAGAAATGCCACCCCTT
GAAGGAGATGACGACACATCACGCATGGAAGAAGTAGACGGAAGCGGAGCTACTAACTTCA
GCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTGGAC CTgtgagegagctgattaaggagaacatg
cacatgaagetgtacatggagggcaccgigaacaaccaccacttcaagtgcacatccgagggegaaggcaageectacgagggcacecagaccatg
agaatcaaggcggtcgagggcgaccetctecceeticgecttcgacatectggctaccagettcatgtacggcageaaaaccttcatcaaccacacccag
gocatceccgacttctitaagcagtcecticeccgaggocttcacatggoag

ccgacaaagagacatacgtcgagcagcacgagotooctatooccagatactecgacctccctagcaaactggoocacaaacttaattccTAaATC

TeTGGCTGAGGGATGACTTACCTGTTCAGTACTCTACAATTCCTCTGATAATATATTTTCAAG
GATGTTTTTCTTTATTTTTGTTAATATTAAAAAGTCTGTATGGCATGACAACTACTTTAAGGG
GAAGATAAGATTTCTGTCTACTAAGTGATGCTGTGATACCTTAGGCACTAAAGCAGAGCTAG
TAATGCTTTTTGAGTTTCATGTTGGTTTATTTTCACAGATTGGGGTAACGTGCACTGTAAGAC
GTATGTAACATGATGTTAACTTITGTGGTCTAAAGTGTTTAGCTGTCAAGCCGGATGCCTAAGT
AGACCAAATCTTGTTATTGAAGTGTTCTGAGCTGTATCTTGATGTTTAGAAAAGTATTCGITA
CATCTTGTAGGATCTACTTTTTGAACTTTTCATTCCCTGTAGTTGACAATTCTGCATGTACTAG
TCCTCTAGAAATAGGTTAAACTGAAGCAACTTGATGGAAGGATCTCTCCACAGGGCTTGTTT
TCCAAAGAAAAGTATTGTTTGGAGGAGCAAAGTTAAAAGCCTACCTAAGCATATCGTAAAG
CTGTTCAAAAATAACTCAGACCCAGTCTTGTGGA

[0101] AAVS1 HDR template sequence (SEQ ID NO:83):

gatgctctttccggageacttectictcggegetgeaccacgtgatgtectetgageggatecteccegtgtetgggtectctccgggceatctetecteecte
acccaaccccatgecgtcttcactegetgggtteccttttecttctecttctggggectgtgecatctetegtitcttaggatggecttctccgacggatgtetee
cttgegteccgectecccttcttgtaggectgcatcatcacegtttttctggacaaccecaaagtaccecgtetecctggctttagecacctctecatectettg
cttctttgectggacaccccgttctectgtggaticgggteacctctcactecttteatttggecageteccctacceeccttacctetetagtetgtgctagete
ttccagecccctgteatggeatcttccaggggteccgagagcetcagetagtctteticctecaaccegggeccectatgtecactticaggacageatgtttgetg
cctecagggatectgtgtecccgagetgggaccaccttataticccagggecggttaatgtggctetggtictgggtacttttatctgtccectecaccecac
agtggggcaagcttetgacctettetettectcecacagggectegagagatctggcageggaGGAAGCGGAGCTACTAACTTCAG
CCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTGGACCT gtgagegagctgattaaggagaacatgca
catgaagctgtacatggaggocaccgtgaacaaccaccacttcaagtgcacatccgaggocgaaggcaagecctacgaggocacccagaccatgag

aatcaaggcggtcgaggocgeccctetecccttegecttecgacatcctggetaccagettcatgtacggcagcaaaaccttcatcaaccacacccageg
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catccecgacttctttaagcagtecticcccgaggecttcacatgggagagagtcaccacatacgaagatgggoocatoctgaccgctacccaggacac
cagcectccaggacggctocctcatctacaacgtcaagatcagagoootoaacttcccatccaacggccctetoatocagaagaaaacactcgoctgog
aggcectccaccgagacactgtaccecgetgacggcggectggaaggcagagecgacatggecctgaagetegtgggcggggaccacctgatetgea
accttaagaccacatacagatccaagaaacccgctaagaacctcaagatgeccggegtctactatgtgoacaggagactggaaagaatcaageagecc
gacaaagagacatacgtcgagcageacgaggtagctgtggccagatactgegacctecctagecaaactggggeacaaacttaattcc TAaactaggg
acaggattggtgacagaaaagccccatccttaggectectecttectagtetectgatattgggtetaacccecacctectgttaggeagattecttatctggt
gacacacccccatttcctggagecatctetetecttgccagaacctctaaggtitgettacgatggagecagagaggatcctgggagggagagcettggca
ggegotgooagooaagooooooatocgtgacctgcccggtictcagtggecaccctgegetacectetcccagaacctgagetgetetgacgeggcet
gtctggtocgtttcactgatectggtgctgcagcettecttacacticccaagaggagaageagtitggaaaaacaaaatcagaataagttggtectgagttct
aactttggctcttcacctttctagtccccaatttatattgttcctccgtgegteagttttacctgtgagataaggecagtagecageccegtectggeagggctg
tggtoaggagooooototccgtgtggaaaactccctitgtoagaatggtacgtectaggtgticaccaggtegtggecgectctacteectttetctttetee
atccttctttccttaaagagtccccagtgctatetgggacatattectecgeccagageagggteccgettecctaaggecctgetetgggctictgggtttoa
gteettgge

OCT4 HDR template sequence (SEQ ID NO:84):
GCGACTATGCACAACGAGAGGATTTTGAGGCTGCTGGGTCTCCTTTCTCAGGGGGACCAGTG
TCCTTTCCTCTGGCCCCAGGGCCCCATTTTGGTACCCCAGGCTATGGGAGCCCTCACTTCACT
GCACTGTACTCCTCGGTCCCTTTCCCTGAGGGGGAAGCCTTTCCCCCTGTCTCCGTCACCACT
CTGGGCTCTCCCATGCATTCAAAIGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGC
TGGAGACGTGGAGGAGAACCCTGGACCTgccaccatgetoagcgagcteattaagoagaacatgcacatgaagetetacat
goaggocaccgtgaacaaccaccacttcaagtgcacatccgaggocgaaggocaagecctacgagggocacccagaccatgagaatcaaggeggtcg
agggcgoccctetecccttcgecttcgacatectgectaccagettcatgtacggcageaaaaccticatcaaccacacccagggcateccegacttcttt
aagcagtccttccccgagggcttcacatgggagagagtcaccacatacgaagatggggacgtactgaccgetacceaggacaccagectccaggacg
gctgcctcatctacaacgtcaagatcagaggootoaacttcccatccaacggccctotgatgcagaagaaaacactcgoctgggagoccteccaccgag

acact
acagatccaagaaacccgctaagaacctcaagatgcccggcgtctactatgtgoacaggagactogaaagaatcaaggagoccgacaaagagacata

cgtcgagcageacgaggtogctgtggccagatactgegaceteectagcaaactggggcacaaacttaattccTAaTGACTAGGAATGG
GGGACAGGGGGAGGGGAGGAGCTAGGGAAAGAAAACCTGGAGTTTGTGCCAGGGTTTTTGG

GATTAAGTTCTTCATTCACTAAGGAAGGAATTGGGAACACAAAGGGTGGGGGCAGGGGAGT
TTGGGGCAACTGGTTGGAGGGAAGGTGAAGTTCAATGATGCTCTTGATTTTAATCCCACATC
ATGTATCACTTTTTTCTTAAATAAAGAAGCCTGGGACACAGTAGATAGACACACTT

Pantoea stewartii RecT DNA (SEQ ID NO:85):
AGCAACCAGCCCCCTATCGCCTCCGCCGATCTGCAGAAGGCCAACACCGGCAAGCAGGTGG
CCAATAAGACCCCTGAGCAGACACTGGTGGGCTTCATGAATCAGCCAGCAATGAAGAGCCA
GCTGGCCGCCGCCCTGCCAAGGCACATGACAGCCGATCGGATGATCAGAATCGTGACCACA
GAGATCCGCAAGACCCCCGCCCTGGCCACATGCGACCAGAGCTCCTTCATCGGCGCCGTGGT
GCAGTGTTCTCAGCTGGGCCTGGAGCCTGGCAGCGCCCTGGGCCACGCCTACCTGCTGCCAT
TTGGCAACGGCCGGAGCAAGTCCGGACAGTCCAATGTGCAGCTGATCATCGGCTATAGAGG
CATGATCGATCTGGCCCGGAGATCTGGCCAGATCGTGTCTCTGAGCGCCAGGGTGGTGCGCG
CAGACGATGAGTTCTCCTTTGAGTACGGCCTGGATGAGAACCTGATCCACCGGCCAGGCGAG
AATGAGGACGCACCCATCACCCACGTGTATGCAGTGGCAAGACTGAAGGACGGAGGCACCC
AGTTCGAAGTGATGACAGTGAAGCAGATCGAGAAGGTGAAGGCCCAGTCCAAGGCCTCTAG
CAACGGACCCTGGGTGACCCACTGGGAGGAGATGGCCAAGAAAACCGTGATCAGGCGCCTG
TTTAAGTACCTGCCCGTGAGCATCGAGATGCAGAAGGCCGTGATCCTGGATGAGAAGGCCG
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AGTCTGACGTGGATCAGGACAATGCCTCCGTGCTGTCTGCCGAGTATAGCGTGCTGGACGGC
TCCTCTGAGGAG

Pantoea stewartii RecE DNA (SEQ ID NO:86):
CAGCCCGGCGTGTACTATGACATCTCCAACGAGGAGTATCACGCCGGCCCTGGCATCAGCAA
GTCCCAGCTGGACGACATCGCCGTGTCCCCAGCCATCTTCCAGTGGAGAAAGTCTGCCCCCG
TGGACGATGAGAAAACCGCCGCCCTGGACCTGGGCACAGCCCTGCACTGCCTGCTGCTGGA
GCCTGATGAGTTCTCCAAGAGGTTTATGATCGGCCCAGAGGTGAACCGGAGAACCAATGCC
GGCAAGCAGAAGGAGCAGGACTTCCTGGATATGTGCGAGCAGCAGGGCATCACCCCTATCA
CACACGACGATAACCGGAAGCTGAGACTGATGAGGGACTCTGCCTTTGCCCACCCAGTGGCC
AGATGGATGCTGGAGACAGAGGGCAAGGCCGAGGCCTCTATCTACTGGAATGACAGGGATA
CACAGATCCTGAGCAGGTGCCGCCCCGACAAGCTGATCACCGAGTTCTCTTGGTGCGTGGAC
GTGAAGAGCACAGCCGACATCGGCAAGTTCCAGAAGGACTTCTACAGCTATCGCTACCACGT
GCAGGACGCCTTCTATTCCGATGGCTACGAGGCCCAGTTTTGCGAGGTGCCAACCTTCGCCT
TTCTGGTGGTGAGCTCCTCTATCGATTGTGGCCGGTATCCCGTGCAGGTGTTTATCATGGACC
AGCAGGCAAAGGATGCAGGAAGGGCCGAGTATAAGCGGAACCTGACCACATACGCCGAGT
GCCAGGCAAGGAATGAGTGGCCTGGCATCGCCACACTGAGCCTGCCTTACTGGGCCAAGGA
GATCCGGAATGTG

Pantoea brenneri RecT DNA (SEQ ID NO:87):
AGCAACCAGCCCCCTATCGCCTCCGCCGATCTGCAGAAAACCCAGCAGTCCAAGCAGGTGG
CCAACAAGACCCCTGAGCAGACACTGGTGGGCTTCATGAATCAGCCAGCAATGAAGAGCCA
GCTGGCCGCCGCCCTGCCAAGGCACATGACCGCCGATCGGATGATCAGAATCGTGACCACA
GAGATCCGCAAGACACCACAGCTGGCCCAGTGCGACCAGAGCTCCTTCATCGGCGCCGTGGT
GCAGTGTTCTCAGCTGGGCCTGGAGCCTGGCAGCGCCCTGGGCCACGCCTACCTGCTGCCAT
TTGGCAACGGCCGGTCCAAGTCTGGCCAGAGCAATGTGCAGCTGATCATCGGCTATAGAGGC
ATGATCGATCTGGCCCGGAGATCCGGACAGATCGTGAGCCTGTCCGCCAGGGTGGTGCGCGC
AGACGATGAGTTCTCTTTTGAGTACGGCCTGGATGAGAACCTGGTGCACCGGCCAGGCGAGA
ATGAGGACGCACCCATCACCCACGTGTATGCAGTGGCAAGACTGAAGGACGGAGGCACCCA
GTTCGAAGTGATGACAGTGAAGCAGGTGGAGAAGGTGAAGGCCCAGTCCAAGGCCTCTAGC
AATGGCCCCTGGGTGACCCACTGGGAGGAGATGGCCAAGAAAACCGTGATCAGGCGCCTGT
TTAAGTACCTGCCCGTGAGCATCGAGATGCAGAAGGCCGTGGTGCTGGATGAGAAGGCCGA
GTCTGACGTGGATCAGGACAACGCCTCTGTGCTGAGCGCCGAGTATTCCGTGCTGGAGTCTG
GCGACGAGGCCACAAAT

