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MATERIALS AND METHODS FOR THE SYNTHESIS OF ERROR-MINIMIZED
NUCLEIC ACID MOLECULES

This application claims the benefit of U.S. provisional application Serial No.
61/593,813, filed February 1, 2012, which is hereby incorporated by reference in its

entirety, including all Tables, Figures, and Claims.

FIELD OF THE INVENTION

[0001]  The present invention relates generally to molecular biology and genetics,

and to the synthesis of genes and other nucleic acid molecules.

INCORPORATION OF SEQUENCE LISTING

[0002]  The material in the accompanying Sequence Listing is hereby incorporated
by reference into this application. The accompanying sequence listing text file, name SGI-
XXX.XXPCT_Sequence Listing, was created on DATE and is XX KB. The file can be

assessed using Microsoft Word on a computer that uses Windows OS.

BACKGROUND

[0003] In modern molecular biology and genetic engineering, many molecular
techniques that involve the use of molecules of nucleic acid often require the generation of a
supply of nucleic acid molecules by synthetic methods. For example, to test hypotheses in
the field of metabolic engineering or genomics, and to synthesize designed proteins and
organisms with tailored genomes, cost-effective methods for synthesizing nucleic acid
molecules with a high degree of fidelity to an intended nucleotide sequence are often
required. Common methods of nucleic acid synthesis, e.g. synthesis of double-stranded
DNA, include polymerase chain reaction methods and ligation chain reaction methods.
Often, ensuring that a synthetic DNA molecule contains the correct nucleotide sequence is
important, if not essential, for the success of the molecular technique in which the
synthesized DNA is to be used. For example, the synthesis of a DNA coding sequence for

use in gene expression of functional polypeptides requires a precise DNA sequence;
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because even one nucleotide substitution, insertion or deletion can have significant
consequences for the polypeptide that is ultimately produced. Thus, the process of
minimizing DNA molecules having incorrect DNA sequences from a synthetic DNA
population is widely considered to be essential in providing error-free synthetic DNA

produced by a de novo gene synthesis method.

[0004]  Recently, efforts to synthesize nucleic acid molecules accurately while
controlling costs have yielded methods including microchip-based gene synthesis and PCR-
based gene assembly technologies. While these conventional technologies provide the
capability to synthesize multiple genes, reducing errors introduced into the desired gene-
sequence remains challenging. To avoid the problems with sequence errors inherent in gene
synthesis, some have focused on purifying the oligonucleotides that are used at the early
stages of the synthesis process. However, these oligonucleotide purification approaches are
costly, and sequence errors persist and propagate through the subsequent steps of the

synthesis process.

[0005]  Thus, there exists a need for alternative methods for reducing sequence
errors within a population of DNA molecules. What is desired is a way to synthesize genes
and other nucleic acid molecules with a greater yield of molecules having a desired
nucleotide sequence. An approach that can correct sequence errors at a much later step in
the synthesis process makes the desired increase in nucleotide sequence accuracy possible,

while allowing the process to be cost-effective.

SUMMARY

[0006] The present invention provides methods and materials for error correction in
the replication and amplification of nucleic acid molecules. In one embodiment of the
invention a first plurality of double-stranded nucleic acid molecules having a nucleotide
mismatch are fragmented by exposure to a unidirectional mismatch endonuclease. The
nucleic acid molecules are cut at or near the mismatch site with an endonuclease, leaving a
double-stranded nucleic acid molecule having a mismatch at or near the end of the
molecule. In one embodiment the nucleic acid molecule is then exposed to an exonuclease
having a unidirectional activity in the 5’ to 3” or 3’ to 5’ direction, which therefore removes

the mismatched nucleotide. A second plurality of double-stranded nucleic acid molecules is
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assembled from the nucleic acids with the mismatched nucleotides removed. The missing
nucleotides can then be filled in by the action of, e.g., a DNA polymerase either directly or
at a subsequent amplification step, and these steps can be repeated as many times as
necessary. The result is double-stranded nucleic acid molecules with a decreased frequency

of nucleotide mismatches versus the first plurality of nucleic acid molecules.

[0007]  Thus, in one aspect the present invention provides a method for error
correction of nucleic acid molecules. The method involves (a) obtaining a first plurality of
double-stranded nucleic acid molecules having at least one nucleotide mismatch; (b)
fragmenting the plurality of double-stranded nucleic acid molecules having a mismatch by
reacting the nucleic acid molecules having a mismatch with at least one molecule having a
unidirectional mismatch endonuclease activity; (c¢) removing the nucleotide mismatch by
reacting the fragmented double-stranded nucleic acid molecules having a mismatch of (b)
with at least one molecule having unidirectional exonuclease activity of the same
directionality as the unidirectional mismatch endonuclease activity of (b) to provide a
fragmented error-free double-stranded nucleic acid molecule; and (d) assembling a second
plurality of double-stranded nucleic acid molecules having the fragmented error-free
double-stranded nucleic acid molecule of (¢). The second plurality of double-stranded
nucleic acid molecules has a decreased frequency of nucleotide mismatches as compared to

the first plurality of double-stranded nucleic acid molecules.

[0008] In one embodiment, the first plurality of nucleotide acid molecules can
contain one or more synthetic nucleotide sequences. The first plurality of nucleotide acid
molecules can contain a mixture of one or more naturally occurring gene sequences and one
or more synthetic nucleotide sequences. The first plurality of nucleic acid molecules can be
obtained by synthesizing the nucleic acid molecules in one embodiment, or by assembling

the nucleic acid molecules from subsets and/or oligonucleotides in another embodiment.

[0009] In one embodiment of the method, steps (b) and (c) recited above are
performed as separate reactions, but in another embodiment steps (b) and (c¢) are performed
as a simultaneous or one-step reaction. In one embodiment of the method, the
unidirectional mismatch endonuclease activity cuts 5’ to the mismatch and the unidirectional
exonuclease activity removes the nucleotide mismatch from the 5" end of the fragmented

nucleic acid molecule. But in another embodiment the unidirectional mismatch
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endonuclease activity cuts 3’ to the mismatch and the unidirectional exonuclease activity
removes the nucleotide mismatch from the 3’ end of the fragmented nucleic acid molecule.
Examples of the molecule having unidirectional mismatch endonuclease activity include,
but are not limited to, RES I, CEL I, CEL II, an SP endonuclease, SP I endonuclease, T7
endonuclease, T4 endonuclease, endonuclease V, a Mut protein, a variant of any thereof,
and a combination of any two or more thereof. In a preferred embodiment, CEL I, CEL II,
or a combination of CEL I and CEL Il is utilized. In another preferred embodiment, the
molecule having a unidirectional mismatch endonuclease activity is encoded by a nucleic
acid molecule comprising a nucleotide sequence which hybridizes under low, moderate, or
high stringency conditions to a nucleic acid sequence selected from the group consisting of
a) a nucleic acid sequence hybridizing under low, moderate, or high stringency conditions to
a nucleic acid sequence selected from the group consisting of SEQ ID NO: 01, SEQ ID NO:
03, SEQ ID NO: 05, SEQ ID NO: 07, SEQ ID NO: 09, SEQ ID NO: 12, SEQ ID NO: 15,
SEQ ID NO: 18, SEQ ID NO: 20, SEQ ID NO: 22, SEQ ID NO: 24, SEQ ID NO: 26, SEQ
ID NO: 28, SEQ ID NO: 30, SEQ ID NO: 32, a complement of any, and a fragment of any;
b) a nucleic acid sequence exhibiting 70% or greater identity to a nucleic acid sequence
selected from the group consisting of SEQ ID NO: 01, SEQ ID NO: 03, SEQ ID NO: 05,
SEQ ID NO: 07, SEQ ID NO: 09, SEQ ID NO: 12, SEQ ID NO: 15, SEQ ID NO: 18, SEQ
ID NO: 20, SEQ ID NO: 22, SEQ ID NO: 24, SEQ ID NO: 26, SEQ ID NO: 28, SEQ ID
NO: 30, SEQ ID NO: 32, a complement of any, and a fragment of any; and ¢) a nucleic acid
sequence encoding a polypeptide exhibiting 60% or greater identity to an amino acid
sequence selected from the group consisting of SEQ ID NO: 02, SEQ ID NO: 04, SEQ ID
NO: 06, SEQ ID NO: 08, SEQ ID NO: 10, SEQ ID NO: 11, SEQ ID NO: 13, SEQ ID NO:
14, SEQ ID NO: 16, SEQ ID NO: 17, SEQ ID NO: 19, SEQ ID NO: 21, SEQ ID NO: 23,
SEQ ID NO: 25, SEQ ID NO: 27, SEQ ID NO: 28, and SEQ ID NO: 29.

[0010] Examples of the molecule having unidirectional exonuclease activity include,
but are not limited to, exonuclease III, a DNA polymerase, lambda exonuclease, T7
exonuclease, and T5 exonuclease, and variants thereof. In one embodiment the molecule
having unidirectional exonuclease activity is a DNA polymerase with proofreading activity

(e.g., 3’ exonuclease proofreading activity). Examples of polymerases with proofreading
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activity include, but are not limited to, T4 polymerase, T7 polymerase, and phi29
polymerase.

[0011] In a specific embodiment of the methods of the present invention, the at least
one molecule having unidirectional mismatch endonuclease activity is selected from: CEL 1,
CEL 11, variants of any thercof, and a combination of any two or more thereof; and the at
least one molecule having unidirectional exonuclease activity selected from the group
consisting of exonuclease III, a variant thereof, and a combination of any two or more

thereof.

[0012] In one aspect of the invention, the present disclosure provides isolated
nucleic acid molecules comprising nucleic acid sequences hybridizing under low, moderate,
or high stringency conditions: a) a nucleic acid sequence hybridizing under low, moderate,
or high stringency conditions to a nucleic acid sequence selected from the group consisting
of SEQ ID NO: 09, SEQ ID NO: 12, SEQ ID NO: 15, SEQ ID NO: 18, SEQ ID NO: 20,
SEQ ID NO: 22, SEQ ID NO: 24, SEQ ID NO: 26, SEQ ID NO: 28, SEQ ID NO: 30, SEQ
ID NO: 32, a complement thereof or a fragment of either; or b) a nucleic acid sequence
exhibiting 70% or greater identity to a nucleic acid sequence selected from the group
consisting of SEQ ID NO: 09, SEQ ID NO: 12, SEQ ID NO: 15, SEQ ID NO: 18, SEQ ID
NO: 20, SEQ ID NO: 22, SEQ ID NO: 24, SEQ ID NO: 26, SEQ ID NO: 28, SEQ ID NO:
30, SEQ ID NO: 32, a complement thereof or a fragment of either; or ¢) a nucleic acid
sequence encoding a polypeptide exhibiting 50% or greater identity to an amino acid
sequence selected from the group consisting of SEQ ID NO: 10, SEQ ID NO: 11, SEQ ID
NO: 13, SEQ ID NO: 14, SEQ ID NO: 16, SEQ ID NO: 17, SEQ ID NO: 19, SEQ ID NO:
21, SEQ ID NO: 23, SEQ ID NO: 25, SEQ ID NO: 27, SEQ ID NO: 28, and SEQ ID NO:
29.

[0013] In another aspect of the invention, the present disclosure provides
recombinant nucleic acid constructs, such as recombinant nucleic acid vectors, which
include a nucleic acid molecule of the invention as recited herein that is operably linked to a
heterologous nucleic acid. In some embodiments the heterologous nucleic acid is a
heterologous transcription control element. In some preferred embodiments, any of the
above recombinant nucleic acid constructs can comprise a heterologous nucleic acid

encoding a polypeptide sequence. The polypeptide sequence may include a secretion signal
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or an epitope tag. In particular embodiments the nucleic acid constructs can comprise SEQ
ID NO: 31 or SEQ ID NO: 33, or complements or variants thercof or comprise sequences
that hybridize under low, medium, or high stringency conditions to either of SEQ ID NO:

31 or 33 or their complements or variants thereof.

[0014]  In yet another aspect of the invention, the invention provides a recombinant
host cell that includes a nucleic acid construct of the invention as disclosed herein. The
recombinant host cell can be an insect cell, a mammalian cell, a microbial cell, or a plant
cell. In some other embodiments, the disclosure also provides biological samples, biomass,
and progeny derived from a host organism as described above. In yet other embodiments,
the disclosure further provides biomaterials derived from a host organism as described

above.

[0015]  In another aspect of the present invention, the invention further provides
isolated polypeptides. In some embodiments, such isolated polypeptides are expressed by a
nucleic acid molecule of the invention as disclosed herein. The nucleic acid molecule
expressing the polypeptides can be introduced into a host cell. In some embodiments the
amino acid sequence of the polypeptide can comprise an amino acid sequence selected from
the group consisting of SEQ ID NO: 11, amino acid residues 1 to 297 of SEQ ID NO: 11,
amino acid residues 22 to 308 of SEQ ID NO: 11, SEQ ID NO: 17, amino acid residues 1 to
320 of SEQ ID NO: 17, and amino acid residues 22 to 331 of SEQ ID NO: 17.

[0016] In another aspect, the present invention discloses compositions comprising:
(i) a molecule having a unidirectional mismatch endonuclease activity; and (i1) a molecule
having unidirectional exonuclease activity of the same directionality as the unidirectional
mismatch endonuclease activity in (i). In various embodiments the molecule of (i) is
selected from the group consisting of RES I, CEL I, CEL II, T7 endonuclease, T4
endonuclease, endonuclease V, a Mut protein, a variant of any thereof, and a combination of
any two or more thereof; and the molecule of (i1) is selected from the group consisting of
exonuclease 111, a DNA polymerase, a variant of any thereof, and a combination of any two

or more thereof,

[0017]  In yet another aspect, the present disclosure further provides a kit comprising
(i) a molecule having a unidirectional mismatch endonuclease activity; and (i1) a molecule

having unidirectional exonuclease activity of the same directionality as the unidirectional
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mismatch endonuclease activity in (i). In other embodiments the kit can also have
instructions for conducting a method for error correction as described herein and/or provide
a link to a website that provides information on a method of error correction as described

herein.

[0018] These and other objects, aspects, and features of the invention will become
more fully apparent to those of ordinary skill in the art upon review of the following
detailed description of the invention and the claims in conjunction with the accompanying

figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIGURE 1 provides schematic illustration of an embodiment of the methods

of the present invention.

[0020] FIGURE 2 provides a schematic illustration of steps of one embodiment of

the present invention.

[0021] FIGURE 3 provides a flow chart illustrating steps taken in one embodiment

of the invention.

[0022] FIGURE 4 is an alignment of a Selaginella lepidophlla CEL 1 endonuclease
(SEQ ID NO: 02), a celery CEL I endonuclease (SEQ ID NO: 04), an Apium sp. CEL II
endonuclease (SEQ ID NO: 06), another Apium sp. CEL II endonuclease (SEQ ID NO: 08),
Mimulus guttatus CEL I endonuclease (SEQ ID NO: 10), a Solanum tuberosum CEL 1
endonuclease (SEQ ID NO: 13), a Vitis vinifera CEL 1l endonuclease (SEQ ID NO: 16), a
Solanum tuberosum CEL Il endonuclease (SEQ ID NO: 25), a Medicago sp. CEL 11
endonuclease (SEQ ID NO: 27). The sequence alignment of FIGURE 4 was generated
using the program AlignX of the Vector NTI Advance™ 11.5 package (Invitrogen,
Carlsbad, Calif.) with default settings. As discussed in detail elsewhere herein, several
polypeptide domains and motifs with high degree of conservation have been identified from
this sequence comparison analysis. In the alignment figure shown herein, a dash in an
aligned sequence represents a gap, i.e., a lack of an amino acid at that position. Black boxes
and gray boxes identify identical amino acids and conserved amino acids, respectively,

among aligned sequences.
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[0023] FIGURE 5 depicts SDS polyacrylamide gel analysis of purified
MimmulusC-His CEL I protein (FIG. 5A) and Western Blot results using anti-polyHistidine
antibody (FIG. 5B). Lane 1: Fermentas Marker (5 pL); Lane 2: MimmulusC-His Pre-
Dialysis (12 uL); Lane 4: Fermentas Marker (12 puL); Lane 5: MimmulusC-His Post-
Dialysis (12 pL); Lane 7: Fermentas Marker (5 uL); Lane 8: MimmulusC-His Post-Dialysis

(6 uL).

DETAILED DESCRIPTION OF THE INVENTION

[0024]  The present application relates to compositions, methods and related

materials useful for the production of error-minimized nucleic acid molecules.

[0025] In one aspect, the present disclosure provides materials and methods that can
be used to reduce mismatch errors in a population of nucleic acid molecules. For example,
nucleic acid molecules that encode mismatch endonucleases are disclosed as well as
methods for using such nucleic acid molecules and polypeptides encoded thereby to reduce
nucleotide mismatches in a nucleic acid population. The disclosure also provides
recombinant nucleic acid molecules, and recombinant cells as well as recombinant

organisms comprising such nucleic acid molecules and methods for using the same.

[0026]  The singular form "a", "an", and "the" include plural references unless the
context clearly dictates otherwise. For example, the term "a cell" includes one or more

cells, including mixtures thereof.

[0027] Domain: "Domains" are groups of substantially contiguous amino acids in a
polypeptide that can be used to characterize protein families and/or parts of proteins. Such
domains typically have a "fingerprint", “motif”, or "signature" that can comprise conserved
primary sequence, secondary structure, and/or three-dimensional conformation. Generally,
domains are correlated with specific in vitro and/or in vivo activities. A domain can have a
length of from 4 amino acids to 400 amino acids, e.g., 4 to 50 amino acids, or 4 to 20 amino
acids, or 4 to 10 amino acids, or 4 to 8 amino acids, or 25 to 100 amino acids, or 35 to 65
amino acids, or 35 to 55 amino acids, or 45 to 60 amino acids, or 200 to 300 amino acids, or

300 to 400 amino acids.

[0028]  Expression: As used herein, "expression” refers to the process of converting

genetic information of a polynucleotide into RNA through transcription, which is typically
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catalyzed by an enzyme, RNA polymerase, and into protein, through translation of mRNA

on ribosomes.

[0029] The term “epitope”, "tag”, "tag sequence", or "protein tag” as used herein
refers to a chemical moiety, either a nucleotide, oligonucleotide, polynucleotide or an amino
acid, peptide or protein or other chemical, that when added to another sequence, provides
additional utility or confers useful properties, particularly in the detection or isolation, to
that sequence. Thus, for example, a homopolymer nucleic acid sequence or a nucleic acid
sequence complementary to a capture oligonucleotide may be added to a primer or probe
sequence to facilitate the subsequent isolation of an extension product or hybridized
product. In the case of protein tags, histidine residues (e.g., 4 to 8 consecutive histidine
residues) may be added to either the amino- or carboxy-terminus of a protein to facilitate
protein isolation by chelating metal chromatography. Alternatively, amino acid sequences,
peptides, proteins or fusion partners representing epitopes or binding determinants reactive
with specific antibody molecules or other molecules (e.g., FLAG epitope, c-myc epitope,
transmembrane epitope of the influenza A virus hemaglutinin protein, protein A, cellulose
binding domain, calmodulin binding protein, maltose binding protein, chitin binding
domain, glutathione S-transferase, and the like) may be added to proteins to facilitate
protein isolation by procedures such as affinity or immunoaffinity chromatography.
Chemical tag moieties include such molecules as biotin, which may be added to either
nucleic acids or proteins and facilitates isolation or detection by interaction with avidin
reagents, and the like. Numerous other tag moicties are known to, and can be envisioned by,

the trained artisan, and are contemplated to be within the scope of this definition.

The polynucleotides of the invention and polypeptides encoded thereby

[0030] In one aspect of the present invention, the disclosure provides novel isolated
nucleic acid molecules, nucleic acid molecules that hybridize to these nucleic acid
molecules (e.g., complements), and nucleic acid molecules that encode the same protein due
to the degeneracy of the DNA code. Additional embodiments of the present application
further include the polypeptides encoded by the nucleic acid molecules of the present

invention.

[0031] The polynucleotides and polypeptides of the present invention disclosed in

the sequence listing or otherwise disclosed herein (and their fragments or variants) are
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"biologically active" with respect to either a structural attribute, such as the capacity of a
nucleic acid to hybridize to another nucleic acid molecule, or the ability of a polypeptide to
be bound by an antibody (or to compete with another molecule for such binding).
Alternatively, such an attribute may be catalytic and thus involve the capacity of the

molecule to mediate a chemical reaction or response.

[0032] In some embodiments the polynucleotides and polypeptides of the present
invention are recombinant. A recombinant polynucleotide or polypeptide is one derived
from human manipulation of the polynucleotide or polypeptide and an organism using
laboratory methods resulting in nucleic acid sequences (or polypeptides) that would not

otherwise be found in (or produced by) the manipulated organism.

