
(19) United States 
US 2002O146732A1 

(12) Patent Application Publication (10) Pub. No.: US 2002/0146732 A1 
Padgett et al. (43) Pub. Date: Oct. 10, 2002 

(54) METHOD OF INCREASING 
COMPLEMENTARTY INA 
HETERODUPLEX 

(76) Inventors: Hal S. Padgett, Vacaville, CA (US); 
John A. Lindbo, Vacaville, CA (US); 
Wayne P. Fitzmaurice, Vacaville, CA 
(US) 

Correspondence Address: 
CAMPBELL & FLORES LLP 
4370 LA JOLLAVILLAGE DRIVE 
7TH FLOOR 
SAN DIEGO, CA 92122 (US) 

(21) Appl. No.: 10/066,390 

(22) Filed: Feb. 1, 2002 

Related U.S. Application Data 

(60) Provisional application No. 60/266,386, filed on Feb. 
2, 2001. Provisional application No. 60/268,785, filed 
on Feb. 14, 2001. 

Publication Classification 

(51) Int. Cl. .............................. C12Q 1/68; C12P 19/34 

(52) U.S. Cl. ............................................... 435/6; 435/91.2 

(57) ABSTRACT 

We describe here an in vitro method of increasing comple 
mentarity in a heteroduplex polynucleotide Sequence. The 
method uses annealing of opposite Strands to form a poly 
nucleotide duplex with mismatches. The heteroduplex poly 
nucleotide is combined with an effective amount of enzymes 
having Strand cleavage activity, 3' to 5’ exonuclease activity, 
and polymerase activity, and allowing Sufficient time for the 
percentage of complementarity to be increased within the 
heteroduplex. Not all heteroduplex polynucleotides will 
necessarily have all mismatches resolved to complementa 
rity. The resulting polynucleotide is optionally ligated. Sev 
eral variant polynucleotides result. At Sites where either of 
the opposite Strands has templated recoding in the other 
Strand, the resulting percent complementarity of the hetero 
duplex polynucleotide Sequence is increased. The parent 
polynucleotides need not be cleaved into fragments prior to 
annealing heterologous Strands. Therefore, no reassembly is 
required. 
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METHOD OF INCREASING COMPLEMENTARITY 
INA HETERODUPLEX 

0001) This application claims the benefit of U.S. Provi 
sional Application No. 60/266,386, filed Feb. 2, 2001, and of 
U.S. Provisional Application No. 60/268,785, Filed Feb. 14, 
2001, and are both incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The invention relates generally to molecular biol 
ogy and more specifically to methods of generating popu 
lations of related nucleic acid molecules. 

0004 2. Background Information 
0005) DNA shuffling is a powerful tool for obtaining 
recombinants between two or more DNA sequences to 
evolve them in an accelerated manner. The parental, or 
input, DNAS for the process of DNA shuffling are typically 
mutants or variants of a given gene that have Some improved 
character over the wild-type. The products of DNA shuffling 
represent a pool of essentially random reassortments of gene 
Sequences from the parental DNAS that can then be analyzed 
for additive or Synergistic effects resulting from new 
Sequence combinations. 
0006 Recursive sequence reassortment is analogous to 
an evolutionary process where only variants with Suitable 
properties are allowed to contribute their genetic material to 
the production of the next generation. Optimized variants 
are generated through DNA shuffling-mediated Sequence 
reassortment followed by testing for incremental improve 
ments in performance. Additional cycles of reasSortment and 
testing lead to the generation of genes that contain new 
combinations of the genetic improvements identified in 
previous rounds of the process. ReasSorting and combining 
beneficial genetic changes allows an optimized Sequence to 
arise without having to individually generate and Screen all 
possible Sequence combinations. 
0007. This differs sharply from random mutagenesis, 
where Subsequent improvements to an already improved 
Sequence result largely from Serendipity. For example, in 
order to obtain a protein that has a desired set of enhanced 
properties, it may be necessary to identify a mutant that 
contains a combination of various beneficial mutations. If no 
proceSS is available for combining these beneficial genetic 
changes, further random mutagenesis will be required. How 
ever, random mutagenesis requires repeated cycles of gen 
erating and Screening large numbers of mutants, resulting in 
a process that is tedious and highly labor intensive. More 
over, the rate at which Sequences incur mutations with 
undesirable effects increases with the information content of 
a Sequence. Hence, as the information content, library size, 
and mutagenesis rate increase, the ratio of deleterious muta 
tions to beneficial mutations will increase, increasingly 
masking the Selection of further improvements. Lastly, Some 
computer simulations have Suggested that point mutagenesis 
alone may often be too gradual to allow the large-scale block 
changes that are required for continued and dramatic 
Sequence evolution. 
0008. There are a number of different techniques used for 
random mutagenesis. For example, one method utilizes 
error-prone polymerase chain reaction (PCR) for creating 
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mutant genes in a library format, (Cadwell and Joyce, 1992; 
Gram et al., 1992). Another method is cassette mutagenesis 
(Arkin and Youvan, 1992; Delagrave et al., 1993; Delagrave 
and Youvan, 1993; Goldman and YouVan, 1992; Hermes et 
al., 1990; Oliphant et al., 1986; Stemmer et al., 1993) in 
which the Specific region to be optimized is replaced with a 
Synthetically mutagenized oligonucleotide. 
0009 Error-prone PCR uses low-fidelity polymerization 
conditions to introduce a low level of point mutations 
randomly over a sequence. A limitation to this method, 
however, is that published error-prone PCR protocols suffer 
from a low processivity of the polymerase, making this 
approach inefficient at producing random mutagenesis in an 
average-sized gene. 
0010. In oligonucleotide-directed random mutagenesis, a 
Short Sequence is replaced with a Synthetically mutagenized 
oligonucleotide. To generate combinations of distant muta 
tions, different Sites must be addressed simultaneously by 
different oligonucleotides. The limited library size that is 
obtained in this way, relative to the library size required to 
Saturate all Sites, means that many rounds of Selection are 
required for optimization. Mutagenesis with Synthetic oli 
gonucleotides requires Sequencing of individual clones after 
each Selection round followed by grouping them into fami 
lies, arbitrarily choosing a Single family, and reducing it to 
a consensus motif. Such a motif is resynthesized and rein 
Serted into a Single gene followed by additional Selection. 
This step creates a Statistical bottleneck, is labor intensive, 
and is not practical for many rounds of mutagenesis. 
0011 For these reasons, error-prone PCR and oligonucle 
otide-directed mutagenesis can be used for mutagenesis 
protocols that require relatively few cycles of Sequence 
alteration, Such as for Sequence fine-tuning, but are limited 
in their usefulneSS for procedures requiring numerous 
mutagenesis and Selection cycles, especially on large gene 
Sequences. 

0012. As discussed above, prior methods for producing 
improved gene products from randomly mutated genes are 
of limited utility. One recognized method for producing a 
wide variety of randomly reasserted gene Sequences uses 
enzymes to cleave a long nucleotide chain into shorter 
pieces. The cleaving agents are then Separated from the 
genetic material, and the material is amplified in Such a 
manner that the genetic material is allowed to reassemble as 
chains of polynucleotides, where their reassembly is either 
random or according to a specific order. (Stemmer, 1994a, 
Stemmer, 1994b), U.S. Pat. No. 5,605,793, U.S. Pat. No. 
5,811,238, U.S. Pat. No. 5,830,721, U.S. Pat. No. 5,928,905, 
U.S. Pat. No. 6,096,548, U.S. Pat. No. 6,117,679, U.S. Pa. 
No. 6,165,793, U.S. Pat. No. 6,153,410). A variation of this 
method uses primers and limited polymerase extensions to 
generate the fragments prior to reassembly (U.S. Pat. No. 
5,965,408, U.S. Pat. No. 6,159,687). 
0013 However, both methods have limitations. These 
methods suffer from being technically complex. This limits 
the applicability of these methods to facilities that have 
Sufficiently experienced Staffs. In addition there are compli 
cations that arise from the reassembly of molecules from 
fragments, including unintended mutagenesis and the 
increasing difficulty of the reassembly of large target mol 
ecules of increasing size, which limits the utility of these 
methods for reassembling long polynucleotide Strands. 
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0.014) Another limitation of these methods of fragmenta 
tion and reassembly-based gene Shuffling is encountered 
when the parental template polynucleotides are increasingly 
heterogeneous. In the annealing Step of those processes, the 
Small polynucleotide fragments depend upon Stabilizing 
forces that result from base-pairing interactions to anneal 
properly. AS the Small regions of annealing have limited 
Stabilizing forces due to their short length, annealing of 
highly complementary Sequences is favored over more 
divergent Sequences. In Such instances these methods have 
a strong tendency to regenerate the parental template poly 
nucleotides due to annealing of complementary Single 
Strands from a particular parental template. Therefore, the 
parental templates essentially reassemble themselves creat 
ing a background of unchanged polynucleotides in the 
library that increases the difficulty of detecting recombinant 
molecules. This problem becomes increasingly Severe as the 
parental templates become more heterogeneous, that is, as 
the percentage of Sequence identity between the parental 
templates decreases. This outcome was demonstrated by 
Kikuchi, et al., (Gene 243:133-137, 2000) who attempted to 
generate recombinants between Xyle and nah H using the 
methods of family shuffling reported by Patten et al., 1997; 
Crameri et al., 1998; Harayama, 1998; Kumamaru et al., 
1998; Chang et al., 1999; Hansson et al., 1999). Kikuchi, et 
al., found that essentially no recombinants (<1%) were 
generated. They also disclosed a method to improve the 
formation of chimeric genes by fragmentation and reassem 
bly of single-stranded DNAS. Using this method, they 
obtained chimeric genes at a rate of 14 percent, with the 
other 86 percent being parental sequences. 
0.015 The characteristic of low-efficiency recovery of 
recombinants limits the utility of these methods for gener 
ating novel polynucleotides from parental templates with a 
lower percentage of Sequence identity, that is, parental 
templates that are more diverse. Accordingly, there is a need 
for a method of generating gene Sequences that addresses 
these needs. 

0016. The present invention provides a method that sat 
isfies the aforementioned needs, and also provides related 
advantages as well. 

SUMMARY OF THE INVENTION 

0.017. The present invention provides a method for reas 
Sorting mutations among related polynucleotides, in vitro, 
by forming heteroduplex molecules and then addressing the 
mismatches Such that Sequence information at Sites of mis 
match is transferred from one Strand to the other. In one 
preferred embodiment, the mismatches are addressed by 
incubating the heteroduplex molecules in a reaction con 
taining a mismatch nicking enzyme, a polymerase with a 3' 
to 5" proofreading activity in the presence of dNTPs, and a 
ligase. These respective activities act in concert Such that, at 
a given Site of mismatch, the heteroduplex is nicked, 
unpaired bases are excised then replaced using the opposite 
Strand as a template, and nicks are Sealed. Output polynucle 
otides are amplified before cloning, or cloned directly and 
tested for improved properties. Additional cycles of mis 
match resolution reassortment and testing lead to further 
improvement. 

BRIEF DESCRIPTION OF THE FIGURES 

0.018 FIG. 1 depicts the process of Genetic ReASSort 
ment by Mismatch Resolution (GRAMMR). Reassortment 
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is contemplated between two hypothetical polynucleotides 
differing at at least two nucleotide positions. Annealing 
between the top strand of A and the bottom strand of B is 
shown which results in mismatches at the two positions. 
After the process of reassortment mismatch resolution, four 
distinct product polynucleotides are Seen, the parental types 
A and B, and the reasserted products X and Y. 
0019 FIG. 2 depicts an exemplary partially complemen 
tary nucleic acid population of two molecules. FIG. 2A 
shows the Sequence of two nucleic acid molecules “X” and 
“Y” having completely complementary top/bottom Strands 
1+/2- and 3+/4-, respectively. The positions of differing 
nucleotides between the nucleic acids X and Y are indicated 
(*). FIG. 2B shows possible combinations of single strands 
derived from nucleic acids X and Y after denaturing and 
annealing and indicates which of those combinations would 
comprise a partially complementary nucleic acid population 
of two. 

0020 Definitions 
0021 AS used herein the term “amplification” refers to a 
process where the number of copies of a polynucleotide is 
increased. 