Pantoea brenneri RecE DNA (SEQ ID NO:88):
CAGCCTGGCATCTACTATGACATCAGCAACGAGGATTATCACAGGGGAGCAGGCATCAGCA
AGTCCCAGCTGGACGACATCGCCATCTCCCCAGCCATCTACCAGTGGAGAAAGCACGCCCCC
GTGGACGAGGAGAAAACCGCCGCCCTGGATCTGGGCACAGCCCTGCACTGCCTGCTGCTGG
AGCCTGACGAGTTCTCTAAGAGGTTTCAGATCGGCCCAGAGGTGAACCGGAGAACCACAGC
CGGCAAGGAGAAGGAGAAGGAGTTCATCGAGCGGTGCGAGGCAGAGGGAATCACCCCAAT
CACACACGACGATAATAGGAAGCTGAAGCTGATGAGGGATTCCGCCCTGGCCCACCCAATC
GCAAGGTGGATGCTGGAGGCACAGGGAAACGCAGAGGCCTCTATCTATTGGAATGACAGAG
ATGCCGGCGTGCTGAGCAGGTGCCGCCCCGACAAGATCATCACCGAGTTCAACTGGTGCGTG
GACGTGAAGTCCACAGCCGACATCATGAAGTTCCAGAAGGACTTCTACTCTTACAGATACCA
CGTGCAGGACGCCTTCTATTCCGATGGCTACGAGTCTCACTTTCACGAGACACCCACATTCG
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CCTTTCTGGCCGTGTCTACCAGCATCGACTGCGGCAGGTATCCTGTGCAGGTGTTTATCATGG
ACCAGCAGGCAAAGGATGCAGGAAGGGCCGAGTACAAGAGAAACATCCACACCTTCGCCGA
GTGTCTGAGCAGGAATGAGTGGCCTGGCATCGCCACACTGTCCCTGCCTTTTTGGGCCAAGG
AGCTGCGCAATGAG

Pantoea dispersa RecT DNA (SEQ ID NO:89):
TCCAACCAGCCACCTCTGGCCACCGCAGATCTGCAGAAAACCCAGCAGTCTAACCAGGTGGC
CAAGACCCCTGAGCAGACACTGGTGGGCTTCATGAATCAGCCAGCAATGAAGAGCCAGCTG
GCCGCCGCCCTGCCAAGGCACATGACCGCCGATCGGATGATCAGAATCGTGACCACAGAGA
TCCGCAAGACACCCGCCCTGGCCCAGTGCGACCAGAGCTCCTTCATCGGAGCAGTGGTGCAG
TGTAGCCAGCTGGGCCTGGAGCCTGGCTCCGCCCTGGGCCACGCCTACCTGCTGCCATTTGG
CAACGGCCGGTCCAAGTCTGGCCAGAGCAATGTGCAGCTGATCATCGGCTATAGAGGCATG
ATCGATCTGGCCCGGAGATCCGGACAGATCGTGAGCCTGTCCGCCAGGGTGGTGCGCGCAG
ACGATGAGTTCTCTTTTGAGTACGGCCTGGATGAGAACCTGATCCACCGGCCAGGCGACAAT
GAGTCCGCCCCCATCACCCACGTGTATGCAGTGGCAAGACTGAAGGACGGAGGCACCCAGT
TCGAAGTGATGACAGCCAAGCAGGTGGAGAAGGTGAAGGCCCAGTCCAAGGCCTCTAGCAA
CGGACCCTGGGTGACCCACTGGGAGGAGATGGCCAAGAAAACCGTGATCAGGCGCCTGTTT
AAGTACCTGCCCGTGAGCATCGAGATGCAGAAGGCCGTGGTGCTGGACGAGAAGGCCGAGA
GCGACGTGGATCAGGACAATGCCTCTGTGCTGAGCGCCGAGTATTCCGTGCTGGAGTCTGGC
ACAGGCGAG

Pantoea dispersa RecE DNA (SEQ ID NO:90):
GAGCCAGGCATCTACTATGACATCAGCAACGAGGCCTACCACTCCGGCCCCGGCATCAGCA
AGTCCCAGCTGGACGACATCGCCAGGAGCCCTGCCATCTTCCAGTGGCGCAAGGACGCCCCA
GTGGATACCGAGAAAACCAAGGCCCTGGACCTGGGCACCGATTTCCACTGCGCCGTGCTGG
AGCCAGAGAGGTTTGCAGACATGTATCGCGTGGGCCCTGAAGTGAATCGGAGAACCACAGC
CGGCAAGGCCGAGGAGAAGGAGTTCTTTGAGAAGTGTGAGAAGGATGGAGCCGTGCCCATC
ACCCACGACGATGCACGGAAGGTGGAGCTGATGAGAGGCTCCGTGATGGCCCACCCTATCG
CCAAGCAGATGATCGCAGCACAGGGACACGCAGAGGCCTCTATCTACTGGCACGACGAGAG
CACAGGCAACCTGTGCCGGTGTAGACCCGACAAGTTTATCCCTGATTGGAATTGGATCGTGG
ACGTGAAAACCACAGCCGATATGAAGAAGTTCAGGCGCGAGTTTTACGATCTGCGGTATCAC
GTGCAGGACGCCTTCTACACCGATGGCTATGCCGCCCAGTTTGGCGAGCGGCCTACCTTCGT
GTTTGTGGTGACATCCACCACAATCGACTGCGGCAGATACCCCACCGAGGTGTTCTTTCTGG
ATGAGGAGACAAAGGCCGCCGGCAGGTCTGAGTACCAGAGCAACCTGGTGACCTATTCCGA
GTGTCTGTCTCGCAATGAGTGGCCAGGCATCGCCACACTGTCTCTGCCCCACTGGGCCAAGG
AGCTGAGGAACGTG

Type-F symbiont of Plautia stali RecT DNA (SEQ ID NO:91):
TCCAACCAGCCCCCTATCGCCTCTGCCGATCTGCAGAAAACCCAGCAGTCTAAGCAGGTGGC
CAACAAGACCCCTGAGCAGACACTGGTGGGCTTCATGAATCAGCCAGCAATGAAGTCCCAG
CTGGCCGCCGCCCTGCCAAGGCACATGACAGCCGATCGGATGATCAGAATCGTGACCACAG
AGATCCGCAAGACCCCCGCCCTGGCCACATGCGACCAGAGCTCCTTCATCGGAGCAGTGGTG
CAGTGTAGCCAGCTGGGCCTGGAGCCTGGCTCCGCCCTGGGCCACGCCTACCTGCTGCCATT
TGGCAACGGCCGGTCCAAGTCTGGCCAGTCTAATGTGCAGCTGATCATCGGCTATAGAGGCA
TGATCGACCTGGCCCGGAGAAGCGGACAGATCGTGAGCCTGTCCGCCAGGGTGGTGCGCGC
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AGACGATGAGTTCTCCTTTGAGTACGGCCTGGATGAGAACCTGATCCACCGGCCAGGCGATA
ATGAGGACGCCCCCATCACCCACGTGTATGCAGTGGCAAGACTGAAGGACGGAGGCACCCA
GTTCGAAGTGATGACAGCCAAGCAGGTGGAGAAGGTGAAGGCCCAGAGCAAGGCCTCTAGC
AACGGACCCTGGGTGACCCACTGGGAGGAGATGGCCAAGAAAACCGTGATCAGGCGCCTGT
TTAAGTACCTGCCCGTGAGCATCGAGATGCAGAAGGCCGTGGTGCTGGATGAGAAGGCCGA
GAGCGACGTGGATCAGGACAATGCCTCTGTGCTGAGCGCCGAGTATTCCGTGCTGGAGGGC
GACGGCGGCGAG

Type-F symbiont of Plautia stali RecE DNA (SEQ ID NO:92):
CAGCCTGGCATCTACTATGACATCAGCAACGAGGATTATCACGGCGGCCCTGGCATCAGCAA
GTCCCAGCTGGACGACATCGCCATCTCCCCAGCCATCTACCAGTGGAGGAAGCACGCCCCCG
TGGACGAGGAGAAAACCGCCGCCCTGGATCTGGGCACAGCCCTGCACTGCCTGCTGCTGGA
GCCTGACGAGTTCTCTAAGAGATTTGAGATCGGCCCAGAGGTGAACCGGAGAACCACAGCC
GGCAAGGAGAAGGAGAAGGAGTTCATGGAGAGGTGTGAGGCAGAGGGAGTGACCCCTATC
ACACACGACGATAATCGGAAGCTGAGACTGATGAGGGATAGCGCAATGGCCCACCCAATCG
CCAGATGGATGCTGGAGGCACAGGGAAACGCAGAGGCCTCTATCTATTGGAATGACAGGGA
TACCGGCGTGCTGAGCAGGTGCCGCCCCGACAAGATCATCACCGACTTCAACTGGTGCGTGG
ACGTGAAGTCCACAGCCGACATCATCAAGTTCCAGAAGGACTTTTACTCTTATCGCTACCAC
GTGCAGGACGCCTTCTATTCCGATGGCTACGAGTCTCACTTTGACGAGACACCAACATTCGC
CTTTCTGGCCGTGTCTACAAGCATCGATTGCGGCCGGTATCCCGTGCAGGTGTTCATCATGGA
CCAGCAGGCAAAGGATGCAGGAAGGGCCGAGTACAAGCGGAACATCCACACCTTTGCCGAG
TGTCTGAGCCGCAATGAGTGGCCTGGCATCGCCACACTGTCCCTGCCTTACTGGGCCAAGGA
GCTGCGGAATGAG

Providencia stuartii RecT DNA (SEQ ID NO:93):
AGCAACCCACCTCTGGCCCAGGCAGACCTGCAGAAAACCCAGGGCACAGAGGTGAAGGAGA
AAACCAAGGATCAGATGCTGGTGGAGCTGATCAATAAGCCTTCCATGAAGGCACAGCTGGC
CGCCGCCCTGCCAAGGCACATGACACCCGACCGGATGATCAGAATCGTGACCACAGAGATC
AGAAAGACCCCCGCCCTGGCCACATGCGATATGCAGAGCTTCGTGGGAGCAGTGGTGCAGT
GTTCCCAGCTGGGCCTGGAGCCTGGCAACGCCCTGGGACACGCCTACCTGCTGCCTTTTGGC
AACGGCAAGTCTAAGAGCGGCCAGTCTAATGTGCAGCTGATCATCGGCTATCGGGGCATGAT
CGACCTGGCCCGGAGAAGCGGCCAGATCGTGTCCATCTCTGCCAGGACCGTGCGCCAGGGC
GATAACTTCCACTTTGAGTACGGCCTGAACGAGAATCTGACCCACGTGCCTGGCGAGAATGA
GGACTCTCCAATCACACACGTGTACGCAGTGGCAAGGCTGAAGGATGGAGGCGTGCAGTTC
GAAGTGATGACCTATAACCAGATCGAGAAGGTGCGCGCCAGCTCCAAGGCAGGACAGAATG
GACCCTGGGTGAGCCACTGGGAGGAGATGGCCAAGAAAACCGTGATCAGGCGCCTGTTCAA
GTACCTGCCCGTGTCTATCGAGATGCAGAAGGCCGTGATCCTGGACGAGAAGGCCGAGGCC
AACATCGATCAGGAGAATGCCACCATCTTTGAGGGCGAGTATGAGGAAGTGGGCACAGACG
GCAAG

Providencia stuartii RecE DNA (SEQ ID NO:94):
GAGGGCATCTACTATAACATCAGCAATGAGGACTACCACAACGGCCTGGGCATCTCCAAGTC
TCAGCTGGATCTGATCAATGAGATGCCTGCCGAGTATATCTGGTCCAAGGAGGCCCCCGTGG
ACGAGGAGAAGATCAAGCCTCTGGAGATCGGCACCGCCCTGCACTGCCTGCTGCTGGAGCC
AGACGAGTACCACAAGAGATATAAGATCGGCCCCGATGTGAACCGGAGAACAAATGCCGGC
AAGGAGAAGGAGAAGGAGTTCTTTGATATGTGCGAGAAGGAGGGCATCACCCCCATCACAC
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ACGACGATAACCGGAAGCTGATGATCATGAGAGACTCTGCCCTGGCCCACCCTATCGCCAAG
TGGTGTCTGGAGGCCGATGGCGTGAGCGAGAGCTCCATCTACTGGACCGACAAGGAGACAG
ATGTGCTGTGCAGGTGTCGCCCAGACCGCATCATCACCGCCCACAACTACATCGTGGATGTG
AAGTCTAGCGGCGACATCGAGAAGTTCGATTACGAGTACTACAACTACAGATACCACGTGC
AGGACGCCTTTTACTCCGATGGCTATAAGGAGGTGACCGGCATCACCCCTACATTCCTGTTTC
TGGTGGTGTCTACCAAGATCGACTGCGGCAAGTACCCCGTGCGGACCTACGTGATGAGCGAG
GAGGCAAAGTCCGCCGGAAGGACCGCCTACAAGCACAACCTGCTGACCTATGCCGAGTGTC
TGAAAACCGATGAGTGGGCCGGCATCAGGACACTGTCTCTGCCCAGATGGGCAAAGGAGCT
GCGGAATGAG