[0033] Nucleic acid molecules or fragments thereof of the present invention are
capable of specifically hybridizing to other nucleic acid molecules under certain
circumstances. “Specifically hybridize” refers to a process whereby complementary nucleic
acid strands anneal to each other under appropriately stringent conditions. Nucleic acid
molecules are said to exhibit “complete complementarity” if every nucleotide of one of the
molecules is complementary to a nucleotide of the other and the nucleotide pairs form
Watson-Crick base pairs. Two nucleic acid molecules are said to be "minimally
complementary" if they can anneal to one another with sufficient stability to remain
annecaled under at least conventional "low-stringency” conditions. Similarly, the molecules
are said to be "complementary" if they can hybridize to one another with sufficient stability
to permit them to remain annealed to one another under conventional "high-stringency”
conditions. Conventional stringency conditions are described by Sambrook ef al. in
Molecular Cloning, A Laboratory Manual, 2™ Edition, Cold Spring Harbor Press, Cold
Spring Harbor, NY (1989), and by Haymes et al. In: Nucleic Acid Hybridization, A
Practical Approach, IRL Press, Washington, D.C. (1985). Departures from complete
complementarity are therefore permissible, as long as such departures do not completely
preclude the capacity of the molecules to form a double-stranded structure. Thus, in order
for a nucleic acid molecule or fragment thereof of the present invention to serve as a primer
or probe it needs only be sufficiently complementary in sequence to be able to form a stable

double-stranded structure under the particular solvent and salt concentrations employed.
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[0034]  Appropriate stringency conditions which promote DNA hybridization
include, for example, 6.0% sodium chloride/sodium citrate (SSC) at about 45°C, followed by
a wash of 2.0xSSC at about 50°C. In addition, the temperature in the wash step can be
increased from low stringency conditions at room temperature, about 22°C, to high
stringency conditions at about 65°C. Both temperature and salt may be varied, or either the
temperature or the salt concentration may be held constant while the other variable is
changed. These conditions are known to those skilled in the art, or can be found in Current
Protocols in Molecular Biology, John Wiley & Sons, N.Y. (1989), 6.3.1- 6.3.6. For
example, low stringency conditions may be used to select nucleic acid sequences with lower
sequence identities to a target nucleic acid sequence. One may wish to employ conditions
such as about 0.15 M to about 0.9 M sodium chloride, at temperatures ranging from about
20°C to about 55°C. High stringency conditions may be used to select for nucleic acid
sequences with higher degrees of identity to the disclosed nucleic acid sequences
(Sambrook et al., 1989, supra). High stringency conditions typically involve nucleic acid
hybridization in about 2xSSC to about 10xSSC (diluted from a 20xSSC stock solution
containing 3 M sodium chloride and 0.3 M sodium citrate, pH 7.0 in distilled water), about
2.5x% to about 5% Denhardt's solution (diluted from a 50x stock solution containing 1% (w/v)
bovine serum albumin, 1% (w/v) ficoll, and 1% (w/v) polyvinylpyrrolidone in distilled
water), about 10 mg/mL to about 100 mg/mL fish sperm DNA, and about 0.02% (w/v) to
about 0.1% (w/v) SDS, with an incubation at about 50°C to about 70°C for several hours to
overnight. High stringency conditions are preferably provided by 6xSSC, 5x Denhardt's
solution, 100 mg/mL fish sperm DNA, and 0.1% (w/v) SDS, with incubation at 55xC for
several hours. Hybridization is generally followed by several wash steps. The wash
compositions generally comprise 0.5xSSC to about 10xSSC, and 0.01% (w/v) to about
0.5% (w/v) SDS with a 15-min incubation at about 20°C to about 70°C. Preferably, the
nucleic acid segments remain hybridized after washing at least one time in 0.1xSSC at

65°C.

[0035] In one embodiment, a subset of the nucleic acid molecules of this invention
includes fragments of the disclosed polynucleotides consisting of oligonucleotides of at
least 12, at least 15, at least 16, at lecast 17, at least 18, at least 19, and at least 20

consecutive nucleotides of the disclosed polynucleotide. Such oligonucleotides are
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fragments of the larger polynucleotide molecules disclosed in the sequence listings or
otherwise described herein and find use, for example, as interfering molecules, probes and

primers for detection of the polynucleotides of the present invention.

[0036] Nucleic acid molecules of the invention can include a sequence sufficient to
encode a biologically active fragment of a domain of a mismatch endonuclease, an entire
mismatch endonuclease, or several domains within an open reading frame encoding a

mismatch endonuclease.

[0037]  In another embodiment, the present disclosure specifically provides
nucleotide sequences comprising regions that encode polypeptides. The encoded
polypeptides may be the complete polypeptide encoded by the gene represented by the
protein or polynucleotide, or may be fragments of the encoded protein. Preferably,
polynucleotides provided herein encode polypeptides constituting a substantial portion of
the complete protein, and more preferentially, constituting a sufficient portion of the
complete protein to provide the relevant biological activity, e.g., mismatch endonuclease

activity.

[0038]  Of particular interest are polynucleotides of the present invention that encode
a mismatch endonuclease. Such polynucleotides may be expressed in recombinant cells or
recombinant organisms to produce molecules having mismatch endonuclease activity. In
some embodiments, nucleic acid molecules that are fragments of these mismatch
endonuclease-encoding nucleotide sequences are also encompassed by the present
invention. A “mismatch endonuclease fragment", as used herein, is intended to be a
fragment of a nucleotide sequence that encodes a mismatch endonuclease. A fragment of a
nucleotide sequence may encode a biologically active portion of a mismatch endonuclease,
or it may be a fragment that can be used as a hybridization probe or PCR primer using
methods disclosed herein. Fragments of nucleic acid molecules or polypeptides comprise at
least 10, 25, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1050, 1100, 1150, 1200,
1250, 1300, 1350, 1400, 1450, 1500, 1550, 1600, 1650, 1700, 1750, 1800, 1850, 1900,
1950, 2000, 2050, 2100, 2150, 2200, 2250, 2300, 2350, 2400, 2450, 2500, 2550, 2600,
2650, 2700, 2750, 2800, 2850, 2900, 2950, 3000, 3050, 3100, 3150, 3200, 3250, 3300, 3350
contiguous nucleotides or amino acids, or up to the number of nucleotides or amino acids

present in a full-length nucleotide sequence or polypeptide sequence disclosed herein.
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Fragments of the nucleotide sequences of the present invention include those that encode
protein fragments that retain the biological activity of a mismatch endonuclease. By
"retains activity" is intended that the fragment will have at least 30%, at least 50%, at least
70%, at least 80%, at least 90%, or at least 95% of the endonuclease activity of the full-
length mismatch endonuclease protein. Methods for measuring endonuclease, including
mismatch endonuclease activity are well known in the art. See, for example, U.S. Pat. No.
6,391,557; U.S. Pat. No. 7,129,075. Mismatch endonuclease activity refers to an activity of
sufficient level to perform the step of fragmenting the dsDNA molecules (or removing the
nucleotide mismatch) in the method within a convenient time period for conducting the
assay. In different embodiments the activity is sufficient to perform the fragmenting or
removal within 2 hours or within 4 hours or within 6 hours, or within 10 hours or within 12

hours or within 24 hours.

[0039] In different embodiments a fragment of a mismatch endonuclease-encoding
nucleotide sequence that encodes a biologically active portion of a polypeptide of the
invention will encode at least 15, 25, 30, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275,
300, 325, 350 contiguous amino acids, or up to the total number of amino acids present in a
full-length mismatch endonuclease protein disclosed in the sequence listing or otherwise
disclosed herein. For example, a mismatch endonuclease fragment in accordance with the
present invention may have an N-terminal or a C-terminal truncation of at least 20 amino
acids, at least 50, at least 75, at least 90, at least 100, or at least 150 amino acids relative to
any one of the mismatch endonuclease amino acid sequences disclosed in the sequence

listing or otherwise disclosed herein.

[0040]  Also of interest in the present invention are variants of the polynucleotides
disclosed in the sequence listing or otherwise disclosed herein. Such variants may be
naturally-occurring, including homologous polynucleotides from the same or a different
species, or may be non-natural variants, for example polynucleotides synthesized using
chemical synthesis methods, or generated using recombinant DNA techniques. Variants can
be generated having modified nucleic acid molecules in which nucleotides have been
inserted, deleted, and/or substituted, and such modifications can provide a desired effect on
the endonuclease biological activity as described herein. Degeneracy of the genetic code

provides the possibility to substitute at least one base of the protein encoding sequence of a
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gene with a different base without causing the amino acid sequence of the polypeptide
produced from the gene to be changed. Hence, the nucleic acid molecules of the present
invention may also have any base sequence that has been changed from any one of the
polynucleotide sequences disclosed herein by substitution in accordance with degeneracy of

the genetic code.

[0041]  The skilled artisan will further appreciate that changes can be introduced by
mutation of the nucleotide sequences of the invention, thereby leading to changes in the
amino acid sequence of the encoded endonuclease proteins, without altering the biological
activity of the proteins. Thus, variant isolated nucleic acid molecules can be created by
introducing one or more nucleotide substitutions, additions, or deletions into the
corresponding nucleotide sequence disclosed herein, such that one or more amino acid
substitutions, additions or deletions are introduced into the encoded protein. Mutations can
be introduced by standard techniques, such as site-directed mutagenesis and PCR-mediated
mutagenesis. Such variant nucleotide sequences are also encompassed by the present

invention.

[0042] For example, conservative amino acid substitutions may be made at one or
more predicted nonessential amino acid residues. A "nonessential” amino acid residue, as
used herein, is a residue that can be altered from the wild-type sequence of a mismatch
endonuclease protein without altering the biological activity, whereas an "essential" amino
acid residue is required for biological activity. A "conservative amino acid substitution" is
one in which the amino acid residue is replaced with an amino acid residue having a similar
side chain. Families of amino acid residues having similar side chains have been well
defined in the art. These families include amino acids with basic side chains (e.g., lysine,
arginine, histidine), acidic side chains (e.g., aspartic acid, glutamic acid), uncharged polar
side chains (e.g., glycine, asparagine, glutamine, serine, threonine, tyrosine, cysteine),
nonpolar side chains (e.g., alanine, valine, leucine, isoleucine, proline, phenylalanine,
methionine, tryptophan), beta-branched side chains (e.g., threonine, valine, isoleucine) and

aromatic side chains (e.g., tyrosine, phenylalanine, tryptophan, histidine).

[0043]  As discussed above, it will be appreciated by one skilled in the art that amino

acid substitutions may be made in non-conserved regions that retain function. In general,
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such substitutions would not be made for conserved amino acid residues, or for amino acid
residues residing within a conserved motif, where such residues are essential for protein
activity. Conserved residues, domains and motifs of mismatch endonuclease sequences are
reported in the art. Examples of residues that are conserved and that may be essential for
protein activity include, for example, residues that are identical between all proteins
contained in an alignment of the amino acid sequences of the present invention and known
mismatch endonuclease sequences. Examples of residues that are conserved but that may
allow conservative amino acid substitutions and still retain activity include, for example,
residues that have only conservative substitutions between all proteins contained in an
alignment of the amino acid sequences of the present invention and known mismatch
endonuclease sequences. However, one of skill in the art would understand that functional

variants may have minor conserved or non-conserved alterations in the conserved residues.

[0044]  In some embodiments of the present invention, such mismatch endonuclease
variants include proteins having an amino acid sequence that differs from any one of the
polypeptides disclosed herein, by an amino acid deletion, insertion, or substitution at one or
more of the positions corresponding to the conserved amino acid residues as identified in
Figure 4. In some preferred embodiments, such mismatch endonuclease variants include
proteins having an amino acid sequence that differs from the polypeptide sequence of SEQ
ID NO: 11 or SEQ ID NO: 17 or a fragment of either, by an amino acid deletion, insertion,
or substitution at one or more of the positions corresponding to the conserved amino acid

residues as identified in Figure 4, and combinations of any thereof.

[0045]  Alternatively, variant nucleotide sequences can be made by introducing
mutations randomly along all or part of the coding sequence, such as by saturation
mutagenesis, and the resultant mutants can subsequently be screened for ability to confer
mismatch endonuclease activity in order to identify mutants that retain mismatch
endonuclease activity. For example, following mutagenesis, the encoded protein can be
expressed recombinantly, and the activity of the protein can be determined using standard
assay techniques. Methods for assaying endonuclease activity and particularly mismatch
endonuclease activity are well known in the art. See, for example, U.S. Pat. No. 6,391,557,

U.S. Pat. No. 7,129,075.
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[0046]  In addition, using sequence-based methods such as PCR, hybridization, and
the like corresponding mismatch endonuclease sequences can be identified, such sequences
having substantial identity to the sequences of the invention. See, for example, Sambrook

and Russell (2001, supra.)

[0047]  Polynucleotides and polypeptides that are variants of the polynucleotides and
polypeptides provided herein will generally demonstrate significant identity with the
polynucleotides and polypeptides provided herein. Of particular interest are polynucleotide
and polypeptide homologs having at least about 50% sequence identity, preferably at least
about 60%, preferably at least about 70%, more preferably at least about 75%, more
preferably at least about 80%, more preferably at least about 85%, more preferably at least
about 90%, even more preferably at least about 95%, and most preferably at least about
96%, 97%, 98% or 99% sequence identity with any one of the polynucleotide or
polypeptide sequences described in the sequence listing or otherwise described herein. For
example, the invention provides polynucleotide homologs having the recited percent
sequence identities to polynucleotides of any of SEQ ID NOs: 1, 3, 5,7, 9, 12, 15, 18, 20,
22,24, 26, 29, 30, and 32, as well as to constructs SEQ ID NOs: 31 and 33. The invention
also provides polypeptides that are encoded by any of the polynucleotides disclosed herein.
The invention also provides polypeptide variants having the recited percent sequence
identities to polypeptides of any of SEQ ID NO: 2, 4, 6, 8, 10, 11, 13, 14, 16, 17, 19, 21, 23,
25,27, 28, and 29. The invention also provides fragments of the polynucleotides and
polypeptides disclosed herein.

[0048]  "Sequence identity" refers to the extent to which two optimally aligned
polynucleotide or peptide sequences are invariant throughout a window of alignment of
components, e.g., nucleotides or amino acids. An "identity fraction” for aligned segments
of a test sequence and a reference sequence is the number of identical components which
are shared by the two aligned sequences divided by the total number of components in
reference sequence segment, i.e., the entire reference sequence or a smaller defined part of

the reference sequence.

[0049]  "Percentage of sequence identity” or “percent sequence identity”, as used
herein with reference to polynucleotides, refers to the percentage of identical nucleotides or

amino acids in a linear polynucleotide sequence of a reference ("query") polynucleotide
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molecule (or its complementary strand) as compared to a test ("subject") polynucleotide
molecule (or its complementary strand) when the two sequences are optimally aligned. The
terms are used in the same way with reference to polypeptide sequences and their
corresponding amino acid residues. As is known in the art, when calculating percentage
sequence identity for the polynucleotide and/or polypeptide sequences described herein, any
leader sequences or sequence tags or other such sequences included for a purpose such as,
for example, ease of purification, expression, secretion, etc. are not included in the sequence

for the purpose of such calculation.

[0050]  Percent sequence identity is determined by comparing two optimally locally
aligned sequences over a comparison window defined by the length of the local alignment
between the two sequences. The polynucleotide sequences in the comparison window may
comprise additions or deletions (e.g., gaps or overhangs) as compared to the reference
sequence (which does not comprise additions or deletions) for optimal alignment of the two
sequences. Local alignment between two sequences only includes segments of each
sequence that are deemed to be sufficiently similar according to a criterion that depends on
the algorithm used to perform the alignment (e.g. BLAST). The percentage identity is
calculated by determining the number of positions at which the identical nucleic acid base
(or polypeptide amino acid) occurs in both sequences to yield the number of matched
positions, dividing the number of matched positions by the total number of positions in the
window of comparison and multiplying the result by 100. Optimal alignment of sequences
for aligning a comparison window are well known to those skilled in the art and any may be
used in the invention such as the local homology algorithm of Smith and Waterman (Add.
APL. Math. 2:482, 1981), by the global homology alignment algorithm of Needleman and
Wunsch (J Mol. Biol. 48:443, 1970), by the search for similarity method of Pearson and
Lipman (Proc. Natl. Acad. Sci. (USA) 85: 2444, 1988), by heuristic implementations of
these algorithms such as, GAP, BESTFIT, FASTA, and TFASTA available as part of the
GCG™ Wisconsin Package™ (Genetics Computer Group, Accelrys Inc., Burlington,
Mass.), by heuristic implementations of these algorithms such as NCBI BLAST, WU-
BLAST, BLAT, SIM, BLASTZ, or by manual inspection. As described above, an "identity
fraction"” for aligned segments of a test sequence and a reference sequence is the number of

identical components which are shared by the two aligned sequences divided by the total
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number of components in the reference sequence segment, i.e., the entire reference
sequence or a smaller defined part of the reference sequence. Percent sequence identity is
represented as the identity fraction multiplied by 100. The comparison of one or more
polynucleotide sequences may be to a full-length polynucleotide sequence or a portion
thereof, or to a longer polynucleotide sequence. For purposes of this invention "percent
identity" may also be determined using BLASTX version 2.0 for translated nucleotide

sequences and BLASTN version 2.0 for polynucleotide sequences.

[0051]  For purposes of this invention, "percent identity" may also be determined
using BLASTX version 2.0 for translated nucleotide sequences and BLASTN version 2.0
for polynucleotide sequences (or BLASTp for polypeptide sequences). In a preferred
embodiment of the present invention, the presently disclosed gene regulatory sequences
comprise protein, peptide, nucleic acid molecules or fragments having a BLAST score of
more than 200, preferably a BLAST score of more than 300, and even more preferably a

BLAST score of more than 400 with their respective homologues.

[0052] When two sequences have been identified for comparison, GAP and
BESTFIT programs can be employed to determine their optimal alignment. For this
purpose, the percent of sequence identity is preferably determined using the BESTFIT or
GAP program of the Sequence Analysis Software Package™™ (Version 10; Genetics
Computer Group, Inc., Madison, Wis.). GAP utilizes the algorithm of Needleman and
Wunsch (Needleman and Wunsch, J. Mol. Biol. 48:443-453, 1970) to find the alignment of
two sequences that maximizes the number of matches and minimizes the number of gaps.
BESTFIT performs an optimal alignment of the best segment of similarity between two
sequences and inserts gaps to maximize the number of matches using the local homology
algorithm of Smith and Waterman (Smith and Waterman, Adv. Applied Math., 2:482-489,
1981, Smith et al., Nucl. Acids Res. 11:2205-2220, 1983). The percent identity is most
preferably determined using the BESTFIT program. Typically, the default values of 5.00
for gap weight and 0.30 for gap weight length are used. The term "substantial sequence
identity" between polynucleotide or polypeptide sequences refers to polynucleotide or
polypeptide comprising a sequence that has at least 50% sequence identity, preferably at
least about 70%, preferably at least about 80%, more preferably at least about 85%, more

preferably at least about 90%, even more preferably at least about 95%, and most preferably
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at least about 96%, 97%, 98% or 99% sequence identity compared to a reference sequence
using the programs. Thus, according to one embodiment of the invention are protein,
peptide, or polynucleotide molecules that have at least about 50% sequence identity,
preferably at least about 70%, preferably at least about 80%, more preferably at least about
85%, more preferably at least about 90%, even more preferably at least about 95%, and
most preferably at least about 96%, 97%, 98% or 99% sequence identity with a protein,
peptide, or polynucleotide sequence described herein. Polynucleotide molecules that are
capable of regulating transcription of operably linked transcribable polynucleotide
molecules and have a substantial percent sequence identity to the polynucleotide sequences
of the polynucleotide molecules provided herein are encompassed within the scope of this

invention.

[0053] In one aspect of the invention, the present disclosure also provides
polypeptides that are encoded by any of the polynucleotides of the invention described
herein. Thus, the invention provides polypeptides of SEQ ID NOs: 2, 4, 6, 8, 10, 11, 13, 14,
16,17, 19, 21, 23, 25, 27, 28, and 29. The invention also provides variants or fragments of
the polynucleotides disclosed herein, and polypeptides encoded by any of the

polynucleotide variants or fragments disclosed herein.

[0054] The endonuclease polypeptides of the present invention, including full-length
polypeptides and biologically active fragments and fusion polypeptides, can be produced in
genetically engineered host cells according to conventional techniques. Suitable host cells
are those cell types that can be transformed or transfected with exogenous DNA and grown
in culture, and include bacteria, insect cells, plant cells, fungal cells, and cultured higher
cukaryotic cells. Eukaryotic cells, particularly cultured cells of multicellular organisms, are
preferred. Techniques for manipulating cloned DNA molecules and introducing exogenous
DNA into a variety of host cells are disclosed by Sambrook et al., 1989, supra; and Ausubel
et al., eds., Current Protocols in Molecular Biology, John Wiley and Sons, Inc., NY, 1987.

[0055] In general, a nucleic acid sequence encoding an endonuclease polypeptide is
operably linked to other genetic elements required for its expression, generally including a
transcription promoter and terminator, within an expression vector or construct. The vector
or construct will also commonly contain one or more selectable markers and one or more

origins of replication, although those skilled in the art will recognize that within certain
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systems selectable markers may be provided on separate vectors, and replication of the
exogenous DNA may be provided by integration into the host cell genome. Selection of
promoters, terminators, selectable markers, vectors and other elements is a matter of routine
design within the level of ordinary skill in the art. Many such elements are described in the

literature and are available through commercial suppliers.

[0056]  To direct an endonuclease polypeptide into the secretory pathway of a host
cell, a secretory signal sequence (also known as a leader sequence, pre sequence, or prepro
sequence) can be included in the expression vector. The secretory signal sequence may be
that of the native endonuclease polypeptide, or may be derived from another secreted
protein or synthesized de novo. The secretory signal sequence is operably linked to the
endonuclease-encoding DNA sequence, i.e., the two sequences are joined in the correct
reading frame and positioned to direct the newly synthesized polypeptide into the secretory
pathway of the host cell. Secretory signal sequences are commonly positioned 5' to the
DNA sequence encoding the polypeptide of interest, although certain secretory signal
sequences may be positioned elsewhere in the DNA sequence of interest (see, e.g., U.S. Pat.

Nos. 5,037,743 and 5,143,830).