0022. As used herein, “annealing” refers to the formation 
of at least partially double stranded nucleic acid by hybrid 
ization of at least partially complementary nucleotide 
Sequences. A partially double Stranded nucleic acid can be 
due to the hybridization of a Smaller nucleic acid Strand to 
a longer nucleic acid Strand, where the Smaller nucleic acid 
is 100% identical to a portion of the larger nucleic acid. A 
partially double Stranded nucleic acid can also be due to the 
hybridization of two nucleic acid Strands that do not share 
100% identity but have sufficient homology to hybridize 
under a particular set of hybridization conditions. 
0023. As used herein, “clamp' refers to a unique nucle 
otide Sequence added to one end of a polynucleotide, Such 
as by incorporation of the clamp Sequence into a PCR 
primer. The clamp Sequences are intended to allow ampli 
fication only of polynucleotides that arise from hybridization 
of Strands from different parents (i.e., heteroduplex mol 
ecules) thereby ensuring the production of full-length hybrid 
products as described previously (Skarfstad, J. Bact, Vol 
182, No 11, P. 3008-3016). 
0024. As used herein the term “cleaving” means digest 
ing the polynucleotide with enzymes or otherwise breaking 
phosphodiester bonds within the polynucleotide. 
0025 AS used herein the term “complementary basepair” 
refers to the correspondence of DNA (or RNA) bases in the 
double helix Such that adenine in one Strand is opposite 
thymine (or uracil) in the other Strand and cytosine in one 
Strand is opposite guanine in the other. 
0026. As used herein the term “complementary to” is 
used herein to mean that the complementary Sequence is 
identical to the reverse-complement of all or a portion of a 
reference polynucleotide Sequence or that each nucleotide in 
one Strand is able to form a base-pair with a nucleotide, or 
analog thereof in the opposite Strand. For illustration, the 
nucleotide sequence “TATAC is complementary to a ref 
erence sequence “GTATA’. 
0027 AS used herein, “denaturing” or “denatured,” when 
used in reference to nucleic acids, refers to the conversion of 
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a double Stranded nucleic acid to a Single Stranded nucleic 
acid. Methods of denaturing double Stranded nucleic acids 
are well known to those skilled in the art, and include, for 
example, addition of agents that destabilize base-pairing, 
increasing temperature, decreasing Salt, or combinations 
thereof. These factors are applied according to the comple 
mentarity of the Strands, that is, whether the Strands are 
100% complementary or have one or more non-complemen 
tary nucleotides. 
0028. As used herein the term “desired functional prop 
erty means a phenotypic property, which include but are not 
limited to, encoding a polypeptide, promoting transcription 
of linked polynucleotides, binding a protein, improving the 
function of a viral vector, and the like, which can be Selected 
or screened for. Polynucleotides with such desired func 
tional properties, can be used in a number of ways, which 
include but are not limited to expression from a Suitable 
plant, animal, fungal, yeast, or bacterial expression vector, 
integration to form a transgenic plant, animal or microor 
ganism, expression of a ribozyme, and the like. 
0029. As used herein the term “DNA shuffling” is used 
herein to indicate recombination between Substantially 
homologous but non-identical Sequences. 
0.030. As used herein, the term “effective amount” refers 
to the amount of an agent necessary for the agent to provide 
its desired activity. For the present invention, this determi 
nation is well within the knowledge of those of ordinary skill 
in the art. 

0.031 AS used herein the term “exonuclease” refers to an 
enzyme that cleaves nucleotides one at a time from an end 
of a polynucleotide chain, that is, an enzyme that hydrolyzes 
phosphodiester bonds from either the 3' or 5' terminus of a 
polynucleotide molecule. Such exonucleases, include but 
are not limited to T4 DNA polymerase, T7 DNA poly 
merase, E. coli Pol 1, and Pful DNA polymerase. The term 
“exonuclease activity” refers to the activity associated with 
an exonuclease. An exonuclease that hydrolyzes in a 3' to 5' 
direction is said to have “3' to 5’ exonuclease activity.” 
Similarly an exonuclease with 5' to 3' activity is said to have 
“5” to 3' exonuclease activity.” It is noted that some exonu 
cleases are known to have both 3' to 5", 5' to 3' activity, such 
as, E.coli Pol I. 

0032. As used herein, “Genetic Reassortment by Mis 
match Resolution (GRAMMR)” refers to a method for 
reasserting Sequence variations among related polynucle 
otides by forming heteroduplex molecules and then address 
ing the mismatches Such that information is transferred from 
one Strand to the other. 

0.033 AS used herein, “granularity” refers to the amount 
of a nucleic acid's Sequence information that is transferred 
as a contiguous Sequence from a template polynucleotide 
Strand to a Second polynucleotide Strand. AS used herein, 
“template Sequence” refers to a first Single Stranded poly 
nucleotide Sequence that is partially complementary to a 
Second polynucleotide Sequence Such that treatment by 
GRAMMR results in transfer of genetic information from 
the template Strand to the Second Strand. 
0034. The larger the units of sequence information trans 
ferred from a template Strand, the higher the granularity. The 
Smaller the blocks of Sequence information transferred from 
the template Strand, the lower or finer the granularity. Lower 
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granularity indicates that a DNA shuffling or reassortment 
method is able to transfer Smaller discrete blocks of genetic 
information from the template Strand to the Second Strand. 
The advantage of a DNA shuffling or reassortment method 
with lower granularity is that it is able to resolve smaller 
nucleic acid Sequences from others, and to transfer the 
Sequence information. DNA shuffling or reasSortment meth 
ods that return primarily high granularity are not readily able 
to resolve Smaller nucleic acid Sequences from others. 
0035. As used herein the term "heteroduplex polynucle 
otide” refers to a double helix polynucleotide formed by 
annealing Single Strands, typically Separate Strands, where 
the Strands are non-identical. A heteroduplex polynucleotide 
may have unpaired regions existing as Single Strand loops or 
bubbles. A heteroduplex polynucleotide region can also be 
formed by one Single-strand polynucleotide wherein partial 
Self-complementarity allows the formation of a Stem-loop 
Structure where the annealing portion of the Strand is non 
identical. 

0036) As used herein the term “heteroduplex DNA” 
refers to a DNA double helix formed by annealing single 
Strands, typically separate Strands), where the Strands are 
non-identical. A heteroduplex DNA may have unpaired 
regions existing as Single Strand loops or bubbles. A hetero 
duplex DNA region can also be formed by one Single-Strand 
polynucleotide wherein partial Self-complementarity allows 
the formation of a stem-loop Structure where the annealing 
portion of the Strand is non-identical. 
0037 AS used herein the term “homologous' means that 
one single-stranded nucleic acid sequence may hybridize to 
an at least partially complementary Single-Stranded nucleic 
acid Sequence. The degree of hybridization may depend on 
a number of factors including the amount of identity 
between the Sequences and the hybridization conditions Such 
as temperature and Salt concentrations as discussed later. 
0038 Nucleic acids are “homologous” when they are 
derived, naturally or artificially, from a common ancestor 
Sequence. During natural evolution, this occurs when two or 
more descendent Sequences diverge from a parent Sequence 
over time, i.e., due to mutation and natural Selection. Under 
artificial conditions, divergence occurs, e.g., in one of two 
basic ways. First, a given Sequence can be artificially 
recombined with another Sequence, as occurs, e.g., during 
typical cloning, to produce a descendent nucleic acid, or a 
given Sequence can be chemically modified, or otherwise 
manipulated to modify the resulting molecule. Alternatively, 
a nucleic acid can be Synthesized de novo, by Synthesizing 
a nucleic acid that varies in Sequence from a Selected 
parental nucleic acid Sequence. When there is no explicit 
knowledge about the ancestry of two nucleic acids, homol 
ogy is typically inferred by Sequence comparison between 
two Sequences. Where two nucleic acid Sequences Show 
Sequence Similarity over a significant portion of each of the 
nucleic acids, it is inferred that the two nucleic acids share 
a common ancestor. The precise level of Sequence Similarity 
that establishes homology varies in the art depending on a 
variety of factors. 
0039 For purposes of this disclosure, two nucleic acids 
are considered homologous where they share Sufficient 
sequence identity to allow GRAMMR-mediated information 
transfer to occur between the two nucleic acid molecules. 

0040. As used herein the term “identical” or “identity” 
means that two nucleic acid Sequences have the same 



US 2002/0146732 A1 

Sequence or a complementary Sequence. Thus, “areas of 
identity” means that regions or areas of a polynucleotide or 
the overall polynucleotide are identical or complementary to 
areas of another polynucleotide. 
0041 AS used herein the term “increase in percent 
complementarity' means that the percentage of complemen 
tary base-pairs in a heteroduplex molecule is made larger. 
0042. As used herein the term, “ligase” refers to an 
enzyme that rejoins a broken phosphodiester bond in a 
nucleic acid. 

0.043 AS used herein the term “mismatch” refers to a 
base-pair that is unable to form normal base-pairing inter 
actions (i.e., other than “A” with “T” (or “U”), or “G” with 
“C”) 
0044 As used herein the term “mismatch resolution” 
refers to the conversion of a mismatched base-pair into a 
complementary base-pair. 

0.045. As used herein the term “mutations” means 
changes in the Sequence of a wild-type or reference nucleic 
acid Sequence or changes in the Sequence of a polypeptide. 
Such mutations can be point mutations Such as transitions or 
transversions. The mutations can be deletions, insertions or 
duplications. 

0046. As used herein the term “nick translation” refers to 
the property of a polymerase where the combination of a 
5'-to-3' exonuclease activity with a 5'-to-3' polymerase activ 
ity allows the location of a single-Strand break in a double 
stranded polynucleotide (a “nick”) to move in the 5'-to-3' 
direction. 

0047 As used herein, the term “nucleic acid” or “nucleic 
acid molecule” means a polynucleotide Such as deoxyribo 
nucleic acid (DNA) or ribonucleic acid (RNA) and encom 
passes Single-Stranded and double-Stranded nucleic acid as 
well as an oligonucleotide. Nucleic acids useful in the 
invention include genomic DNA, cDNA, mRNA and syn 
thetic oligonucleotides, and can represent the Sense Strand, 
the anti-Sense Strand, or both. A nucleic acid generally 
incorporates the four naturally occurring nucleotides 
adenine, guanine, cytosine, and thymidine/uridine. An 
invention nucleic acid can also incorporate other naturally 
occurring or non-naturally occurring nucleotides, including 
derivatives thereof, So long as the nucleotide derivatives can 
be incorporated into a polynucleotide by a polymerase at an 
efficiency Sufficient to generate a desired polynucleotide 
product. 

0.048 AS used herein, a “parental nucleic acid” refers to 
a double Stranded nucleic acid having a Sequence that is 
100% identical to an original Single Stranded nucleic acid in 
a Starting population of partially complementary nucleic 
acids. Parental nucleic acids would include, for example in 
the illustration of FIG. 2, nucleic acids X and Y if partially 
complementary nucleic acid combinations 1+/4- or 2-/3+ 
were used as a Starting population in an invention method. 
0049. As used herein, “partially complementary” refers 
to a nucleic acid having a Substantially complementary 
Sequence to another nucleic acid but that differs from the 
other nucleic acid by at least two or more nucleotides. AS 
used herein, "partially complementary nucleic acid popula 
tion” refers to a population of nucleic acids comprising 
nucleic acids having Substantially complementary Sequences 
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but no nucleic acids having an exact complementary 
Sequence for any other member of the population. AS used 
herein, any member of a partially complementary nucleic 
acid population differs from another nucleic acid of the 
population, or the complement thereto, by two or more 
nucleotides. AS Such, a partially complementary nucleic acid 
Specifically excludes a population containing Sequences that 
are exactly complementary, that is, a complementary 
sequence that has 100% complementarity. Therefore, each 
member of Such a partially complementary nucleic acid 
population differs from other members of the population by 
two or more nucleotides, including both Strands. One Strand 
is designated the top Strand, and its complement is desig 
nated the bottom strand. As used herein, “top” strand refers 
to a polynucleotide read in the 5' to 3’ direction and the 
“bottom its complement. It is understood that, while a 
Sequence is referred to as bottom or top Strand, Such a 
designation is intended to distinguish complementary 
Strands Since, in Solution, there is no orientation that fixes a 
Strand as a top or bottom Strand. 
0050 For example, a population containing two nucleic 
acid members can be derived from two double stranded 
nucleic acids, with a potential of using any of the four 
Strands to generate a Single Stranded partially complemen 
tary nucleic acid population. An example of potential com 
binations of Strands of two nucleic acids that can be used to 
obtain a partially complementary nucleic acid population of 
the invention is shown in FIG. 2. The two nucleic acid 
Sequences that are potential members of a partially comple 
mentary nucleic acid population are designated “X” (AGAT 
CAATTG; SEQID NO: 1) and “Y” (AGACCGATTG; SEQ 
ID NO: 2)(FIG. 2A). The nucleic acid sequences differ at 
two positions (positions 4 and 6indicated by “*”). The “top” 
strand of nucleic acids X and Y are designated "1+" and 
“3+, respectively, and the “bottom' strand of nucleic acids 
X and Y are designated “2-” and “4-,” respectively. 
0051 FIG. 2B shows the possible combinations of the 
four nucleic acid Strands. Of the Six possible Strand combi 
nations, only the combination of 1+/2-, 1--/4-, 2-/3+, or 
3+/4- comprise the required top and bottom Strand of a 
partially complementary nucleic acid population. Of these 
top/bottom Sequence combinations, only 1+/4- or 2-/3+ 
comprise an example of a partially complementary nucleic 
acid population of two different molecules because only 
these combinations have complementary Sequences that 
differ by at least one nucleotide. The remaining combina 
tions, 1+/2- and 2+/4-, contain exactly complementary 
Sequences and therefore do not comprise a partially comple 
mentary nucleic acid population of the invention. 
0052. In the above described example of a population of 
two different molecules, a partially complementary popula 
tion of nucleic acid molecules excluded combinations of 
strands that differ by one or more nucleotides but which are 
the same Sense, for example, 1+/3+ or 2-/4-. However, it is 
understood that Such a combination of Same Stranded nucleic 
acids can be included in a larger population, So long as the 
population contains at least one bottom Strand and at least 
one top strand. For example, if a third nucleic acid “Z,” with 
strands 5+and 6- is included, the combinations 1+/3+/6- or 
2-/4-/5+ would comprise a partially complementary nucleic 
acid population. Similarly, any number of nucleic acids and 
their corresponding top and bottom Strands can be combined 
to generate a partially complementary nucleic acid popula 
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tion of the invention So long as the population contains at 
least one top Strand and at least one bottom Strand and So 
long as the population contains no members that are the 
exact complement. 