Providencia sp. MGF014 RecT DNA (SEQ ID NO:95):
TCTAACCCCCCTCTGGCCCAGAGCGACCTGCAGAAAACCCAGGGCACAGAGGTGAAGGTGA
AAACCAAGGATCAGCAGCTGATCCAGTTCATCAATCAGCCTTCTATGAAGGCACAGCTGGCC
GCCGCCCTGCCAAGGCACATGACACCCGACCGGATGATCAGAATCGTGACCACAGAGATCA
GAAAGACCCCCGCCCTGGCCACATGCGATATGCAGTCCTTCGTGGGCGCCGTGGTGCAGTGT
TCTCAGCTGGGCCTGGAGCCTGGCAACGCCCTGGGACACGCCTACCTGCTGCCTTTTGGCAA
CGGCAAGGCCAAGTCCGGCCAGTCTAATGTGCAGCTGATCATCGGCTATCGGGGCATGATCG
ACCTGGCCCGGAGATCCAACCAGATCATCTCTATCAGCGCCAGGACCGTGCGCCAGGGCGAT
AACTTCCACTTTGAGTACGGCCTGAATGAGGACCTGACCCACACACCTAGCGAGAATGAGG
ATTCCCCAATCACCCACGTGTACGCAGTGGCAAGGCTGAAGGACGGAGGCGTGCAGTTTGA
AGTGATGACATATAACCAGGTGGAGAAGGTGCGCGCCAGCTCCAAGGCAGGACAGAATGGA
CCCTGGGTGAGCCACTGGGAGGAGATGGCCAAGAAAACCGTGATCAGGCGCCTGTTCAAGT
ACCTGCCCGTGTCCATCGAGATGCAGAAGGCAGTGGTGCTGGACGAGAAGGCAGAGGCCAA
CGTGGATCAGGAGAATGCCACCATCTTTGAGGGCGAGTATGAGGAAGTGGGCACAGATGGC
AAT

Providencia sp. MGF014 RecE DNA (SEQ ID NO:96):
AAGGAGGGCATCTACTATAACATCAGCAATGAGGACTACCACAACGGCCTGGGCATCTCCA
AGTCTCAGCTGGATCTGATCAATGAGATGCCTGCCGAGTATATCTGGTCCAAGGAGGCCCCC
GTGGACGAGGAGAAGATCAAGCCTCTGGAGATCGGCACCGCCCTGCACTGCCTGCTGCTGG
AGCCAGACGAGTACCACAAGAGATATAAGATCGGCCCCGATGTGAACCGGAGAACAAATGT
GGGCAAGGAGAAGGAGAAGGAGTTCTTTGATATGTGCGAGAAGGAGGGCATCACCCCCATC
ACACACGACGATAACCGGAAGCTGATGATCATGAGAGACTCTGCCCTGGCCCACCCTATCGC
CAAGTGGTGTCTGGAGGCCGATGGCGTGAGCGAGAGCTCCATCTACTGGACCGACAAGGAG
ACAGATGTGCTGTGCAGGTGTCGCCCAGACCGCATCATCACCGCCCACAACTACATCATCGA
TGTGAAGTCTAGCGGCGACATCGAGAAGTTCGATTACGAGTACTACAACTACAGATACCACG
TGCAGGACGCCTTTTACTCCGATGGCTATAAGGAGGTGACCGGCATCACCCCTACATTCCTG
TTTCTGGTGGTGTCTACCAAGATCGACTGCGGCAAGTACCCCGTGCGGACCTACGTGATGAG
CGAGGAGGCAAAGTCCGCCGGAAGGACCGCCTACAAGCACAACCTGCTGACCTATGCCGAG
TGTCTGAAAACCGATGAGTGGGCCGGCATCAGGACACTGTCTCTGCCCAGATGGGCAAAGG
AGCTGCGGAATGAG

Shewanella putrefaciens RecT DNA (SEQ ID NO:97):
CAGACCGCACAGGTGAAGCTGAGCGTGCCCCACCAGCAGGTGTACCAGGACAACTTCAATT
ATCTGAGCTCCCAGGTGGTGGGCCACCTGGTGGATCTGAACGAGGAGATCGGCTACCTGAAC
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CAGATCGTGTTTAATTCTCTGAGCACCGCCTCTCCCCTGGACGTGGCAGCACCTTGGAGCGT
GTACGGCCTGCTGCTGAACGTGTGCCGGCTGGGCCTGTCCCTGAATCCAGAGAAGAAGCTGG
CCTATGTGATGCCCTCCTGGTCTGAGACAGGCGAGATCATCATGAAGCTGTACCCCGGCTAT
AGGGGCGAGATCGCCATCGCCTCTAACTTCAATGTGATCAAGAACGCCAATGCCGTGCTGGT
GTATGAGAACGATCACTTCCGCATCCAGGCAGCAACCGGCGAGATCGAGCACTTTGTGACA
AGCCTGTCCATCGACCCTAGGGTGCGCGGAGCATGCAGCGGAGGCTACTGTCGGTCCGTGCT
GATGGATAATACAATCCAGATCTCTTATCTGAGCATCGAGGAGATGAACGCCATCGCCCAGA
ATCAGATCGAGGCCAACATGGGCAATACCCCTTGGAACTCCATCTGGCGGACAGAGATGAA
TAGAGTGGCCCTGTACCGGAGAGCAGCAAAGGACTGGAGGCAGCTGATCAAGGCCACCCCA
GAGATCCAGTCCGCCCTGTCTGATACAGAGTAT

Shewanella putrefaciens RecE DNA (SEQ ID NO:98):
GGCACCGCCCTGGCCCAGACAATCAGCCTGGACTGGCAGGATACCATCCAGCCAGCATACA
CAGCCTCCGGCAAGCCTAACTTCCTGAATGCCCAGGGCGAGATCGTGGAGGGCATCTACACC
GATCTGCCTAATTCCGTGTATCACGCCCTGGACGCACACAGCTCCACCGGCATCAAGACATT
CGCCAAGGGCCGCCACCACTACTTTCGGCAGTATCTGTCTGACGTGTGCCGGCAGAGAACAA
AGCAGCAGGAGTACACCTTCGACGCCGGCACCTACGGCCACATGCTGGTGCTGGAGCCAGA
GAACTTCCACGGCAACTTCATGAGGAACCCCGTGCCTGACGATTTTCCAGACATCGAGCTGA
TCGAGAGCATCCCACAGCTGAAGGCCGCCCTGGCCAAGAGCAACCTGCCCGTGTCCGGAGC
AAAGGCCGCCCTGATCGAGAGACTGTACGCCTTCGACCCATCCCTGCCCCTGTTTGAGAAGA
TGAGGGAGAAGGCCATCACCGACTATCTGGATCTGCGCTACGCCAAGTATCTGCGGACCGAC
GTGGAGCTGGATGAGATGGCCACATTCTACGGCATCGATACCTCTCAGACACGGGAGAAGA
AGATCGAGGAGATCCTGGCCATCTCTCCTAGCCAGCCAATCTGGGAGAAGCTGATCAGCCAG
CACGTGATCGACCACATCGTGTGGGACGATGCCATGAGGGTGGAGAGATCCACCAGGGCCC
ACCCTAAGGCAGACTGGCTGATCTCTGATGGCTATGCCGAGCTGACAATCATCGCAAGGTGC
CCAACCACCGGCCTGCTGCTGAAGGTGCGGTTTGACTGGCTGAGGAATGATGCCATCGGCGT
GGACTTCAAGACCACACTGTCTACCAACCCCACAAAGTTTGGCTACCAGATCAAGGACCTGC
GGTATGATCTGCAGCAGGTGTTCTACTGTTATGTGGCCAATCTGGCCGGCATCCCTGTGAAG
CACTTCTGCTTTGTGGCCACCGAGTACAAGGACGCCGATAACTGTGAGACATTTGAGCTGTC
TCACAAGAAAGTGATCGAGAGCACCGAGGAGATGTTCGACCTGCTGGATGAGTTTAAGGAG
GCCCTGACCTCCGGCAATTGGTATGGCCACGACAGGTCCCGCTCTACATGGGTCATCGAGGT
G

Bacillus sp. MUM 116 RecT DNA (SEQ ID NO:99):
AGCAAGCAGCTGACCACAGTGAATACCCAGGCCGTGGTGGGCACATTCTCCCAGGCCGAGC
TGGATACCCTGAAGCAGACAATCGCCAAGGGCACCACAAACGAGCAGTTCGCCCTGTTTGTG
CAGACCTGCGCCAACTCTAGGCTGAATCCATTTCTGAACCACATCCACTGTATCGTGTATAA
CGGCAAGGAGGGCGCCACCATGAGCCTGCAGATCGCAGTGGAGGGCATCCTGTACCTGGCA
CGCAAGACAGACGGCTATAAGGGCATCGAGTGCCAGCTGATCCACGAGAATGACGAGTTCA
AGTTTGATGCCAAGTCCAAGGAGGTGGATCACCAGATCGGATTCCCCAGGGGCAACGTGAT
CGGAGGATATGCAATCGCAAAGAGGGAGGGCTTTGACGATGTGGTGGTGCTGATGGAGTCT
AACGAGGTGGACCACATGCTGAAGGGCCGGAATGGCCACATGTGGAGAGACTGGTTCAACG
ATATGTTTAAGAAGCACATCATGAAGCGGGCCGCCAAGCTGCAGTACGGCATCGAGATCGC
AGAGGACGAGACAGTGAGCAGCGGACCTAGCGTGGATAATATCCCAGAGTATAAGCCACAG
CCCCGGAAGGACATCACACCCAACCAGGACGTGATCGATGCCCCCCCTCAGCAGCCTAAGC
AGGACGATGAGGCCGCCAAGCTGAAGGCCGCCAGATCTGAGGTGAGCAAGAAGTTCAAGAA
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GCTGGGCATCGTGAAGGAGGATCAGACCGAGTACGTGGAGAAGCACGTGCCTGGCTTCAAG
GGCACACTGTCCGACTTTATCGGCCTGTCTCAGCTGCTGGATCTGAATATCGAGGCCCAGGA
GGCCCAGTCCGCCGACGGCGATCTGCTGGAC

Bacillus sp. MUM 116 RecE DNA (SEQ ID NO:100):
ACCTACGCCGCCGACGAGACACTGGTGCAGCTGCTGCTGTCCGTGGATGGCAAGCAGCTGCT
GCTGGGAAGGGGCCTGAAGAAGGGCAAGGCCCAGTACTATATCAATGAGGTGCCATCTAAG
GCCAAGGAGTTCGAGGAGATCCGGGACCAGCTGTTTGACAAGGATCTGTTCATGTCCCTGTT
TAACCCCTCTTACTTCTTTACCCTGCACTGGGAGAAGCAGAGGGCCATGATGCTGAAGTATG
TGACAGCCCCCGTGTCTAAGGAGGTGCTGAAGAATCTGCCTGAGGCCCAGTCCGAGGTGCTG
GAGAGATACCTGAAGAAGCACTCTCTGGTGGATCTGGAGAAGATCCACAAGGACAACAAGA
ATAAGCAGGATAAGGCCTATATCTCTGCCCAGAGCAGGACCAACACACTGAAGGAGCAGCT
GATGCAGCTGACCGAGGAGAAGCTGGACATCGATTCCATCAAGGCCGAGCTGGCCCACATC
GACATGCAGGTCATCGAGCTGGAGAAGCAGATGGATACAGCCTTCGAGAAGAACCAGGCCT
TTAATCTGCAGGCCCAGATCAGGAATCTGCAGGACAAGATCGAGATGAGCAAGGAGCGGTG
GCCCTCCCTGAAGAACGAAGTGATCGAGGATACCTGCCGGACATGCAAGCGGCCCCTGGAC
GAGGATAGCGTGGAGGCCGTGAAGGCCGACAAGGATAATCGGATCGCCGAGTACAAGGCCA
AGCACAACTCCCTGGTGTCTCAGAGAAATGAGCTGAAGGAGCAGCTGAACACCATCGAGTA
TATCGACGTGACAGAGCTGAGAGAGCAGATCAAGGAGCTGGATGAGTCCGGACAGCCTCTG
AGGGAGCAGGTGCGCATCTACAGCCAGTATCAGAATCTGGACACCCAGGTGAAGTCCGCCG
AGGCAGACGAGAACGGCATCCTGCAGGATCTGAAGGCCTCTATCTTCATCCTGGATAGCATC
AAGGCCTTTAGGGGCAAGGAGGCCGAGATGCAGGCCGAGAAGGTGCAGGCCCTGTTCACCA
CACTGAGCGTGCGCCTGTTTAAGCAGAATAAGGGCGACGGCGAGATCAAGCCAGATTTCGA
GATCGAGATGAACGACAAGCCCTATCGGACCCTGAGCCTGTCCGAGGGCATCCGGGCAGGC
CTGGAGCTGCGGGACGTGCTGAGCCAGCAGTCCGAGCTGGTGACCCCTACATTCGTGGATAA
TGCCGAGTCTATCACCAGCTTCAAGCAGCCAAACGGCCAGCTGATCATCAGCCGGGTGGTGG
CAGGACAGGAGCTGAAGATCGAGGCCGTGAGCGAG