[0057] A variety of prokaryotic and cukaryotic cells are suitable host cells for the
present invention, including but are not limited to microbial cells, algal cells, fungal cells,
insect cells, mammalian cells, and plant cells. For example, when plants cells are used as
hosts, the use of Agrobacterium rhizogenes as a vector for expressing genes in plant cells is
well known in the field of plant biotechnology. Transformation of insect cells and
production of foreign polypeptides therein is described extensively in, for example, U.S.
Pat. No. 5,162,222 and WIPO publication WO 94/06463. Insect cells can be infected with
recombinant baculovirus, commonly derived from Autographa californica nuclear
polyhedrosis virus (AcNPV). See, e.g., D. R. et al., Baculovirus Expression Vectors: A
Laboratory Manual, New York, Oxford University Press., 1994; and Richardson, Ed.,
Baculovirus Expression Protocols. Methods in Molecular Biology, Totowa, N.J., Humana
Press, 1995. The second method of making recombinant baculovirus utilizes a transposon-
based system described by Luckow et al. (J Virol 67:4566-79, 1993), Bac-to-Bac® Kit
(Life Technologies, Inc., Carlsbad, CA). This system utilizes a transfer vector,

pFastBacl ™ (Life Technologies, Inc., Carlsbad, CA) containing a Tn7 transposon to move
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the DNA encoding a polypeptide of interest into a baculovirus genome maintained in E. coli
as a large plasmid called a "bacmid." The pFastBacl™ transfer vector utilizes the ACNPV
polyhedrin promoter to drive the expression of the gene of interest, in this case a mismatch
endonuclease. Further, pFastBacl™ (Life Technologies, Inc., Carlsbad, CA) can be
modified to a considerable degree. The polyhedrin promoter can be removed and
substituted with the baculovirus basic protein promoter (also known as Pcor, p6.9 or MP
promoter) which is expressed earlier in the baculovirus infection, and has been shown to be
advantageous for expressing secreted proteins. See, e.g., Hill-Perkins and Possee J. Gen.
Virol. 71:971-6, 1990; Bonning et al., J. Gen. Virol. 75:1551-6, 1994; and, Chazenbalk and
Rapoport, J. Biol. Chem. 270:1543-9, 1995. In such transfer vector constructs, a short or
long version of the basic protein promoter can be used. Moreover, transfer vectors can be
constructed to include secretory signal sequences derived from insect proteins. For
example, a secretory signal sequence from Ecdysteroid Glucosyltransferase (EGT), honey
bee melittin, or baculovirus gp67 can be used in recombinant nucleic acid constructs in
accordance with the present invention. In addition, transfer vectors can include an in-frame
fusion with DNA encoding an epitope tag at the C- or N-terminus of the expressed
endonuclease polypeptide. Using techniques known in the art, a transfer vector containing
an endonuclease of the present invention may be transformed into E. coli, and screened for
bacmids which contain an interrupted lacZ gene indicative of recombinant baculovirus. The
bacmid DNA containing the recombinant baculovirus genome can be isolated, using
common techniques, and used to transfect Spodoptera frugiperda insect cells, e.g. Sf9 cells.
Recombinant virus that expresses recombinant endonuclease can be subsequently produced.

Recombinant viral stocks can be made by methods commonly used the art.

[0058]  Fungal cells, including yeast cells are suitable as hosts for the present
invention. Yeast species of particular interest in this regard include Saccharomyces
cerevisiae, Pichia pastoris, and Pichia methanolica. Methods for transforming cells of
these yeast species with exogenous DNA and producing recombinant polypeptides
therefrom are well known in the art. See, for example, U.S. Pat. Nos. 4,599,311; 4,931,373;
4,870,008; 5,037,743; and 4,845,075. Transformed cells are selected by phenotype
determined by the selectable marker, commonly drug resistance or the ability to grow in the

absence of a particular nutrient (e.g., adenine or leucine). Suitable promoters and
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terminators for use in yeast include those from glycolytic enzyme genes (see, e.g., U.S. Pat.
Nos. 4,599,311; 4,615,974; and 4,977,092) and alcohol dehydrogenase genes. See also U.S.
Pat. Nos. 4,990,446; 5,063,154; 5,139,936 and 4,661,454. The use of Pichia methanolica as
host for the production of recombinant proteins is well known (see, e.g., PCT Publication
Nos.WO0199717450, WO199717451, W0O199802536, and WO 91998/902565).
Transformation systems for other yeasts, including Hansenula polymorpha,
Schizosaccharomyces pombe, Kluyveromyces lactis, Kluyveromyces fragilis, Ustilago
maydis, Pichia pastoris, Pichia guillermondii and Candida maltosa are also known in the
art. See, for example, Gleeson et al., J. Gen. Microbiol. 132:3459-65, 1986 and U.S. Pat.
No. 4,882,279. Aspergillus cells may be used as recombinant host cells according to a
variety of known methods described in, for example, U.S. Pat. No. 4,935,349. Methods for
transforming Acremonium chrysogenum and Neurospora sp. are also well known (see, e.g.,
U.S. Pat. Nos. 5,162,228; 4,486,533.

[0059]  Prokaryotic host cells, including strains of the bacteria Escherichia coli,
Bacillus and other genera are also useful host cells within the present invention. Techniques
for transforming these hosts and expressing foreign DNA sequences cloned therein are well
known in the art (see, e.g., Sambrook et al., Ibid.). When expressing an endonuclease
polypeptide in bacteria such as E. coli, the polypeptide may be directed to the periplasmic
space by a bacterial secretion sequence, or may be retained in the cytoplasm, typically as
insoluble granules. In the former case, the polypeptide can be recovered from the
periplasmic space in a soluble and functional form by disrupting the cells (by, for example,
sonication or osmotic shock) to release the contents of the periplasmic space and recovering
the protein, thereby obviating the need for denaturation and refolding. In the latter case, the
cells are lysed, and the granules are recovered and denatured using, for example, guanidine
isothiocyanate or urea. The denatured polypeptide can then be refolded and dimerized by
diluting the denaturant, such as by dialysis against a solution of urea and a combination of
reduced and oxidized glutathione, followed by dialysis against a buffered saline solution.

[0060] In addition, cultured mammalian cells are also suitable hosts for the present
invention. Methods for introducing exogenous DNA into mammalian host cells are well
known and include, but are not limited to, liposome-mediated transfection (Hawley-Nelson
et al., Focus 15:73, 1993, Ciccarone et al., Focus 15:80, 1993); calcium phosphate-
mediated transfection (Wigler et al., Cell 14:725, 1978; Corsaro and Pearson, Somatic Cell
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Genetics 7:603, 1981; Graham and Van der Eb, Virology 52:456, 1973); electroporation
(Neumann et al., EMBO J. 1:841-5, 1982), DEAE-dextran mediated transfection (Ausubel
et al., ibid.), and viral vectors (Miller and Rosman, BioTechniques 7:980-90, 1989; Wang
and Finer, Nature Med. 2:714-6, 1996). The production of recombinant polypeptides in
cultured mammalian cells is described extensively in scientific literature and patent
literature (sce, e.g., U.S. Pat. Nos. 4,713,339, 4,784,950, 4,579,821; and 4,656,134).
Suitable cultured mammalian cells include, but are not limited to, BHK (ATCC No. CRL
1632), BHK 570 (ATCC No. CRL 10314), COS-1 (ATCC No. CRL 1650), COS-7 (ATCC
No. CRL 1651), 293 (ATCC No. CRL 1573; Graham et al., J. Gen. Virol. 36:59-72, 1977)
and Chinese hamster ovary (e.g. CHO-K1; ATCC No. CCL 61) cell lines. Additional
suitable cell lines are known in the art and available from public depositories such as the
American Type Culture Collection, Manassas, Va. In general, strong transcription
promoters are preferred, such as promoters from SV-40 or cytomegalovirus. See, e.g., U.S.
Pat. No. 4,956,288. Other suitable promoters include those from metallothionein genes

(U.S. Pat. Nos. 4,579,821 and 4,601,978) and the adenovirus major late promoter.

Methods for correcting errors in nucleic acid molecules

[0061] In one aspect, embodiments or methods of the present invention provide a
process for error correction in nucleic acid molecules. Errors arise in the replication,
amplification, and/or synthesis of nucleic acid molecules. An "error" is a deviation from the
nucleotide sequence that the nucleic acid molecules are intended to have, e.g. the desired
sequence resulting from replication and/or amplification and/or synthesis procedures.

Errors include deletions from, substitutions in, and additions to the desired nucleotide
sequence, and may arise at any point in the synthesis by any mechanism.

[0062]  The chemical synthesis of oligonucleotides is inherently subject to the
occurrence of errors in nucleotide insertion due to the limitations of the chemistry involved,
which generally has involved some type of solid-phase synthesis involving sequential
addition of nucleotides to the 3’ end of the growing molecule. The occurrence of
incomplete reactions or side reactions places an upper limit on the length of nucleotides that
can be synthesized, but even shorter nucleotides incorporate some rate of unintended or

erroneous nucleotides.
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[0063] The assembled nucleic acid molecules are double-stranded by default.
Double-stranded nucleic acid molecules can be denatured and annealed by conventional
methods. For example, heat denaturation of double-stranded nucleic acid molecules
separates the double-stranded molecules into pairs of corresponding single-stranded
molecules. Cooling the single-stranded molecules promotes their annealing into double-
stranded molecules as individual nucleotides comprising the nucleic acid molecules
coalesce into nucleotide base pairs along complementary stretches of nucleotide sequence.
The kinetics or other physical or chemical parameters of denaturation and annealing may be
controlled to promote mixing of the single-stranded molecules, so that the single-stranded
molecules change partners. For example, if a double-stranded DNA molecule had a
sequence error in both strands at the 400th nucleotide from one end, after denaturation and
annealing, the single strands of that molecule may be paired with other single-stranded
molecules lacking an error at that position, resulting in a nucleotide mismatch at that
position. Thus, the denaturation and annealing process can produce double-stranded nucleic
acid molecules with mismatches between nucleotide bases at sites of error. These
mismatches can be targeted for removal, for example, by reacting annealed molecules with
endonucleases having certain characteristics under appropriate conditions. A mismatch site
or nucleotide mismatch site is a site on a double-stranded nucleic acid molecule where non-
complementary base pairs are situated opposite each other. Nucleotide mismatch is caused
by the erroneous insertion, deletion or mis-incorporation of bases that can arise during DNA
replication or amplification. Examples of mismatched bases are G/T or A/C pairing or other
deviations from standard G/C and A/T Watson-Crick base pairing. Mismatches can also be

caused by tautomerization of bases during synthesis.

[0064]  An aspect of the invention may be practiced to correct and reduce errors in
double-stranded nucleic acid molecules. A first set of double-stranded nucleic acid
molecules, which are intended to have a desired nucleotide sequence and a desired length,
are reacted with one or more endonucleases. In one embodiment the endonuclease is a
mismatch endonuclease that cuts the nucleic acids at or near the mismatch site, resulting in
a nucleic acid molecule having a mismatched end. This can be accomplished by the
selection of one or more appropriate endonucleases. The nucleic acid molecules having a

mismatch are thus cut into smaller fragments that have a nucleotide mismatch at or near the
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end. The nucleic acids having the mismatch end are then treated with an endonuclease
which cuts into the mismatch end and thus removes the mismatch. The resulting overhangs
are then filled by the action of another enzyme, e.g. a DNA polymerase or other molecule
having polymerase activity, and made into a fully double-stranded nucleic acid molecule.

In one embodiment the process of denaturing, annealing, cutting with an appropriate
endonuclease, and filling an overhang if necessary, can be repeated until the mismatch rate
in the sample is insignificant, meaning that the rate of error is so low that it has no material
effect on the outcome of the study for which the nucleic acids are being used. Nucleic acids
having a mismatch at or near the end refers to a nucleic acid molecule having a mismatched
nucleotide pair within 10 or less nucleotides of the end of the nucleic acid molecule. In
other embodiments the mismatched nucleotide pair is present within 9 or less nucleotides of
the end of the nucleic acid molecule, or within 8 or less, or within 7 or less, or within 6 or
less, or within 5 or less, or within 4 or less, or within 3 or less, or within 2 or less, or within

1 nucleotide of the nucleotide mismatch.

[0065] FIGURE 1 is a diagram showing a general illustration of a method of the
invention. In this embodiment, error-free dSDNA molecules 101 are contained in a solution
with dsDNA molecules having an error 103. Error-free dSDNA molecules are those having
the “correct” desired nucleotide sequence, i.e. the desired sequence, whereas those dsSDNA
molecules having an error have an “incorrect” nucleotide in their sequence, i.e., that
deviates from the desired sequence. The dsDNA molecules are denatured and then
anncaled, producing double-stranded nucleic acid molecules (dsDNA) with one or more
errors or mismatches 105 in one of the single strands of the dsDNA. The dsDNA molecules
are then exposed to the action of an endonuclease, thus cleaving the dsDNA into fragments.
In some embodiments the endonuclease is a mismatch endonuclease that produces a dSSDNA
fragment having a mismatch at or near the end of the molecule 107. In the embodiment
depicted in Fig. 1 the mismatch occurs at the 3’ end of one of the single strands, but the
mismatch can also occur at the 5’ end depending on which endonuclease(s) are selected. In
the embodiment depicted the nucleic acids are then exposed to the action of a 3’
exonuclease, which “chews” away the 3’ end of the molecule and thus removes the
mismatch error by removing the incorrect nucleotide. The nucleic acid molecules are then

again denatured, annealed, exposed to mismatch endonuclease, filled if desirable, and
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optionally amplified to produce error-free dsDNA molecules 111. The process can be
repeated several times until the rate of error in the strands is insignificant. In some

embodiments a ligase can be used to ligate the strands if desired.

[0066] Double-stranded nucleic acid molecules in the invention can be fragmented
by reacting them with a unidirectional mismatch endonuclease. Unidirectional mismatch
endonuclease refers to any molecule or combination of molecules having unidirectional
mismatch endonuclease activity. In one embodiment the molecule is an enzyme, but the
molecule can also be another molecule that is not an enzyme but that nevertheless has
unidirectional endonuclease activity. The unidirectional mismatch endonucleases can be
used either as a single endonuclease or as a mixture of endonucleases and other molecules.
In one embodiment a single mismatch endonuclease enzyme in used, and in other
embodiments a single mismatch endonuclease enzyme can be used in combination with
another non-enzymatic molecule that is necessary for or enhances mismatch endonuclease

activity.

[0067]  Asused herein, the term "mismatch endonuclease” refers to an enzyme
activity that is able to both recognize a mismatch in a heteroduplex polynucleotide (e.g., a
double-stranded nucleic acid molecule containing a nucleotide mismatch) and cut one or
both strands of the heteroduplex at or near the mismatch. A molecule having unidirectional
mismatch endonuclease activity consistently cuts on one side of the mismatch, either the 5’
or 3’ side, and not on the other side. In one embodiment the mismatch endonuclease is
substantially unidirectional, meaning that at least 90% of the cuts are on one side of the
mismatch, either the 5° or 3’ side, but allowing for up to 10% of the cuts being on the
opposing side. In various embodiments the mismatch endonucleases of the invention can
recognize a nucleotide mismatch in the heteroduplex polynucleotide and cut both strands of
the heteroduplex. In various embodiments the cut is introduced within 10 or less
nucleotides of the nucleotide mismatch. In other embodiments the cut is introduced within
9 or less nucleotides, or & or less, or 7 or less, or 6 or less, or 5 or less, or 4 or less, or 3 or
less, or 2 or less, or within 1 nucleotide of the nucleotide mismatch. In another embodiment
the cut is introduced at the nucleotide mismatch site, thus leaving at least one of the
mismatched nucleotides at the terminal end of the nucleic acid molecule. In one

embodiment the mismatch endonuclease leaves a blunt end cut over both strands of the
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heteroduplex. When a blunt end is left at a nucleotide mismatch site the mismatched
nucleotide pair is present at the end of the nucleic acid molecule. But in other embodiments
the cuts can produce an overhang of one or more nucleotides such as, for example, 1
nucleotide or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or more than 10 nucleotides.
Conventional methods are used to assemble these fragments into a second set of double-
stranded nucleic acid molecules 111, which are overwhelmingly more likely to have the

desired nucleotide sequence and desired length than were the first set of molecules.

[0068] A variety of mismatch endonucleases will find use in the present invention.
RES I, CEL I, CEL II, SP nuclease, SP I endonuclease, T7 endonuclease, T4 endonuclease,
endonuclease V, a Mut protein, are all useful mismatch endonucleases. One unidirectional
mismatch endonuclease useful in the invention is commercially available as SURVEYOR®
nuclease (Transgenomic, Inc., Omaha, NE), which uses CEL II as a principal component. It
is also advantageous to utilize combinations of more than one of any of these. In a specific
embodiment the mismatch endonuclease utilized is a combination of CEL I and CEL 11
mismatch endonucleases. Some of these have also been expressed recombinantly (CEL 1
and SP I) (Pimkin et al. BMC Biotechnology, 7:29 (2007). SP nuclease has been described
by Doetsch et al. Nucleic Acids Res., Vol. 16, No. 14 (1988).

[0069] In various embodiments a component can also be added to the reaction
mixture to increase the action of endonucleases to create a double-stranded break in the
nucleic acid molecule. Some endonucleases, e.g. endonuclease V, cleave only one strand of
the nucleic acid molecule. But cleaving of both strands can be promoted by the inclusion in
the medium of manganese ions, Mn ' at an appropriate concentration. In one embodiment
the reaction medium includes about 10nM Mn 2 in a convenient form, e.g. MnCl,. In
another embodiment the additional step is taken to exclude magnesium Mg'? from the

reaction medium.

[0070]  Variants of the mismatch endonucleases disclosed herein are also useful in
the invention. With reference to this disclosure the person of ordinary skill will realize
many more endonucleases that will be useful in the present invention. It is also likely that
new endonucleases having the required activity will be discovered or developed, and those
can also find use in the application of the present invention. Thus, variants and homologs of

the mismatch endonucleases disclosed herein are also useful in the invention. In various
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embodiments a protein having at least 70% sequence identity, or at least 75% sequence
identity, or at least 80% sequence identity, or at least 85% sequence identity, or at least 90%
sequence identity, or at least 95% or 96% or 97% or 98% or 99% sequence identity to any
endonuclease disclosed herein is also useful in the invention. Thus, in two separate
embodiments a protein having any of the above sequence identities to either CEL I or CEL

II can be used in the invention.

[0071]  In an alternative embodiment, the protein, peptide, or nucleic acid molecules
useful in the invention comprise a protein, peptide, or nucleic acid sequence that exhibits
70% or greater identity, and more preferably at least 75% or greater, 80% or greater, 85% or
greater, 87% or greater, 88% or greater, 89% or greater, 90% or greater, 91% or greater,
92% or greater, 93% or greater, 94% or greater, 95% or greater, 96% or greater, 97% or
greater, 98% or greater, or 99% or greater identity to a protein, peptide, or nucleic acid
molecule selected from the group consisting of SEQ ID NO: 1 through SEQ ID NO: 33 in
the Sequence Listing, any complements thereof, any fragments thereof, or any functional
domain thereof. Thus, all variants and homologs of all endonucleases and exonuclease
disclosed herein will be useful in this invention, and such variants and homologs can be

discovered or designed using the principles disclosed herein.

[0072]  For nucleic acids and polypeptides, the term “variant” is used herein to
denote a polypeptide, protein or polynucleotide molecule with some differences, generated
synthetically or naturally, in their base or amino acid sequences as compared to a reference
polypeptide or polynucleotide, respectively. For example, these differences include
substitutions, insertions, deletions or any desired combinations of such changes in a
reference polypeptide or polynucleotide. Polypeptide and protein variants can further
consist of changes in charge and/or post-translational modifications (such as glycosylation,
methylation. phosphorylation, efc.). Biologically active variants of the polynucleotide
sequences are also encompassed by the compositions of the present invention. Biologically
active variants of the invention may be created by site-directed mutagenesis, induced
mutation, or may occur as allelic variants (polymorphisms). Synthetic nucleotide sequences
are those that are made through chemical processes in a laboratory environment. An
example of a synthetic nucleotide is an oligonucleotide made using the known

phosporamidite chemical synthesis. This chemical method joins nucleotides in the 3’ to 5’
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direction using phosphoramidite building blocks derived from protected 2’-
deoxynucleosides (dA, dC, dG, and T). Another process for creating synthetic nucleic acids
is the polymerase chain reaction. Naturally produced oligonucleotides are synthesized
either in Nature or in the laboratory using natural processes, such as the synthesis of an
oligonucleotide by a microorganism. Synthetic nucleotide sequences can differ from
naturally produced nucleotide sequences because the naturally produced sequences may
have been processed through some post-transcriptional modification to result in a
chemically changed nucleotide sequence. Synthetically produced oligonucleotides can be
assembled from smaller oligonucleotides or subsets to form larger synthetic

oligonucleotides.

[0073]  The term “functional homolog” as used herein describes those proteins or
polypeptides that have at least one characteristic in common. Such characteristics include
sequence similarity, biochemical activity, transcriptional pattern similarity and phenotypic
activity. Typically, a functional homolog is a polypeptide that has sequence similarity to a
reference polypeptide, and that carries out one or more of the biological activities of the
reference polypeptide. Functional homologs will typically give rise to the same
characteristics to a similar, but not necessarily the same, degree. Typically, functionally
homologous proteins give the same characteristics where the quantitative measurement due
to one of the homologs is at least 20% of the other; more typically, between 30 to 40%;
more typically, between 50-60%; even more typically, between 70 to 80%; even more

typically, between 90 to 95%; even more typically, between 98 to 100% of the other.