0053. The populations of nucleic acids of the invention 
can be about 3 or more, about 4 or more, about 5 or more, 
about 6 or more, about 7 or more, about 8 or more, about 9 
or more, about 10 or more, about 12 or more, about 15 or 
more, about 20 or more, about 25 or more about 30 or more, 
about 40 or more, about 50 or more, about 75 or more, about 
100 or more, about 150 or more, about 200 or more, about 
250 or more, about 300 or more, about 350 or more, about 
400 or more, about 450 or more, about 500 or more, or even 
about 1000 or more different nucleic acid molecules. A 
population can also contain about 2000 or more, about 5000 
or more, about 1x10" or more, about 1x10 or more, about 
1x10° or more, about 1x10" or more, or even about 1x10 or 
more different nucleic acids. One skilled in the art can 
readily determine a desirable population to include in inven 
tion methods depending on the nature of the desired reas 
Sortment experiment outcome and the available Screening 
methods, as disclosed herein. 

0.054 As used herein, a “polymerase” refers to an enzyme 
that catalyzes the formation of polymers of nucleotides, that 
is, polynucleotides. A polymerase useful in the invention can 
be derived from any organism or Source, including animal, 
plant, bacterial and Viral polymerases. A polymerase can be 
a DNA polymerase, RNA polymerase, or a reverse tran 
scriptase capable of transcribing RNA into DNA. 

0.055 As used herein the term “proofreading” describes 
the property of an enzyme where a nucleotide, Such as, a 
mismatch nucleotide, can be removed by a 3'-to-5' exonu 
clease activity and replaced by, typically, a base-paired 
nucleotide. 

0056. As used herein, a “recombinant” polynucleotide 
refers to a polynucleotide that comprises Sequence informa 
tion from at least two different polynucleotides. 

0057. As used herein the term “related polynucleotides’ 
means that regions or areas of the polynucleotides are 
identical and regions or areas of the polynucleotides are 
non-identical. 

0.058 As used herein the term DNA “reassortment” is 
used herein to indicate a redistribution of Sequence varia 
tions between Substantially homologous but non-identical 
Sequences. 

0059) As used herein the term “replicon” refers to a 
genetic unit of replication including a length of polynucle 
otide and its site for initiation of replication. 
0060 AS used herein the term “sequence diversity” refers 
to the abundance of non-identical polynucleotides. The term 
"increasing Sequence diversity in a population” means to 
increase the abundance of non-identical polynucleotides in a 
population. 

0061 AS used herein the term “sequence variant” is used 
herein refers to a molecule (DNA, RNA polypeptide, and the 
like) with one or more Sequence differences compared to a 
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reference molecule. For example, the Sum of the Separate 
independent mismatch resolution events that occur through 
out the heteroduplex molecule during the GRAMMR pro 
ceSS results in reasSortment of Sequence information 
throughout that molecule. The Sequence information will 
reasSort in a variety of combinations to generate a complex 
library of “sequence variants'. 
0062. As used herein the term “strand cleavage activity” 
or “cleavage” refers to the breaking of a phosphodiester 
bond in the backbone of the polynucleotide Strand, as in 
forming a nick. Strand cleavage activity can be provided by 
an enzymatic agent, Such agents include, but are not limited 
to CEL I, T4 endonuclease VII, T7 endonuclease I, S1 
nuclease, BAL-31 nuclease, FEN1, cleavase, pancreatic 
DNase I, SP nuclease, mung bean nuclease, and nuclease P1; 
by a chemical agent, Such agents include, but are not limited 
to potassium permanganate, tetraethylammonium acetate, 
sterically bulky photoactivatable DNA intercalators, 
Rh(bpy)2(chrysi)3+, osmium tetroxide with piperidine, 
and hydroxylamine with piperidine, or by energy in the form 
of ionizing radiation, or kinetic radiation. 
0063 AS used herein the term “sufficient time” refers to 
the period time necessary for a reaction or process to render 
a desired product. For the present invention, the determina 
tion of sufficient time is well within the knowledge of those 
of ordinary skill in the art. It is noted that “sufficient time” 
can vary widely, depending on the desires of the practitioner, 
without impacting on the functionality of the reaction, or the 
quality of the desired product. 
0064. As used herein the term “wild-type' means that a 
nucleic acid fragment does not contain any mutations. A 
“wild-type” protein means that the protein will be active at 
a level of activity found in nature and typically will be the 
amino acid Sequence found in nature. In an aspect, the term 
“wild type' or "parental Sequence’ can indicate a starting or 
reference Sequence prior to a manipulation of the invention. 
0065. In the polypeptide notation used herein, the left 
hand direction is the amino terminal direction and the 
right-hand direction is the carboxy-terminal direction, in 
accordance with Standard usage and convention. Similarly, 
unless Specified otherwise, the left-hand end of Single 
Stranded polynucleotide Sequences is the 5' end; the left 
hand direction of double-Stranded polynucleotide Sequences 
is referred to as the 5' direction. The direction of 5' to 3' 
addition of nascent RNA transcripts is referred to as the 
transcription direction. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0066. The present invention provides an in vitro method 
of making Sequence variants from at least one heteroduplex 
polynucleotide wherein the heterodupleX has at least two 
non-complementary nucleotide base pairs, the method com 
prising: preparing at least one heteroduplex polynucleotide; 
combining Said heteroduplex polynucleotide with an effec 
tive amount of an agent or agents with exonuclease activity, 
polymerase activity and Strand cleavage activity; and allow 
ing Sufficient time for the percentage of complementarity to 
increase, wherein at least one or more variants are made. 
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0067. Another aspect of the present invention is where 
the heteroduplex polynucleotides are circular, linear or a 
replicon. 
0068 Another aspect of the present invention is where 
the desired variants have different amounts of complemen 
tarity. 

0069. Another aspect of the present invention is where 
the exonuclease activity, polymerase activity, and Strand 
cleavage activity is added Sequentially, or concurrently. 
0070 Another aspect of the present invention provides 
the addition of ligase activity, provided by agents Such as, T4 
DNA ligase, E. coli DNA ligase, or Taq DNA ligase. 
0071 Another aspect of the present invention is where 
the Strand cleavage activity is provided by an enzyme, Such 
as, CEL I, T4 endonuclease VII, T7 endonuclease I, S1 
nuclease, BAL-31 nuclease, FEN1, cleavase, pancreatic 
DNase I, SP nuclease, mung bean nuclease, and nuclease P1; 
a chemical agent, Such as, potassium permanganate, tetra 
ethylammonium acetate, Sterically bulky photoactivatable 
DNA intercalators, Rh(bpy)2(chrysi)3+, osmium tetroxide 
with piperidine, and hydroxylamine with piperidine or a 
form of energy, Such as, ionizing or kinetic radiation. 
0.072 Another aspect of the present invention is where 
polymerase activity is provided by Pol beta. 
0073. Another aspect of the present invention is where 
both polymerase activity and 3' to 5’ exonuclease activity is 
provided T4DNA polymerase, T7 DNA polymerase, E. coli 
Pol 1, or Pfu DNA polymerase. 
0.074 Another aspect of the present invention is where 
the agent with both polymerase activity and 5' to 3' exonu 
clease activity is E. coli Pol 1. 
0075 An embodiment of the present invention is where 
the effective amount of Strand cleavage activity, and eXo 
nuclease activity/polymerase activity and ligase activity are 
provided by CEL I, T4 DNA polymerase, and T4 DNA 
ligase. 
0.076 Another aspect of the present invention is where 
the effective amount of Strand cleavage activity, and eXo 
nuclease activity/polymerase activity and ligase activity are 
provided by CEL I, T7 DNA polymerase, and T4 DNA 
ligase. 

0.077 Another embodiment of the present invention pro 
vides an in vitro method of increasing diversity in a popu 
lation of Sequences, comprising, preparing at least one 
heteroduplex polynucleotide; combining the heteroduplex 
polynucleotide with an effective amount of an agent or 
agents with 3' to 5' exonuclease activity, polymerase activity 
and Strand cleavage activity; and allowing Sufficient time for 
the percentage of complementarity to increase, wherein 
diversity in the population is increased. 
0078. Another embodiment of the present invention pro 
vides a method of obtaining a polynucleotide encoding a 
desired functional property, comprising: preparing at least 
one heteroduplex polynucleotide; combining Said heterodu 
plex polynucleotide with an effective amount of an agent or 
agents with exonuclease activity, polymerase activity and 
Strand cleavage activity; allowing Sufficient time for the 
percentage of complementarity between Strands of the het 
eroduplex polynucleotide to increase, wherein diversity in 
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the population is increased; and Screening or Selecting a 
population of variants for the desired functional property. 

0079 Another embodiment of the present invention pro 
vides a method of obtaining a polynucleotide encoding a 
desired functional property, comprising: preparing at least 
one heteroduplex polynucleotide; combining Said heterodu 
plex polynucleotide with an effective amount of an agent or 
agents with exonuclease activity, polymerase activity and 
Strand cleavage activity; allowing Sufficient time for the 
percentage of complementarity between Strands of the het 
eroduplex polynucleotide to increase, wherein diversity in 
the population is increased; converting DNA to RNA; and 
Screening or Selecting a population of ribonucleic acid 
variants for the desired functional property. 

0080 Yet another embodiment of the present invention 
provides a method of obtaining a polypeptide having a 
desired functional property, comprising: preparing at least 
one heteroduplex polynucleotide; combining Said heterodu 
plex polynucleotide with an effective amount of an agent or 
agents with exonuclease activity, polymerase activity and 
Strand cleavage activity; allowing Sufficient time for the 
percentage of complementarity between Strands of Said 
heteroduplex polynucleotide to increase, converting Said 
heteroduplex polynucleotide to RNA, and said RNA to a 
polypeptide; and Screening or Selecting a population of 
polypeptide variants for Said desired functional property. 

0081. Still another embodiment of the present invention 
provides a method of obtaining a polynucleotide encoding a 
desired functional property, comprising: preparing at least 
one heteroduplex polynucleotide, where the heterodupleX is 
optionally, about 95%, 90%, 85%, 80%, or 75% identical, 
and about 1000KB, 10,000KB, or 100,000KB is size; com 
bining Said heteroduplex polynucleotide with an effective 
amount of an agent or agents with exonuclease activity, 
polymerase activity and Strand cleavage activity; allowing 
Sufficient time for the percentage of complementarity 
between Strands of the heteroduplex polynucleotide to 
increase, Screening or Selecting for a population of variants 
having a desired functional property; denaturing Said popu 
lation of variants to obtain Single Strand polynucleotides, 
annealing Said Single Strand polynucleotides to form at least 
one Second heteroduplex polynucleotide; combining Said 
Second heteroduplex polynucleotide with an effective 
amount of an agent or agents with exonuclease activity, 
polymerase activity and Strand cleavage activity; and allow 
ing Sufficient time for the percentage of complementarity 
between Strands of the heteroduplex polynucleotide to 
increase. 

0082 The present invention is directed to a method for 
generating an improved polynucleotide Sequence or a popu 
lation of improved polynucleotide Sequences, typically in 
the form of amplified and/or cloned polynucleotides, 
whereby the improved polynucleotide sequence(s) possess 
at least one desired phenotypic characteristic (e.g., encodes 
a polypeptide, promotes transcription of linked polynucle 
otides, binds a protein, improves the function of a viral 
vector, and the like) which can be selected or Screened for. 
Such desired polynucleotides can be used in a number of 
ways Such as expression from a Suitable plant, animal, 
fungal, yeast, or bacterial expression vector, integration to 
form a transgenic plant, animal or microorganism, expres 
Sion of a ribozyme, and the like. 
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0083) GRAMMR provides for a process where hetero 
duplexed DNA strands are created by annealing followed by 
resolution of mismatches in an in vitro reaction. This reac 
tion begins with cleavage of one Strand or the other at or near 
a mismatch followed by excision of mismatched bases from 
that Strand and polymerization to fill in the resulting gap 
with nucleotides that are templated to the Sequence of the 
other Strand. The resulting nick can be sealed by ligation to 
rejoin the backbone. The Sum of the Separate independent 
mismatch resolution events that occur throughout the het 
eroduplex molecule will result in reasSortment of Sequence 
information throughout that molecule. The Sequence infor 
mation will reasSort in a variety of combinations to generate 
a complex library of Sequence variants. 