Shigella sonnei RecT DNA (SEQ ID NO:101):
ACCAAGCAGCCCCCTATCGCCAAGGCCGACCTGCAGAAAACCCAGGAGAACAGGGCACCAG
CAGCCATCAAGAACAATGATGTGATCTCCTTTATCAATCAGCCCTCTATGAAGGAGCAGCTG
GCCGCCGCCCTGCCTAGGCACATGACCGCCGAGAGGATGATCCGCATCGCCACCACAGAGA
TCCGCAAGGTGCCTGCCCTGGGCAACTGCGACACAATGAGCTTCGTGAGCGCCATCGTGCAG
TGTAGCCAGCTGGGCCTGGAGCCAGGCTCCGCCCTGGGCCACGCCTACCTGCTGCCCTTCGG
CAACAAGAATGAGAAGTCCGGCAAGAAGAATGTGCAGCTGATCATCGGCTATAGGGGCATG
ATCGATCTGGCCCGGAGATCTGGCCAGATCGCCTCTCTGAGCGCCAGAGTGGTGCGGGAGG
GCGACGAGTTCAACTTTGAGTTCGGCCTGGATGAGAAGCTGATCCACCGGCCTGGCGAGAA
TGAGGACGCCCCAGTGACCCACGTGTACGCAGTGGCCAGACTGAAGGATGGCGGCACCCAG
TTTGAAGTGATGACAAGGCGCCAGATCGAGCTGGTGAGGTCCCAGTCTAAGGCCGGCAACA
ATGGCCCTTGGGTGACCCACTGGGAGGAGATGGCCAAGAAAACCGCCATCCGGAGACTGTT
CAAGTACCTGCCAGTGTCTATCGAGATCCAGCGCGCCGTGAGCATGGACGAGAAGGAGCCA
CTGACCATCGACCCCGCCGATAGCTCCGTGCTGACAGGCGAGTATTCTGTGATCGATAACAG
CGAGGAG

Shigella sonnei RecE DNA (SEQ ID NO:102):

56

RECTIFIED SHEET (RULE 91)



WO 2021/178432 PCT/US2021/020513

GATCGCGGCCTGCTGACAAAGGAGTGGAGGAAGGGAAACCGGGTGAGCCGGATCACCAGG
ACAGCCAGCGGAGCAAACGCAGGAGGAGGAAATCTGACCGACAGAGGCGAGGGCTTCGTG
CACGATCTGACAAGCCTGGCCCGCGACATCGCAACCGGCGTGCTGGCCCGGAGCATGGACG
TGGACATCTACAACCTGCACCCTGCCCACGCCAAGAGGATCGAGGAGATCATCGCCGAGAA
TAAGCCCCCTTTCAGCGTGTTTAGAGACAAGTTTATCACAATGCCAGGCGGCCTGGACTACT
CCAGGGCCATCGTGGTGGCCTCTGTGAAGGAGGCCCCAATCGGCATCGAAGTGATCCCCGCC
CACGTGACCGCCTATCTGAACAAGGTGCTGACCGAGACAGACCACGCCAATCCAGATCCCG
AGATCGTGGACATCGCATGCGGCAGAAGCTCCGCCCCTATGCCACAGAGGGTGACCGAGGA
GGGCAAGCAGGACGATGAGGAGAAGCTGCAGCCTTCTGGCACCACAGCAGATGAGCAGGG
AGAGGCAGAGACAATGGAGCCAGACGCCACAAAGCACCACCAGGATACCCAGCCTCTGGAC
GCCCAGAGCCAGGTGAACAGCGTGGATGCCAAGTATCAGGAGCTGAGAGCCGAGCTGCACG
AGGCCAGGAAGAACATCCCTTCCAAGAATCCAGTGGACGCAGATAAGCTGCTGGCCGCCTC
TCGCGGCGAGTTCGTGGACGGCATCAGCGACCCAAACGATCCCAAGTGGGTGAAGGGCATC
CAGACACGGGATTCCGTGTACCAGAATCAGCCTGAGACAGAGAAAACCAGCCCCGACATGA
AGCAGCCAGAGCCTGTGGTGCAGCAGGAGCCTGAGATCGCCTTCAACGCCTGCGGACAGAC
CGGCGGCGACAATTGCCCAGATTGTGGCGCCGTGATGGGCGATGCCACCTATCAGGAGACA
TTTGACGAGGAGAACCAGGTGGAGGCCAAGGAGAATGATCCTGAGGAGATGGAGGGCGCC
GAGCACCCACACAACGAGAATGCCGGCAGCGACCCCCACAGAGACTGTTCCGATGAGACAG
GCGAGGTGGCCGATCCCGTGATCGTGGAGGACATCGAGCCTGGCATCTACTATGGCATCAGC
AACGAGAATTACCACGCAGGCCCCGGCGTGTCCAAGTCTCAGCTGGACGACATCGCCGACA
CACCTGCCCTGTATCTGTGGAGGAAGAACGCCCCAGTGGATACCACAAAGACCAAGACACT
GGACCTGGGCACCGCATTCCACTGCCGCGTGCTGGAGCCAGAGGAGTTCAGCAATCGGTTTA
TCGTGGCCCCCGAGTTCAACCGGAGAACAAATGCCGGCAAGGAGGAGGAGAAGGCCTTTCT
GATGGAGTGTGCCTCCACAGGCAAGATGGTCATCACCGCCGAGGAGGGCAGAAAGATCGAG
CTGATGTACCAGTCTGTGATGGCACTGCCACTGGGACAGTGGCTGGTGGAGAGCGCCGGAC
ACGCAGAGTCTAGCATCTATTGGGAGGACCCCGAGACAGGCATCCTGTGCAGGTGTCGCCCC
GACAAGATCATCCCTGAGTTCCACTGGATCATGGACGTGAAAACCACAGCCGACATCCAGC
GGTTCAAGACAGCCTACTATGATTACAGGTATCACGTGCAGGATGCCTTCTACTCCGACGGC
TATGAGGCCCAGTTTGGCGTGCAGCCCACCTTCGTGTTTCTGGTGGCCTCTACCACAATCGAG
TGCGGCAGATACCCCGTGGAGATCTTTATGATGGGAGAGGAGGCAAAGCTGGCCGGACAGC
TGGAGTATCACCGCAACCTGCGGACACTGGCCGATTGTCTGAATACCGACGAGTGGCCAGCC
ATCAAGACCCTGTCCCTGCCCAGATGGGCAAAGGAGTACGCCAACGAC

Salmonella enterica RecT DNA (SEQ ID NO:103):
ACCAAGCAGCCCCCTATCGCCAAGGCCGACCTGCAGAAAACCCAGGGAAACAGGGCACCTG
CAGCAGTGAATGACAAGGATGTGCTGTGCGTGATCAACAGCCCTGCCATGAAGGCACAGCT
GGCCGCCGCCCTGCCAAGGCACATGACCGCCGAGAGGATGATCCGCATCGCCACCACAGAG
ATCAGGAAGGTGCCAGAGCTGCGCAACTGCGACAGCACCAGCTTCATCGGCGCCATCGTGC
AGTGTTCTCAGCTGGGCCTGGAGCCCGGCAGCGCCCTGGGCCACGCCTACCTGCTGCCTTTT
GGCAATGGCAAGGCCAAGAACGGCAAGAAGAATGTGCAGCTGATCATCGGCTATCGGGGCA
TGATCGATCTGGCCCGGAGATCTGGCCAGATCATCTCCCTGAGCGCCAGAGTGGTGCGGGAG
TGTGACGAGTTCTCCTACGAGCTGGGCCTGGATGAGAAGCTGGTGCACCGGCCAGGCGAGA
ACGAGGACGCACCCATCACCCACGTGTATGCCGTGGCCAAGCTGAAGGATGGCGGCGTGCA
GTTTGAAGTGATGACCAAGAAGCAGGTGGAGAAGGTGAGAGATACACACTCCAAGGCCGCC
AAGAATGCCGCCTCTAAGGGCGCCAGCTCCATCTGGGACGAGCACTTCGAGGATATGGCCA
AGAAAACCGTGATCCGGAAGCTGTTTAAGTACCTGCCCGTGAGCATCGAGATCCAGAGAGC
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CGTGAGCATGGACGGCAAGGAGGTGGAGACAATCAACCCAGACGACATCAGCGTGATCGCC
GGCGAGTATTCCGTGATCGATAATCCCGAGGAG

Salmonella enterica RecE DNA (SEQ ID NO:104):
GATCGCGGCCTGCTGACAAAGGAGTGGAGGAAGGGAAACCGGGTGAGCCGGATCACCAGG
ACAGCCAGCGGAGCAAACGCAGGAGGAGGAAATCTGACCGACAGAGGCGAGGGCTTCGTG
CACGATCTGACAAGCCTGGCCCGCGACGTGGCAACCGGCGTGCTGGCCCGGAGCATGGACG
TGGACATCTACAACCTGCACCCTGCCCACGCCAAGAGGGTGGAGGAGATCATCGCCGAGAA
TAAGCCCCCTTTCAGCGTGTTTAGAGACAAGTTTATCACAATGCCTGGCGGCCTGGACTACT
CCAGGGCCATCGTGGTGGCCTCTGTGAAGGAGGCCCCTATCGGCATCGAAGTGATCCCAGCC
CACGTGACCGAGTATCTGAACAAGGTGCTGACCGAGACAGACCACGCCAATCCAGATCCCG
AGATCGTGGACATCGCATGCGGCAGAAGCTCCGCCCCTATGCCACAGAGGGTGACCGAGGA
GGGCAAGCAGGACGATGAGGAGAAGCCCCAGCCTTCTGGAGCTATGGCCGACGAGCAGGCA
ACCGCAGAGACAGTGGAGCCAAACGCCACAGAGCACCACCAGAATACCCAGCCCCTGGATG
CCCAGAGCCAGGTGAACTCCGTGGACGCCAAGTATCAGGAGCTGAGAGCCGAGCTGCAGGA
GGCCAGGAAGAACATCCCCTCCAAGAATCCTGTGGACGCAGATAAGCTGCTGGCCGCCTCTC
GCGGCGAGTTCGTGGATGGCATCAGCGACCCTAACGATCCAAAGTGGGTGAAGGGCATCCA
GACACGGGATTCCGTGTACCAGAATCAGCCCGAGACAGAGAAGATCTCTCCTGACGCCAAG
CAGCCAGAGCCCGTGGTGCAGCAGGAGCCCGAGACAGTGTGCAACGCCTGTGGACAGACCG
GCGGCGACAATTGCCCTGATTGTGGCGCCGTGATGGGCGACGCCACATATCAGGAGACATTC
GGCGAGGAGAATCAGGTGGAGGCCAAGGAGAAGGACCCCGAGGAGATGGAGGGAGCAGAG
CACCCTCACAACGAGAATGCCGGCAGCGACCCACACAGAGACTGTTCCGATGAGACAGGCG
AGGTGGCCGATCCAGTGATCGTGGAGGACATCGAGCCTGGCATCTACTATGGCATCAGCAAC
GAGAATTACCACGCAGGCCCCGGCGTGTCCAAGTCTCAGCTGGACGACATCGCCGACACAC
CCGCCCTGTATCTGTGGAGGAAGAACGCCCCTGTGGATACCACAAAGACCAAGACACTGGA
CCTGGGCACCGCATTCCACTGCCGCGTGCTGGAGCCTGAGGAGTTCAGCAATCGGTTTATCG
TGGCCCCAGAGTTCAACCGGAGAACAAATGCCGGCAAGGAGGAGGAGAAGGCCTTTCTGAT
GGAGTGTGCCTCCACCGGCAAGACAGTGATCACCGCCGAGGAGGGCAGAAAGATCGAGCTG
ATGTACCAGTCTGTGATGGCACTGCCTCTGGGACAGTGGCTGGTGGAGAGCGCCGGACACGC
AGAGTCTAGCATCTATTGGGAGGACCCCGAGACAGGCATCCTGTGCAGGTGTCGCCCAGAC
AAGATCATCCCCGAGTTCCACTGGATCATGGACGTGAAAACCACAGCCGACATCCAGCGGTT
CAAGACAGCCTACTATGATTACAGGTATCACGTGCAGGATGCCTTCTACTCCGACGGCTATG
AGGCCCAGTTTGGCGTGCAGCCAACCTTCGTGTTTCTGGTGGCCTCTACCACAGTGGAGTGC
GGCAGATACCCCGTGGAGATCTTTATGATGGGAGAGGAGGCAAAGCTGGCCGGACAGCAGG
AGTATCACCGCAACCTGCGGACACTGGCCGATTGTCTGAATACCGACGAGTGGCCTGCCATC
AAGACCCTGTCCCTGCCACGGTGGGCCAAGGAGTACGCCAACGAC