[0074] A functional homolog and the reference polypeptide may be naturally
occurring polypeptides, and the sequence similarity may be due to convergent or divergent
evolutionary events. As such, functional homologs are sometimes designated in the
literature as homologs, orthologs, or paralogs. Variants of a naturally-occurring functional
homolog, such as polypeptides encoded by mutants or a wild-type coding sequence, may
themselves be functional homologs. As used herein, functional homologs can also be
created via site-directed mutagenesis of the coding sequence for a polypeptide, or by
combining domains from the coding sequences for different naturally-occurring
polypeptides. The term “functional homolog” sometimes applied to the nucleic acid that

encodes a functionally homologous polypeptide.
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[0075]  Functional homologs can be identified by analysis of nucleotide and
polypeptide sequence alignments. For example, performing a query on a database of
nucleotide or polypeptide sequences can identify homologs of polypeptides. Sequence
analysis can involve BLAST, Reciprocal BLAST, or PSI-BLAST analysis of non-redundant
databases using amino acid sequence of a polypeptide as the reference sequence. Amino
acid sequence is, in some instances, deduced from the nucleotide sequence. Typically, those
polypeptides in the database that have greater than 40% sequence identity are candidates for
further evaluation for suitability as a polypeptide. Amino acid sequence similarity allows for
conservative amino acid substitutions, such as substitution of one hydrophobic residue for
another or substitution of one polar residue for another. If desired, manual inspection of
such candidates can be carried out in order to narrow the number of candidates to be further
evaluated. Manual inspection can be performed by selecting those candidates that appear to

have domains present in the polypeptide of interest, e.g., conserved functional domains.

[0076]  Conserved regions can be identified by locating a region within the primary
amino acid sequence of a polypeptide that is a repeated sequence, forms some secondary
structure (e.g., helices and beta sheets), establishes positively or negatively charged
domains, or represents a protein motif or domain. See, e.g., the Pfam web site describing
consensus sequences for a variety of protein motifs and domains on the World Wide Web at
sanger.ac.uk/Software/Pfam/and pfam.janelia.org/. A description of the information
included at the Pfam database is described in, for example, Sonnhammer et al. (Nucl. Acids
Res., 26:320-322, 1998), Sonnhammer et al. (Proteins, 28:405-420, 1997); and Bateman et
al. (Nucl. Acids Res., 27:260-262, 1999). Conserved regions also can be determined by
aligning sequences of the same or related polypeptides from closely related species. Closely
related species preferably are from the same family. In some embodiments, alignment of
sequences from two different species is adequate. Examples of domains indicative of the
activity of the polypeptide of interest can be found in various literature sources and species,

such as plants, algae, fungi, bacteria, and animals, which can be investigated.

[0077]  Typically, polypeptides that exhibit at least 40% amino acid sequence
identity are useful to identify conserved regions. Conserved regions of related polypeptides
exhibit at least 45% amino acid sequence identity, e.g., at least 50%, at least 60%, at least

70%, at least 80%, or at least 90% amino acid sequence identity. In some embodiments, a
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conserved region exhibits at least 92%, 94%, 96%, 98%, or 99% amino acid sequence

identity.

[0078]  As used herein, the term “exonuclease” refers to an enzyme activity that
removes nucleotides from one or more termini of a polynucleotide. In some embodiments
the polynucleotide is bound to a second polynucleotide to form a double-stranded nucleic
acid molecule. A molecule having unidirectional exonuclease activity proceeds to remove
nucleotides in a 5° to 3’ direction or a 3’ to 5’ direction in a stepwise manner. The molecule
can be an enzyme, or another molecule that has exonuclease activity. A molecule having a
substantially unidirectional exonuclease activity indicates that at least 90% of the
nucleotides removed are on the 5’ or 3’ side of the nucleic acid molecule, and from 0% up
to 10% are removed on the opposite side of the nucleic acid molecule. In one embodiment
the exonuclease used in the method of the invention has the same directionality as the

mismatch endonuclease used in the method.

[0079] A variety of exonucleases will be useful in the present invention.
Exonuclease refers to any molecule having exonuclease activity, including both enzyme and
non-enzyme molecules. In various embodiments the exonuclease is exonuclease 111, a DNA
polymerase having exonuclease activity, lambda exonuclease, T7 exonuclease, and T5
exonuclease, and variants thereof. The exonucleases can also be utilized in a combination
of two or more of the exonucleases. DNA polymerases often have a 3’ exonuclease
activity, and one such DNA polymerase that is commercially available is the PHUSION®
DNA polymerase (Finnzymes Oy, Espoo, Sweden). Other DNA polymerases with
exonuclease activity include T4 DNA polymerase, phi29 polymerase. Variants and
homologs of exonucleases disclosed herein can also find use in the present invention, and

can be identified or discovered as disclosed herein.

[0080]  Figure 2 depicts five distinct oligos 202 for the purpose of illustration, but
any number of oligos may be used. The oligos may be obtained in any manner, including
purchase from an industrial supplier and/or independent synthesis. Any number of oligos
may be obtained in a manner different from that in which one or more other oligos are
obtained. Any oligo may or may not be sequenced to determine whether it comprises
enough molecules with the desired nucleotide sequence. Any of the oligos may optionally

be further purified to reduce the number of any nucleotide-sequence errors they may bear.
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[0081] In some embodiments, the oligos are obtained for both strands of the nucleic
acid molecule that is intended to have a desired nucleotide sequence. Oligos 202 can be
obtained for only a single strand of DNA that is intended to have a desired nucleotide
sequence. In some embodiments oligos 202 may be obtained for both strands of DNA so
that a set of oligos 202 comprises some oligos 202 having overlapping fragments of a full-
length desired nucleotide sequence. A set of oligos 202 with such sequence overlaps can be
used to assemble a full-length molecule intended to have a desired nucleotide sequence
more efficiently than is otherwise possible. This increase in efficiency means that a smaller
amount of full-length molecules (or even no full-length molecules) intended to have a
desired nucleotide sequence may be used in order to obtain more full-length molecules
intended to have a desired nucleotide sequence. This efficiency allows better control of the

costs of nucleic acid molecule synthesis.

[0082] Referring to Figs. 1 and 2, the oligos 202 are amplified into the oligos 204,
increasing the number of molecules comprising each oligo 202. Each amplified oligo 204 is
represented by a double arrow. The double arrow is merely a representational device: the
number of molecules of each oligo 204 after amplification is not necessarily twice the
number of molecules of each oligo 202 present before amplification, and is likely orders of
magnitude greater. Any amplified oligo 204 may or may not be sequenced to determine
whether it comprises enough molecules with the desired nucleotide sequence. Any
amplified oligo 204 optionally may be further purified to reduce the number of any

nucleotide sequence errors they may bear.

[0083] The amplified oligos 204 are used to assemble a first set of full length
molecules 206 that are intended to have a desired nucleotide sequence. Double, parallel
line-segments represent a full-length, double-stranded DNA molecule 206. Within a set of
such full-length molecules 206, however, it is expected that there may be one or more
molecules with one or more sequence errors 208. Sequence errors are denoted with a short
slash along the full-length molecule 208. There may be many molecules 208 with one or
more sequence errors at different points in the sequence. Within a set of such full-length
molecules 206, it may also be expected that there are one or more molecules without any

sequence errors 210.
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[0084]  The first sct of dSDNA molecules 206 is denatured, so that the two strands of
cach molecule separate. The set of denatured, single-stranded, full-length molecules 212
thus may comprise one or more molecules without sequence errors 214, and one or more
molecules with one or more sequence errors 216. There may be many molecules 216 with
one or more sequence errors at different points in the sequence. The set of full-length

molecules 206 may be denatured in any manner, for example, by heating the molecules 206.

[0085]  The set of denatured molecules 212 is then anncaled to obtain double-
stranded DNA (dsDNA) molecules 218 that are intended to have a desired nucleotide
sequence. Within a set of such dsDNA molecules, it may be expected that there are one or
more molecules with one or more sequence errors, or mismatches in the dsDNA (220 and
105), and one or more molecules without any sequence errors or mismatches (not shown).
The denatured set of single-stranded (ssDNA) molecules 212 may be annealed in any

manner, for example, by cooling the molecules.

[0086] There may be many molecules (220 and 105) with one or more sequence
errors or mismatches in dsDNA at different points in the sequence. The distribution of
sequence errors over the second set of molecules 218 will most likely be different from that
over the first set of molecules 206, since one or more single-stranded molecules 214 and
216 will anneal to other single-stranded molecules 214 and 216 different from those to
which they were bound before denaturation. For example, a double-stranded molecule 208
in the first set of molecules 206 may have two sequence errors, one in each strand, are
directly across from each other. During denaturation, a single strand 216 from the molecule
208 may move near a single-stranded molecule without errors 214. During annealing, a

second full length molecule 220 may form that has an error in only one of its two strands.

[0087]  The second set of full-length molecules 218 may be cut (e.g., by a mismatch
endonuclease) to form a third set of molecules (not shown, but graphically depicted in Fig. 1
107), so that two or more molecules in the third set of molecules are shorter than full-length
molecules 206 or 218. The cuts can occur wherever there is a mismatch in dSDNA. In one
embodiment the cuts leave blunt ends and in other embodiments can leave sticky ends or
overhangs. In one embodiment the endonuclease is one or more of the endonucleases that
are unidirectional mismatch endonucleases disclosed herein. These endonucleases will cut

dsDNA where there 1s a mismatch between the two strands of the dsDNA nucleic acid
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molecule. This will thus leave dsDNA having a mismatch at the end of the nucleic acid
molecule, such as in nucleic acid 107 (shown as a blunt end cut embodiment). These
dsDNA can then be digested with an exonuclease, for example a unidirectional exonuclease,
that will “chew off” the end of the molecule and eliminate the incorrect nucleotide, resulting
in a dSDNA with overhangs (109 in Fig. 1). These dsDNA can then be annealed and
amplified and any gaps filled in with a polymerase. In some embodiments nicks can be

repaired with a ligase if necessary.

[0088]  With reference to this disclosure it can be seen that with each cycle of
denaturation, annealing, and cutting with endonucleases and exonucleases, the number of
sequence errors in the set of molecules is much lower than in the starting set of molecules.
By providing a unique and powerful error-correction process operating late in the nucleic
acid molecule synthesis process, the exemplary method for error correction of nucleic acid
molecules yields a set of full-length molecules 111 intended to have a desired nucleotide

sequence that has remarkably fewer errors than can be otherwise obtained.

[0089] FIG. 3 is a flow chart depicting one embodiment of the method for synthesis
of error-minimized nucleic acid molecules. At step 302, oligos 101 (Fig. 1) of a length
smaller than that of the full-length desired nucleotide sequence (i.e., "oligonucleotide
fragments" of the full-length desired nucleotide sequence) are obtained. Each oligo 101 is
intended to have a desired nucleotide sequence that comprises a part of the full length
desired nucleotide sequence. In various embodiments each oligo 101 may also be intended
to have a desired nucleotide sequence that comprises an adapter primer for PCR
amplification of the oligo 101, a tethering sequence for attachment of the oligo to a DNA
microchip, or any other nucleotide sequence determined by any experimental purpose or
other intention. The oligos may be obtained in any of one or more ways, for example,

through synthesis, purchase, etc.

[0090] At step 304, the oligos 101 obtained are amplified to obtain more of each
oligo. The amplification may be accomplished by any method, for example, by PCR.
Introduction of additional errors into the nucleotide sequences of any of the oligos 103 may
occur during amplification. The distinct amplified oligos result from the amplification at
step 304. Oligos may be amplified by adapter primers, and the adapter sequence may be

cleaved off by means of type IIS restriction endonucleases.
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[0091] At step 306 the amplified oligos are assembled into a first plurality of
double-stranded nucleic acid, which in one embodiment are intended to have a desired
length that is the full length of the desired nucleotide sequence intended to be synthesized.
Assembly of amplified oligos into full-length molecules may be accomplished in any way,
for example, by using a PCR-based method. One or more of the double-stranded nucleic
acid molecules (or full-length molecules) may be a double-stranded nucleic acid molecule
containing at least one nucleotide mismatch (105), caused by one or more sequence errors in
one or both of its strands. And one or more of the double-stranded nucleic acid molecules
(or full length molecules) may be a double-stranded nucleic acid molecule containing no

nucleotide mismatches or sequence errors in one of its single strands 105 (FIG. 1).

[0092] At step 308 the first plurality of double-stranded nucleic acid molecules are
reacted with one or more endonucleases. In some embodiments the endonuclease is a
unidirectional mismatch endonuclease, which fragments the double-stranded nucleic acid
molecules having at least one nucleotide mismatch by cutting at or near the mismatched
nucleotide pair. The one or more endonucleases thus cut the double-stranded nucleic acid
molecules having a mismatch into shorter molecules that have a mismatch nucleotide pair at
or near the terminal nucleotide of the nucleic acid molecule. In the case of a sticky end or
overhang, the terminal nucleotide is the last nucleotide of the single stranded overhang. In
the case of a blunt end cut, the terminal nucleotide will be either of the terminal pair of

nucleotides of the nucleic acid molecule.

[0093] At step 310 of the embodiment of the methods the nucleotide mismatch is
removed from the double-stranded nucleic acid molecules having a mismatch at or near the
terminal nucleotide of the nucleic acid molecule by the action of a molecule having
unidirectional exonuclease activity. In one embodiment the unidirectional exonuclease
activity is of the same directionality as the unidirectional mismatch endonuclease activity.
Thus, if the unidirectional mismatch endonuclease cleaves to the 3° side of the nucleotide
pair mismatch, then the unidirectional exonuclease can chew away nucleotides at the 3° end
of the nucleic acid strands comprising the nucleic acid molecule. The nucleotides that are
chewed away by the exonuclease can then be replaced by the action of a polymerase either
immediately or during the next optional replication/amplification phase. This then provides

a fragmented error-free double-stranded nucleic acid molecule.
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[0094]  Finally in step 312 a second plurality of double-stranded nucleic acid
molecules having the fragmented error-free double-stranded nucleic acid molecules 111 is
assembled. This second plurality of double-stranded nucleic acid molecules has a decreased
frequency of nucleotide mismatches as compared to the first plurality of double-stranded

nucleic acid molecules.

[0095]  In various embodiments of the invention the steps of the methods can be
varied. For example in one embodiment the steps of fragmenting double-stranded nucleic
acid molecules having a nucleotide mismatch, and the step of removing incorrect
nucleotides with a matching unidirectional exonuclease can be performed sequentially as
separate steps in a two-step reaction. But in other embodiments, one or more of the steps
involved in the methods can be performed simultaneously. Thus, in one embodiment the
reaction with endonuclease and exonuclease (e.g., steps 308 and 310 depicted in the
embodiment in Fig. 2) can be performed simultancously as a one-step reaction. This
embodiment involves identifying reaction parameters where both the mismatch
endonuclease and unidirectional exonuclease can perform their reactions in the same
reaction. In a one-step reaction the reaction container does not need to be opened once all
of the components necessary for the reaction have been added until the reaction is complete.
In some embodiments the fragmentation step can be performed with SURVEYOR®
nuclease (Transgenomic, Inc., Omaha, NE) and the exonuclease/error correction step
performed with exonuclease 111, and this combination of enzymes can be used in either a

two-step or one-step procedure, as detailed in Example 3.

[0096]  The present invention also provides compositions useful for performing the
methods of the invention. The compositions can comprise (1) a molecule having a
unidirectional mismatch endonuclease activity; and (i1) a molecule having unidirectional
exonuclease activity of the same directionality as the unidirectional mismatch endonuclease
activity in (i). In various embodiments the molecule having unidirectional mismatch
endonuclease activity can be any described herein. The molecule having unidirectional
exonuclease activity can also be any molecule having said activity described herein. The
molecules can be combined in any combinations. In various examples the molecule having
unidirectional mismatch endonuclease activity can be any of RES I, CEL I, CEL II, T7

endonuclease, T4 endonuclease, endonuclease V, a Mut protein, a variant of any thereof,
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and a combination of any two or more therecof. This molecule can be combined in a
composition with a molecule having unidirectional exonuclease activity, for example, any
of exonuclease 111, a DNA polymerase, a variant of any thereof, or a combination of any
two or more thereof. In different embodiments the composition can be provided in a dried
form, or in a suitable buffer. The composition can also be provided in a tube, vial, or other
suitable container. In one embodiment the molecules of (1) and (i1) are provided in a

purified form in the container.

[0097]  The present invention also provides kits useful in performing the methods of
the invention. The kits may include any two or more of the following components: a
mismatch endonuclease, a 5’ or 3’ exonuclease, a DNA polymerase (with or without 3’
exonuclease proofreading activity), suitable buffers for performing the method, instructions
for performing one or more methods of the invention, and information identifying a website
that contains information about an error correction method of the invention. The
information may be instructions for performing a method of the invention. In one
embodiment the kit contains a unidirectional mismatch endonuclease and exonuclease 111,
cach in a quantity sufficient to perform a method of the invention. The kits of the invention
can also comprise any composition described herein. The endonucleases, exonucleases and
DNA polymerases included in the kits can be any disclosed herein, such as SURVEYOR®
nuclease (Transgenomic, Inc., Omaha, NE) or a generic substitute, exonuclease 111, and
PHUSION® DNA polymerase (Finnzymes Oy, Finland) or a generic substitute of any. The
components of the kits can be provided in individual suitable containers, or can be provided
with one or more components in a single container. The components of the kit can be
provided in a purified form in the containers. The components of the kit can also be

provided in dried form, or within a suitable buffer.

[0098]  The present invention can also be utilized in conjunction with various
techniques for the manipulation of nucleic acids. For example, in one embodiment the error
correction techniques of the present invention can be utilized following or in conjunction
with methods of joining nucleic acid molecules to ensure correct replication of nucleic acid
molecules during the procedure. Examples include methods disclosed in US Patent
Application No. 2010/0035768. Although any methods of assembly of nucleic acids would

benefit from the addition of error correction methods as disclosed herein. The kits of the
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invention can therefore contain components for performing additional procedures and
manipulations of DNA either before or after performing an error correction method of the
invention. Therefore, in addition to the kit components described above, a kit may also
include one or more of any of the following components: a non-thermostable 5° to 3’
exonuclease that lacks 3’ exonuclease activity (e.g., TS exonuclease), a crowding agent
(e.g., polyethylene glycol, a Ficoll), a thermostable non-strand displacing DNA polymerase
with 3° exonuclease activity, a mixture of a said DNA polymerase and another DNA

polymerase that lacks 3’ exonuclease activity, and a thermostable ligase.

[0099] Throughout this disclosure, various information sources are referred to and
incorporated by reference. The information sources include, for example, scientific journal
articles, patent documents, textbooks, and World Wide Web browser-inactive page
addresses. The reference to such information sources is solely for the purpose of providing
an indication of the general state of the art at the time of filing. While the contents and
teachings of each and every one of the information sources can be relied on and used by one
of skill in the art to make and use embodiments of the invention, any discussion and
comment in a specific information source should in no way be considered as an admission

that such comment was widely accepted as the general opinion in the field.

[0100] The discussion of the general methods given herein is intended for
illustrative purposes only. Other alternative methods and embodiments will be apparent to
those of skill in the art upon review of this disclosure, and are to be included within the

spirit and purview of this application.

[0101] It should also be understood that the following examples are offered to

illustrate, but not limit, the invention.

EXAMPLE 1: Assembly of synthetic HA and NA genes from oligonucleotides.

[0102]  Synthetic gene products were assembled from a plurality of oligonucleotides
with overlapping sequences at their terminal ends using Gibson Assembly™ (Synthetic
Genomics, Inc., San Diego, CA) as previously described (see, e.g., US Patent Application
No. 2010/0035768). Genes included representative hemagglutinin (HA) genes and

representative neuraminidase (NA) genes.
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Reagents
5X Isothermal (ISO) Buffer:

[0103] The 5X ISO buffer contains 25% PEG-8000, 500 mM Tris-HCI pH 8.0, 50
mM MgCl,, 50 mM DTT, 1 mM each of the 4 ANTPs, and 5 mM NAD.
Six ml of this buffer can be prepared by combining the following:
3 ml of 1 M Tris-HCI pH 8.0
300 pl of 1 M MgCl,
600 pl of 10 mM dNTPs
300 Wlof 1 M DTT (1.54 g dissolved in dH2O up to 10 ml)
1.5 g PEG-8000
300 pl of 100 mM NAD (Sigma; 0.66 g dissolved in dH,O up to 10 ml; resuspend
by heating at 50°C followed by continuous vortexing)
Add water to 6 ml, aliquot 1 ml and store at -80°C.

2X Assembly Master Mix:

[0104] The 2X Assembly Master Mix contains the ISO reaction buffer and the
enzymatic activities required for assembly of the component oligonucleotides into the gene
products: 5X isothermal (ISO) reaction buffer) T5 exonuclease (Epicentre), PHUSION®
DNA polymerase (Finnzymes Oy, Vantaa, Finland) and Taq DNA ligase.

800 pl of the 2X assembly master mix, sufficient for 80 reactions, can be prepared by
combining the following:

320 wl 5X ISO buffer as prepared above

6.4 ul of 1 U/ ul TS exo (diluted 1:10 from enzyme stock in 1x T5 exo buffer)

20 ul of 2 U/ul PHUSION® polymerase (Finnzymes Oy, Vantaa, Finland)

80 ul of 40 U/ul Taq ligase

374 ul dH,0

Mix well and store at -20°C, or on ice if to be used immediately.

The assembly mixture can be stored at -20°C for at least one year. The enzymes
remain active following at least 10 freeze-thaw cycles. The mixture is ideal for the

assembly of DNA molecules with 20-150 bp overlaps.
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Oligonucleotides:

[0105]  Standard oligonucleotides were purchased at a concentration of 10,000 nM
cach. The entire HA gene sequence was covered using 52 oligonucleotides (oligos), and the

entire NA gene sequence was covered using 44 NA oligonucleotides.

Assembly of Genes

[0106] For the assembly reactions 10 ul of each oligo was pooled, for a
concentration of 192 nM per oligo (10,000 nM/52) for HA and 227nM per oligo (10,000
nM/44) for NA. Oligo lengths were on average 60 bases with 30 bp overlaps.