0084. In one embodiment of GRAMMR, a library of 
mutants is generated by any method known in the art Such 
as mutagenic PCR, chemical mutagenesis, etc. followed by 
Screening or Selection for mutants with a desired property. 
DNA is prepared from the chosen mutants. The DNAS of the 
mutants are mixed, denatured to Single Strands, and allowed 
to anneal. Partially complementary Strands that hybridize 
will have non-base-paired nucleotides at the Sites of the 
mismatches. Treatment with CELI (Oleykowski et al., 1998; 
Yang et al., 2000), or a similar mismatch-directed activity, 
will cause nicking of one or the other polynucleotide Strand 
3' of each mismatch. (In addition, CEL I can nick 3" of an 
insertion/deletion resulting in reassortment of insertions/ 
deletions.) The presence of a polymerase containing a 3'-to 
5' exonuclease ("proofreading”) activity (e.g., T4DNA Pol) 
will allow excision of the mismatch, and Subsequent 5'-to-3' 
polymerase activity will fill in the gap using the other Strand 
as a template. A polymerase that lackS 5'-3' exonuclease 
activity and Strand-displacement activity will fill in the gap 
and will cease to polymerize when it reaches the 5' end of 
DNA located at the original CEL I cleavage site, thus 
re-synthesizing only Short patches of Sequence. Alterna 
tively, the length of the Synthesized patches can be modu 
lated by Spiking the reaction with a polymerase that contains 
a 5'-3' exonuclease activity; this nick-translation activity can 
traverse a longer region resulting in a longer patch of 
information transferred from the template strand. DNA 
ligase (e.g., T4 DNA ligase) can then Seal the nick by 
restoring the phosphate backbone of the repaired Strand. 
This process can occur Simultaneously at many sites and on 
either strand of a given heteroduplexed DNA molecule. The 
result is a randomization of Sequence differences among 
input Strands to give a population of Sequence variants that 
is more diverse than the population of Starting Sequences. 
These output polynucleotides can be cloned directly into a 
suitable vector, or they can be amplified by PCR before 
cloning. Alternatively, the reaction can be carried out on 
heteroduplexed regions within the context of a double 
Stranded circular plasmid molecule or other Suitable replicon 
that can be directly introduced into the appropriate host 
following the GRAMMR reaction. In another alternative, 
the output polynucleotides can be transcribed into RNA 
polynucleotides and used directly, for example, by inocula 
tion of a plant Viral vector onto a plant, Such as in the 
instance of a viral vector transcription plasmid. The resulting 
clones are Subjected to a Selection or a Screen for improve 
ments in a desired property. The overall process can then be 
repeated one or more times with the Selected clones in an 
attempt to obtain additional improvements. 
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0085. If the output polynucleotides are cloned directly, 
there is the possibility of incompletely resolved molecules 
persisting that, upon replication in the cloning host, could 
lead to two different plasmids in the same cell. These 
plasmids could potentially give rise to mixed-plasmid colo 
nies. If it is desired to avoid Such a possibility, the output 
polynucleotide molecules can be grown in the host to allow 
replication/resolution, the polynucleotides isolated and 
retransformed into new host cells. 

0086. In another embodiment, when sequence input from 
more than two parents per molecule is desired, the above 
procedure is performed in a cyclic manner before any 
cloning of output polynucleotides. After GRAMMR treat 
ment, the double Stranded polynucleotides are denatured, 
allowed to anneal, and the mismatch resolution proceSS is 
repeated. After a desired number of Such cycles, the output 
polynucleotides can be cloned directly, introduced into a 
suitable vector, or they can be amplified by PCR before 
cloning. The resulting clones are Subjected to a Selection or 
a Screen for improvements in a desired property. 
0087. In another embodiment, a “molecular backcross” is 
performed to help eliminate the background of deleterious 
mutations from the desired mutations. A pool of desired 
mutants' DNA can be mixed with an appropriate ratio of 
wild-type DNA to perform the method. Clones can be 
Selected for improvement, pooled, and crossed back to 
wild-type again until there is no further Significant change. 
0088. The efficiency of the process is improved by vari 
ous methods of enriching the starting population for hetero 
duplex molecules, thus reducing the number of unaltered 
parental-type output molecules. The mismatched hybrids 
can be affinity purified using aptamers, dyes, or other agents 
that bind to mismatched DNA. A preferred embodiment is 
the use of MutS protein affinity matrix (Wagner et al., 
Nucleic Acids Res. 23(19):3944-3948 (1995); Su et al., 
Proc. Natl. Acad. Sci. (U.S.A.), 83:5057-5061 (1986)) or 
mismatch-binding but non-cleaving mutants of phage T4 
endonuclease VII (Golz and Kemper, Nucleic Acids 
Research, 1999; 27: e7). 
0089. In one embodiment, the procedure is modified so 
that the input polynucleotides consist of a Single Strand of 
each Sequence variant. For example, Single-Stranded DNAS 
of opposite Strandedness are produced from the different 
parent Sequences by asymmetric PCR to generate partially 
complementary Single-Stranded molecules. Annealing of the 
Strands with one-another to make heterodupleX is performed 
as described in Example 1. Alternatively, Single-Stranded 
DNAS can be generated by preferentially digesting one 
strand of each parental double-stranded DNA with Lambda 
exonuclease followed by annealing the remaining Strands to 
one-another. In this embodiment, the annealing Strands have 
no 100% complementary strand present with which to 
re-anneal. Hence, there is a lower background of unmodified 
polynucleotides, that is, “parental polynucleotides' among 
the output polynucleotides leading to a higher efficiency of 
reasserting Sequence variations. This increased efficiency 
will be particularly valuable in Situations where a Screen 
rather than a Selection is employed to test for the desired 
polynucleotides. 

0090 Another method for heteroduplex formation is to 
mix the double-stranded parent DNAS, denature to dissoci 
ate the Strands, and allow the Single-Stranded DNAS to 
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anneal to one-another to generate a population of heterodu 
plexes and parental homoduplexes. The heteroduplexes can 
then be Selectively enriched by a heteroduplex capture 
method such as those described above using MutS or a 
non-cleaving T4 endonuclease VII mutant. Alternatively, the 
parental homoduplex molecules in the population may be 
cleaved by restriction enzymes that overlap with Sites of 
mismatch Such that they are not cleaved in the heteroduplex 
but are cleaved in the parental homoduplex molecules. 
Uncleaved heteroduplex DNA can then be isolated by size 
fractionation in an agarose gel as was performed to generate 
full-length plasmid on full-length plasmid heteroduplex 
DNA molecules as describe in Example 6. Circularization of 
those full-length heteroduplexed plasmid molecules was 
then brought about by incubation with DNA ligase. 
0.091 In another embodiment, the parental, or input, 
double-stranded polynucleotides are modified by the addi 
tion of “clamp' Sequences. One input polynucleotide or pool 
of polynucleotides is amplified by PCR with the addition of 
a unique Sequence in the 5' primer. The other input poly 
nucleotide or pool is amplified by PCR with the addition of 
a unique Sequence in the 3' primer. The clamp Sequences can 
be designed to contain a unique restriction enzyme Site for 
the 5' end of the gene of interest and another for the 3' end 
Such that, at the Step of cloning the products of the 
GRAMMR reassortment, only products with the 5' clamp 
from the first polynucleotide (or pool) and the 3' end from 
the Second polynucleotide (or pool) will have appropriate 
ends for cloning. Alternatively, the products of GRAMMR 
reassortment can be PCR amplified using the unique 
Sequences of the 5' and 3' clamps to achieve a similar result. 
Hence, there is a lower background of unmodified poly 
nucleotides, that is, “parental polynucleotides' among the 
output polynucleotide clones leading to a higher efficiency 
of reasserting Sequence variations. This increased efficiency 
will be particularly valuable in Situations where a Screen 
rather than a Selection is employed to test for the desired 
polynucleotides. Optionally, oligonucleotide primers can be 
added to the GRAMMR reaction that are complementary to 
the clamp primer Sequences Such that either parent can Serve 
as the top Strand, thus permitting both reciprocal heterodu 
plexes to participate in the mismatch-resolution reaction. 
0092 Another method for generating cyclic heterodu 
plexed polynucleotides is performed where parental double 
Stranded DNAS have terminal clamp Sequences as described 
above where the Single-Stranded clamp Sequences extending 
from one end of the heterodupleX are complementary to 
Single-Stranded clamp Sequences extending from the other 
end of the heteroduplex. These complementary, Single 
Stranded clamps are allowed to anneal, thereby circularizing 
the heteroduplexed DNA molecule. Parental homoduplexes 
that result from re-annealing of identical Sequences have 
only one clamp Sequence and therefore, no complementary 
Single-Stranded Sequences at their termini with which cir 
cularization can occur. Additionally, a DNA polymerase and 
a DNA ligase can be used to fill-in any gaps in the circular 
molecules and to Seal the nicks in the backbone, respec 
tively, to result in the formation of a population of 
covalently-closed circular heteroduplex molecules. AS the 
covalently-closed circular heteroduplex molecules will not 
dissociate into their component Strands if Subjected to fur 
ther denaturating conditions, the process of denaturation, 
circularization, and ligation can be repeated to convert more 
of the linear double-Stranded parental duplexes into closed 
into closed circular heteroduplexes. 
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0093. In another embodiment, a region of a single 
stranded circular phagemid DNA can be hybridized to a 
related, but non-identical linear DNA, which can then be 
extended with a polymerase such as T7. DNA polymerase or 
T4DNA polymerase plus T4 gene 32 protein, then ligated at 
the resulting nick to obtain a circular, double-Stranded 
molecule with heteroduplexed regions at the Sites of differ 
ences between the DNAS. GRAMMR can then be carried 
out on this molecule to obtain a library of Sequence-reas 
Sorted molecules. 

0094. Alternately, two single-stranded circular phagemid 
DNAS of opposite strand polarity relative to the plasmid 
backbone, and parent gene Sequences that are the target of 
the reassortment are annealed to one and other. A region of 
extensive mismatch will occur where the phage f1 origin 
sequences reside. Upon GRAMMR treatment, however, this 
region of extensive mismatch can revert to either parental 
type Sequence restoring a function f1 origin. These double 
Strained molecules will also contain mismatch regions at the 
Sites of differences between the Strands encoding the parent 
genes of interest. GRAMMR can then be carried out on this 
molecule to obtain a library of Sequence re-assorted mol 
ecule. 

0095 AS discussed in the preceding paragraphs, the start 
ing DNA or input DNA can be of any number of forms. For 
example, input DNA can be full-length, Single Stranded and 
of opposite Sense, as is taught in Example 1. Alternatively, 
the input DNA can also be a fragment of the full-length 
strand. The input DNAS can be double-stranded, either one 
or both, or modified, Such as by, methylation, phosphorothi 
olate linkages, peptide-nucleic acid, Substitution of RNA in 
one or both Strands, or the like. Either Strand of a duplex can 
be continuous along both Strands, discontinuous but con 
tiguous, discontinuous-with overlaps, or discontinuous with 
gapS. 

0096) GRAMMR can also be applied to DNA fragmen 
tation and reassembly-based DNA shuffling schemes. For 
instance, in methods where gene fragments are taken 
through cycles of denaturation, annealing, and extension in 
the course of gene reassembly, GRAMMR can be employed 
as an intermediate Step. 