Acetobacter RecT DNA (SEQ ID NO:105):
AACGCCCCCCAGAAGCAGAATACCAGAGCCGCCGTGAAGAAGATCAGCCCTCAGGAGTTCG
CCGAGCAGTTTGCCGCCATCATCCCACAGGTGAAGTCCGTGCTGCCCGCCCACGTGACCTTC
GAGAAGTTTGAGCGGGTGGTGAGACTGGCCGTGCGGAAGAACCCTGACCTGCTGACATGCT
CCCCAGCCTCTCTGTTCATGGCATGTATCCAGGCAGCCTCCGACGGCCTGCTGCCTGATGGA
AGGGAGGGAGCAATCGTGAGCCGGTGGAGCTCCAAGAAGAGCTGCAACGAGGCCTCCTGGA
TGCCAATGGTGGCCGGCCTGATGAAGCTGGCCCGGAACAGCGGCGACATCGCCAGCATCTCT
AGCCAGGTGGTGTTCGAGGGCGAGCACTTTAGAGTGGTGCTGGGCGACGAGGAGAGGATCG
AGCACGAGCGCGATCTGGGCAAGACCGGCGGCAAGATCGTGGCAGCCTACGCCGTGGCAAG
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GCTGAAGGACGGCAGCGATCCAATCCGCGAGATCATGTCCTGGGGCCAGATCGAGAAGATC
AGAAACACAAATAAGAAGTGGGAGTGGGGACCCTGGAAGGCCTGGGAGGACGAGATGGCC
AGAAAGACCGTGATCCGGAGACTGGCCAAGAGACTGCCCATGTCTACAGATAAGGAGGGAG
AGAGGCTGCGCAGCGCCATCGAGAGGATCGACTCCCTGGTGGACATCTCTGCCAACGTGGA
CGCACCTCAGATCGCAGCAGACGATGAGTTTGCCGCCGCCGCCCACGGCGTGGAGCCACAG
CAGATCGCAGCACCTGACCTGATCGGCCGCCTGGCCCAGATGCAGTCCCTGGAGCAGGTGCA
GGACATCGAGCCCCAGGTGTCTCACGCCATCCAGGAGGCCGACAAGAGGGGCGACAGCGAT
ACAGCCAATGCCCTGGATGCCGCCCTGCAGAGCGCCCTGTCCCGCACCTCTACAGCCAAGGA
GGAGGTGCCTGCC

Acetobacter RecE DNA (SEQ ID NO:106):
GTGATCTCTAAGAGCGGCATCTACGACCTGACCAACGAGCAGTATCACGCCGATCCTTGCCC
AGAGATGTCCCTGAGCTCCTCTGGAGCCAGGGACCTGCTGAGCTCCTGTCCTGCCAAGTTCA
TCGCCGCCAAGCAGCTGCCACAGCAGAATAAGAGGTGCTTTGACATCGGCTCTGCCGGACAC
CTGATGGTGCTGGAGCCACACCTGTTCGACCAGAAGGTGTGCGAGATCAAGCACCCTGATTG
GCGCACAAAGGCAGCAAAGGAGGAGCGGGACGCCGCCTACGCCGAGGGAAGAATCCCCCT
GCTGAGCCGCGAGGTGGAGGACATCAGGGCAATGCACTCCGTGGTGTGGAGAGATTCTCTG
GGAGCCAGGGCCTTCAGCGGAGGCAAGGCAGAGCAGTCCCTGGTGTGGCGCGACGAGGAGT
TTGGCATCTGGTGCCGGCTGCGGCCCGATTACGTGCCTAACAATGCCGTGCGGATCTTCGAC
TATAAGACCGCCACAAACGGCTCCCCCGATGCCTTTATGAAGGAGATCTACAATCGGGGCTA
TCACCAGCAGGCCGCCTGGTATCTGGACGGATATGAGGCAGTGACCGGCCACAGGCCACGC
GAGTTCTGGTTTGTGGTGCAGGAGAAAACCGCCCCCTTCCTGCTGTCTTTCTTTCAGATGGAT
GAGATGAGCCTGGAGATCGGCCGGACCCTGAACAGACAGGCCAAGGGCATCTTTGCCTGGT
GCCTGCGCAACAATTGTTGGCCAGGCTATCAGCCCGAGGTGGATGGCAAGGTGAGATTCTTT
ACCACATCTCCCCCTGCCTGGCTGGTGAGGGAGTACGAGTTTAAGAATGAGCACGGCGCCTA
TGAGCCACCCGAGATCAAGCGGAAGGAGGTGGCC

Salmonella enterica subsp. enterica serovar Javiana str. 10721 RecT DNA (SEQ ID NO:107):
CCAAAGCAGCCCCCTATCGCCAAGGCAGACCTGCAGAAAACCCAGGGAGCACGGACCCCAA
CAGCAGTGAAGAACAATAACGATGTGATCTCCTTTATCAATCAGCCTTCTATGAAGGAGCAG
CTGGCCGCCGCCCTGCCAAGGCACATGACCGCCGAGCGGATGATCAGAATCGCCACCACAG
AGATCAGGAAGGTGCCCGCCCTGGGCGACTGCGATACAATGTCTTTTGTGAGCGCCATCGTG
CAGTGTAGCCAGCTGGGCCTGGAGCCTGGCGGCGCCCTGGGCCACGCCTACCTGCTGCCTTT
CGGCAATCGGAACGAGAAGTCCGGCAAGAAGAATGTGCAGCTGATCATCGGCTATAGAGGC
ATGATCGACCTGGCCCGGAGATCCGGACAGATCGCCAGCCTGTCCGCCAGGGTGGTGCGCG
AGGGCGACGATTTCTCTTTTGAGTTCGGCCTGGAGGAGAAGCTGGTGCACAGGCCAGGCGA
GAACGAGGACGCCCCCGTGACCCACGTGTACGCAGTGGCACGCCTGAAGGATGGAGGCACC
CAGTTTGAAGTGATGACACGGAAGCAGATCGAGCTGGTGAGAGCCCAGTCTAAGGCCGGCA
ATAACGGCCCTTGGGTGACCCACTGGGAGGAGATGGCCAAGAAAACCGCCATCAGGCGCCT
GTTCAAGTACCTGCCCGTGAGCATCGAGATCCAGAGGGCCGTGAGCATGGATGAGAAGGAG
ACACTGACAATCGACCCAGCCGATGCCAGCGTGATCACCGGCGAGTATTCCGTGGTGGAGA
ATGCCGGCGTGGAGGAGAACGTGACAGCC

Salmonella enterica subsp. enterica serovar Javiana str. 10721 RecE DNA (SEQ ID NO:108):

TACTATGACATCCCAAACGAGGCCTACCACGCAGGCCCCGGCGTGTCTAAGAGCCAGCTGG
ACGACATCGCCGATACCCCCGCCATCTATCTGTGGCGGAAGAATGCCCCTGTGGACACCGAG
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AAAACCAAGTCCCTGGATACCGGCACAGCCTTCCACTGCAGGGTGCTGGAGCCAGAGGAGT
TCAGCAAGCGGTTCATCATCGCCCCCGAGTTCAACCGGAGAACCTCCGCCGGCAAGGAGGA
GGAGAAAACCTTCCTGGAGGAGTGTACCCGGACAGGCAGAACCGTGCTGACAGCCGAGGAG
GGCAGGAAGATCGAGCTGATGTACCAGTCCGTGATGGCACTGCCACTGGGACAGTGGCTGG
TGGAGTCTGCCGGCTACGCCGAGAGCTCCGTGTATTGGGAGGACCCTGAGACAGGCATCCT
GTGCCGGTGTAGACCCGATAAGATCATCCCTGAGTTCCACTGGATCATGGACGTGAAAACCA
CAGCCGACATCCAGAGGTTTCGCACCGCCTACTATGACTACAGATACCACGTGCAGGACGCC
TTCTACTCTGATGGCTATAGAGCCCAGTTTGGCGAGATCCCTACATTCGTGTTTCTGGTGGCC
AGCACCACAGCAGAGTGCGGCAGATACCCCGTGGAGATCTTTATGATGGGAGAGGACGCAA
AGCTGGCCGGACAGCGCGAGTATAGGCGCAATCTGCAGACCCTGGCCGAGTGTCTGAACAA
TGATGAGTGGCCTGCCATCAAGACACTGTCTCTGCCACGGTGGGCCAAGGAGAACGCCAAT
GCC

Pseudobacteriovorax antillogorgiicola RecT DNA (SEQ ID NO:109):
GGCCACCTGGTGAGCAAGACCGAGCAGGATTACATCAAGCAGCACTATGCCAAGGGCGCCA
CAGACCAGGAGTTCGAGCACTTTATCGGCGTGTGCAGGGCCAGAGGCCTGAACCCAGCCGC
CAATCAGATCTACTTCGTGAAGTATCGGTCCAAGGATGGACCAGCAAAGCCAGCCTTTATCC
TGTCTATCGACAGCCTGAGGCTGATCGCACACCGCACCGGCGATTACGCAGGATGCTCTGAG
CCCATCTTCACAGACGGCGGCAAGGCCTGTACCGTGACAGTGCGGAGAAACCTGAAGAGCG
GCGAGACAGGCAATTTCTCCGGCATGGCCTTTTATGACGAGCAGGTGCAGCAGAAGAACGG
CCGGCCTACCTCCTTTTGGCAGTCTAAGCCAAGAACAATGCTGGAGAAGTGTGCAGAGGCAA
AGGCCCTGAGGAAGGCCTTCCCTCAGGATCTGGGCCAGTTTTACATCAGAGAGGAGATGCCC
CCTCAGTATGACGAGCCTATCCAGGTGCACAAGCCAAAGGCCCTGGAGGAGCCCAGGTTCA
GCAAGTCCGATCTGTCCAGGCGCAAGGGCCTGAACAGGAAGCTGTCTGCCCTGGGAGTGGA
CCCCAGCCGCTTCGATGAGGTGGCCACCTTTCTGGACGGCACACCTGATCGCGAGCTGGGCC
AGAAGCTGAAGCTGTGGCTGAAGGAGGCCGGCTACGGCGTGAATCAG

Pseudobacteriovorax antillogorgiicola RecE DNA (SEQ ID NO:110):
AGCAAGCTGTCCAACCTGAAGGTGTCTAATAGCGACGTGGATACACTGAGCCGGATCAGAA
TGAAGGAGGGCGTGTATCGGGACCTGCCAATCGAGAGCTACCACCAGTCCCCCGGCTATTCT
AAGACCAGCCTGTGCCAGATCGATAAGGCCCCTATCTACCTGAAAACCAAGGTGCCACAGA
AGTCCACAAAGTCTCTGAACATCGGCACCGCCTTCCACGAGGCTATGGAGGGCGTGTTTAAG
GACAAGTATGTGGTGCACCCCGATCCTGGCGTGAATAAGACCACAAAGTCTTGGAAGGACTT
CGTGAAGAGGTATCCTAAGCACATGCCACTGAAGCGCAGCGAGTACGACCAGGTGCTGGCC
ATGTACGATGCCGCCCGGTCTTATAGACCTTTTCAGAAGTACCACCTGAGCCGGGGCTTCTA
CGAGAGCTCCTTTTATTGGCACGATGCCGTGACAAACAGCCTGATCAAGTGCAGACCCGACT
ATATCACCCCTGATGGCATGAGCGTGATCGACTTCAAGACCACAGTGGACCCCAGCCCCAAG
GGCTTTCAGTACCAGGCCTACAAGTATCACTACTACGTGAGCGCCGCCCTGACCCTGGAGGG
AATCGAGGCAGTGACCGGCATCAGGCCAAAGGAGTACCTGTTCCTGGCCGTGTCCAATTCTG
CCCCATACCTGACCGCCCTGTATCGCGCCTCTGAGAAGGAGATCGCCCTGGGCGACCACTTT
ATCCGGCGGAGCCTGCTGACCCTGAAAACCTGTCTGGAGTCTGGCAAGTGGCCCGGCCTGCA
GGAGGAGATCCTGGAGCTGGGCCTGCCTTTCTCCGGCCTGAAGGAGCTGAGAGAGGAGCAG
GAGGTGGAGGATGAGTTTATGGAGCTGGTGGGC