[0107]  Once pooled, 10 ul of this oligo mix was added to 10 ul of the 2X assembly
master mix prepared as above. Reactions were incubated for 50°C for 1 hour. Following

assembly reactions, the gene products were amplified by PCR as follows:

5 ul assembly reaction

20 ul 5X PHUSION® HF Buffer (Finnzymes Oy, Vantaa, Finland)

2 ul 10mM dNTPs

71 ul water

1 ul Hot Start PHUSION® Polymerase (Finnzymes Oy, Vantaa, Finland)
0.5ul 100uM RC-Univ-PKS10-F primer (universal forward primer for cloning
vector)

0.5ul 100uM RC-Univ-PKS10-R primer (universal reverse primer for cloning
vector)

Cycling reaction was as follows:

98°C for Iminute,

98°C for 10 seconds, 60°C for 30 seconds, 72°C for 1.5 minutes,

Repeated for 24 additional cycles, 72°C for 5 minutes, and then kept at 4°C.

EXAMPLE 2: Cloning of assembled genes into cloning vector.

[0108] In order to clone the assembled gene products into the PKS10 cloning vector,
the plasmid was first amplified with primers to create matching overlapping sequences and

the termini for a subsequent assembly reaction with the assembled gene product.

Preparation of Cloning Vector




WO 2013/116771 PCT/US2013/024496

41

The universal PKS10 cloning vector as amplified by PCR as follows:

20 ul 5X PHUSION® HF PCR Buffer

2 ul 10mM dNTPs

75 ul water

1 ul Hot Start PHUSION® Polymerase (Finnzymes Oy, Vantaa, Finland)
1 ul 6ng/ul PKS10 plasmid template

0.5 ul 100uM Univ-PKS10-F primer

0.5 ul 100uM Univ-PKS10-R primer

Cycling reaction was as follows:

98°C for 30 seconds,

98°C for 10 seconds, 60°C for 30 seconds, 72°C for 3 minutes,

Repeated for 29 additional cycles, 72°C for 5 minutes, and then kept at 4°C.

[0109]  The resulting PCR product was then gel purified using the QTAGEN®
(Qiagen, GmbH, Hilden, Germany) gel purification kit. The typical yield for this PCR

reaction was about 50 ng/ul.

Assembly of Synthetic Genes into Cloning Vector

[0110] PCR products of amplified synthetic genes or error-corrected synthetic genes
were gel purified with the QTAGEN® gel purification kit, and used for assembly with the gel
purified universal PKS10 vector PCR product as follows:

0.3 ul vector
4.7 ul HA or NA

5 ul 2X assembly master mix

[0111]  Reactions were incubated for 50°C for 1 hour, and then 20 ul of water was
added and mixed with the assembly reaction. This diluted assembly reaction mix was then
used to transform E. coli by standard electroporation methods (Epicentre Epi300 cells).
1/1000™ of the 1 ml SOC outgrowth was plated onto LB Carbenicillin plates to obtain
individual colonies.

[0112] A number of cultures of individual colonies were then grown, plasmid DNA

was prepared, and then the sequence of the synthetic genes was determined using standard
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Sanger sequencing protocols. The percentage of clones containing the desired sequence
was determined, and error rates were determined by multiplying the number of clones
sequenced by the number of base pairs (bp) of DNA that was synthesized, then dividing this

number by the total number of errors.

EXAMPLE 3: Error correction of synthetic HA and NA genes using a mismatch
endonuclease together with an exonuclease.

[0113] Assembled HA and NA gene products were subjected to various error
correction methods using combinations of an endonuclease enzyme and an exonuclease
enzyme to remove inherent mismatches, primarily due to incorrect sequences within
oligonucleotides incorporated in the assembled gene products. The result is a simple, high-
fidelity, high efficiency gene synthesis of the HA and NA genes. Error rates were
determined by multiplying the number of clones sequenced by the number of base pairs (bp)

of DNA that was synthesized, then dividing this number by the total number of errors.

A. Two-Step Reactions

[0114]  In the two-step reactions, the endonuclease enzyme reaction was performed
first, followed by the exonuclease enzyme reaction. Following PCR of the assembled gene
product as indicated in Example 1, the following reactions were performed.

[0115] SURVEYOR® nuclease/Exonuclease 111

8 ul of the PCR product was denatured and annealed as follows:

98°C for 2 minutes, slow cool to 85°C at 2°C/second, hold at 85°C for 2 minutes,
slow cool to 25°C at 0.1°C/second, hold at 25°C for 2 minutes, and then hold at
10°C.

2 ul SURVEYOR® nuclease (Transgenomic, Inc., Omaha, NE) (a mismatch
endonuclease derived from the celery plant that cleaves all types of mismatches) was
added and incubated at 42°C for 1 hour.

1 ul Exonuclease III (diluted 1 to 4000 in 1X HF Buffer) was added and incubated at
37°C for 1 hour.

2 ul of this reaction mix was then amplified by PCR as described above.

Optionally, steps 1-3 were repeated to increase fidelity (to further reduce errors in

the final gene product).
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Results of Error Correction using Two-Step Reactions

[0116] A synthetic HA gene was assembled from oligonucleotides and then
subjected to error correction using SURVEYOR® nuclease alone, or SURVEYOR®
nuclease followed by Exonuclease 11 in the two-step reaction above. The resultant error

rates were as follows:

Gene | Error correction Method Error Rate Number of correct clones

HA None 1/ 1,791 bp 11 out of 23 (48%)

HA SURVEYOR® nuclease 1/ 3,710 bp 18 out of 29 (62%)

HA SURVEYOR" nuclease + 1/5,572 bp 21 out of 28 (75%)
Exonuclease 111

[0117]  Thus, error correction of the synthetic HA gene increased the number of
correct sequences obtained from 48% to 62% using SURVEYOR® nuclease treatment alone
with an error rate improvement of 1/1,791 bp to 1/3,710 bp; and from 48% to 75% with an
error rate improvement of 1/1,791 bp to 1/5,572 bp using the two-step error correction
method combining an endonuclease enzyme with an exonuclease enzyme as disclosed.

[0118]  In another experiment, both HA and NA synthetic genes were assembled
from oligonucleotides and then subjected to error correction using SURVEYOR® nuclease
alone, or SURVEYOR® nuclease followed by Exonuclease I11 in the two-step reaction

above. The resultant error rates were as follows:

Gene | Error correction Method Error Rate Number of correct
clones
HA None 1/ 1,635 bp 2 out of 21 (9.5%)
HA SURVEYOR® nuclease 1/ 2,828 bp 16 out of 30 (58.3%)
HA SURVEYOR" nuclease + 1/ 6,169 bp 22 out of 31 (71%)
Exonuclease 111
NA None 1/ 1,850 bp 13 out of 28 (46.4%)
NA SURVEYOR® nuclease 1/ 2,480 bp 18 out of 31 (58.1%)
NA SURVEYOR" nuclease + 1/5,314 bp 24 out of 30 (80%)

Exonuclease 111
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[0119]  Thus, error correction of the synthetic HA gene increased the number of
correct sequences obtained from 9.5% to 58.3% using SURVEYOR® nuclease treatment
alone with an error rate improvement of 1/1635 bp to 1/2828 bp; and from 9.5% to 71%
with an error rate improvement of 1/1635 bp to 1/6169 bp using the two-step error
correction method combining an endonuclease enzyme with an exonuclease enzyme as
disclosed.

[0120]  Error correction of the synthetic NA gene increased the number of correct
sequences obtained from 46.4% to 58.1% using SURVEYOR® nuclease (Transgenomic,
Inc., Omaha, NE) treatment alone with an error rate improvement of 1/1850 bp to 1/2480
bp; and from 46.4% to 80% with an error rate improvement of 1/1850 bp to 1/5314 bp using
the two-step error correction method combining an endonuclease enzyme with an

exonuclease enzyme as disclosed.

Alternative endonucleases + Exonuclease 111

[0121]  Reactions were performed as in the two-step procedure above but varying the
endonuclease and conditions in step 2 as follows:

[0122] T4 endonuclease was substituted for SURVEYOR® nuclease, and incubated
at 37°C for 1 hour.

[0123]  Endonuclease V was substituted for SURVEYOR® nuclease, and incubated
at 37°C for 1 hour.

Results of Error Correction using two-step reactions with alternative endonucleases

Gene | Error correction Method Error Rate Number of correct
clones

HA None 1/ 876 bp 3 out of 23 (13%)

HA SURVEYOR" nuclease + 1/ 16,716 bp 25 out of 28 (89%)

Exonuclease 111

HA T4 endonuclease + Exonuclease 111 | 1/2,239 bp 11 out of 30 (37%)

HA Endonuclease V + Exonuclease 11T | 1/ 1,327 bp 3 out of 20 (15%)
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[0124]  Thus, other alternative nucleases were able to increase the number of correct
sequences obtained and improve the error rate to varying degrees in combination with an

exonuclease enzyme as disclosed.

B. One-step reactions

[0125]  In the one-step reactions, the endonuclease enzyme reaction was performed
simultaneously (in the same reaction mixture at the same time) with the exonuclease
enzyme reaction. Following PCR of the assembled gene product as indicated in Example 1,

the following reactions were performed.

8 ul of the PCR product was denatured and annealed as follows:

98°C for 2 minutes, slow cool to 85°C at 2°C/second, hold at 85°C for 2 minutes,
slow cool to 25°C at 0.1°C/second, hold at 25°C for 2minutes, and then hold at
10°C.

2 ul SURVEYOR® nuclease (Transgenomic, Inc., Omaha, NE) and 1 pl
Exonuclease 111, (diluted 1 to 4000 in 1X HF Buffer) were added and incubated at
42°C for 1 hour.

2 ul of this reaction mix was then then amplified by PCR as described above.

[0126]  Optionally, steps 1 and 2 were repeated to increase fidelity.

Results of Error Correction using one-step reactions

[0127] A synthetic HA gene was assembled from oligonucleotides and then
subjected to error correction using SURVEYOR® nuclease (Transgenomic, Inc., Omaha,
NE) together with Exonuclease III in the one-step reaction above. After the reaction
components were added the reaction vessel was not opened again until the reaction had
finished. The temperature of the incubation was varied from 4°C to 50°C to determine the

optimal reaction conditions for the error correction. The resultant error rates were as

follows:
Gene | Temperature (°C) Error Rate Number of correct clones
HA 4 1/ 1,357 bp 10 out of 25 (40%)

HA |25 1/ 1,866 bp 11 out of 25 (44%)
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HA |30 176,716 bp 22 out of 30 (73%)
HA |37 1/ 3,582 bp 19 out of 30 (63%)
HA | 42 176,716 bp 23 out of 30 (77%)
HA |50 1/ 5,572 bp 21 out of 28 (75%)

[0128]  Thus, the one-step error correction of the synthetic HA gene using the using
SURVEYOR® nuclease together with Exonuclease 111 increased the number of correct
sequences obtained and the error rates at various temperatures from 30°C to 50°C. One-

step error correction methods can be readily performed at 42°C.

EXAMPLE 4: Error correction of synthetic HA and NA genes using an endonuclease

enzyme alone or together with an exonuclease enzyme or a polymerase enzyme having

exonuclease activity.

[0129] Assembled HA gene products were subjected to various error correction
methods using combinations of various endonuclease enzymes alone or together with an
exonuclease enzyme or a polymerase enzyme having exonuclease activity to remove
inherent mismatches, primarily due to incorrect sequences within oligonucleotides
incorporated in the assembled gene products.

[0130] SURVEYOR® nuclease (Transgenomic, Inc., Omaha, NE) (cuts 3’ to
mismatch) was used to perform error correction alone or in a two-step reaction as described
above together with PHUSION® DNA polymerase (Finnzymes, Oy, Finland), which has 3’
to 5’ exonuclease activity. Reaction conditions were 42°C for 20 minutes with
SURVEYOR® nuclease, followed by 37°C for 20 minutes with PHUSION® DNA
polymerase.

[0131] T7 endonuclease (cuts 5’ to mismatch) was used to perform error correction
alone or in a two-step reaction as described above together with TS5 exonuclease having 5' to
3’ exonuclease activity. Reaction conditions were 37°C for 20 minutes with T7

endonuclease, followed by 37°C for 20 minutes with T5 exonuclease.

Results of Error Correction using two-step reactions with alternative endonucleases and

alternative exonuclease activities
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Gene | Error correction Method Error Rate Number of correct clones
HA None 1/791 bp 2 out 0of 19 (10.5%)

HA SURVEYOR® nuclease 1/1,725 bp 8 out of 26 (30.8%)

HA SURVEYOR" nuclease + 1/2,217 bp 13 out of 26 (50%)

PHUSION® DNA polymerase
HA T7 endonuclease 1/ 973 bp 5 out of 25 (20%)
HA T7 endonuclease + TS5 exonuclease | 1/ 1,504 bp 6 out of 21 (28.6%)

[0132]  Thus, other alternative nucleases were able to increase the number of correct
sequences obtained and improve the error rate to varying degrees in combination with an

exonuclease enzyme or another enzyme having exonuclease activity as disclosed.

EXAMPLE 5: Identification and isolation of genes encoding novel mismatch

endonucleases.

[0133]  Several novel genes encoding novel mismatch endonucleases were identified
and isolated. The nucleotide sequences of these genes together with the deduced amino acid
sequences are provided in the accompanying Sequence Listing.

[0134] In a BLASTX homology analysis, the nucleotide sequence of each of the
novel genes was determined to encode a protein having homology to known mismatch
endonucleases. A homology search for the nucleotide sequences of the genes and the
deduced amino acid sequences was also conducted using the DDBJ/GenBank/EMBL
database. Additionally, sequence identity and similarity were also determined using
GENOMEQUEST™ software (GenomeQuest, Inc., Westborough, MA) (Gene-IT,
Worcester, Mass.). As reported in Table 1, the deduced amino acid sequence of each of the
genes exhibited high sequence similarity with the amino acid sequences of known mismatch
endonucleases CEL I and CEL II isolated from celery and Selaginella lepidophlla (US Pat.
Nos. 6,391,557, 7,078,211, and 7,560,261).
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[0135] TABLE 1. Amino acid sequence homology to known endonucleases was
calculated using the Alian® (Life Technologies, Carlsbad, CA) tool of the Vector NTI®
package (Life Technologies, Carlsbad, CA).

Source RES1 CEL1 CEL I1 CEL TI

. (SEQ ID NO: (SEQ ID NO: (SEQ ID NO: .
Organism 02) 04) 06) (SEQ ID NO: 08)

Mimulus
guttatus
(SEQ ID NO:
10)

51% 75% 48% 51%

Solanum
tuberosum
(SEQ ID NO:
13)

50% 74% 46% 50%

Vitis vinifera
(SEQ ID NO: 52% 51% 73% 74%
16)

Vitis vinifera
(SEQ ID NO: 50% 50% 68% 72%
23)

Solanum

(Stl‘;l(’;;‘l’;‘f\l“(‘). 50% 48% 68% 73%

25)

Medicago sp.
(SEQ ID NO: 51% 51% 67% 71%
27)

[0136] FIGURE 4 is an alignment of a Selaginella lepidophlla RES 1 endonuclease
(SEQ ID NO: 02), a celery CEL I endonuclease (SEQ ID NO: 04), an Apium sp. CEL II
endonuclease (SEQ ID NO: 06), another Apium sp. CEL II endonuclease (SEQ ID NO: 08),
Mimulus guttatus CEL I endonuclease (SEQ ID NO: 10), a Solanum tuberosum CEL 1
endonuclease (SEQ ID NO: 13), a Vitis vinifera CEL 1l endonuclease (SEQ ID NO: 16), a
Solanum tuberosum CEL Il endonuclease (SEQ ID NO: 25), a Medicago sp. CEL 11
endonuclease (SEQ ID NO: 27). In this example the sequence alignment of FIGURE 4 was
generated using the program Alian® (Life Technologies, Carlsbad, CA) of the Vector NTI
Advance® (Invitrogen Corp., Carlsbad, CA) 11.5 package (Invitrogen, Carlsbad, Calif.)
with default settings. As discussed in detail elsewhere herein, several polypeptide domains
and motifs with high degree of conservation have been identified from this sequence

comparison analysis. In the alignment figure shown herein, a dash in an aligned sequence
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represents a gap, i.e., a lack of an amino acid at that position. Black boxes and gray boxes
identify identical amino acids and conserved amino acids, respectively, among aligned

sequencces.

[0137]  In addition, using the program SignalP 4.0, a proteolytic cleavage site was
predicted between the A30 and W31 of the full-length polypeptide of Mimulus guttatus
CEL I endonuclease (SEQ ID NO: 10). As a result, the mature core region of Mimulus
guttatus CEL I endonuclease, which was predicted to correspond to residues 31 to 306 of
the amino acid sequence of SEQ ID NO: 10, was subsequently used for the production of
recombinant of Mimulus guttatus CEL I endonuclease in insect cells as described in detail

below, e.g., Examples 6, 7, and 8.

[0138]  Similarly, the mature core region of Vitis vinifera CEL II endonuclease,
predicted to correspond to residues 25 to 323 of the amino acid sequence of SEQ ID NO:
23, was subsequently used for the production of recombinant Vitis vinifera CEL 11

endonuclease in insect cells as described in Examples 6, 7, and 8 below.

EXAMPLE 6: Construction of recombinant expression cassettes suitable for heterologous

enzyme production in recombinant insect cells.

[0139] This Example describes the construction of two recombinant expression
cassettes to enable the heterologous expression of the mismatch endonucleases isolated
from Mimulus guttatus and Vitis vinifera in insect cells by utilizing the Bac-to-Bac®

Baculovirus Expression System (Life Technologies, Inc., Carlsbad, Calif.).

[0140] Two chimeric expression cassettes were designed for the recombinant
expression of chimeric polypeptides containing the mature core region of either Mimulus
guttatus CEL I endonuclease (SEQ ID NO: 14) or Vitis vinifera CEL Il endonuclease
(residues 25 to 323 of SEQ ID NO: 23). Each chimeric polypeptide contained a coding
sequence of a mature core region that was operably linked to an N-terminal secretion signal
for honeybee melittin (Tesier et al., Gene 98, 177-183), and a C-terminal 8X poly-Histidine
epitope tag with linkers. The amino acid sequences of the chimeric proteins are disclosed in

the Sequence Listing as SEQ ID NO: 11 and SEQ ID NO: 17.

[0141] The amino acid sequences of SEQ ID NO: 11 and SEQ ID NO: 17 were then

used to generate expression cassettes having their DNA sequences codon optimized for
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expression in insect cells. For this purpose, the codon bias of Spodoptera frugiperda was
used. The nucleotide sequences of the two codon-optimized expression cassettes are
disclosed herein in the Sequence Listing as SEQ ID NO: 31 and SEQ ID NO: 33. Each of
the recombinant expression cassettes were subsequently cloned into the expression vector
pFastbacl at the two cloning sites 5’ EcoRI and 3° Notl. The resulting plasmids, which
were named Mimmulus-C-His-pFastbacl and Vitis-C-His-pFastbac1 respectively, were
used to infect Sf9 insect cells. P1 baculovirus stocks were generated in Sf9 insect cells
using the BAC-TO-BAC® System (Life Technologies, Inc., Carlsbad, CA) according to

manufacturer’s specifications.

EXAMPLE 7: Preparation of solubilized membrane extracts of insect cells expressing

recombinant chimeric endonucleases.

[0142]  This Example describes details of the production of the recombinantly-
expressed Mimmulus-C-His and Vitis-C-His endonucleases in cultures of insect cells by
utilizing the BAC-TO-BAC® Baculovirus Expression System (Life Technologies, Inc.,
Carlsbad, Calif.). Briefly, P1 virus generation and heterologous production of the
recombinant expression cassettes were performed according to the manufacturer's
specifications. Cell lysates from P1 virus stock cultures for expression of the recombinant
endonucleases were analyzed by Western blot assay using anti-His tag antibody as

described below.

Preparation of crude solubilized membrane extracts from insect cell cultures:

[0143]  Preparation of membranes: Cell pellet of each insect cell culture was
resuspended in IMAC A buffer (20 mM Tris, 500 mM NacCl, 0.0125% Brij-35, 0.01%
Triton X-100, 0.005% Tween-20, pH 8.0). The cell suspension was then sonicated (3 x 30

seconds, pulsing) and centrifuged at 18,000 rpm for 60 minutes, using a bench top
centrifuge. The supernatant was decanted and the pellet was resuspended in 20 mM Tris-
HCI, 150 mM NacCl, 5% glycerol. The protein concentration was quantitated and then
diluted down to 10 mg/ ml into the final buffer (50 mM Tris-HCI, 300 mM NaCl, 10 uM
ZnCl2, 20% glycerol). The protein extract was aliquoted into 1 ml fractions and snap
frozen using liquid nitrogen and stored at -80°C. To monitor cell lysis efficiency, SDS-

PAGE gel assays (CRITERION™ Stain-Free precast PAGE system) (BioRad Laboratories,
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Inc., Hercules, CA) and Western Blot analysis (anti-HIS epitope antibody) were typically

performed on whole-cell and resuspended pellet samples.

[0144] Both recombinant Mimmulus-C-His and Vitis-C-His endonucleases were
found soluble in the following solubilization study. Insect cell pellets were resuspended
1:10 in 20 mM Tris-HCI, 150 mM NaCl. The resuspended protein was then broken into 4

equal tubes to create 4 conditions as follows:

I. 20 mM Tris-HCI, 150 mM NaCl
II. 20 mM Tris-HCI, 150 mM NaCl, 0.0125% Brij-35, 0.01% Triton X-100, 0.005%
Tween-20
1. 20 mM Tris-HCI, 150 mM NaCl, 8M Urea
IV. 20 mM Tris-HCI, 150 mM NaCl, 0.0125% Brij-35, 0.01% Triton X-100, 0.005%
Tween-20, 8 M Urea
[0145]  The four samples above were sonicated (3 x 15 seconds, on ice), and
centrifuged at 18,000 rpm for 60 minutes using the bench top Allegra centrifuge. SDS-
PAGE gel assays and Western Blot analysis were typically performed on whole-cell and
resuspended pellet samples. Primary antibody was monoclonal anti-polyHistidine antibody
produced in mouse, dilution: 1:3000; Secondary antibody was goat anti-mouse Peroxidase-
conjugated; dilution: 1:20,000. Detection was performed with SUPERSIGNAL™ West

Pico Chemiluminescent Substrate (Pierce Chemical Co., Rockford, IL).