0097. In one such embodiment, the DNA from a gene, or 
pool of mutants genes is fragmented by enzymatic, 
mechanical or chemical means, and optionally a size range 
of Said fragments is isolated by a means Such as Separation 
on an agarose gel. The Starting polynucleotide, Such as a 
wild-type, or a desired variant, or a pool thereof, is added to 
the fragments and the mixture is denatured and then allowed 
to anneal. The annealed polynucleotides are treated with a 
polymerase to fill in the Single Stranded gaps using the intact 
Strand as a template. The resulting partially complementary 
double Strands will have non-base-paired nucleotides at the 
sites of the mismatches. Treatment with CEL I (Oleykowski 
et al., 1998; Yang et al., 2000) will cause nicking of one or 
the other polynucleotide strand 3' of each mismatch. Addi 
tion of a polymerase containing a 3'-to-5' exonuclease that 
provides proofreading activity, such as, DNA Pol I, T4DNA 
Pol I, will allow excision of the mismatch, and Subsequent 
5'-to-3' polymerase activity will fill in the gap using the other 
Strand as a template. A DNAligase, Such as, T4DNA Ligase, 
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can then Seal the nick by restoring the phosphate backbone 
of the repaired Strand. The result is a randomization of 
Sequence variation among input Strands to give output 
Strands with potentially improved properties. These output 
polynucleotides can be cloned directly into a Suitable vector, 
or they can be amplified by PCR before cloning. The 
resulting clones are Subjected to a Selection or a Screen for 
improvements in a desired property. 
0098. In one such embodiment, the DNA from a pool of 
mutants genes is fragmented by enzymatic, mechanical or 
chemical means, or fragments are generated by limited 
extension of random oligonucleotides annealed to parental 
templates (U.S. Pat. No. 5,965,408), and optionally a size 
range of Said fragments is isolated by a means Such as 
Separation on an agarose gel. The mixture is denatured and 
then allowed to anneal. The annealed polynucleotides are 
optionally treated with a polymerase to fill in the Single 
Stranded gaps. The resulting partially complementary 
double-Strand fragments will have non-base paired nucle 
otides at the sites of the mismatches. Treatment with CEL I 
(Oleykowski et al., 1998; Yang et al., 2000) will cause 
nicking of one or the other polynucleotide Strand 3' of each 
mismatch. The activity of a polymerase containing a 3'-to-5' 
exonuclease (“proofreading”) activity, such as T4 DNA 
Polymerase, will allow excision of the mismatch, and Sub 
Sequent 5'-to-3' polymerase activity will fill in the gap using 
the other Strand as a template. Optionally, DNA ligase, Such 
as, T4 DNA Ligase, can then Seal the nick by restoring the 
phosphate backbone of the repaired Strand. The result is a 
randomization of Sequence variation among input Strands to 
give output Strands with potentially improved properties. 
Subsequent rounds of denaturing, annealing, and 
GRAMMR treatment allows gene reassembly. PCR can be 
used to amplify the desired portion of the reassembled gene. 
These PCR output polynucleotides can be cloned into a 
Suitable vector. The resulting clones are Subjected to a 
Selection or a Screen for the desired functional property. 
0099 Another embodiment of the present invention pro 
vides Starting with a continuous Scaffold Strand to which 
fragments of another gene or genes anneal. The flapS and 
gaps are trimmed and filled as is described in Coco, et al., 
Nature Biotech 19 (01)354; U.S. Pat. No. 6,319,713, and 
GRAMMR is performed. In this process, GRAMMR would 
bring about further Sequence reassortment by permitting 
transfer of Sequence information between the template 
Strand and the Strand resulting from flap and gap trimming 
and ligation. This method provides the benefits of incorpo 
rating specific Sequence patches into one continuous Strand 
followed by GRAMMR of residues that mismatch with the 
Scaffold. By annealing many fragments Simultaneously to 
the same Sequence or gene, many individual Sites can be 
addressed simultaneously, thereby allowing reasSortment of 
multiple Sequences or genes at once. Unlike the method 
disclosed by Coco, et al., in the present embodiment, the 
Scaffold is not degraded, rather the duplex can be directly 
cloned, or amplified by PCR prior to cloning. Exhaustive 
mismatch resolution will result in a perfectly duplexed 
DNA. Partial mismatch resolution will result in essentially 
two different reasserted products per duplex. 
0100 AS can be appreciated from the present disclosure, 
GRAMMR can also be applied to a variety of methods that 
include the annealing of related DNAS as a Step in their 
process. For example, many site-directed mutagenesis pro 
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tocols call for the annealing of mutant-encoding DNA 
molecules to a circular DNA in Single-Stranded form, either 
phagemid or denatured plasmid. These DNAS are then 
extended with a polymerase, followed by treatment with 
ligase to Seal the nick, with further manipulation to remove 
the parental Sequence, leaving the desired mutation or muta 
tions incorporated into the parental genetic background. 
Though these protocols are generally used to incorporate 
Specific mutations into a particular DNA sequence, it is 
feasible that the GRAMMR process can be applied to the 
heteroduplexed molecules generated in Such a process to 
reasSort Sequence variations between the two Strands, 
thereby resulting in a diverse Set of progeny with reasserted 
genetic variation. 

0101 Another embodiment provides for a sequential 
round of reassortment on a particular region. For example, 
DNA fragments are annealed to a circular Single-Strand 
phagemid DNA, and GRAMMR is performed. The frag 
ments can be treated in order to prevent them from being 
physically incorporated into the output material. For 
example, they can be terminated at the 3' end with di-deoxy 
residues making them non-extendible. Multiple rounds of 
reassortment can be performed, but only modified molecules 
from the original input single stranded DNA clone will be 
recovered. The consequence will be that the DNA fragments 
used in this reasSortment will contribute only Sequence 
information to the final product and will not be physically 
integrated into the final recoverable product. 

0102) In instances where it is desired to resolve only sites 
of Significant mismatch, that is patches of more than about 
1 to 3 mismatches, S1 nuclease can be used. S1 nuclease is 
an endonuclease Specific for Single-Stranded nucleic acids. It 
can recognize and cleave limited regions of mismatched 
base pairs in DNA:DNA or DNA:RNA duplexes. A mis 
match of at least about 4 consecutive base pairs is generally 
required for recognition and cleavage by S1 nuclease. Mis 
match resolution will not occur if both Strands are cleaved, 
so the DNA must be repaired after the first nick and before 
the counter-nick. Other nucleases may be preferable for 
Specifically tuning cleavage specificity according to 
Sequence, Sequence context, or size of mismatch. 

0103) In addition, other means of addressing mismatched 
residues, Such as chemical cleavage of mismatches may be 
used. Alternatively, one can choose to Subject the Strands of 
heteroduplexed DNA to random nicking with an activity 
such as that exhibited by DNase or an agent that cleaves 
only in duplexed regions. If nick formation occurs in a 
region of identity between the two genes, the DNA ligase 
present in the reaction will Seal the nick with no net transfer 
of Sequence information. However, if nick formation occurs 
near a site of mismatch, the mismatched bases can be 
removed by 3’-5’ exonuclease and the gap filled in by 
polymerase followed by nick Sealing by ligase. Alterna 
tively, application of nick-translation through regions of 
heterogeneity can bring about Sequence reassortment. These 
processes, though not directed exclusively by the mismatch 
status of the DNA, will serve to transfer sequence informa 
tion to the repaired Strand, and thus result in a reasserted 
Sequence. 

0104 GRAMMR can be used for protein, peptide, or 
aptamer display methods to obtain recombination between 
library members that have been Selected. AS fragmentation 
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of the input DNAS is not required for GRAMMR, it may be 
possible to reasSort Sequence information between very 
Small Stretches of Sequence. For instance, DNAS encoding 
small peptides or RNA aptamers that have been selected for 
a particular property Such as target binding can be reas 
serted. For annealing to occur between the selected DNA 
molecules, Some level of Sequence homology should be 
shared between the molecules, Such as at the 5' and 3' 
regions of the coding Sequence, in regions of the randomized 
Sequence Segment that bear Similarity because of Similar 
binding activities, or through the biasing of codon Wobble 
base identity to a particular set of defaults. 

0105. Manipulation of the reaction temperature at which 
GRAMMR is conducted can be useful. For example, lower 
temperatures will help to Stabilize heteroduplexes allowing 
GRAMMR to be performed on more highly mismatched 
Substrates. Likewise, additives that affect base-pairing 
between Strands, Such as Salts, PEG, formamide, etc, can be 
used to alter the stability of the heteroduplex in the 
GRAMMR, thereby affecting the outcome of the reaction. 

0106. In another embodiment, the mismatched double 
Stranded polynucleotides are generated, treated with a DNA 
glycosylase to form an apurinic or apyrimidinic Site, (that is 
an “AP site”) an AP endonuclease activity to cleave the 
phosphodiester bond, deoxyribulose phosphodiesterase to 
remove the deoxyribose-phosphate molecules, DNA poly 
merase B or other DNA polymerase to add a single nucle 
otide to the 3' end of the DNA strand at the gap, and DNA 
ligase to Seal the gap. The result is a reassortment of 
Sequence variations between input Strands to give output 
Strands with potentially improved properties. These output 
polynucleotides can be cloned directly into a Suitable vector, 
or they can be amplified by PCR before cloning. The 
resulting clones are Subjected to a Selection or a Screen for 
improvements in a desired property. 

0107 Another embodiment provides for Zonal mutagen 
esis by GRAMMR, that is, random or semi-random muta 
tions at, and in the immediate vicinity of, mismatched 
residues using nucleotide analogues that have multiple base 
pairing potential. This provides for concentration of essen 
tially random mutagenesis at a particular point of interest, 
and adds another benefit to the present invention. Similar 
genes with slightly different functions, for example, plant 
R-genes, enzymes, or the like, will exhibit moderate 
Sequence differences between them in regions that will be 
important for their own particular activities. Genes that 
express these activities, Such as different SubStrates, binding 
partners, regulatory Sites, or the like, should have heteroge 
neity in the regions that govern these functions. Since it is 
known that the Specificity of Such functions is associated 
with these amino acids and their neighbors, GRAMMR 
mutagenesis might Serve to both reasSort Sequence variation 
among genes and also direct random mutagenesis to these 
regions to drive them further and faster evolutionarily, while 
not disturbing other Sequences, Such as Structural frame 
work, invariant residues, and other Such important Sites, that 
are potentially less tolerant to randomization. 

0108 Different enzymes with distinct functions will not 
differ just in the operative regions, Such as active sites, 
regulatory Sites, and the like. They are likely to have other 
differences from one another that arise through genetic drift. 
Further randomization in the locales of Such changes might 
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therefore be considered neutral, minimally important, or 
deleterious to the outcome of a mutagenesis experiment. In 
order to direct the random mutagenesis away from Such 
inconsequential Sites, and toward Sites that might present a 
better result for random mutagenesis, Such as the active site 
of an enzyme, the codon usage bias of the genes could be 
manipulated to decrease or increase the overall level of 
nucleotide complementarity in those regions. If regions of 
greater complementarity are less susceptible to GRAMMR 
than regions of lesser complementarity, then the degree of 
GRAMMER-directed Zonal random mutagenesis at a given 
Site can be modulated. 

0109. In another embodiment, after heteroduplex mol 
ecules are formed, an enzyme with a 3' to 5’ exonuclease 
activity is added Such that one Strand of each end of the 
heterodupleX is digested back. At a point at which, on 
average, a desired amount of 3' to 5' digestion has occurred, 
dNTPs are added to allow the 5' to 3' polymerase activity 
from the same or an additional enzyme to restore the duplex 
using the opposite Strand as a template. Thus mismatches in 
the digested regions are resolved to complementarity. 
Optionally, the resultant duplexes are purified, denatured 
and then allowed to anneal. The process of digestion, then 
polymerization is repeated resulting in new chimeric 
Sequences. Additional cycles of the process can be per 
formed as desired. Output duplex molecules are cloned and 
tested for the desired functional property. This process 
requires no fragmentation and reassembly. In addition, this 
process requires no endonucleolytic cleavages. 
0110. In another embodiment, after the heteroduplex 
molecules are formed, an enzyme with a 5' to 3' exonuclease 
activity, Such as, T7 Gene6 Exonuclease as disclosed in 
Enger, M J and Richardson, C C , J Biol Chem 
258(83)11197), is added such that one strand of each end of 
the heterodupleX is digested. At a point at which, on average, 
a desired amount of 5' to 3’ digestion has occurred, the 
reaction is Stopped and the exonuclease inactivated. Oligo 
nucleotide primers complementary to the 5' and 3' ends of 
the target polynucleotides are added and annealed. A DNA 
polymerase, such as, T4 DNA Polymerase, a DNA ligase 
and dNTPs are added to allow the 5' to 3' polymerase activity 
to extend the primers and restore the dupleX using the 
opposite Strand as a template, with ligase Sealing the nick. 
Thus mismatches in the digested regions are resolved to 
complementarity. Optionally, the resultant duplexes are 
purified, denatured and then allowed to anneal. The proceSS 
of digestion then polymerization is repeated resulting in new 
chimeric Sequences. Additional cycles of the proceSS can be 
performed as desired. Output duplex molecules are cloned 
and tested for the desired functional property. This process 
requires no fragmentation and reassembly. In addition, this 
process requires no endonucleolytic cleavages. 
0111. In the current invention the random reassortment 
occurs in an in vitro DNA mismatch-resolution reaction. 
This method does not require any Steps of "gene reassem 
bly' that serve as the foundation for the earlier mutation 
reassortment ("shuffling’) methods. Instead, it is based upon 
the ability of a reconstituted or artificial DNA mismatch 
resolving System to transmit Sequence variations from one or 
more strands of DNA into another DNA strand by hybrid 
ization and mismatch resolution in Vitro. 