Photobacterium sp. JCM 19050 RecT DNA (SEQ ID NO:111):
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AACACCGACATGATCGCCATGCCCCCTTCTCCAGCCATCAGCATGCTGGACACAAGCAAGCT
GGATGTGATGGTGCGGGCAGCAGAGCTGATGTCCCAGGCCGTGGTCATGGTGCCCGACCACT
TCAAGGGCAAGCCAGCCGATTGCCTGGCAGTGGTCATGCAGGCAGACCAGTGGGGCATGAA
CCCCTTTACCGTGGCCCAGAAAACCCACCTGGTGAGCGGCACCCTGGGATACGAGTCCCAGC
TGGTGAATGCCGTGATCAGCTCCTCTAAGGCCATCAAGGGCCGGTTCCACTATGAGTGGTCT
GATGGCTGGGAGAGACTGGCCGGCAAGGTGCAGTACGTGAAGGAGTCTCGGCAGAGAAAG
GGCCAGCAGGGCAGCTATCAGGTGACCGTGGCCAAGCCAACATGGAAGCCAGAGGACGAGC
AGGGCCTGTGGGTGCGGTGTGGAGCCGTGCTGGCCGGAGAGAAGGACATCACATGGGGCCC
TAAGCTGTACCTGGCCAGCGTGCTGGTGCGGAACAGCGAGCTGTGGACCACAAAGCCCTAC
CAGCAGGCCGCCTATACCGCCCTGAAGGATTGGTCCCGCCTGTATACACCTGCCGTGATGCA
GGGCTCTATGACCGGCAAGAGCTGGTCCCTGACAGGCAGGCTGATCAGCCCCCGC

Photobacterium sp. JCM 19050 RecE DNA (SEQ ID NO:112):
GCCGAGCGGGTGAGAACCTATCAGCGGGACGCCGTGTTCGCACACGAGCTGAAGGCCGAGT
TTGATGAGGCCGTGGAGAACGGCAAGACCGGCGTGACACTGGAGGACCAGGCCAGGGCCAA
GAGGATGGTGCACGAGGCCACCACAAACCCCGCCTCTCGGAATTGGTTCAGATACGACGGA
GAGCTGGCCGCATGCGAGAGGAGCTATTTTTGGCGCGATGAGGAGGCAGGCCTGGTGCTGA
AGGCCAGGCCTGACAAGGAGATCGGCAACAATCTGATCGATGTGAAGTCCATCGAGGTGCC
AACCGACGTGTGCGCCTGTGATCTGAACGCCTATATCAATCGGCAGATCGAGAAGAGAGGC
TACCACATCTCCGCCGCCCACTATCTGTCTGGCACAGGCAAGGACCGCTTCTTTTGGATCTTC
ATCAATAAGGTGAAGGGCTACGAGTGGGTGGCAATCGTGGAGGCCTCTCCCCTGCACATCG
AGCTGGGCACCTATGAGGTGCTGGAGGGCCTGCGGAGCATCGCCAGCTCCACAAAGGAGGC
AGATTACCCAGCACCTCTGTCCCACCCTGTGAACGAGAGAGGCATCCCACAGCCCCTGATGT
CTAATCTGAGCACATACGCCATGAAGAGGCTGGAGCAGTTTCGCGAGCTG

Providencia alcalifaciens DSM 30120 RecT DNA (SEQ ID NO:113):
AAGGCACAGCTGGCCGCCGCCCTGCCTAAGCACATCACCAGCGACCGGATGATCAGAATCG
TGTCCACCGAGATCAGAAAGACCCCATCTCTGGCCAACTGCGACATCCAGAGCTTCATCGGC
GCCGTGGTGCAGTGTTCTCAGCTGGGCCTGGAGCCAGGCAACGCCCTGGGACACGCCTACCT
GCTGCCCTTTGGCAATGGCAAGTCCGACAACGGCAAGTCTAATGTGCAGCTGATCATCGGCT
ATCGGGGCATGATCGATCTGGCCCGGAGAAGCGGCCAGATCATCTCTATCAGCGCCAGGAC
CGTGCGCCAGGGCGACAACTTCCACTTTGAGTACGGCCTGAACGAGAATCTGACCCACATCC
CCGAGGGCAATGAGGACTCCCCTATCACACACGTGTACGCAGTGGCACGGCTGAAGGATGA
GGGCGTGCAGTTCGAAGTGATGACATATAACCAGATCGAGAAGGTGAGAGATAGCTCCAAG
GCCGGCAAGAATGGCCCCTGGGTGACCCACTGGGAGGAGATGGCCAAGAAAACCGTGATCA
GGCGCCTGTTTAAGTACCTGCCCGTGAGCATCGAGATGCAGAAGGCCGTGATCCTGGACGAG
AAGGCCGAGGCCAATATCGAGCAGGATCACTCCGCCATCTTCGAGGCCGAGTTTGAGGAGG
TGGACTCTAACGGCAAT

Providencia alcalifaciens DSM 30120 RecE DNA (SEQ ID NO:114):
AACGAGGGCATCTACTATGACATCTCTAATGAGGACTATCACCACGGCCTGGGCATCTCTAA
GAGCCAGCTGGATCTGATCGACGAGAGCCCCGCCGATTTCATCTGGCACCGGGATGCCCCTG
TGGACAACGAGAAAACCAAGGCCCTGGATTTTGGCACAGCCCTGCACTGCCTGCTGCTGGAG
CCAGACGAGTTCCAGAAGAGGTTTCGCATCGCCCCCGAGGTGAACCGGAGAACAAATGCCG
GCAAGGAGCAGGAGAAGGAGTTCCTGGAGATGTGCGAGAAGGAGAATATCACCCCCATCAC
AAACGAGGATAATAGGAAGCTGTCTCTGATGAAGGACAGCGCAATGGCCCACCCTATCGCC
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CGCTGGTGTCTGGAGGCCAAGGGCATCGCCGAGAGCTCCATCTATTGGAAGGACAAGGATA
CAGACATCCTGTGCCGGTGTAGACCAGACAAGCTGATCGAGGAGCACCACTGGCTGGTGGA
TGTGAAGTCCACCGCCGACATCCAGAAGTTCGAGCGGTCTATGTACGAGTATAGATACCACG
TGCAGGATTCCTTTTATTCTGACGGCTACAAGAGCCTGACAGGCGAGATGCCCGTGTTCGTG
TTCCTGGCCGTGTCCACCGTGATCAACTGCGGCAGATACCCCGTGCGGGTGTTCGTGCTGGA
CGAGCAGGCAAAGTCCGTGGGACGGATCACCTATAAGCAGAATCTGTTTACATACGCCGAG
TGTCTGAAAACCGACGAGTGGGCCGGCATCAGAACCCTGAGCCTGCCCTCCTGGGCAAAGG
AGCTGAAGCACGAGCACACCACAGCCTCT

Pantoea stewartii RecT Protein (SEQ ID NO:115):
MSNQPPIASADLQKANTGKQVANKTPEQTLVGFMNQPAMKSQLAAALPRHMTADRMIRIVTTEI
RKTPALATCDQSSFIGAVVQCSQLGLEPGSALGHAYLLPFGNGRSKSGQSNVQLIIGYRGMIDLA
RRSGQIVSLSARVVRADDEFSFEYGLDENLIHRPGENEDAPITHVYAVARLKDGGTQFEVMTVK
QIEKVKAQSKASSNGPWVTHWEEMAKKTVIRRLFKYLPVSIEMQKAVILDEKAESDVDQDNAS
VLSAEYSVLDGSSEE

Pantoea stewartii RecE Protein (SEQ ID NO:116):
MQPGVYYDISNEEYHAGPGISKSQLDDIAVSPAIFQWRKSAPVDDEKTAALDLGTALHCLLLEPD
EFSKRFMIGPEVNRRTNAGKQKEQDFLDMCEQQGITPITHDDNRKLRLMRDSAFAHPVARWML
ETEGKAEASIYWNDRDTQILSRCRPDKLITEFSWCVDVKSTADIGKFQKDFYSYRYHVQDAFYSD
GYEAQFCEVPTFAFLVVSSSIDCGRYPVQVFIMDQQAKDAGRAEYKRNLTTYAECQARNEWPGI
ATLSLPYWAKEIRNV

Pantoea brenneri RecT Protein (SEQ ID NO:117):
MSNQPPIASADLQKTQQSKQVANKTPEQTLVGFMNQPAMKSQLAAALPRHMTADRMIRIVTTEI
RKTPQLAQCDQSSFIGAVVQCSQLGLEPGSALGHA YLLPFGNGRSKSGQSNVQLIIGYRGMIDLA
RRSGQIVSLSARVVRADDEFSFEYGLDENLVHRPGENEDAPITHVYAVARLKDGGTQFEVMTVK
QVEKVKAQSKASSNGPWVTHWEEMAKKTVIRRLFKYLPVSIEMQKAVVLDEKAESDVDQDNA
SVLSAEYSVLESGDEATN

Pantoea brenneri RecE Protein (SEQ ID NO:118):
MQPGIYYDISNEDYHRGAGISKSQLDDIAISPATYQWRKHAPVDEEK TAALDLGTALHCLLLEPD
EFSKRFQIGPEVNRRTTAGKEKEKEFIERCEAEGITPITHDDNRKLKLMRDSALAHPIARWMLEA
QGNAEASIYWNDRDAGVLSRCRPDKIITEFNWCVDVKSTADIMKFQKDFYSYRYHVQDAFYSD
GYESHFHETPTFAFLAVSTSIDCGRYPVQVFIMDQQAKDAGRAEYKRNIHTFAECLSRNEWPGIA
TLSLPFWAKELRNE

Pantoea dispersa RecT Protein (SEQ ID NO:119):
MSNQPPLATADLQKTQQSNQVAKTPEQTLVGFMNQPAMKSQLAAALPRHMTADRMIRIVTTEI
RKTPALAQCDQSSFIGAVVQCSQLGLEPGSALGHAYLLPFGNGRSKSGQSNVQLIIGYRGMIDLA
RRSGQIVSLSARVVRADDEFSFEYGLDENLIHRPGDNESAPITHVYAVARLKDGGTQFEVMTAK
QVEKVKAQSKASSNGPWVTHWEEMAKKTVIRRLFKYLPVSIEMQKAVVLDEKAESDVDQDNA
SVLSAEYSVLESGTGE

Pantoea dispersa RecE Protein (SEQ ID NO:120):
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MEPGIYYDISNEAYHSGPGISKSQLDDIARSPAIFQWRKDAPVDTEKTKALDLGTDFHCAVLEPER
FADMYRVGPEVNRRTTAGKAEEKEFFEKCEKDGAVPITHDDARKVELMRGSVMAHPIAKQMIA
AQGHAEASIYWHDESTGNLCRCRPDKFIPDWNWIVDVKTTADMKKFRREFYDLRYHVQDAFYT
DGYAAQFGERPTFVFVVTSTTIDCGRYPTEVFFLDEETKAAGRSEYQSNLVTYSECLSRNEWPGI
ATLSLPHWAKELRNV

Type-F symbiont of Plautia stali RecT Protein (SEQ ID NO:121):
MSNQPPIASADLQKTQQSKQVANKTPEQTLVGFMNQPAMKSQLAAALPRHMTADRMIRIVTTEI
RKTPALATCDQSSFIGAVVQCSQLGLEPGSALGHAYLLPFGNGRSKSGQSNVQLIIGYRGMIDLA
RRSGQIVSLSARVVRADDEFSFEY GLDENLIHRPGDNEDAPITHVYAVARLKDGGTQFEVMTAK
QVEKVKAQSKASSNGPWVTHWEEMAKKTVIRRLFKYLPVSIEMQKAVVLDEKAESDVDQDNA
SVLSAEYSVLEGDGGE

Type-F symbiont of Plautia stali RecE Protein (SEQ ID NO:122):
MQPGIYYDISNEDYHGGPGISKSQLDDIAISPAIYQWRKHAPVDEEKTAALDLGTALHCLLLEPDE
FSKRFEIGPEVNRRTTAGKEKEKEFMERCEAEGVTPITHDDNRKLRLMRDSAMAHPIARWMLEA
QGNAEASIYWNDRDTGVLSRCRPDKIITDFNWCVDVKSTADIIKFQKDFYSYRYHVQDAFYSDG
YESHFDETPTFAFLAVSTSIDCGRYPVQVFIMDQQAKDAGRAEYKRNIHTFAECLSRNEWPGIAT
LSLPYWAKELRNE

Providencia stuartii RecT Protein (SEQ ID NO:123):
MSNPPLAQADLQKTQGTEVKEKTKDQMLVELINKPSMKAQLAAALPRHMTPDRMIRIVTTEIRK
TPALATCDMQSFVGAVVQCSQLGLEPGNALGHAYLLPFGNGKSKSGQSNVQLIIGYRGMIDLAR
RSGQIVSISARTVRQGDNFHFEYGLNENLTHVPGENEDSPITHVYAVARLKDGGVQFEVMTYNQI
EKVRASSKAGQNGPWVSHWEEMAKKTVIRRLFKYLPVSIEMQKAVILDEKAEANIDQENATIFE
GEYEEVGTDGK

Providencia stuartii RecE Protein (SEQ ID NO:124):
EGIYYNISNEDYHNGLGISKSQLDLINEMPAEYIW SKEAPVDEEKIKPLEIGTALHCLLLEPDEYH
KRYKIGPDVNRRTNAGKEKEKEFFDMCEKEGITPITHDDNRKLMIMRDSALAHPIAKWCLEADG
VSESSIYWTDKETDVLCRCRPDRIITAHNYIVDVKSSGDIEKFDYEYYNYRYHVQDAFYSDGYKE
VTGITPTFLFLVVSTKIDCGKYPVRTYVMSEEAKSAGRTAYKHNLLTYAECLKTDEWAGIRTLSL
PRWAKELRNE