Purification of recombinant Mimmulus-C-His endonuclease expressed heterologously in

insect cells

[0146]  Each of the expression cassettes described in Example 6 contained a
nucleotide sequence encoding a secretion signal for honeybee melittin which was operably
linked to the nucleic acid sequence encoding the mature core region of the endonuclease.
This feature allowed for the recombinant protein to be secreted into the culture media once

it was produced in the cytoplasm of the insect cells.

[0147] I L of insect cell culture in conditioned media was batch-bound overnight to
5 ml of Ni-SEPHAROSE® 6 FF resin (Pharmacia Fine Chemicals, Piscataway, NJ). Resin
was then collected by centrifugation, packed in a 5 ml column, and connected to an AKTA®

Explorer (GE Health Care Biosciences, Inc., Uppsala, Sweden). The column was washed



WO 2013/116771 PCT/US2013/024496

52

with10CV of IMAC Buffer A (20mM Tris 500 mM NaCl 5 mM Imidazole pH7.5). Bound
protein was eluted with a linear 4% to 100% gradient of IMAC Buffer B over 30 CV (20
mM Tris, 500 mM NaCl, 1M Imidazole, pH7.5), collecting 2.5 ml fractions. The following
samples were typically analyzed by SDS PAGE CRITERION™ Stain-Free (BioRad
Laboratories, Inc., Hercules, CA) and Western blot with an anti-His antibody: (1) Elution
fractions, (2) Load, (3) Flow Through (FT), and (4) Wash samples were. Protein containing
fractions were pooled and dialyzed against final formulation buffer. (50 mM Tris, 30 mM
NaCl, 10 uM ZnCl2, 20% glycerol, pH7.6). Dialyzed pool was filtered (0.45 uL) and
analyzed by SDS PAGE CRITERION™ Stain Free and Western blot with an anti-His
antibody. Protein concentration in protein samples was determined by UV
spectrophotometry. The pool was dispensed into 1 ml aliquots, snap-frozen using liquid
nitrogen and stored at -80°C. Final concentration of MimmulusC-His protein was 0.75
mg/ml. Total amount of protein from 1 L of cell culture was 9 mg. Formulation buffer was

as follows: 50 mM Tris-HCI, 300 mM NaCl, 10 uM ZnClI2; 20% glycerol, pH 7.6.

[0148]  Final concentration of MimmulusC-His protein was 0.75 mg/ml. Total
amount of protein from 1 L of cell culture was 9 mg. Formulation buffer was as follows: 50

mM Tris-HCI, 300 mM NaCl, 10 uM ZnCl12; 20% glycerol, pH 7.6

[0149] FIGURE 5 depicts SDS polyacrylamide gel analysis of purified
MimmulusC-His CEL I protein (FIG. 5A) and Western Blot results using anti-polyHistidine
antibody (FIG. 5B). Lane 1: Fermentas Marker (5 pL); Lane 2: MimmulusC-His Pre-
Dialysis (12 uL); Lane 4: Fermentas Marker (12 puL); Lane 5: MimmulusC-His Post-
Dialysis (12 pL); Lane 7: Fermentas Marker (5 uL); Lane 8: MimmulusC-His Post-Dialysis
(6 uL). Primary antibody was monoclonal Anti-polyHistidine antibody produced in mouse,
Dilution: 1:3000 ; Secondary antibody was goat anti-mouse Peroxidase-conjugated.
Dilution: 1:20,000. Detection was performed with SUPERSIGNAL® West Pico
Chemiluminescent Substrate (Pierce Chemical Co., Rockford, IL).

EXAMPLE 8: Error correction of a synthetic gene using purified Mimulus C-His chimeric
endonuclease enzymes.

[0150] The purified recombinant Mimulus C-His chimeric endonuclease isolated as
described in Example 7 above was subjected to various two-step error correction assays as

described in Example 3, i.e., an endonuclease enzyme reaction was performed first,
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followed by an exonuclease enzyme reaction. Error rates were determined by multiplying
the number of clones sequenced by the number of base pairs (bp) of DNA that was

synthesized, then dividing this number by the total number of errors.

[0151]  Briefly, a synthetic NA gene was assembled from oligonucleotides as
indicated in Example 1 and then subjected to error correction using unpurified recombinant
Mimulus C-His endonuclease, or purified recombinant Mimulus C-His endonuclease,
followed by an exonuclease reaction as described in the two-step reaction above. In this
experiment, either T5 exonuclease or Exonuclease I1I was used in the exonuclease treatment

step. The resultant error rates were as follows:

[0152] TABLE 2: Error correction assays performed with unpurified recombinant

Mimulus CEL I mature core derived from solubilized membrane extracts.

Gene Error correction Method Error Rate Number of correct clones

NA None 171,572 bp | 12 out of 30 (40%)

NA Unpurified recombinant Mimulus CELT | 1/2,801 bp | 23 out of 42 (55%)

mature core

NA Unpurified recombinant Mimulus CEL1 | 1/2,517bp 10 out of 20 (50%)

mature core + T5 exonuclease

NA Unpurified recombinant Mimulus CELT | 1/ 10,131 bp | 19 out of 23 (83%)

mature core + Exonuclease 111

[0153]  Thus, error correction of the synthetic HA gene using unpurified
recombinant Mimulus CEL I treatment alone provided an error rate improvement of 1/
1,572 bp to 1/ 2,801 bp. Error rates were greatly improved using the two-step error
correction method combining an endonuclease enzyme with an exonuclease enzyme as
disclosed in TABLE 2. In particular, a combination of unpurified recombinant Mimulus
CEL I mature core and Exonuclease III increased the number of correct sequences obtained
from 40% to 83%, and provided an error rate improvement of 1/ 1,572 bp to 1/ 10,131 bp.

[0154]  In another experiment, both unpurified and purified Mimulus CEL 1
endonucleases were tested in two-step error correction assays. In this experiment, an HA
synthetic gene was assembled from oligonucleotides and then subjected to error correction

using Mimulus CEL I endonuclease (42°C, 1 hour), followed by Exonuclease 111 treatment
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(55°C, 1 hour) in a two-step reaction as described in Example 3. The resultant error rates
were as follows:

[0155] TABLE 3: Error correction assays performed with recombinant Mimulus
CEL I mature core purified by Ni-SEPHAROSE® column chromatography (Pharmacia

Fine Chemicals, Piscataway, NJ).

Gene Error correction Method Error Rate Number of correct clones

NA None 1/1,204 bp 8 out of 32 (25%)

NA Unpurified recombinant Mimulus 1/ 3,081 bp 25 out of 42 (59.5%)
CEL I mature core + Exonuclease

II

NA Purified recombinant Mimulus CEL 1 | 1/ 13,570 bp | 33 out of 37 (89%)

mature core + Exonuclease 111

[0156]  Thus, error correction of the synthetic HA gene increased the number of
correct sequences obtained from 25% to 59.5% using unpurified recombinant Mimulus CEL
I mature core alone with an error rate improvement of 1/1,204 bp to 1/ 3,081 bp; and from
25% to 89% with an error rate improvement of 1/1,204 bp to 1/ 13,570 bp using the two-
step error correction method combining an endonuclease enzyme with Exonuclease 111

treatment.
SEQUENCES

Exemplary Endonuclease — RES I

US7078211- SEQ ID NO: 01 - Nucleic Acid Seguence

> RES I_US7078211 SEQIDNO 01
ATGGCAACGACCAAGACGAGCGGGATGGCGCTGGCTTTGCTCCTCGTCGCCGCCCTGGCCG
TGGGAGCTGCGGCCTGGGGGAAAGAGGGCCATCGCCTCACTTGTATGGTCGCCGAGCCCTT
TCTAAGCTCTGAATCCAAGCAAGCTGTGGAGGAGCTTCTCTCTGGAAGAGATCTCCCGGAC
TTGTGTTCATGGGCCGATCAGATTCGAAGATCGTATAAGTTTAGATGGACTGGTCCTTTGC
ACTACATCGATACTCCAGACAACCTCTGCACCTATGACTATGATCGTGACTGCCACGATTC
CCATGGGAAGAAGGACGTGTGTGTCGCTGGTGGGATCAACAATTACTCGTCGCAGCTGGAA
ACGTTTCTAGATTCAGAGAGCTCGTCGTATAACTTGACCGAGGCGCTGCTCTTCCTGGCTC
ACTTTGTCGGGGATATACACCAGCCCTTGCACGTAGCATTTACGAGTGATGCCGGAGGCAA
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TGGCGTGCACGTCCGCTGGTTTGGACGAAAGGCCAACTTGCATCACGTCTGGGATACAGAA
TTTATTTCTAGAGCCAATCGTGTGTACTACCACGACATTTCCAAGATGCTCCGGAACATTA
CCAGGAGCATAACTAAGAAGAATTTCAATAGTTGGAGCAGATGTAAGACTGATCCGGCGGC
TTGTATTGATAGTTATGCGACAGAAAGTATAGATGCTTCTTGCAACTGGGCATACAAAGAC
GCACCCGACGGAAGCTCTCTAGATGATGATTACTTCTCTTCACGCCTTCCAATTGTTGAGC
AGCGTCTTGCTCAAGGGGGCGTCAGGCTGGCGTCAATACTCAACAGGATTTTTGGAGGAGC
AAAGTCGAACAGGTCCAGTCGCTCAAGCATGTAG

UsS7078211- SEQ ID NO: 02 - Amino Acid Sequence

>RES I_US7078211 SEQIDNO 02
MATTKTSGMALALLLVAALAVGAAAWGKEGHRLTCMVAEPFLSSESKQAVEELLSGRDLPD
LCSWADQIRRSYKFRWTGPLHYIDTPDNLCTYDYDRDCHDSHGKKDVCVAGGINNYSSQLE
TEFLDSESSSYNLTEALLFLAHFVGDIHQPLHVAFTSDAGGNGVHVRWEGRKANLHHVWDTE
FISRANRVYYHDISKMLRNITRSITKKNENSWSRCKTDPAACIDSYATESIDASCNWAYKD
APDGSSLDDDYFSSRLPIVEQRLAQGGVRLASILNRIFGGAKSNRSSRSSM

Exemplary Endonuclease — CEL I

US6391557- SEQ ID NO: 03 - Nucleic Acid Seqguence

>CEL I _US6391557_SEQIDNO 03
TACTCACTATAGGGCTCGAGCGCCCGCCCGGGCAGGTATAATATTAGACTTGTACTCAATG
ACAAGCGCCATCTATGAGTTTCATCATGCCTATATATAAACACATGAACCTGTCATTGTTC
ATTTATGCATTATTGTTGTATTAGCTGAAAAATTTCTGGCAAATGACGCGATTATATTCTG
TGTTCTTTCTTTTGTTGGCTCTTGTAGTTGAACCGGGTGTTAGAGCCTGGAGCAAAGAAGG
CCATGTCATGACATGTCAAATTGCGCAGGATCTGTTGGAGCCAGAAGCAGCACATGCTGTA
AAGATGCTGTTACCGGACTATGCTAATGGCAACTTATCGTCGCTGTGTGTGTGGCCTGATC
AAATTCGACACTGGTACAAGTACAGGTGGACTAGCTCTCTCCATTTCATCGATACACCTGA
TCAAGCCTGTTCATTTGATTACCAGAGAGACTGTCATGATCCACATGGAGGGAAGGACATG
TGTGTTGCTGGAGCCATTCAAAATTTCACATCTCAGCTTGGACATTTCCGCCATGGAACAT
CTGATCGTCGATATAATATGACAGAGGCTTTGTTATTTTTATCCCACTTCATGGGAGATAT
TCATCAGCCTATGCATGTTGGATTTACAAGTGATATGGGAGGAAACAGTATAGATTTGCGC
TGGTTTCGCCACAAATCCAACCTGCACCATGTTTGGGATAGAGAGATTATTCTTACAGCTG
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CAGCAGATTACCATGGTAAGGATATGCACTCTCTCCTACAAGACATACAGAGGAACTTTAC
AGAGGGTAGTTGGTTGCAAGATGTTGAATCCTGGAAGGAATGTGATGATATCTCTACTTGC
GCCAATAAGTATGCTAAGGAGAGTATAAAACTAGCCTGTAACTGGGGTTACAAAGATGTTG
AATCTGGCGAAACTCTGTCAGATAAATACTTCAACACAAGAATGCCAATTGTCATGAAACG
GATAGCTCAGGGTGGAATCCGTTTATCCATGATTTTGAACCGAGTTCTTGGAAGCTCCGCA
GATCATTCTTTGGCATGAATTTAGATACTGATATTCGCATTTCTCATGACACCCTTCTCTT
ATGCAATTTGCAGATCAGCTGTGATTCACTAATTGAA

US6391557- SEQ ID NO: 04 - Amino Acid Sequence

>CEL I_US6391557 SEQIDNO 04
MTRLYSVFFLLLALVVEPGVRAWSKEGHVMTCQIAQDLLEPEAAHAVKMLLPDYANGNLSS
LCVWPDQIRHWYKYRWTSSLHEIDTPDQACSEDYQRDCHDPHGGKDMCVAGATIQNEFTSQLG
HFRHGTSDRRYNMTEALLFLSHFMGDIHQPMHVGEFTSDMGGNSIDLRWEFRHKSNLHHVWDR
EITLTAAADYHGKDMHSLLODIQRNFTEGSWLODVESWKECDDISTCANKYAKESTKLACN
WGYKDVESGETLSDKYFNTRMPIVMKRIAQGGIRLSMILNRVLGSSADHSLA

Exemplary Endonucleases — CEL II

US7560261- SEQ ID NO: 05 - Nucleic Acid Seguence

>CEL II US7560261 SEQIDNO 05
ATGGGTATGTTGACTTATACTGGAATTTATTTTCTGCTATTACTTCCAAGTGTTTTCTGTT
GGGGAAAACAAGGACATTTTGCAATTTGTAAAATTGCCCAGGGGTTCCTTAGTARAAGATGC
ACTGACTGCAGTGAAAGCATTGCTCCCAGAATATGCAGATGGTGATCTAGCAGCTGTTTGC
TCCTGGGCTGACGAGGTTCGATTTCATATGCGTTGGAGTAGCCCATTACATTATGTGGACA
CGCCTGATTTCAGGTGTAACTATAAATACTGTAGAGATTGCCATGATTCTGTTGGACGGAA
AGACCGGTGTGTTACTGGAGCAATTCACAACTACACAGAGCAACTTCTATTGGGTGTTCAT
GACTTGAATTCAAAAATGAATAACAACTTGACGGAGGCACTTATGTTCTTATCACATTTCG
TTGGTGATGTCCATCAGCCTCTACATGTTGGCTTCCTTGGCGATGAAGGAGGAAACACAAT
CACCGTCCGCTGGTATCGGAGGAAAACCAATTTGCATCATGTATGGGACACAATGATGATT
GAATCCTCCTTGAAGACATTCTACAATTCAGATCTTTCTAGCTTAATACAAGCTATTCAGA
GCAATATTACAGGTGTCTGGCTTACCGACAGCTTATCTTGGAGCAATTGCACTGCTGATCA
TGTGGTTTGTCCAGACCCGTATGCTTCTGAAAGCATTGAGTTGGCCTGCAAGTTTGCCTAC
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AGAAATGCCACACCTGGGACCACTTTAGGAGATGAGTACTTCCTCTCTCGGTTGCCTGTTG
CGGAGAAGAGGTTGGCTCAGGCTGGGGTCCGTTTGGCTGCTACTCTTAACCGAATCTTCAC
TTCAAACCCCAGCGATCTCACAAGATTGAATATGCATAATGGTGGACATAGAAGCAGTAAC
AATATTGAAATAGTGTAA

US7560261- SEQ ID NO: 06 - Amino Acid Sequence

>CEL II_US7560261 SEQIDNO 06
MGMLTYTGIYFLLLLPSVFCWGKQGHFATCKIAQGFLSKDALTAVKALLPEYADGDLAAVC
SWADEVRFHMRWSSPLHYVDTPDERCNYKYCRDCHDSVGRKDRCVTGATHNYTEQLLLGVH
DLNSKMNNNLTEALMEFLSHEVGDVHQPLHVGFLGDEGGNTITVRWYRRKTNLHHVWDTMMI
ESSLKTFYNSDLSSLIQATIQSNITGVWLTDSLSWSNCTADHVVCPDPYASESIELACKFAY
RNATPGTTLGDEYFLSRLPVAEKRLAQAGVRLAATLNRIFTSNPSDLTRLNMHNGGHRSSN
NIETIV

US7560261- SEQ ID NO: 07 - Nucleic Acid Seguence

>CEL II _US7560261 SEQIDNO 07
TGGGGAAAACAAGGACATTTTGCAATTTGTAAAATTGCCCAGGGGTTCCTTAGTAAAGATG
CACTGACTGCAGTGAAAGCATTGCTCCCAGAATATGCAGATGGTGATCTAGCAGCTGTTTG
CTCCTGGGCTGACGAGGTTCGATTTCATATGCGTTGGAGTAGCCCATTACATTATGTGGAC
ACGCCTGATTTCAGGTGTAACTATAAATACTGTAGAGATTGCCATGATTCTGTTGGACGGA
AAGACCGGTGTGTTACTGGAGCAATTCACAACTACACAGAGCAACTTCTATTGGGTGTTCA
TGACTTGAATTCAAAAATGAATAACAACTTGACGGAGGCACTTATGTTCTTATCACATTTC
GTTGGTGATGTCCATCAGCCTCTACATGTTGGCTTCCTTGGCGATGAAGGAGGAAACACAA
TCACCGTCCGCTGGTATCGGAGGAAAACCAATTTGCATCATGTATGGGACACAATGATGAT
TGAATCCTCCTTGAAGACATTCTACAATTCAGATCTTTCTAGCTTAATACAAGCTATTCAG
AGCAATATTACAGGTGTCTGGCTTACCGACAGCTTATCTTGGAGCAATTGCACTGCTGATC
ATGTGGTTTGTCCAGACCCGTATGCTTCTGAAAGCATTGAGTTGGCCTGCAAGTTTGCCTA
CAGAAATGCCACACCTGGGACCACTTTAGGAGATGAGTACTTCCTCTCTCGGTTGCCTGTT
GCGGAGAAGAGGTTGGCTCAGGCTGGGGTCCGTTTGGCTGCTACTCTTAACCGAATCTTCA
CTTCAAACCCCAGCGATCTCACAAGATTGAATATGCATAATGGTGGACATAGAAGCAGTAA
CAATATTGAAATAGTGTAA
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US7560261- SEQ ID NO: 08 — Amino Acid Sequence

>CEL II _US7560261 SEQIDNO 08
WGKQGHFATICKIAQGFLSKDALTAVKALLPEYADGDLAAVCSWADEVRFHMRWSSPLHYVD
TPDFRCNYKYCRDCHDSVGRKDRCVTGATIHNYTEQLLLGVHDLNSKMNNNLTEATMFLSHE
VGDVHQPLHVGFLGDEGGNTITVRWYRRKTNLHHVWDTMMIESSLKTEFYNSDLSSLIQATQ
SNITGVWLTDSLSWSNCTADHVVCPDPYASESTELACKFAYRNATPGTTLGDEYFLSRLPV
AEKRLAQAGVRLAATLNRIFTSNPSDLTRLNMHNGGHRSSNNIETIV

Exemplary Endonucleases — CEL I Variant - Mimulus guttatus

Nucleic Acid Sequence SEQ ID NO: 09
ATGCAGATGTCGATTTCACGAGGAATTTTTGTTTCTTATTTTGCTTTATTTCTTTGTGTTT
GTGTTGTTTATGAACCTTGTGTCCAGGCATGGAGTAAAGAAGGTCATTCCATGACATGCAA
AATTGCTCAGGATTTGCTGGGACCAGAGGCGAAGCATGCTGTCCAAATGCTGTTACCTGAA
AATGTTAATGGTGATTTATCGGCACTTAGCGTGTGGCCTGACCAAGTAAGACACTGGTATA
AGTACCGTTGGACGAGCCCTCTTCACTTCATAGACACACCAGATCAAGCCTGTAATTTCAA
TTATCAGAGGGATTGCCATGATCCACATGGTGTTAAGGGTATGTGTGTAGCGGGGGCAATT
CAGAACTTCACCAATCAGCTTTCGCATTATCGGCACGGAACCTCTGATCGACGCTATAATA
TGACAGAGGCCTTGTTGTTCTTGGCACACTTCATGGGAGATATTCATCAGCCACTGCATGT
TGGATTCACGAGTGACGAAGGAGGAAACACTATAGACTTGCGCTGGTTCAGACACAAGTCA
AATCTGCACCATGTATGGGACAGAGAGATAATTCTTACAGCTGCAGCAGATTACTACGGAA
AGGACATTGACCTCCTGCAAGAAGACATTAAGGGAAACTTCACTGATGGAATCTGGTCTGG
TGATCTTGCCTCTTGGAGGGAATGCAGTGATATATTTTCTTGTGTCAACAAGTATGCTGCT
GAGAGTATAAACATGGCCTGCAAATGGGGTTACAAAGATGTTAAATCAGGGGACACTCTTT
CAGATGATTACTTTAATTCAAGATTGCCGATTGTTATGAAACGCATAGCTCAGGGTGGAGT
CCGTTTAGCTATGATTTTGAACCGGGTTTTCGGTGATAGCAAAGAGGATTCCTTAATTGCT
ACTTAA