0112 In general, standard techniques of recombinant 
DNA technology are described in various publications, e.g., 
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(Ausubel, 1987; Ausubel, 1999; Sambrook et al., 1989), 
each of which is incorporated herein in their entirety by 
reference. Polynucleotide modifying enzymes were used 
according to the manufacturers recommendations. If 
desired, PCR amplimers for amplifying a predetermined 
DNA sequence may be chosen at the discretion of the 
practitioner. 
0113. It is noted that each of the activities taught in the 
present invention that are involved in the GRAMMR reac 
tion can be interchanged with a functional equivalent agent 
with Similar activity, and that Such changes are within the 
Scope of the present invention. For instance, as was indi 
cated in Example 2, Taq DNA ligase could substitute for T4 
DNAligase. Other ligases can be Substituted as well, Such as 
E. coli DNA ligase. Likewise, as shown in Examples 2 and 
8, respectively, Pfu polymerase and T7 DNA polymerase 
can be substituted for T4 DNA polymerase. Other enzymes 
with appropriate exonuclease activity with or without asso 
ciated polymerase can function in place of any of these 
enzymes for the exonuclease activity needed for the 
GRAMMR reaction. In a similar way, any polymerase with 
functionally equivalent activity to those demonstrated to 
work for GRAMMR can be used for Substitution. These 
include E. coli Pol 1, the Klenow fragment of E. coli Pol 1, 
polymerase beta, among many others. 
0114 Strand cleavage may be brought about in a number 
of ways. In addition to CEL I, a number of functionally 
equivalent, and potentially homologous activities found in 
extracts from a variety of plant species (Oleykowski, 
Nucleic Acids Res 1998:26:4597-602) may be used. Other 
mismatch-directed endonucleaseS Such as T4 endonuclease 
VII, T7 endonuclease I, and SP nuclease (Oleykowski, 
Biochemistry 1999; 38: 2200-5) may be used. Other 
nucleases which attack Single Stranded DNA can be used, 
Such as S1 nuclease, FEN1, cleavase, mung bean nuclease, 
and nuclease P1. Enzymes that make random cleavage 
events in DNA, such as pancreatic DNase I may also be 
substituted for the strand cleaving activity in GRAMMR. A 
number of methods for bringing about Strand cleavage 
through other means are also envisioned. These include 
potassium permanganate used with tetraethylammonium 
acetate, the use of sterically bulky photoactivatable DNA 
intercalators such as Rh(bpy)2(chrysi)3+, osmium tetroX 
ide with piperidine alkaloid, and hydroxylamine with pip 
eridine alkaloid, as well as the use of radiation energy to 
bring about Strand breakage. 
0115 CEL I is a mismatch endonuclease isolated from 
celery. The use of CEL I in a diagnostic method for the 
detection of mutations in targeted polynucleotide Sequences, 
in particular, those associated with cancer, is disclosed in 
U.S. Pat. No. 5,869,245. Methods of isolating and preparing 
CEL I are also disclosed in this patent. However, there is no 
disclosure in this patent relating to the use of CEL I in DNA 
Sequence reasSortment. 
0116. The nucleic acid molecules that encode CEL I are 
disclosed in PCT Application Publication No. WO 01/62974 
A1. As with U.S. Pat. No. 5,869,245, the use of CEL I in a 
diagnostic method for the detection of mutations in targeted 
polynucleotide Sequences associated with cancer is dis 
closed. Also similarly, there is no disclosure relating to the 
use of CEL I in DNA reassortment. 

0117 The reactivity of Endonuclease VII of phage T4 
with DNA-loops of eight, four, or one nucleotide, or any of 
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8 possible base mismatches in vitro is disclosed in “Endo 
nuclease VII of Phage T4 Triggers Mismatch Correction in 
Vitro” Solaro, et al., J Mol Biol 230(93)868. The publication 
reports a mechanism where Endonuclease VII introduces 
double Stranded breaks by creating nicks and counternickS 
within six nucleotides 3' of the mispairing. The publication 
discloses that a time delay between the occurrence of the 
first nick and the counternick was sufficient to allow the 3'-5' 
exonuclease activity of gp43 to remove the mispairing and 
its polymerase activity to fill in the gap before the occur 
rence of the counternick. Nucleotides are erased from the 
first nick, which is located 3' of the mismatch on either 
strand and stops 5' of the mismatch at the first stable 
base-pair. The polymerase activity proceeds in the 5' to 3' 
direction towards the initial nick, which is sealed by DNA 
ligase. As a result, very short repair tracks of 3 to 4 
nucleotides extend acroSS the Site of the former mismatch. 
The publication concludes with a discussion regarding the 
various activities Endonuclease VII may have within phage 
T4. However, the publication does not disclose any practical 
utility for Endonuclease VII outside of phage T4, and there 
is no disclosure regarding its applicability in DNA reasSort 
ment. 

0118. A method for creating libraries of chimeric DNA 
sequences in vivo in Escherichia coli is disclosed in Nucleic 
Acids Research, 1999, Vol 27, No. 18, e18, Volkov, A. A., 
Shao, Z., and Arnold, F. H. The method uses a heteroduplex 
formed in vitro to transform E. coli where repair of regions 
of non-identity in the heteroduplex creates a library of new, 
recombined Sequences composed of elements of each par 
ent. Although the publication discloses the use of this 
method as a convenient addition to existing DNA recombi 
nation methods, that is, DNA shuffling, the disclosed method 
is limited to the in vivo environment of E. coli. The 
publication States that there is more than one mechanism 
available for mismatch repair in E. coli, and that the long 
patch repair mechanism, which utilizes the MutS/L/H 
enzyme System, was probably responsible for the heterodu 
plex repair. 
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0.148. The following non-limiting examples are provided 
to illustrate the present invention. 

EXAMPLE 1. 

Cleavage of Mismatched DNA Substrate by CEL I 
014.9 This example teaches the preparation of CEL I 
enzyme and its use in the cleavage of mismatched DNA 
Substrate. 

0150 CEL I enzyme was prepared from celery stalks 
using the homogenization, ammonium Sulfate, and Con 
canavalin A-Sepharose protocol described by Yang et al. 
(Biochemistry, 39:3533-3541 (2000), incorporated herein by 
reference. A 1.5 kg Sample of chilled celery StalkS was 
homogenized with a juice extractor. One liter of juice was 
collected, adjusted to 100 mM Tris-HCL, pH 7.7 with 100 
micromolar phenylmethylsulfonyl fluoride (PMSF), and fil 
tered through two layers of miracloth. Solid (NHA)SO was 
slowly added to 25% saturation while stirring on ice. After 
30 minutes, the suspension was centrifuged at 27,000 g for 
1.5 hours at 4 C. The Supernatants were collected and 
adjusted with solid (NH)SO to 80% saturation while 
stirring on ice followed by centrifugation at 27,000 g for 2 
hours. The pellets were re-suspended in buffer B (0.1 M 
Tris-HCL, pH 7.7, 0.5 M KCl, 100 micromolar PMSF) and 
dialyzed against the same buffer. 
0151 Conconavalin A (ConA) Sepharose affinity chro 
matography was performed by first incubating the dialyzed 
Sample with 2 ml of ConA resin overnight with gentle 
agitation. The ConA resin was then packed into a 0.5 cm 
diameter column and washed with Several column Volumes 
of buffer B. Elution was performed using 0.3 M alpha 
methyl-mannoside in buffer B. Fractions were collected in 1 
ml aliquots. Fractions were assayed for mismatch cleavage 
activity on a radiolabeled mismatch Substrate by incubating 
0.1 microliter of each fraction with the mismatched probe in 
buffer D (20 mM Tris-HCL, pH 7.4, 25 mM KCL, 10 mM 
MgCl) for 30 minutes at 45° C. as described by Oleykowski 
et al. (Nucleic Acids Research 26: 4597-4602 (1998), incor 
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porated herein by reference. Reaction products were visu 
alized by separation on 10% TBE-PAGE gels containing 7% 
urea (Invitrogen), followed by autoradiography. Aliquots of 
the CEL I fractions having mismatch cleavage activity were 
stored frozen at -20° C. A series of five-fold dilutions of 
CEL I fraction #5 were then analyzed for mismatch cleavage 
of radiolabeled mismatch Substrate. Reactions were per 
formed either in buffer D, New England BioLabs (NEB) T4 
DNA ligase buffer (50 mM Tris-HCL, pH 7.5, 10 mM 
MgCl, 10 mM dithiothreitol (DTT), 1 mM ATP, 25 micro 
gram/ml BSA), or Gibco/BRL T4 DNA ligase buffer (50 
mM Tris-HCL, pH 7.6, 10MM MgCl, 1 mM DTT, 1 mM 
ATP, 5% (w/v) polyethylene glycol-8000). Reaction prod 
ucts were visualized as above. Cleavage activity in buffer D 
and in NEBT4DNA ligase buffer were found to be roughly 
equivalent, whereas cleavage in the PEG-containing Gibco/ 
BRL ligase buffer was enhanced by five to ten-fold com 
pared to the other buffers. 

0152. Additional analysis of CEL I activity was carried 
out using defined heteroduplex DNAS from two different 
Green Fluorescent Protein (GFP) genes as substrate. This 
GFP heterodupleX Substrate was prepared by annealing 
single stranded DNAS corresponding to cycle 3 GFP on the 
sense strand and wild-type GFP on the antisense strand. The 
single-stranded DNAS had been synthesized by asymmetric 
PCR and isolated by agarose gel electrophoresis. After 
annealing by heating to 90° C. and cooling in the presence 
of 1xNEB restriction enzyme buffer 2 (10 mM Tris-HCL, 
pH 7.9, 10 mM MgCl, 50 mM NaCl, 1 mM dithiothreitol), 
the heteroduplex DNA was isolated by agarose gel electro 
phoresis followed by excision of the heterduplex band and 
extraction using Qiaquick DNA spin columns. A total of 
twenty eight mismatches, one or two nucleotides in length, 
occur throughout the length of the heteroduplex molecule. 
The distribution of the mismatches ranges from Small clus 
ters of Several mismatches Separated by one or two nucle 
otides to mismatches Separated by more than thirty base 
pairs on either Side. 

0153. A series of three-fold dilutions of CEL I in 1xNEB 
T4 DNA ligase buffer were prepared and one microliter 
aliquots of each were incubated in two separate Series of 10 
microliter reactions, each containing as Substrate either 0.5 
microgram of a Supercoiled plasmid preparation or one 
hundred nanograms of the cycle3/wild-type GFP heterodu 
plex. All reactions took place in 1xNEB T4 DNA ligase 
buffer. Reactions were incubated at 45 C. for 30 minutes 
and run on 1.5% TBE-agarose gel in the presence of 
ethidium bromide. 

0154 Treatment of the Supercoiled plasmid preparation 
with increasing amounts of CEL I resulted in the conversion 
of Supercoiled DNA to nicked circular, then linear mol 
ecules, and then to smaller fragments of DNA of random 
size. Treatment of the mismatched GFP Substrate with the 
CELI preparation resulted in the digestion of the full-length 
heteroduplex into laddered DNA bands which are likely to 
represent cleavage on opposite DNA Strands in the vicinity 
of clusters of mismatches. Further digestion resulted in the 
conversion of the mismatched GFP Substrate to Smaller 
DNAS that may represent a limit digest of the heteroduplex 
DNA by the CEL I preparation. 
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EXAMPLE 2 

Conservation of Full Length GFP Gene with 
Mismatch Resolution Cocktails 

O155 This example teaches various mismatch resolution 
cocktails that conserve the full length GFP Gene. 
0156 Mismatched GFP substrate was treated with vari 
ous concentrations of CEL I in the presence of cocktails of 
enzymes that together constitute a Synthetic mismatch reso 
lution system. The enzymes used were CEL I, T4 DNA 
polymerase, Taq DNA polymerase and T4DNAligase. CEL 
I activity should nick the heteroduplex 3' of mismatched 
bases. T4 DNA polymerase contains 3'-5' exonuclease for 
excision of the mismatched base from the nicked heterodu 
plex. T4DNA polymerase and Taq DNA polymerase contain 
DNA polymerase capable of filling the gap. T4 DNA ligase 
Seals the nick in the repaired molecule. Taq DNA poly 
merase also has 5' flap-ase activity. 
O157 Matrix experiments were performed to identify the 
reaction conditions that would Serve to resolve mismatches 
in the GFP heteroduplex substrate. In one experiment, cycle 
3/wild-type GFP heteroduplex was incubated in a matrix 
format with serial dilutions of CEL I fraction number five 
(described above) at eight different concentrations. Each 
reaction contained 100 nanograms of heteroduplex Substrate 
and 0.2 microliters of T4 DNA ligase (Gibco BRL) in 
1xNEBT4DNAligase buffer and dNTPs at 250 micromolar 
each, in a reaction Volume of 10 microliters. In all, the 
matrix contained 96 individual reactions. One full set of 
reactions was incubated at room temperature for 30 minutes 
while another full set was incubated at 37 C. for 30 minutes. 