Providencia sp. MGF014 RecT Protein (SEQ ID NO:125):
MSNPPLAQSDLQKTQGTEVKVKTKDQQLIQFINQPSMKAQLAAALPRHMTPDRMIRIVTTEIRKT
PALATCDMQSFVGAVVQCSQLGLEPGNALGHAYLLPFGNGKAKSGQSNVQLIIGYRGMIDLARR
SNQIISISARTVRQGDNFHFEYGLNEDLTHTPSENEDSPITHVYAVARLKDGGVQFEVMTYNQVE
KVRASSKAGONGPWVSHWEEMAKKTVIRRLFKYLPVSIEMQKAVVLDEKAEANVDQENATIFE
GEYEEVGTDGN

Providencia sp. MGF014 RecE Protein (SEQ ID NO:126):
MKEGIYYNISNED YHNGLGISKSQLDLINEMPAEYIW SKEAPVDEEKIKPLEIGTALHCLLLEPDE

YHKRYKIGPDVNRRTNVGKEKEKEFFDMCEKEGITPITHDDNRKLMIMRDSALAHPIAKWCLEA
DGVSESSIYWTDKETDVLCRCRPDRIITAHNYIIDVKSSGDIEKFDYEYYNYRYHVQDAFYSDGY
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KEVTGITPTFLFLVVSTKIDCGKYPVRTYVMSEEAKSAGRTAYKHNLLTYAECLKTDEWAGIRTL
SLPRWAKELRNE

Shewanella putrefaciens RecT Protein (SEQ ID NO:127):
MQTAQVKLSVPHQQVYQDNFNYLSSQVVGHLVDLNEEIGYLNQIVFNSLSTASPLDVAAPWSV
YGLLLNVCRLGLSLNPEKKLAYVMPSW SETGEIIMKLYPGYRGEIAIASNFNVIKNANAVLVYEN
DHFRIQAATGEIEHFVTSLSIDPRVRGACSGGYCRSVLMDNTIQISYLSIEEMNAIAQNQIEANMG
NTPWNSIWRTEMNRVALYRRAAKDWRQLIKATPEIQSALSDTEY

Shewanella putrefaciens RecE Protein (SEQ ID NO:128):
MGTALAQTISLDWQDTIQPAYTASGKPNFLNAQGEIVEGIYTDLPNSVYHALDAHSSTGIKTFAK
GRHHYFRQYLSDVCRQRTKQQEYTFDAGTYGHMLVLEPENFHGNFMRNPVPDDFPDIELIESIPQ
LKAALAKSNLPVSGAKAALIERLYAFDPSLPLFEKMREKAITDYLDLRYAKYLRTDVELDEMAT
FYGIDTSQTREKKIEEILAISPSQPIWEKLISQHVIDHIVWDDAMRVERSTRAHPKADWLISDGYAE
LTITARCPTTGLLLKVRFDWLRNDAIGVDFKTTLSTNPTKFGYQIKDLRYDLQQVFYCYVANLAG
IPVKHFCFVATEYKDADNCETFELSHKKVIESTEEMFDLLDEFKEALTSGNWYGHDRSRSTW VIE
Vv

Bacillus sp. MUM 116 RecT Protein (SEQ ID NO:129):
MSKQLTTVNTQAVVGTFSQAELDTLKQTIAKGTTNEQFALFVQTCANSRLNPFLNHIHCIVYNGK
EGATMSLQIAVEGILYLARKTDGYKGIECQLIHENDEFKFDAKSKEVDHQIGFPRGNVIGGYAIA
KREGFDDVVVLMESNEVDHMLK GRNGHMWRDWFNDMFKKHIMKRAAKLQYGIEIAEDETVSS
GPSVDNIPEYKPQPRKDITPNQDVIDAPPQQPKQDDEAAKLKAARSEVSKKFKKLGIVKEDQTEY
VEKHVPGFKGTLSDFIGLSQLLDLNIEAQEAQSADGDLLD

Bacillus sp. MUM 116 RecE Protein (SEQ ID NO:130):
MTYAADETLVQLLLSVDGKQLLLGRGLKKGKAQY YINEVPSKAKEFEEIRDQLFDKDLFMSLFN
PSYFFTLHWEKQRAMMLKY VTAPVSKEVLKNLPEAQSEVLERYLKKHSLVDLEKIHKDNKNKQ
DKAYISAQSRTNTLKEQLMQLTEEKLDIDSIKAELAHIDMQVIELEKQMDTAFEKNQAFNLQAQI
RNLQDKIEMSKERWPSLKNEVIEDTCRTCKRPLDEDSVEAVKADKDNRIAEYKAKHNSLVSQRN
ELKEQLNTIEYIDVTELREQIKELDESGQPLREQVRIYSQYQNLDTQVKSAEADENGILQDLKASIF
ILDSIKAFRGKEAEMQAEKVQALFTTLSVRLFKQNKGDGEIKPDFEIEMNDKPYRTLSLSEGIRAG
LELRDVLSQQSELVTPTFVDNAESITSFKQPNGQLIISRVVAGQELKIEAVSE

Shigella sonnei RecT Protein (SEQ ID NO:131):
MTKQPPIAKADLQKTQENRAPAAIKNNDVISFINQPSMKEQLAAALPRHMTAERMIRIATTEIRK
VPALGNCDTMSFVSAIVQCSQLGLEPGSALGHAYLLPFGNKNEKSGKKNVQLIIGYRGMIDLARR
SGQIASLSARVVREGDEFNFEFGLDEKLIHRPGENEDAPVTHVYAVARLKDGGTQFEVMTRRQIE
LVRSQSKAGNNGPWVTHWEEMAKKTAIRRLFKYLPVSIEIQRAVSMDEKEPLTIDPADSSVLTGE
YSVIDNSEE

Shigella sonnei RecE Protein (SEQ ID NO:132):
DRGLLTKEWRKGNRVSRITRTASGANAGGGNLTDRGEGFVHDLTSLARDIATGVLARSMDVDI
YNLHPAHAKRIEEITAENKPPFSVFRDKFITMPGGLDYSRAIVVASVKEAPIGIEVIPAHVTAYLNK
VLTETDHANPDPEIVDIACGRSSAPMPQRVTEEGKQDDEEKLQPSGTTADEQGEAETMEPDATK
HHQDTQPLDAQSQVNSVDAKYQELRAELHEARKNIPSKNPVDADKLLAASRGEFVDGISDPNDP
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KWVKGIQTRDSVYQNQPETEKTSPDMKQPEPVVQQEPEIAFNACGQTGGDNCPDCGAVMGDAT
YQETFDEENQVEAKENDPEEMEGAEHPHNENAGSDPHRDCSDETGEVADPVIVEDIEPGIY YGIS
NENYHAGPGVSKSQLDDIADTPALYLWRKNAPYVDTTK TKTLDLGTAFHCR VLEPEEFSNRFIVAP
EFNRRTNAGKEEEK AFLMECASTGKMVITAEEGRKIELMYQSVMALPLGQWLVESAGHAESSIY
WEDPETGILCRCRPDKITPEFHWIMDVK TTADIQRFKTAYYDYRYHVQDAFYSDGYEAQFGVQP
TFVFLVASTTIECGRYPVEIFMMGEEAKLAGQLEYHRNLRTLADCLNTDEWPAIKTLSLPRWAKE
YAND

Salmonella enterica RecT Protein (SEQ ID NO:133):
MTKQPPIAKADLQKTQGNRAPAAVNDKDVLCVINSPAMKAQLAAALPRHMTAERMIRIATTEIR
KVPELRNCDSTSFIGAIVQCSQLGLEPGSALGHAYLLPFGNGKAKNGKKNVQLIIGYRGMIDLAR
RSGQIISLSARVVRECDEFSYELGLDEKLVHRPGENEDAPITHVYAVAKLKDGGVQFEVMTKKQ
VEKVRDTHSKAAKNAASKGASSIWDEHFEDMAKKTVIRKLFKYLPVSIEIQRAVSMDGKEVETI
NPDDISVIAGEYSVIDNPEE

Salmonella enterica RecE Protein (SEQ ID NO:134):
DRGLLTKEWRKGNRVSRITRTASGANAGGGNLTDRGEGFVHDLTSLARDVATGVLARSMDVDI
YNLHPAHAKRVEEINAENKPPFSVFRDKFITMPGGLDY SRAIVVASVKEAPIGIEVIPAHVTEYLNK
VLTETDHANPDPEIVDIACGRSSAPMPQRVTEEGK QDDEEKPQPSGAMADEQATAETVEPNATE
HHQNTQPLDAQSQVNSVDAKYQELRAELQEARKNIPSKNPVDADKLLAASRGEFVDGISDPNDP
KWVKGIQTRDSVYQNQPETEKISPDAKQPEPVVQQEPETVCNACGQTGGDNCPDCGAVMGDAT
YQETFGEENQVEAKEKDPEEMEGAEHPHNENAGSDPHRDCSDETGEVADPVIVEDIEPGIY YGIS
NENYHAGPGVSKSQLDDIADTPALYLWRKNAPVDTTKTKTLDLGTAFHCRVLEPEEFSNRFIVA
PEFNRRTNAGKEEEKAFLMECASTGKTVITAEEGRKIELMYQSVMALPLGQWLVESAGHAESSI
YWEDPETGILCRCRPDKIIPEFHWIMDVKTTADIQRFKTAYYDYRYHVQDAFYSDGYEAQFGVQ
PTFVFLVASTTVECGRYPVEIFMMGEEAKLAGQQEYHRNLRTLADCLNTDEWPAIKTLSLPRWA
KEYAND

Acetobacter RecT Protein (SEQ ID NO:135):
MNAPQKQNTRAAVKKISPQEFAEQFAAIIPQVKSVLPAHVTFEKFERVVRLAVRKNPDLLTCSPA
SLFMACIQAASDGLLPDGREGAIVSRWSSKKSCNEASWMPMVAGLMKLARNSGDIASISSQVVF
EGEHFRVVLGDEERIEHERDLGKTGGKIVAAY AVARLKDGSDPIREIMSWGQIEKIRNTNKKWE
WGPWKAWEDEMARKTVIRRLAKRLPMSTDKEGERLRSAIERIDSLVDISANVDAPQIAADDEFA
AAAHGVEPQQIAAPDLIGRLAQMQSLEQVQDIEPQVSHAIQEADKRGDSDTANALDAALQSALS
RTSTAKEEVPA

Acetobacter RecE Protein (SEQ ID NO:136):
MVISKSGIYDLTNEQYHADPCPEMSLSSSGARDLLSSCPAKFIAAKQLPQQNKRCFDIGSAGHLM
VLEPHLFDQKVCEIKHPDWRTKAAKEERDAAYAEGRIPLLSREVEDIRAMHSVVWRDSLGARAF
SGGKAEQSLVWRDEEFGIWCRLRPDY VPNNAVRIFDYKTATNGSPDAFMKEIYNRGYHQQAAW
YLDGYEAVTGHRPREFWFVVQEKTAPFLLSFFQMDEMSLEIGRTLNRQAKGIFAWCLRNNCWP
GYQPEVDGKVRFFTTSPPAWLVREYEFKNEHGAYEPPEIKRKEVA

Salmonella enterica subsp. enterica serovar Javiana str. 10721 RecT Protein (SEQ ID NO:137):
MPKQPPIAKADLQKTQGARTPTAVKNNNDVISFINQPSMKEQLAAALPRHMTAERMIRIATTEIR
KVPALGDCDTMSFVSAIVQCSQLGLEPGGALGHAYLLPFGNRNEK SGKKNVQLIIGYRGMIDLA
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RRSGQIASLSARVVREGDDFSFEFGLEEKLVHRPGENEDAPVTHVYAVARLKDGGTQFEVMTRK
QIELVRAQSKAGNNGPWVTHWEEMAKKTAIRRLFKYLPVSIEIQRAVSMDEKETLTIDPADASVI
TGEYSVVENAGVEENVTA

Salmonella enterica subsp. enterica serovar Javiana str. 10721 RecE Protein (SEQ ID NO:138):
MYYDIPNEAYHAGPGVSKSQLDDIADTPAIYLWRKNAPVDTEKTKSLDTGTAFHCRVLEPEEFS
KRFITAPEFNRRTSAGKEEEKTFLEECTRTGRTVLTAEEGRKIELMYQSVMALPLGQWLVESAGY
AESSVYWEDPETGILCRCRPDKIIPEFHWIMDVKTTADIQRFRTAYYDYRYHVQDAFYSDGYRA
QFGEIPTFVFLVASTTAECGRYPVEIFMMGEDAKLAGQREYRRNLQTLAECLNNDEWPAIKTLSL
PRWAKENANA