Amino Acid Sequence SEQ ID NO: 10

MOMSISRGIFVSYFALFLCVCVVYEPCVOAWSKEGHSMTCKIAQDLLGPEAKHAVOMLL PE
NVNGDLSALSVWPDOQVRHWYKYRWTSPLHEIDTPDQACNENYQRDCHDPHGVKGMCVAGAT
ONFTNQLSHYRHGTSDRRYNMTEALLFLAHFMGDIHQPLHVGEFTSDEGGNT IDLRWEFRHKS
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NLHHVWDREITILTAAADYYGKDIDLLOEDIKGNFTDGIWSGDLASWRECSDIFSCVNKYAA
ESINMACKWGYKDVKSGDTLSDDYENSRLPIVMKRIAQGGVRLAMILNRVEFGDSKEDSLIA
T

Amino Acid Sequence for insect cell expression SEQ ID NO: 11

MKELVNVALVFMVVYISYIYAWSKEGHSMTCKIAQDLLGPEAKHAVOMLLPENVNGDLSAL

SVWPDQVRHWYKYRWTSPLHFIDTPDQACNENYQRDCHDPHGVKGMCVAGATIQONFTNQLSH
YRHGTSDRRYNMTEALLFLAHFMGDIHQPLHVGFTSDEGGNTIDLRWFRHKSNLHHEVWDRE
IILTAAADYYGKDIDLLQEDIKGNFTDGIWSGDLASWRECSDIFSCVNKYAAESINMACKW
GYKDVKSGDTLSDDYFNSRLPIVMKRIAQGGVRLAMILNRVFGDSKEDSLIATGSHHHHHH
HHG

Underlined - honeybee melittin secretion signal;

polyhistidine tag with linkers

Exemplary Endonucleases — CEL I Variant - Solanum tuberosum

Nucleic Acid Sequence SEQ ID NO: 12
ATGTTGAGGTTAACTTCATTAAGCATTATTTTCTTTCTCTGTCTTGCTTTTATCAACCATC
ATGGTGCTGAAGCATGGAGCAAAGAGGGGCATATGATGACATGTCGCATCGCGCAGGGCTT
GTTGAATGATGAGGCAGCTCATGCAGTCAAGATGTTGTTGCCGGAATATGTTAACGGCGAC
TTATCGGCCCTCTGTGTGTGGCCGGATCAAGTCCGGCACTGGTATAAGTATAAATGGACAA
GCCCTCTACACTTCATTGATACACCAGATAAAGCTTGCAACTTTGATTATGAAAGGGACTG
TCATGATCAACATGGAGTGAAGGATATGTGTGTTGCTGGTGCAATTCAGAACTTTACTACT
CAACTCTCTCATTACAGAGAGGGAACTTCTGATCGTCGATATAATATGACAGAGGCCTTGC
TGTTCTTGTCACATTTTATGGGAGATATCCATCAACCAATGCATGTTGGCTTTACAAGTGA
TGCTGGAGGAAATAGTATTGATTTACGCTGGTTTAGGCATAAATCGAACTTGCACCATGTG
TGGGATAGGGAGATAATTCTAACAGCTGCTAAAGACTACTATGCAAAGGATGTAAACCTCC
TTGAAGAAGACATTGAAGGAAACTTCACTGACGGAATTTGGTCTGATGATCTTGCTTCTTG
GAGAGAATGTGGCAATGTCTTTTCTTGTGTAAACAAGTTTGCAACGGAAAGTATAAATATA
GCATGCAAATGGGGATACAAAAGTGTTGAAGCTGGTGAAACTTTATCAGATGATTATTTCA
ATTCAAGACTTCCAATAGTGATGAAACGAGTAGCACAAGGTGGAATACGATTAGCCATGCT
TTTAAACAACGTTTTTGGAGTTTCTCAACAAGAAGATTCAGTTGCTGCAACTTAA
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Amino Acid Sequence SEQ ID NO: 13
MLRLTSLSITFFLCLAFINHHGAEAWSKEGHMMTCRIAQGLLNDEAAHAVKMLLPEYVNGD
LSALCVWPDOQVRHWYKYKWTSPLHEIDTPDKACNFDYERDCHDQHGVKDMCVAGATQONETT
QLSHYREGTSDRRYNMTEALLFLSHFMGDIHQPMHVGETSDAGGNSIDLRWFRHKSNLHHV
WDREITILTAAKDYYAKDVNLLEEDIEGNFTDGIWSDDLASWRECGNVESCVNKFATESTINT
ACKWGYKSVEAGETLSDDYFNSRLPIVMKRVAQGGIRLAMLLNNVEGVSQQEDSVAAT

Exemplary Endonucleases — CEL I Mature Core Sequence

Amino Acid Sequence SEQ ID NO: 14
WSKEGHSMTCKIAQDLLGPEAKHAVOMLLPENVNGDLSALSVWPDOQVRHWYKYRWTSPLHE
IDTPDQACNENYQRDCHDPHGVKGMCVAGAIQNEFTNQLSHYRHGTSDRRYNMTEALLFLAH
FMGDIHQPLHVGEFTSDEGGNTIDLRWFRHKSNLHHVWDRETITLTAAADYYGKDIDLLOEDT
KGNEFTDGIWSGDLASWRECSDIFSCVNKYAAESTNMACKWGYKDVKSGDTLSDDYEFNSRLP
IVMKRIAQGGVRLAMILNRVEGDSKEDSLIAT

Exemplary Endonucleases — CEL II Variant - Vitis vinifera

Nucleic Acid Sequence SEQ ID NO: 15

ATGTGGGGAAAGGAAGGACACTATGCAGTTTGTAAAATAGCTGAGGGGTTCCTTTCTGAAG
ATGCATTAGGAGCAGTGAAAGGATTGCTTCCAGATTATGCTGATGGTGATCTGGCTGCCGT
TTGCTCCTGGGCTGATGAGATTCGTCACAACTTCCATTGGCGATGGAGTGGCCCTTTACAT
TATGTAGATACACCAGATTACAGGTGTAATTATGAATACTGCAGAGACTGCCATGACTTCA
GAGGACACAAAGATATATGTGTAACTGGAGCAATTTACAACTACACAAAGCAACTCACTTC
TGGTTATCACAATTCAGGTTCAGAAATAAGATACAATTTGACAGAGGCCCTCATGTTCTTA
TCAGATTTTATTGGGGATGTCCATCAGCCCCTACATGTTGGTTTTACTGGAGATGAAGGTG
GGAACACAATAATAGTCCGTTGGTACCGGAGGAAGACTAATTTGCATCATATATGGGATGA
CATGATCATTGATTCCGCCTTGAAGACATATTACAATTCAGATATTGCAATCATGATACAA
GCCATTCAAAGAAATATTACAGGTGACTGGTCCTTTGATATCTCATCATGGAAAAATTGTG
CATCTGATGATACGGCTTGTCCAAACCTGTATGCGTCTGAAGGCATTAGTTTAGCTTGCAA
GTTTGCTTACAGAAATGCCACACCAGGAAGCACTCTAGGAGATGATTACTTCCTGTCTCGG
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CTACCAATTGTGGAGAAGAGGCTAGCCCCGAGTGGGATCCGCCTGGCTGCCACCCTTAACC
GTATCTTTGCTTCTCAAGGCAAGAGAGCTAAAGCATGA

Amino Acid Sequence SEQ ID NO: 16
MWGKEGHYAVCKIAEGFLSEDALGAVKGLLPDYADGDLAAVCSWADE IRHNFHWRWSGPLH
YVDTPDYRCNYEYCRDCHDFRGHKDICVTGATIYNYTKQLTSGYHNSGSETIRYNLTEATLME'L
SDEIGDVHQPLHVGEFTGDEGGNTI IVRWYRRKTNLHHIWDDMI IDSATKTYYNSDIATMIQ
ATQRNITGDWSEFDISSWKNCASDDTACPNLYASEGISLACKFAYRNATPGSTLGDDYFLSR
LPIVEKRLAPSGIRLAATLNRIFASQGKRAKA

Amino Acid Sequence for insect cell expression SEQ ID NO: 17

MKELVNVALVFMVVYISYIYAWGKEGHYAVCKIAEGFLSEDALGAVKALLPDYAEGDLAAV

CSWADETRHNFHWRWSGPLHYVDTPDYRCNYEYCRDCHDFRGHKDICVTGAIYNYTKQLTS
GYHNSGSEIRYNLTEALMFLSHEIGDVHQPLHVGETGDEGGNTIIVRWYRRKTNLHHIWDN
MIIDSALKTYYNSDLAIMIQATIQRNITGDWSEDISSWKNCASDDTACPNLYASESISLACK
FAYRNATPGSTLGDDYFLSRLPIVEKRLAQGGIRLAATLNRIFASQPKISLKHEDKRVEKT
TPVDYIEWSPLOOFSGSHHHHHHHHG

Underlined - honeybee melittin secretion signal;

polyhistidine tag with linkers

Exemplary Endonucleases - CEL II Variant - Chocolate pots

Nucleic Acid Sequence SEQ ID NO: 18

ATGACTTGGGGATTTTGGGCACATCGGCAAATACATCGCCAAGCCGTTTATCTTATGCCTT
CGCCCGTGGCAGAGTTCTTTCGCGCAAATGTTCAAGAACTTGTCGACCGCTCGGTTGAAGC
CGATGAACGCCGACGCATAGACCCCAACGAAGCTCCGCAACACTTCATTGATTTAGACCGC
TACGGTGCCTATCCTTTTGAACAACTTCCGAGAGATTATGAAAAAGCCGTTGAGAAATTCG
GCTATGAGCGGCTGAAAGAAAATGGACTTGTGCCGTGGCGCATTGCCGCCTTTGCCGATAG
CCTCACCAACGCATTTCGGGAGCAGAACCGCGAAAARAATTTTATACTTCGCCGCAAATTTA
GGGCATTATGTCGCCGATGCTAACGTGCCACTTCATGCCACCGAAAACTACGACGGACAAC
TCACAGGGCAAAAAGGATTGCACGCACGTTGGGAAACTATTTATCCTCAAAAGTTTATGCT
CCCACGAGAAACCACCTATCTCGAAAACGGGAGCATCTTTATCATTGACAACATCACCGAA
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GAAGCCTTCAACTGGTCATTAGAAAGTTATGTATTGAGCCAACAAGTTTTGGCGATTGATA
AGCAAATTCAATCGGAATTGTCAGAAGAAGAATTGTATGAGTTAAATTCATCAGACGCGCC
GCCATTTCGTCGCGATTTTTCACAACGCTATTATGAAAAACTCAAAGAAAAATTGAATCAA
ATGGTTGAAAAATGCTTTGAGTTAAGCGTCATTAGGGTAGCGTCAGTTTGGTATTTTTCTT
GGTTAAAAGCAGAAAAACCGAATTTATTTAACTTATTAAAAAATTGA

Amino Acid Sequence SEQ ID NO: 19
MTWGEFWAHRQTITHRQAVYTLMPSPVAEFFRANVOQELVDRSVEADERRRIDPNEAPQHFIDLDR
YGAYPFEQLPRDYEKAVEKFGYERLKENGLVPWRIAAFADSLTNAFREQNREKILYFAANL
GHYVADANVPLHATENYDGOQLTGOKGLHARWETIYPOQKFMLPRETTYLENGSIFIIDNITE
EAFNWSLESYVLSQOVLAIDKOQIQSELSEEELYELNSSDAPPFRRDFSQRYYEKLKEKLNQ
MVEKCFELSVIRVASVWYFSWLKAEKPNLENLLKN

Exemplary Endonucleases — CEL II Variant - Obsidian pool

Nucleic Acid Sequence SEQ ID NO: 20
ATGTTTTGGGCACATCAAAAAGTCAACGAGCATGCCATTGATTTATTACCCGAGCCACTCC
GCAGTTTTTATGAACAARATAAGGAATACATAGTTAAGGAGTCGGTCGCCCCTGATCTCAG
GCGTGCAGAAAACAAGGAAGAAGGTTATTATCACTATATGGATCTCGATAAATATGGTGAA
TATCCGTTCAAGAATTTGCCAGAAAACTACGACGACGCAGTAAAAAGGTTTGGTTACGATA
CTGTTCTCAAGAACGGAATTGTGCCGTGGAAGGTAARATGGTTGACAGACAGTTTGAGTCA
AGCTATGGAGAGAAAGGATGTGCCACAGGTCTTAAGACTTTCAGCCGACCTTGGTCATTAT
GTTGCTGACATGCATGTTCCATTTCATTCGACAGAARATTATGATGGACAGCTGACAGGCA
ACATAGGAATACACTTCAGATGGGAAAGCGGCATTCCAGAACATTTTGGAACAAATTACAA
CTATGAGGGAATAGAGCCCGCTGTTTACTTCAAGCATCCTGATAAAAAGGCATTTGAGATA
CTGACTATGAGTTACAAGTTGATTCTACCTTCTCTCAAGGCTGATAGTCTTGCAAAAGTTG
GATTGAATGGAAAGAGACTTTATAAAGTTGAGAGAGAAGACGGTAAAAAAGTTTACGTTTA
TTCAAACGAGTATTATGAGAAGTTCAACAAAAACCTTGGTGGTATTGTAGAATCGCAGATG
AGGCTGGCAATCCATGATGTTGCAAGCTACTGGTATACTGCATGGGTAAATGCCGGTAAAC
CAAAGTTTTGGTAA



WO 2013/116771 PCT/US2013/024496

63

Amino Acid Sequence SEQ ID NO: 21
MEFWAHQKVNEHATIDLLPEPLRSFYEQNKEY IVKESVAPDLRRAENKEEGYYHYMDLDKYGE
YPFKNLPENYDDAVKRFGYDTVLKNGIVPWKVKWLTDSLSQAMERKDVPOQVLRLSADLGHY
VADMHVPFHSTENYDGQLTGNIGIHFRWESGIPEHFGTNYNYEGIEPAVYFKHPDKKAFET
LTMSYKLILPSLKADSLAKVGLNGKRLYKVEREDGKKVYVYSNEYYEKENKNLGGIVESQM
RLATHDVASYWYTAWVNAGKPKEW

Exemplary Endonucleases — CEL II Variant — Vitis vinjifera

Nucleic Acid Sequence SEQ ID NO: 22

ATGGCTTGGTCTGGGGTCTTGTTGATTGTGAGGGCACTTGTTCTTCTGCAATTGATTCCTG
GAATTCTGAGTTGGGGAAAGGAAGGACACTATGCAGTTTGTAAAATAGCTGAGGGGTTCCT
TTCTGAAGATGCATTAGGAGCAGTGAAAGCATTGCTTCCAGATTATGCTGAAGGTGATCTG
GCTGCGGTTTGCTCCTGGGCTGATGAGATTCGTCACAACTTCCATTGGCGATGGAGTGGCC
CTTTACATTATGTAGATACGCCAGATTACAGGTGTAACTATGAATACTGCAGAGACTGCCA
TGACTTCAGAGGACACAAAGATATATGTGTAACTGGAGCAATTTACAATTACACAAAGCAA
CTCACTTCTGGTTATCACAATTCAGGTTCAGAAATAAGATACAATTTGACAGAGGCACTCA
TGTTCTTATCACATTTTATTGGGGATGTCCATCAGCCCCTACATGTTIGGTTITTACTGGAGA
TGAAGGTGGGAACACAATAATAGTCCGTTGGTACCGGAGGAAGACTAATTTGCATCATATA
TGGGATAACATGATCATTGATTCCGCCCTGAAGACATATTACAATTCAGATCTTGCAATCA
TGATACAAGCCATTCAAAGAAATATTACGGGTGATTGGTCCTTTGATATCTCATCATGGAA
AAATTGTGCATCTGATGATACGGCTTGTCCAAACCTGTATGCTTCTGAAAGCATTAGTTTA
GCTTGCAAGTTTGCTTACAGAAATGCCACACCAGGAAGCACTCTAGGAGATGATTACTTCC
TGTCTCGGCTACCAATTGTGGAGAAGAGGCTAGCCCAAGGTGGGATCCGCCTGGCTGCCAC
CCTTAACCGTATCTTTGCTTCTCAACCAAAAATCTCTCTCAAGCATGAAGATAAAAGGGTA
GAGAAAACAACTCCAGTGGATTATATAGAGTGGAGCCCACTGCAACAATTTTCATAA

Amino Acid Sequence SEQ ID NO: 23

MAWSGVLLIVRALVLLOLIPGILSWGKEGHYAVCKIAEGFLSEDALGAVKALLPDYAEGDL
AAVCSWADETRHNFHWRWSGPLHYVDTPDYRCNYEYCRDCHDEFRGHKDICVTGAIYNYTKQ
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LTSGYHNSGSEIRYNLTEALMELSHEIGDVHQPLHVGETGDEGGNTIIVRWYRRKTNLHHT
WDNMIIDSALKTYYNSDLAIMIQATQORNITGDWSEDISSWKNCASDDTACPNLYASESISL
ACKFAYRNATPGSTLGDDYFLSRLPIVEKRLAQGGIRLAATLNRIFASQPKISLKHEDKRYV
EKTTPVDYIEWSPLQOES

Exemplary Endonucleases — CEL II Variant — Solanum

Nucleic Acid Sequence SEQ ID NO: 24

ATGGGTGGGTTTGAGCTCAAATGGTTTGTAGGAGTAGCTGTTGTTCTGATGATGGTTCARAA
ATATTCTTGGTTGGGGGAAAGAGGGACACTATATTATCTGCAAAATTGCTGAGGAATATCT
AACAGAAGATGCTTTAGCTGCAGTCAAAGCATTACTCCCAGATCAAGCCGAAGGTGATCTT
GCAGCTGTCTGCTCCTGGCCTGATGAGGTTCGGCGCCACTACCACTACCGCTGGAGCTCTC
CATTACATTATGTAGATACACCTGATTTCTTGTGCAATTACAAATATTGCCGAGACTGCCA
TGACGGGCATGGGCTCAAGGACAGGTGTGTTACGGGAGCAATATACAACTACTCAATGCAA
CTTTCGCAGGGATATTATGATTTGAATTCAGAAAAATACAACTTGACTGAAGCACTTATGT
TCTTGTCTCATTTTGTTGGTGACGTACATCAGCCTCTCCATGTTGGTTTCACTGGAGATCT
TGGTGGAAACAGTATAATTGTTCGTTGGTACAGGAGGAAGACTAATTTGCACCATGTATGG
GATAACATGATTATTGAATCTGCGTTGAAGACATACTACAAATCTGATATAATGTTAATGA
CACAAGTTCTTCTGAAAAACATCACTCATGAATGGTCCGATGATGTTCCATCTTGGGAAGA
TTGCAAGGAGATGGTTTGTCCTGACCCATATGCTTCTGAAAGTATCCGTTTGGCCTGCARAA
TTTGCCTACAGAAATGCAACCCCGGGAAGCACTTTAACAGACGATTACTTCCTCTCTCGTC
TTCCTGTTGTGGAGAAGAGGTTGGCACAAGGTGGGGTCCGCTTGGCCGAAGTTCTCAACAG
AATTTTCACTAAAARACCATCAGATGCTGCACAATGA

Amino Acid Sequence SEQ ID NO: 25

MGGFELKWEVGVAVVLMMVONTILGWGKEGHYITICKIAEEYLTEDALAAVKALLPDQAEGDL
AAVCSWPDEVRRHYHYRWSSPLHYVDTPDEFLCNYKYCRDCHDGHGLKDRCVTGAIYNY SMO
LSOGYYDLNSEKYNLTEALMELSHEVGDVHOPLHVGETGDLGGNS I IVRWYRRKTNLHHVW
DNMITIESALKTYYKSDIMILMTOQVLLKNITHEWSDDVPSWEDCKEMVCPDPYASESIRLACK
FAYRNATPGSTLTDDYFLSRLPVVEKRLAQGGVRLAEVLNRIFTKKPSDAAQ
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Exemplary Endonucleases — CEL II Variant — Medicago

Nucleic Acid Sequence SEQ ID NO: 26

ATGATCACGCTCTTAGTTCCGTTGCTGCTATCACTCGCGTTGCCAAATGTTCTGGCTTGGG
GAAAAGATGGTCACTATGCAATTTGTAAAATTTCACAGGAGTATCTTAGTGAAGATGCTCT
ATTTGCAGTCAAACAATTACTTCCAGATTCTGCTCAAGCTGATCTTGCTTCAGTTTGCTCT
TGGCCTGATGAGATTCGCCATAATTACCATTATCGTTGGAGTAGTCCTTTACATTATATTG
ATACACCAGATTTCAAATGTAACTATCAATATTGCAGAGACTGTCATGATTCTTATGGACA
TAAGCATAGATGCGTTACTGGAGCAATATACAATTATACAATGCAATTAAAATTAGCTAAC
GCCGATGCTTCATCTGAATTAAAATATAACTTGACAGAGGCACTTATGTTCTTGTCACATT
TTGTTGGAGATGTTCATCAGCCCCTACATGTTGGTTTTACTGGAGACCTAGGTGGAAACTC
AATAACAGTTCGTTGGTACAGGAGGAAAACAAATCTTCATCACGTATGGGATAACATGATT
ATTGAGTCTGCTCTGAAAAAGTTCTATGGTTCAGATCTTTCAACTATGATACAGGCTATTC
AAAGGAATATTAGTGATATTTGGTCAAATGATGTATCTATTTGGGAACATTGTGCACACAA
CCACACAGCATGTCCAGACCGGTATGCTTCTGAGAGTATTAGCTTGGCATGCAAGTTTGCG
TATAAGAATGCTACACCGGGAAGCACTTTGGAAGATGACTACTTCCTTTICTCGGTTGCCTA
TTGTGGAGAAAAGGCTGGCTCAAGGTGGTGTGCGACTTGCAGCTATCCTCAACCACATTTT
CACTCCGAAGACCAGAATAGCTCAAGCTTAA