0158. After incubation, PCR was used to amplify the 
GFP gene from each reaction. Aliquots from each PCR were 
then digested with HindIII and HpaI and electrophoresed on 
3% agarose gels with ethidium bromide. Only cycle 3 GFP 
has a HindIII site and only wild-type encodes a HpaI site. 
0159). If DNA mismatch resolution occurred at either the 
HindIII or HpaI mismatched sites, then a proportion of the 
PCR product would be expected to contain both sites, 
yielding a novel band. The band was observed in all 
Samples, including the negative control Samples that had 
neither CEL I, nor T4 DNA polymerase, nor Taq DNA 
polymerase. The results Suggested that a basal level of 
background recombination may have occurred at Some point 
in the experiment other than in the GRAMMR reaction; 
possibly in the PCR step. PCR-mediated recombination is 
known to occur at Some frequency between related 
Sequences during amplification reference Paabo, et al., 
DNA damage promotes jumping between templates during 
enzymatic amplification. J Biol Chem 265(90)4718-4721). 
0160 In another experiment, 200 nanograms of cycle 
3/wild-type GFP heteroduplex was treated with CEL I and 
T4 DNA polymerase in various concentrations along with 
2.5 units of Taq DNA polymerase in the presence or absence 
of T4 DNA ligase (0.2 units;Gibco BRL). Each reaction 
contained 1XNEBT4DNA ligase buffer with 0.05 mM each 
dNTP in a final volume of 20 microliters. Reactions were 
incubated for 30 minutes at 37 C. and 10 microliters were 
run on a 2% TBE-agarose gel in the presence of ethidium 
bromide. Results showed that in the presence of DNAligase, 
but in the absence of T4 DNA polymerase, increasing 
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amounts of CEL I caused greater degradation of the hetero 
duplexed DNA, but that this effect could be counteracted by 
increasing the amount of T4 DNA polymerase in the reac 
tion. These results indicated that the various components of 
the complete reaction could act together to conserve the 
integrity of the full-length gene through DNA mismatch 
resolution. 

0.161 Another matrix experiment was conducted to 
expand on these results and to identify additional conditions 
for DNA mismatch resolution for this synthetic system. 60 
nanograms of cycle3/wild-type GFP heteroduplex were 
treated with CEL I and T4 DNA polymerase at various 
concentrations in the presence of 2.5 units of Taq DNA 
polymerase and 0.2 units of T4 DNA ligase in 1xNEB T4 
DNA ligase buffer containing 0.5 mM of each dNTP in a 
reaction volume of 10 microliters. Each Set of reactions was 
incubated for 1 hour at either 20°C., 30° C., 37 C., or at 45° 
C. All reactions were then run on a 1.5% TBE-agarose gels 
in the presence of ethidium bromide. The results showed that 
the GFP heteroduplex was cleaved into discrete fragments 
by the CEL I preparation alone. The success of DNA 
mismatch resolution was initially gauged by the degree to 
which the apparent full-length integrity of the GFP sequence 
was maintained by the other components of the mismatch 
resolution system in the presence of CEL I. Conditions of 
enzyme concentration and temperature were identified that 
conserved a high proportion of the DNA as full-length 
molecules in this assay. Namely, one microliter of the CEL 
I fraction five preparation (described in Example 1) with one 
microliter (1 unit) of the T4 DNA polymerase in the pres 
ence of the other reaction components which were held 
constant in the experiment. It was found that as the reaction 
temperature increased, the degradative activity of CEL I 
increased accordingly. Furthermore, it was shown that the 
other components of the repair reaction acted to conserve the 
integrity of the full-length DNA at 20° C., 30° C., and 37 
C., but was remarkably less efficient at conserving the 
full-length DNA at 45 C. From these results, we concluded 
that under these experimental conditions, incubation at 45 
C. was not optimal for the process of GRAMMR, and that 
incubation at 20° C., 30° C., and 37° C. were permissible. 

0162 Another experiment was performed in which alter 
native enzymes were used for the DNA mismatch resolution 
reaction. Instead of T4 DNA ligase, Taq DNA ligase was 
used. Pful DNA polymerase (Stratagene) was employed in a 
parallel comparison to a Set of reactions that contained T4 
DNA polymerase as the 3' exonuclease/polymerase. Reac 
tions were carried out in Taq DNA ligase buffer containing 
8 units of Taq DNA ligase (NEB), 2.5 units Taq DNA 
polymerase, 0.5 mM of each dNTP, various dilutions of CEL 
I, and either T4DNA polymerase or Pful DNA polymerase). 
Reactions were run on a 1.5% TBE-agarose gels in the 
presence of ethidium bromide. It was found that in the 
presence of the Pful DNA polymerase, Taq DNA polymerase, 
and Taq DNA ligase, the full-length integrity of the CEL 
I-treated Substrate DNA was enhanced compared to DNA 
incubated with CEL I alone. This result shows that enzymes 
with functionally equivalent activities can be Successfully 
Substituted into the GRAMMR reaction. 
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EXAMPLE 3 

Restoration of Restriction Sites to GFP 
Heteroduplex DNA after DNA Mismatch 

Resolution (GRAMMR) 
0163 This experiment teaches the operability of genetic 
reassortment by DNA mismatch resolution (GRAMMR) by 
demonstrating the restoration of restriction Sites. 
0164. The full-length products of a twenty-fold scale-up 
of the GRAMMR reaction, performed at 37 C. for one hour, 
using the optimal conditions found above (the 1X reaction 
contained Sixty nanograms of heteroduplex DNA, one 
microliter of CEL I fraction five (described in Example 1), 
one unit T4DNA polymerase in the presence of 2.5 units of 
Taq DNA polymerase and 0.2 units of T4 DNA ligase in 
1xNEB T4 DNA ligase buffer containing 0.5 mM of each 
dNTP in a reaction volume of 10 microliters) were gel 
isolated and Subjected to restriction analysis by endonu 
cleases whose recognition sites overlap with mismatches in 
the GFP heteroduplex, thereby rendering those sites in the 
DNA resistant to restriction enzyme cleavage. The enzymes 
used were BamHI, HindIII, HpaI, and XhoI. Negative 
controls consisted of untreated GFP heteroduplex. Positive 
controls consisted of Cycle 3 or wild type GFP sequences, 
individually. All controls were digested with the same 
enzymes as the product of the DNA mismatch resolution 
reaction. All Samples were run on a 2% TBE-agarose gel in 
the presence of ethidium bromide. 
0.165. After treatment with the mismatch resolution cock 

tail, a proportion of the DNA gained sensitivity to BamHI 
and XhoI restriction endonucleases, indicating that DNA 
mismatch resolution had occurred. The HpaI-cut Samples 
could not be interpreted Since a low level of cleavage 
occurred in the negative control. The HindIII, BamHI and 
XhoI sites displayed different degrees of cleavage in the 
GRAMMR-treated samples. Restoration of the XhoI site 
was more extensive than that of the BamHI site, which was 
in turn, more extensive than restoration at HindIII site. 
0166 The extent to which cleavage occurs is indicative 
of the extent to which mismatches in the DNA have been 
resolved at that site. Differences in mismatch resolution 
efficiency may relate to the nature or density of mismatches 
present at those sites. For example, the XhoI site spans a 
three-mismatch cluster, whereas the BamHI Site spans two 
mismatches and the HindIII Site spans a Single mismatch. 

EXAMPLE 4 

GRAMMR-reassorted GFP Genes 

0167. This example demonstrates that GRAMMR can 
reasSort Sequence variation between two gene Sequences in 
a heterodupleX and that there are no significant differences 
in GRAMMR products that were directly cloned, or PCR 
amplified prior to cloning. 

0168 The GRAMMR-treated DNA molecules of 
Example 3 were subsequently either directly cloned by 
ligation into pCR-Blunt II-TOPO (Invitrogen), or amplified 
by PCR and ligated into pCR-Blunt II-TOPO according to 
the manufacturers instructions, followed by transformation 
into E. coli. After picking individual colonies and growing 
in liquid culture, DNA was prepared and the Sequences of 
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the GFP inserts were determined. As negative controls, the 
untreated GFP heteroduplex substrate was either directly 
cloned or PCR amplified prior to cloning into the plasmid. 
0169. In GRAMMR, reassortment of sequence informa 
tion results from a process of information transfer from one 
strand to the other. These sites of information transfer are 
analogous to croSSOver events that occur in recombination 
based DNA shuffling methods. For the purposes of relating 
the results of these reassortment experiments, however, the 
GRAMMR output sequences are described in terms of 
crossovers. Sequences of twenty full-length GFP clones that 
were derived from the GRAMMR-treated GFP genes were 
analyzed. Four of these clones were derived from DNA that 
had been directly cloned into pZero Blunt ref following 
GPAMMR treatment (no PCR amplification). The other 
Sixteen Sequences were cloned after PCR amplification. 
Analysis of these full-length GFP sequences revealed that all 
twenty Sequences had undergone Sequence reassortment 
having between one and ten croSSovers per gene. A total of 
99 croSSOverS were found in this Set of genes, giving an 
average of about 5 croSSOverS per gene. With the distance 
between the first and last mismatches of about 590 nucle 
otides, an overall frequency of roughly one croSSOver per 
120 base-pairs was calculated. Within this set of twenty 
clones, a total of Seven point mutations had occurred within 
the Sequences situated between the PCR primer Sequences, 
yielding a mutation frequency of roughly 0.05%. 
0170 Thirty-five clones that had not been subjected to 
GRAMMR treatment were sequenced. Of these controls, 
fourteen were derived from direct cloning and twenty-one 
were obtained after PCR amplification using the GFP het 
eroduplex as template. Of these thirty-five non-GRAMMR 
treated control clones, eight were recombinants, ranging 
from one to three croSSOvers, with most being Single croSS 
over events. A total of twenty-five point mutations had 
occurred within the sequences situated between the PCR 
primers, yielding a mutation frequency of roughly 0.1%. 
0171 No significant differences were observed between 
the GRAMMR-treated products that were either directly 
cloned or PCR amplified. Notably, though, in the non 
GRAMMR-treated controls, the frequency of recombinants 
was higher in the PCR amplified DNAS than in the directly 
cloned DNAS. This higher frequency is consistent with 
results obtained by others in which a certain level of 
recombination was found to be caused by “jumping PCR.” 
Paabo, et al., DNA damage promotes jumping between 
templates during enzymatic amplification. J Biol Chem 
265(90)4718-4721). 

EXAMPLE 5 

Heteroduplex Substrate Preparation for 
Plasmid-on-plasmid Genetic Reassortment 

By DNA Mismatch Resolution (POP GRAMMR) 
of GFP Plasmids 

0172 This example teaches that heteroduplex substrate 
for Genetic Reassortment by DNA Mismatch Resolution can 
be in the form of intact circular plasmids. Cycle 3-GFP and 
wild-type GFP heteroduplex molecules were prepared plas 
mid-on-plasmid (POP) format. In this format, the GFP 
Sequences were reasserted within the context of a circular 
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double-Stranded plasmid vector backbone. This made pos 
sible the recovery of the reassorted product by direct trans 
formation of E. coli using an aliquot of the GRAMMR 
reaction. Consequently, neither PCR amplification nor other 
additional manipulation of the GRAMMR-treated DNA was 
necessary to obtain reasSorted clones. 

0173 Mismatched DNA substrate for POP-GRAMMR 
reactions was generated containing wild-type GFP (SEQ ID 
NO: 01) and Cycle 3 GFP (SEQID NO: 02), resulting in the 
two pBluescript-based plasmids, pBSWTGFP (SEQ ID NO: 
03) and pBSC3GFP (SEQ ID NO: 04), respectively. The 
GFPs were inserted between the KpnI and EcoRI sites of the 
pBlueScript polylinker So that the only Sequence differences 
between the two plasmids occurred at Sites where the 
wild-type and Cycle 3 GFPs differ from one-another. Both 
plasmids were linearized by digestion of the plasmid back 
bone with Sap, cleaned up using a DNA spin-column, 
mixed, amended to 1xPCR buffer (Barnes, 1994; PNAS, 91, 
2216-2220), heated in a boiling water bath for three minutes, 
and slow-cooled to room temperature to anneal the dena 
tured DNA strands. Denaturing and annealing these DNAS 
led to a mixture of duplexes, the re-formation of parental 
duplexes, and the formation of heteroduplexes from the 
annealing of Strands from each of the two input plasmids. 
Parental duplexes were deemed undesirable for GRAMMR 
and were removed by digestion with restriction enzymes that 
cut in one or the other parental duplex but not in the 
heteroduplexed molecules. PmlI and XhoI were chosen for 
this operation since PmlI cuts only in the wild-type GFP 
sequence and XhoI cuts only Cycle 3 GFP. After treatment 
with these enzymes, the products were resolved on an 
agarose gel. The full-length, uncut heteroduplex molecules 
were resolved from the PmlI- and XhoI-cut parental homo 
duplexes in an agarose gel and purified by excision of the 
band and purification with a DNA spin column. 
0.174. The resulting population of heteroduplexed mol 
ecules was treated with DNA ligase to convert the linear 
DNA into circular, double-stranded DNA heteroduplexes. 
After confirmation by agarose gel-Shift analysis, the circular 
double-stranded GFP heteroduplexed plasmid was used as 
substrate for GRAMMR reactions. Examples of the result 
ing clones are included as SEQ ID NO:05, SEQ ID NO: 06, 
SEQ ID NO: 07, and SEQ ID NO: 08. 