Pseudobacteriovorax antillogorgiicola RecT Protein (SEQ ID NO:139):
MGHLVSKTEQDYIKQHYAKGATDQEFEHFIGVCRARGLNPAANQIYFVKYRSKDGPAKPAFIL ST
DSLRLIAHRTGDYAGCSEPIFTDGGKACTVTVRRNLKSGETGNFSGMAFYDEQVQQKNGRPTSF
WQSKPRTMLEKCAEAKALRKAFPQDLGQFYIREEMPPQYDEPIQVHKPKALEEPRFSKSDLSRRK
GLNRKLSALGVDPSRFDEVATFLDGTPDRELGQKLKLWLKEAGYGVNQ

Pseudobacteriovorax antillogorgiicola RecE Protein (SEQ ID NO:140):
MSKLSNLKVSNSDVDTLSRIRMKEGVYRDLPIESYHQSPGYSKTSLCQIDKAPIYLKTKVPQKSTK
SLNIGTAFHEAMEGVFKDKYVVHPDPGVNKTTKSWKDFVKRYPKHMPLKRSEYDQVLAMYDA
ARSYRPFQKYHLSRGFYESSFYWHDAVTNSLIKCRPDYITPDGMSVIDFKTTVDPSPKGFQYQAY
KYHYYVSAALTLEGIEAVTGIRPKEYLFLAVSNSAPYLTALYRASEKEIALGDHFIRRSLLTLKTC
LESGKWPGLQEEILELGLPFSGLKELREEQEVEDEFMELVG

Photobacterium sp. JCM 19050 RecT Protein (SEQ ID NO:141):
MNTDMIAMPPSPAISMLDTSKLDVMVRAAELMSQAVVMVPDHFKGKPADCLAVVMQADQWG
MNPFTVAQKTHLVSGTLGYESQLVNAVISSSKAIKGRFHYEWSDGWERLAGKVQYVKESRQRK
GQQGSYQVTVAKPTWKPEDEQGLWVRCGAVLAGEKDITWGPKLYLASVLVRNSELWTTKPYQ
QAAYTALKDWSRLYTPAVMQGSMTGKSWSLTGRLISPR

Photobacterium sp. JCM 19050 RecE Protein (SEQ ID NO:142):
MAERVRTYQRDAVFAHELKAEFDEAVENGKTGVTLEDQARAKRMVHEATTNPASRNWFRYDG
ELAACERSYFWRDEEAGLVLKARPDKEIGNNLIDVKSIEVPTDVCACDLNAYINRQIEKRGYHIS
AAHYLSGTGKDRFFWIFINKVKGYEWVAIVEASPLHIELGTYEVLEGLRSIASSTKEADYPAPLSH
PVNERGIPQPLMSNLSTY AMKRLEQFREL

Providencia alcalifaciens DSM 30120 RecT Protein (SEQ ID NO:143):
MKAQLAAALPKHITSDRMIRIVSTEIRKTPSLANCDIQSFIGAVVQCSQLGLEPGNALGHAYLLPF
GNGKSDNGKSNVQLIGYRGMIDLARRSGOQIISISARTVRQGDNFHFEY GLNENLTHIPEGNEDSPI
THVYAVARLKDEGVQFEVMTYNQIEKVRDSSKAGKNGPWVTHWEEMAKKTVIRRLFKYLPVSI
EMQKAVILDEKAEANIEQDHSAIFEAEFEEVDSNGN

Providencia alcalifaciens DSM 30120 RecE Protein (SEQ ID NO:144):
MNEGIYYDISNEDYHHGLGISKSQLDLIDESPADFIWHRDAPVDNEK TKALDFGTALHCLLLEPD

EFQKRFRIAPEVNRRTNAGKEQEKEFLEMCEKENITPITNEDNRKLSLMKDSAMAHPIARWCLEA
KGIAESSIYWKDKDTDILCRCRPDKLIEEHHWLVDVKSTADIQKFERSMYEYRYHVQDSFYSDG
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YKSLTGEMPVFVFLAVSTVINCGRYPVRVFVLDEQAKSVGRITYKQNLFTYAECLKTDEWAGIR
TLSLPSWAKELKHEHTTAS

Mouse Albumin knock-in sense template (SEQ ID NO: 160)
CACCTTCAGATTTTCCTGTAACGATCGGGAACTGGCATCTTCAGGGAGTAGctgacctcttetettectee
cacaggATCCTGGAGCCACCCGCAGTTCGAAAAGCTCAGTGAAGAGAAGAACAAAAAGCAGCA
TATTACAGTTAGTTGTCTTCATCAATCTTTAAATATGTTGTGTGGTTTTTCTCTCCCTGTTTCC
AC

Mouse Albumin knock-in anti-sense template (SEQ ID NO: 161)
GTGGAAACAGGGAGAGAAAAACCACACAACATATTTAAAGATTGATGAAGACAACTAACTG
TAATATGCTGCTTTTTGTTCTTCTCTTCACTGAGCTTTTCGAACTGCGGGTGGCTCCAGGATcct
gtegoagoaagagaagagetcagCTACTCCCTGAAGATGCCAGTTCCCGATCGTTACAGGAAAATCTGAA
GGTG

(SEQ ID NO: 162)
ACTTTGAGTGTAGCAGAGAGGAACCATTGCCACCTTCAGATTTTCCTGTAACGATCGGGAAC
TGGCATCTTCAGGGAGTAGCTGACCTCTTCTCTTCCTCCCACAGGATCCTGGAGCCACC

[0102]  All references, including publications, patent applications, and patents, cited herein are hereby
incorporated by reference to the same extent as if each reference were individually and specifically
indicated to be incorporated by reference and were set forth in its entirety herein.

[0103]  Preferred embodiments of this invention are described herein, including the best mode known
to the inventors for carrying out the invention. Variations of those preferred embodiments may become
apparent to those of ordinary skill in the art upon reading the foregoing description. The inventors expect
skilled artisans to employ such variations as appropriate, and the inventors intend for the invention to be
practiced otherwise than as specifically described herein. Accordingly, this invention includes all
modifications and equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible variations
thereof is encompassed by the invention unless otherwise indicated herein or otherwise clearly

contradicted by context.
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CLAIMS

What is claimed is:

1. A system comprising;

a Cas protein,

a nucleic acid molecule comprising a guide RNA sequence that is complementary to a target DNA
sequence; and

a microbial recombination protein,

wherein the microbial recombination protein is selected from the group consisting of RecE, RecT,
lambda exonuclease, Bet protein, exonuclease gp6, single-stranded DNA-binding protein gp2.5, or a

derivative or variant thereof.

2. The system of claim 1, further comprising a recruitment system comprising.
at least one aptamer sequence; and
an aptamer binding protein functionally linked to the microbial recombination protein as part of a

fusion protein.

3. The system of claim 2, wherein the at least one aptamer sequence is an RNA aptamer sequence or a

peptide aptamer sequence.

4. The system of claim 3, wherein the nucleic acid molecule comprises the at least one RNA aptamer

sequence.

5. The system of claim 4, wherein the nucleic acid molecule comprises two RNA aptamer sequences.

6. The system of claim 5, wherein the two RNA aptamer sequences comprise the same sequence.

7. The system of any of claims 2-6, wherein the aptamer binding protein comprises a MS2 coat protein, or

a functional derivative or variant thereof.

8. The system of any of claims 2-6, wherein the aptamer binding protein comprises phage N peptide, or a

functional derivative or variant thereof’
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9. The system of claim 3, wherein the at least one peptide aptamer sequence is conjugated to the Cas

protein.

10. The system of claim 9, wherein the at least one peptide aptamer sequence comprises between 1 and 24

peptide aptamer sequences.

11. The system of claim 9 or 10, wherein the aptamer sequences comprise the same sequence.

12. The system of any of claims 2-3 or 9-11, wherein the aptamer sequence comprises a GCN4 peptide

sequence.

13. The system of any of claims 2-12, wherein the microbial recombination protein N-terminus is linked

to the aptamer binding protein C-terminus.

14. The system of any of claims 2-13, wherein the fusion protein further comprises a linker between the

microbial recombination protein and the aptamer binding protein.

15. The system of claim 14, wherein the linker comprises the amino acid sequence of SEQ ID NO: 15.

16. The system of any of claims 2-15, wherein the fusion protein further comprises a nuclear localization

sequence.

17. The system of claim 16, wherein the nuclear localization sequence comprises the amino acid sequence

of SEQ ID NO: 16.

18. The system of claim 16 or claim 17, wherein the nuclear localization sequence is on the microbial

recombination protein C-terminus.

19. The system of any of claims 1-18, wherein the RecE or RecT recombination protein is derived from £.

coli.
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20. The system of any of claims 1-19, wherein the microbial recombination protein comprises RecE, or

derivative or variant thereof.

21. The system of any of claims 1-20, wherein the RecE, or derivative or variant thereof, comprises an
amino acid sequence with at least 70% similarity to amino acid sequences selected from the group

consisting of SEQ ID NOs: 1-8.
22. The system of any of claims 1-21, wherein the RecE, or derivative or variant thereof, comprises an
amino acid sequence with at least 70% similarity to amino acid sequences selected from the group

consisting of SEQ ID NOs: 1-3.

23. The system of any of claims 1-19, wherein the fusion protein comprises RecT, or derivative or variant

thereof.

24. The system of any of claims 1-19 or 23, wherein the RecT, or derivative or variant thereof, comprises
an amino acid sequence with at least 70% similarity to amino acid sequences selected from the group
consisting of SEQ ID NOs: 9-14.

25. The system of any of claims 1-19 or 23-24, wherein the RecT, or derivative or variant thereof,
comprises an amino acid sequence with at least 70% similarity to amino acid sequences selected from the
group consisting of SEQ ID NO: 9.

26. The system of any of claims 1-25, wherein the Cas protein is catalytically dead.

27. The system of any of claims 1-26, wherein the Cas protein is Cas9 or Cas12a.

28. The system of any of claims 27, wherein the Cas9 protein is wild-type Streptococcus pyogenes Cas9

or a wild-type Staphylococcus aureus Cas9.

29. The system of any of claims 27-28, wherein the Cas9 protein is a Cas9 nickase.
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30. The system of claim 29, wherein the Cas9 nickase is wild-type Streptococcus pyogenes Cas9 with an

amino acid substation at position 10 of D10A.

31. The system of any of claims 1-30, further comprising donor nucleic acid.

32. The system of any of claims 1-31, wherein the target DNA sequence is a genomic DNA sequence in a

host cell.

33. A composition comprising;

a polynucleotide comprising a nucleic acid sequence encoding a fusion protein comprising a
microbial recombination protein functionally linked to an aptamer binding protein,

wherein the microbial recombination protein is RecE, RecT, lambda exonuclease, Bet protein,

exonuclease gpo, single-stranded DNA-binding protein gp2.5, or a derivative or variant thereof.

34. The composition of claim 33, further comprising at least one of:
a polynucleotide comprising a nucleic acid sequence encoding a Cas protein; and
a nucleic acid molecule comprising a guide RNA sequence that is complementary to a target DNA

sequence.

35. The composition of claim 34, wherein the nucleic acid molecule further comprises at least one RNA

aptamer sequence.

36. The composition of claim 34, wherein the polynucleotide comprising a nucleic acid sequence

encoding a Cas protein further comprises a sequence encoding at least one peptide aptamer sequence.

37. A vector comprising a polynucleotide comprising a nucleic acid sequence encoding a fusion protein
comprising a microbial recombination protein functionally linked to an aptamer binding protein,
wherein the microbial recombination protein is RecE, RecT, lambda exonuclease, Bet protein,

exonuclease gp6, single-stranded DNA-binding protein gp2.5, or a derivative or variant thereof.

38. The vector of claim 37, further comprising at least one of:
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a polynucleotide comprising a nucleic acid sequence encoding a Cas protein; and
a nucleic acid molecule comprising a guide RNA sequence that is complementary to a target DNA

sequence.

39. The vector of claim 38, wherein the nucleic acid molecule further comprises at least one RNA

aptamer sequence.

40. The vector of claim 38, wherein the polynucleotide comprising a nucleic acid sequence encoding a

Cas protein further comprises a sequence encoding at least one peptide aptamer sequence.

41. A eukaryotic cell comprising the system of any one of claims 1-32, the composition of any one of

claims 33-36, or the vector of any of claims 37-40.

42. A method of altering a target genomic DNA sequence in a cell, comprising introducing the system of
any one of claims 1-32, the composition of any one of claims 33-36, or the vector of any one of claims

37-40 into a cell comprising a target genomic DNA sequence.

43. The method of claim 42, wherein the cell is a mammalian cell.

44. The method of claim 42 or claim 43, wherein the cell is a human cell.
45, The method of any one of claims 42-44, wherein the cell is a stem cell.

46. The method of any one of claims 42-45, wherein the target genomic DNA sequence encodes a gene

product.

47. The method of any one of claims 42-46, wherein the introducing into a cell comprises administering

to a subject.
48. The method of claim 47, wherein the subject is a human.
49. The method of claim 47 or 48, wherein the administering comprises in vivo administration.

50. The method of claim 47 or 48, wherein the administering comprises transplantation of ex vivo treated

cells comprising the system, composition, or vector.
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51. Use of the system of any one of claims 1-32, the composition of any one of claims 33-36, or the

vector of any one of claims 37-40 for the alteration of a target DNA sequence in a cell.
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