Amino Acid Sequence SEQ ID NO: 27

MITLLVPLLLSLALPNVLAWGKDGHYAICKISQEYLSEDALFAVKQLLPDSAQADLASVCS
WPDEIRHNYHYRWSSPLHYIDTPDFKCNYQYCRDCHDSYGHKHRCVTGATYNY TMOLKLAN
ADASSELKYNLTEALMFLSHEVGDVHQPLHVGEFTGDLGGNSITVRWYRRKTNLHHVWDNMI
IESALKKEFYGSDLSTMIQATIQRNISDIWSNDVSIWEHCAHNHTACPDRYASESISLACKEA
YRKNATPGSTLEDDYFLSRLPIVEKRLAQGGVRLAAILNHIFTPKTRIAQA
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Exemplary Endonucleases — CEL II Variant Mature Core Sequence

Amino Acid Sequence SEQ ID NO: 28
WGKEGHYAVCKIAEGFLSEDALGAVKGLLPDYADGDLAAVCSWADE IRHNFHWRWSGPLHY
VDTPDYRCNYEYCRDCHDFRGHKDICVTGAIYNYTKQLTSGYHNSGSEIRYNLTEALMELS
DFIGDVHQPLHVGFTGDEGGNTIIVRWYRRKTNLHHIWDDMIIDSALKTYYNSDIATIMIQA
IQRNITGDWSFDISSWKNCASDDTACPNLYASEGISLACKFAYRNATPGSTLGDDYFLSRL
PIVEKRLAPSGIRLAATLNRIFASQGK

Exemplary Endonucleases — CEL II Variant Mature Core Sequence

Amino Acid Sequence SEQ ID NO: 29
WGKEGHYAVCKIAEGFLSEDALGAVKALLPDYAEGDLAAVCSWADE IRHNFHWRWSGPLHY
VDTPDYRCNYEYCRDCHDFRGHKDICVTGAIYNYTKQLTSGYHNSGSEIRYNLTEALMELS
HEIGDVHQPLHVGEFTGDEGGNTI IVRWYRRKTNLHHIWDNMITIDSALKTYYNSDLATMIQA
IQRNITGDWSFDISSWKNCASDDTACPNLYASESTISLACKFAYRNATPGSTLGDDYFLSRL
PIVEKRLAQGGIRLAATLNRIFASQPK

Codon-Optimized Mature Core Region of Mimulus guttatus CEL I

Nucleic acid Sequence SEQ ID NO: 30

TGGAGTAAGGAGGGACATAGCATGACATGTAAGATAGCCCAGGACTTGTTGGGTCCCGAAG
CCAAACACGCCGTGCAAATGTTGTTGCCTGAAAATGTGAACGGCGACCTAAGCGCCTTGTC
GGTGTGGCCGGACCAAGTGAGACACTGGTACAAATACAGATGGACCTCCCCTTTGCACTTC
ATTGACACCCCCGATCAGGCTTGCAACTTTAACTACCAGAGAGACTGCCATGACCCGCACG
GTGTAAAAGGCATGTGCGTTGCCGGTGCCATTCAAAATTTCACGAACCAATTGTCGCACTA
CAGACACGGCACGTCGGACAGACGTTACAACATGACGGAGGCCTTGTTGTTTTTGGCCCAC
TTTATGGGCGATATTCATCAGCCGTTGCACGTGGGCTTCACGTCAGACGAAGGCGGCAACA
CGATTGACTTGAGATGGTTTCGCCACAAGAGCAACTTGCATCACGTATGGGATCGAGAAAT
TATCCTAACTGCCGCTGCGGACTACTACGGAAAGGACATCGACCTACTCCAGGAGGATATC
AAAGGCAATTTTACTGACGGCATCTGGTCGGGCGATTTGGCCTCGTGGAGAGAATGTTCGG
ACATTTTTTCGTGTGTGAACAAGTACGCTGCCGAATCCATAAACATGGCTTGTAAATGGGG
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CTACAAGGATGTGAAATCGGGTGACACGCTCTCGGACGACTATTTCAACAGTCGTCTCCCG
ATCGTAATGAAAAGAATCGCTCAAGGAGGCGTTCGCTTAGCAATGATTCTCAACAGAGTAT
TCGGTGATAGCAAAGAGGACAGCTTGATTGCCACG

Codon-Optimized Expression Cassette for Insect Cell

Expression of Mimulus guttatus CEL I

Nucleic acid Sequence SEQ ID NO: 31
ACCATGAAGTTCTTGGTCAACGTAGCACTGGTTTTTATGGTAGTCTATATCAGCTACATTT
ACGCGTGGAGTAAGGAGGGACATAGCATGACATGTAAGATAGCCCAGGACTTGTTGGGTCC
CGAAGCCAAACACGCCGTGCAAATGTTGTTGCCTGAAAATGTGAACGGCGACCTAAGCGCC
TTGTCGGTGTGGCCGGACCAAGTGAGACACTGGTACAAATACAGATGGACCTCCCCTTTGC
ACTTCATTGACACCCCCGATCAGGCTTGCAACTTTAACTACCAGAGAGACTGCCATGACCC
GCACGGTGTAAAAGGCATGTGCGTTGCCGGTGCCATTCAAAATTTCACGAACCAATTGTCG
CACTACAGACACGGCACGTCGGACAGACGTTACAACATGACGGAGGCCTTGTTGTTTTTGG
CCCACTTTATGGGCGATATTCATCAGCCGTTGCACGTGGGCTTCACGTCAGACGAAGGCGG
CAACACGATTGACTTGAGATGGTTTCGCCACAAGAGCAACTTGCATCACGTATGGGATCGA
GAAATTATCCTAACTGCCGCTGCGGACTACTACGGAAAGGACATCGACCTACTCCAGGAGG
ATATCAAAGGCAATTTTACTGACGGCATCTGGTCGGGCGATTTGGCCTCGTGGAGAGAATG
TTCGGACATTTTTTCGTGTGTGAACAAGTACGCTGCCGAATCCATAAACATGGCTTGTAAA
TGGGGCTACAAGGATGTGAAATCGGGTGACACGCTCTCGGACGACTATTTCAACAGTCGTC
TCCCGATCGTAATGAARAAGAATCGCTCAAGGAGGCGTTCGCTTAGCAATGATTCTCAACAG
AGTATTCGGTGATAGCAAAGAGGACAGCTTGATTGCCACGGGCTCGCACCATCACCACCAT
CACCACCACGGTTGATAA

Codon-Optimized Mature Core Region of Vitis vinifera CEL II

Nucleic acid Sequence SEQ ID NO: 32

TGGGGCAAAGAAGGCCACTACGCCGTGTGTAAGATTGCGGAGGGCTTTTTGTCGGAAGACG
CATTGGGAGCGGTCAAAGCCTTGTTGCCGGACTACGCGGAAGGCGACTTGGCAGCCGTATG
TAGCTGGGCCGACGAGATCAGACACAACTTTCACTGGAGATGGTCGGGCCCACTGCATTAC
GTCGACACGCCGGATTACAGATGCAACTACGAGTACTGCCGCGACTGTCACGACTTCAGAG
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GCCACAAAGACATTTGCGTCACGGGCGCGATATACAACTACACGAAACAATTGACGTCGGG
CTACCACAACAGTGGCTCCGAGATTCGATACAACCTCACGGAGGCCTTGATGTTCCTCTCG
CATTTCATTGGCGACGTGCACCAACCGCTGCATGTGGGCTTTACGGGCGATGAAGGCGGAA
ATACGATCATTGTCCGTTGGTACCGCAGAAAGACCAACCTCCACCACATATGGGACAACAT
GATCATCGACTCGGCGTTGAAGACCTACTACAACAGCGACCTGGCCATAATGATCCAGGCG
ATTCAAAGAAACATCACCGGCGATTGGTCCTTTGACATCAGCAGCTGGAAGAACTGTGCCA
GTGACGACACTGCTTGTCCGAACCTATACGCGTCGGAGAGCATCTCGTTGGCCTGTAAATT
TGCCTACAGAAATGCCACCCCCGGTTCGACGCTGGGCGACGACTACTTCTTGTCGCGATTG
CCGATTGTTGAAAAACGCCTCGCCCAAGGCGGTATTAGATTGGCCGCCACCTTGAACCGTA
TTTTTGCCTCGCAACCGAAAATCTCGCTGAAACACGAAGACAAGAGAGTCGAGAAGACGAC
GCCGGTAGACTACATCGAGTGGTCGCCATTGCAACAGTTCAGC

Codon-Optimized Expression Cassette for Insect Cell

Expression of Mimulus guttatus CEL I

Nucleic acid Sequence SEQ ID NO: 33

ACCATGAAGTTCTTGGTGAACGTGGCGCTGGTGTTCATGGTCGTGTACATCTCCTACATTT
ACGCGTGGGGCAAAGAAGGCCACTACGCCGTGTGTAAGATTGCGGAGGGCTTTTTGTCGGA
AGACGCATTGGGAGCGGTCAAAGCCTTGTTGCCGGACTACGCGGAAGGCGACTTGGCAGCC
GTATGTAGCTGGGCCGACGAGATCAGACACAACTTTCACTGGAGATGGTCGGGCCCACTGC
ATTACGTCGACACGCCGGATTACAGATGCAACTACGAGTACTGCCGCGACTGTCACGACTT
CAGAGGCCACAAAGACATTTGCGTCACGGGCGCGATATACAACTACACGAAACAATTGACG
TCGGGCTACCACAACAGTGGCTCCGAGATTCGATACAACCTCACGGAGGCCTTGATGTTCC
TCTCGCATTTCATTGGCGACGTGCACCAACCGCTGCATGTGGGCTTTACGGGCGATGAAGG
CGGAAATACGATCATTGTCCGTTGGTACCGCAGAAAGACCAACCTCCACCACATATGGGAC
AACATGATCATCGACTCGGCGTTGAAGACCTACTACAACAGCGACCTGGCCATAATGATCC
AGGCGATTCAAAGAAACATCACCGGCGATTGGTCCTTTGACATCAGCAGCTGGAAGAACTG
TGCCAGTGACGACACTGCTTGTCCGAACCTATACGCGTCGGAGAGCATCTCGTTGGCCTGT
AAATTTGCCTACAGAAATGCCACCCCCGGTTCGACGCTGGGCGACGACTACTTCTTGTCGC
GATTGCCGATTGTTGAAAAACGCCTCGCCCAAGGCGGTATTAGATTGGCCGCCACCTTGAA
CCGTATTTTTGCCTCGCAACCGAARAATCTCGCTGAAACACGAAGACAAGAGAGTCGAGAAG
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ACGACGCCGGTAGACTACATCGAGTGGTCGCCATTGCAACAGTTCAGCGGAAGCCACCACC
ATCACCACCATCATCACGGCTGATAA
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CLAIMS

What 1s claimed is:

1. A method for error correction of nucleic acid molecules, said method comprising;:

(a) obtaining a first plurality of double-stranded nucleic acid molecules
comprising at least one nucleotide mismatch;

(b) fragmenting said plurality of double-stranded nucleic acid molecules having
a mismatch by reacting said nucleic acid molecules having a mismatch with at
least one molecule having unidirectional mismatch endonuclease activity;

() removing said nucleotide mismatch by reacting said fragmented double-
stranded nucleic acid molecules having a mismatch of (b) with at least one
molecule having unidirectional exonuclease activity of the same directionality as
the unidirectional mismatch endonuclease activity of (b) to provide a fragmented
error-free double-stranded nucleic acid molecule; and

(d) assembling a second plurality of double-stranded nucleic acid molecules
comprising said fragmented error-free double-stranded nucleic acid molecule of
(¢), wherein said second plurality of double-stranded nucleic acid molecules has a
decreased frequency of nucleotide mismatches as compared to said first plurality

of double-stranded nucleic acid molecules.

2. A method according to claim 1, wherein said first plurality of nucleotide acid

molecules comprises one or more synthetic nucleotide sequences.

3. A method according to claim 1, wherein said first plurality of nucleotide acid
molecules comprises a mixture of one or more naturally occurring gene sequences and

one or more synthetic nucleotide sequences.

4. A method according to claim 1, wherein obtaining a first plurality of nucleic acid

molecules comprises synthesizing the nucleic acid molecules.
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A method according to claim 1, wherein obtaining a first plurality of nucleic acid
molecules comprises assembling the nucleic acid molecules from subsets and/or

oligonucleotides.

A method according to claim 1, wherein step (b) and step (c) are performed as

separate reactions.

A method according to claim 1, wherein step (b) and step (c) are performed as a one-

step, simultaneous reaction.

A method according to claim 1, wherein said unidirectional mismatch endonuclease
activity cuts 5’ to said mismatch and said unidirectional exonuclease activity removes

said nucleotide mismatch from the 5’ end of said fragmented nucleic acid molecule.

A method according to claim 1, wherein said unidirectional mismatch endonuclease
activity cuts 3’ to said mismatch and said unidirectional exonuclease activity removes

said nucleotide mismatch from the 3" end of said fragmented nucleic acid molecule.

A method according to claim 1, wherein said at least one molecule having
unidirectional mismatch endonuclease activity is selected from the group consisting of
RES I, CEL I, CEL II, an SP endonuclease, SP 1, T7 endonuclease, T4 endonuclease,
endonuclease V, a Mut protein, a variant of any thereof, and a combination of any two

or more of the above.

A method according to claim 10, wherein said at least one molecule having
unidirectional mismatch endonuclease activity is selected from the group consisting
of: CEL I, CEL II, a variant of any thereof, and a combination of any two or more of

the above.

A method according to claim 1, wherein said at least one molecule having
unidirectional mismatch endonuclease activity is encoded by a nucleic acid sequence

selected from the group consisting of:
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a) a nucleic acid sequence hybridizing under low, moderate, or high stringency
conditions to a nucleic acid sequence selected from the group consisting of SEQ
ID NO: 01, SEQ ID NO: 03, SEQ ID NO: 05, SEQ ID NO: 07, SEQ ID NO: 09,
SEQ ID NO: 12, SEQ ID NO: 15, SEQ ID NO: 18, SEQ ID NO: 20, SEQ ID NO:
22, SEQ ID NO: 24, SEQ ID NO: 26, SEQ ID NO: 28, SEQ ID NO: 30, SEQ ID
NO: 32, a complement of any, and a fragment of any;

b) a nucleic acid sequence exhibiting 70% or greater identity to a nucleic acid
sequence selected from the group consisting of SEQ ID NO: 01, SEQ ID NO: 03,
SEQ ID NO: 05, SEQ ID NO: 07, SEQ ID NO: 09, SEQ ID NO: 12, SEQ ID NO:
15, SEQ ID NO: 18, SEQ ID NO: 20, SEQ ID NO: 22, SEQ ID NO: 24, SEQ ID
NO: 26, SEQ ID NO: 28, SEQ ID NO: 30, SEQ ID NO: 32, a complement of any,
and a fragment of any; and

c) a nucleic acid sequence encoding a polypeptide exhibiting 60% or greater
identity to an amino acid sequence selected from the group consisting of SEQ ID
NO: 02, SEQ ID NO: 04, SEQ ID NO: 06, SEQ ID NO: 08, SEQ ID NO: 10, SEQ
IDNO: 11, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 16, SEQ ID NO: 17,
SEQ ID NO: 19, SEQ ID NO: 21, SEQ ID NO: 23, SEQ ID NO: 25, SEQ ID NO:
27, SEQ ID NO: 28, and SEQ ID NO: 29.

13. A method according to claim 1, wherein said at least one molecule having
unidirectional exonuclease activity is selected from the group consisting of
exonuclease 111, a DNA polymerase, lambda exonuclease, T7 exonuclease, T5

exonuclease, and a variant of any thereof.

14. A method according to claim 1, wherein said at least one molecule having

unidirectional exonuclease activity is a polymerase with proofreading activity.

15. A method according to claim 14, wherein said polymerase with proofreading activity
is selected from the group consisting of T4 polymerase, T7 polymerase, and phi29
polymerase.

16. A method according to claim 1, wherein



WO 2013/116771 PCT/US2013/024496

73

said at least one molecule having unidirectional mismatch endonuclease activity is
selected from the group consisting of CEL I, CEL 11, a variant of any thereof, and
a combination of any two or more of the above; and

said at least one molecule having unidirectional exonuclease activity is selected from

the group consisting of exonuclease III and a variant thereof.

17. An isolated nucleic acid molecule comprising:

a) a nucleic acid sequence hybridizing under low, moderate, or high stringency
conditions to a nucleic acid sequence selected from the group consisting of SEQ
ID NO: 09, SEQ ID NO: 12, SEQ ID NO: 15, SEQ ID NO: 18, SEQ ID NO: 20,
SEQ ID NO: 22, SEQ ID NO: 24, SEQ ID NO: 26, SEQ ID NO: 28, SEQ ID NO:
30, SEQ ID NO: 32, a complement thereof or a fragment of either; or

b) a nucleic acid sequence exhibiting 70% or greater identity to a nucleic acid
sequence selected from the group consisting of SEQ ID NO: 09, SEQ ID NO: 12,
SEQ ID NO: 15, SEQ ID NO: 18, SEQ ID NO: 20, SEQ ID NO: 22, SEQ ID NO:
24, SEQ ID NO: 26, SEQ ID NO: 28, SEQ ID NO: 30, SEQ ID NO: 32, a
complement thereof or a fragment of either; or

d) a nucleic acid sequence encoding a polypeptide exhibiting 50% or greater
identity to an amino acid sequence selected from the group consisting of SEQ ID
NO: 10, SEQ ID NO: 11, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 16, SEQ
ID NO: 17, SEQ ID NO: 19, SEQ ID NO: 21, SEQ ID NO: 23, SEQ ID NO: 25,
SEQ ID NO: 27, SEQ ID NO: 28, and SEQ ID NO: 29.

18. A nucleic acid molecule according to claim 17, wherein said nucleic acid sequence

encodes a molecule having mismatch endonuclease activity.

19. A recombinant nucleic acid construct comprising a nucleic acid molecule according to

claim 17 operably linked to a heterologous nucleic acid.

20. A recombinant nucleic acid construct according to claim 19, wherein said

heterologous nucleic acid is a heterologous transcriptional control element.
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A recombinant nucleic acid construct according to claim 19, wherein said
heterologous nucleic acid comprises a nucleic acid sequence encoding a polypeptide

sequence.

A recombinant nucleic acid construct according to claim 21, wherein said polypeptide

sequence comprises a secretion signal or an epitope tag.

A recombinant host cell comprising a nucleic acid construct according to claim 19.

A recombinant host cell according to claim 23, wherein said host cell is an insect cell,

a mammalian cell, a microbial cell, or a plant cell.

An isolated polypeptide, wherein said polypeptide is expressed by a nucleic acid
molecule comprising a nucleic acid sequence according to claim 17 introduced into a

host cell.

An isolated polypeptide according to claim 25, wherein said polypeptide comprises an
amino acid sequence selected from the group consisting of SEQ ID NO: 11, amino
acid residues 1 to 297 of SEQ ID NO: 11, amino acid residues 22 to 308 of SEQ ID
NO: 11, SEQ ID NO: 17, amino acid residues 1 to 320 of SEQ ID NO: 17, and amino
acid residues 22 to 331 of SEQ ID NO: 17.

A composition comprising: (i) a molecule having a unidirectional mismatch
endonuclease activity; and (ii) a molecule having unidirectional exonuclease activity

of the same directionality as the unidirectional mismatch endonuclease activity of (i).

A composition according to claim 27, wherein the molecule of (i) is selected from the
group consisting of RES I, CEL I, CEL II, T7 endonuclease, T4 endonuclease,
endonuclease V, a Mut protein, a variant of any thereof, and a combination of any two
or more of the above; and the molecule of (i1) is selected from the group consisting of
exonuclease 111, a DNA polymerase, a variant of any thereof, and a combination of

any two or more of the above.
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A composition according to claim 27, wherein the molecule of (i) is selected from the
group consisting of CEL I, CEL 11, a variant of any thereof, and a combination of any
two or more of the above; and the molecule of (ii) is selected from the group

consisting of exonuclease Il and a variant thereof.

A composition according to claim 27, wherein the molecule of (i) is selected from the
group consisting of RES I, CEL I, CEL II, T7 endonuclease, T4 endonuclease,
endonuclease V, a Mut protein, a variant of any thereof, and a combination of any two
or more of the above; and the molecule of; and the molecule of (ii) is exonuclease 111

or a variant thereof.

A kit comprising a composition according to claim 27.

The kit of claim 31 wherein the molecule having unidirectional mismatch
endonuclease activity is selected from the group consisting of: RES I, CEL I, CEL I,
T7 endonuclease, T4 endonuclease, endonuclease V, a Mut protein, a variant of any
thereof, and a combination of any two or more of the above; and the molecule having
unidirectional exonuclease activity of the same directionality as the unidirectional
mismatch endonuclease is selected from the group consisting of: exonuclease 111, a
DNA polymerase, a variant of any thereof, and a combination of any two or more of

the above.

The kit of claim 32 wherein

the molecule having unidirectional exonuclease activity of the same directionality

as the unidirectional mismatch endonuclease activity is selected from the group
consisting of: RES I, CEL I, CEL II, T7 endonuclease, T4 endonuclease, endonuclease
V, a Mut protein, a variant of any thereof, and a combination of any two or more of the

above; and

the molecule having unidirectional exonuclease activity of the same directionality
as the unidirectional mismatch endonuclease is selected from the group consisting of:

exonuclease I or a variant thereof.