EXAMPLE 6 

Exemplary Reaction Parameters for Genetic 
Reassortment by DNA Mismatch Resoluton 

0175 CEL I and T4 DNA Polymerase Concentrations 
Compared 

0176) The GRAMMR reaction involves the interaction of 
numerous enzymatic activities. Several parameters associ 
ated with the GRAMMR reaction were examined, such as 
CEL I concentration, T4 DNA polymerase concentration, 
reaction temperature, substitution of T4 DNA polymerase 
with T7 DNA polymerase, the presence of Taq DNA poly 
merase, and the Source of the CEL I enzyme. A matrix of 
three different CEL I concentrations versus two concentra 
tions of T4 DNA polymerase was set up to examine the 
limits of the in vitro DNA mismatch resolution reaction. 
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0177 Twenty-one nanograms (21 ng) of the circular 
double-Stranded heteroduplexed plasmid, prepared as 
described above, was used as Substrate in a Series of ten 
microliter reactions containing 1xNEB ligase buffer, 0.5 
mM each dNTP 1.0 unit Taq DNA polymerase, 0.2 units T4 
DNA ligase (Gibco/BRL), either 1.0 or 0.2 units T4 DNA 
polymerase, and either 0.3, 0.1, or 0.03 microliters of a CEL 
I preparation (fraction 5, described in Example 1). Six 
reactions representing all six combinations of the two T4 
DNA polymerase concentrations with the three CEL I con 
centrations were prepared, Split into equivalent Sets of five 
microliters, and incubated at either 20 degrees C or 37 
degrees C. A control reaction containing no CEL I and 0.2 
unit of T4 DNA polymerase with the other reaction com 
ponents was prepared and incubated at 37 degrees C. After 
30 minutes, one microliter aliquots of each reaction were 
transformed into competent DH5-alpha E. coli which were 
then plated on LB amp plates. Colonies were picked and 
cultured. Plasmid DNA was extracted and examined by 
restriction fragment length polymorphism analysis (RFLP) 
followed by Sequence analysis of the GFP gene Sequences. 
RFLP analysis was based on differences in several restric 
tion enzyme recognition sites between the wild-type and 
Cycle 3 GFP genes. The RFLP results showed that through 
out the CEL I/T4 DNA polymerase/temperature matrix, 
reassortment of restriction sites, that is GRAMMR, had 
occurred, and that no Such reassortment had occurred in the 
Zero CEL I control clones. DNA sequence analysis con 
firmed that reassortment had occurred in all of the CEL 
I-containing Samples. Sequencing also confirmed that the 
Zero-CEL I controls were not reasserted, with the exception 
of a Single clone of the 16 control clones, which had a 
Single-base change from one gene Sequence to the other, 
presumably resulting either from repair in E. coli or from 
random mutation. The Sequences of Several exemplary 
GRAMMR-reassorted GFP clones are shown; all of which 
came from the reaction containing 0.3 microliters of the CEL 
I preparation and 1.0 unit of T4DNA polymerase incubated 
at 37 degrees C. The parental wild-type and Cycle 3 GFP 
genes are shown first for reference. 

EXAMPLE 7 

Taq DNA Polymerase is Not Required for Genetic 
Reassortment by DNA Mismatch Resolution 

0.178 This experiment teaches that Taq DNA Polymerase 
does not dramatically, if at all, contribute or interfere with 
the functioning of Genetic Reassortment by DNA Mismatch 
Resolution (GRAMMR). Taq DNA polymerase is reported 
to have a 5' flap-ase activity, and had been included in the 
teachings of the previous examples as a Safeguard against 
the possible formation and persistence of undesirable 5' flaps 
in the heteroduplexed DNA undergoing GRAMMR. 

0179 GRAMMR reactions were set up, as in Example 6, 
with twenty-one nanograms of the circular double-Stranded 
heteroduplexed GFP plasmid substrate in ten microliter 
reactions containing 1xNEB ligase buffer, 0.5 mM each 
dNTP, 0.2 units T4 DNA ligase, 1.0 unit T4 DNA poly 
merase, 1.0 microliter of a CEL I preparation (fraction 5, 
described in Example 1), and either 2.5 units, 0.5 units of 
Taq DNA polymerase, or no Taq DNA polymerase. After 30 
minutes, one microliter aliquots of each reaction were trans 
formed into competent DH5-alpha E. coli which were then 
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plated on LB amp plates. Colonies were picked and cultured. 
Plasmid DNA was extracted and examined by RFLP analy 
sis followed by sequence analysis of the GFP gene 
sequences. The RFLP results showed that reassortment of 
restriction sites, that is, GRAMMR, had occurred both in the 
presence and the absence of Taq DNA polymerase in the 
GRAMMR reaction. DNA sequence analysis confirmed 
these results. Therefore, the data shows that Taq DNA 
polymerase was unnecessary for GRAMMR. 

EXAMPLE 8 

Alternate Proofreading DNA Polymerases for 
Genetic Reassortment by DNA Mismatch 

Resolution 

0180. This experiment teaches that Genetic Reassortment 
by DNA Mismatch Resolution is not limited to the use of T4 
DNA polymerase, and that alternate DNA polymerases can 
be substituted for it. 

0181 Reactions were set up, as in Example 6, with 
twenty-one nanograms of the circular double-Stranded het 
eroduplexed GFP plasmid substrate in ten microliter reac 
tions containing 1xNEB ligase buffer, 0.5 mM each dNTP, 
0.2 units T4DNA ligase (Gibco/BRL), 10 units or 2 units of 
T7 DNA polymerase, 1.0 microliter of a CEL I preparation 
(fraction 5, described in Example 1), and 2.5 units of Taq 
DNA polymerase. After 30 minutes, one microliter aliquots 
of each reaction were transformed into competent DH5 
alpha E. coli which were then plated on LB amp plates. 
Colonies were picked and cultured. Plasmid DNA was 
extracted and examined by RFLP analysis followed by 
sequence analysis of the GFP gene sequences. The RFLP 
results showed that reassortment of restriction Sites, that is 
GRAMMR, had occurred in both T7 DNA polymerase 
containing reactions. DNA sequence analysis confirmed 
these results. Therefore, the data shows that T7 DNA poly 
merase can substitute for T4 DNA polymerase for 
GRAMMR. In addition, it shows that individual compo 
nents and functionalities can be broadly Substituted in 
GRAMMR, while still obtaining similar results. 

EXAMPLE 9 

Use of Cloned CEL I in the GRAMMR Reaction 

0182. This example teaches that CEL I from a cloned 
Source can be used in place of native CELI enzyme purified 
from celery in Genetic Reassortment By DNA Mismatch 
ReSolution without any noticeable change in results. 
0183) The cDNA of CELI was cloned from celery RNA. 
The gene was inserted into a TMV viral vector and 
expressed. Transcripts of the construct were used to infect 
Nicotiana benthamiana plants. Infected tissue was har 
vested, and the CELI enzyme was purified. The GRAMMR 
results obtained using the purified enzyme were compared to 
those using CELI purified from celery, and were found to be 
Similar. 

0.184 Reactions were set up using twenty-one nanograms 
of the circular double-stranded heteroduplexed GFP plasmid 
substrate in ten microliters containing 1xNEB ligase buffer, 
0.5 mM each dNTP, 0.2 units T4 DNA ligase (Gibco/BRL), 
1 unit of T4 DNA polymerase, and either 1.0 microliter of 
CELI purified from celery (fraction5, described in Example 
1), or 0.3 microliters of CELI purified from a cloned source. 
After 30 minutes, one microliter aliquots of each reaction 
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were transformed into competent DH5-alpha E. coli which 
were then plated on LB amp plates. Colonies were picked 
and cultured. Plasmid DNA was extracted and examined by 
RFLP analysis followed by sequence analysis of the GFP 
gene sequences. The RFLP results showed that reassortment 
of restriction sites, that is, GRAMMR had occurred in both 
celery-derived CEL I, as well as cloned CEL I-containing 
reactions. DNA sequence analysis confirmed these results. 
Therefore, the data shows CEL I from a cloned source can 
be used in lieu of CEL I from celery for GRAMMR. In 
addition, the data demonstrates that it is CEL I activity that 
is part of the GRAMMR method, rather than a coincidental 
effect resulting from the purifying StepS used in extracting 
CEL I from celery. 

EXAMPLE 10 

Molecular Breeding of Tobamovirus 30K Genes in 
a Viral Vector. 

0185. In the preceding examples, Genetic Reassortment 
by DNA Mismatch Resolution has been taught to be useful 
for reasserting Sequences that are highly homologous, for 
example, witGFP and Cycle 3 GFP are 96% identical. The 
present example teaches that GRAMMR can be used to 
reasSort more divergent nucleic acid Sequences, Such as 
genes encoding tobamovirus movement protein genes. 
0186 Heteroduplexes of two tobamovirus movement 
protein (MP) genes that are approximately 75% identical 
were generated. The heteroduplex Substrate was prepared by 
annealing partially-complementary Single-stranded DNAS 
of opposite Strandedness Synthesized by asymmetric PCR; 
one Strand encoding the movement protein gene from the 
tobacco mosaic virus U1 type strain (TMV-U1) (SEQ ID 
NO: 09), and the other strand encoding the movement 
protein gene from tomato mosaic virus (ToMV) (SEQ ID 
NO: 10). The sequences of the two partially complementary 
movement protein genes were flanked by 33 nucleotides of 
absolute complementarity to promote annealing of the 
DNAS at their termini and to facilitate PCR amplification 
and cloning. The annealing reaction took place by mixing 
2.5 micrograms of each single-stranded DNA in a 150 
microliter reaction containing 333 mM NaCl, 33 mM 
MgCl2, 3.3 mM dithiothreitol, 166 mM Tris-HCl, pH 7, and 
incubating at 95 C. for one minute followed by slow 
cooling to room-temperature. GRAMMR was performed by 
incubating 5 microliters of the heteroduplex substrate in a 20 
microliter reaction containing 1xNEB ligase buffer, 0.5 mM 
each dNTP, 0.4 units T4DNA ligase (Gibco/BRL), 2.0 units 
of T4 DNA polymerase, and CEL I. The CEL I was from a 
cloned preparation and the amount that was used varied 
from 2 microliters of the prep, followed by five serial 3-fold 
dilutions. A Seventh preparation with no CEL I was pre 
pared, which Served as a control. 
0187. After one hour at room-temperature, DNA was 
purified from the reactions using Strataprep Spin DNA 
purification columns (Stratagene, LaJolla, Calif.) and used 
as templates for PCR reactions using primerS designed to 
anneal to the flanking primer-binding sites of the two 
Sequences. PCR products from each reaction were purified 
using Strataprep columns, digested with AVrI and PacI, and 
ligated into the movement protein slot of Similarly-cut 
pGENEWARE-MP-Avr-Pac. This plasmid contained a full 
length infectious tobamovirus-GFP clone modified with 
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AVrI and PacI Sites flanking the movement protein gene to 
permit its replacement by other movement protein genes. 
After transformation of DH5-alpha E. coli and plating, 
colonies were picked, cultures grown, and DNA was 
extracted. The movement protein inserts were Subjected to 
DNA sequence analysis from both directions and the 
Sequence data confirmed that in the majority of inserts 
derived from the GRAMMR-treated material were reas 
serted sequences made up of both TMV-U1 and ToMV 
movement protein gene Sequences. The DNA sequences of 
several exemplary GRAMMR MP clones are shown as SEQ 
ID NO: 11, SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 
14, and SEO ID NO: 15. 

EXAMPLE 11 

GRAMMR Reassortment to Generate Improved 
Arsenate Detoxifying Bacteria 

0188 Arsenic detoxification is important for mining of 
arsenopyrite-containing gold ores and other uses, Such as 
environmental remediation. Plasmid pGJ103, containing an 
arsenate detoxification operon (Ji and Silver, 1992)(Ji, G. 
and Silver, S., Regulation and expression of the arsenic 
resistance operon from StaphylococcuS aureus plasmid 
pI258, J. Bacteriol. 174, 3684-3694 (1992), incorporated 
herein by reference), is obtained from Prof. Simon Silver (U. 
of Illinois, Chicago, Ill.). E. coli TG1 containing pCJ103, 
containing the p258 arS operon cloned into puC19, has a 
MIC (minimum inhibitory concentration) of 4 ug/ml on LB 
ampicillin agar plates. The arS operon is amplified by 
mutagenic PCRREF), cloned into puC19, and transformed 
into E. coli TG1. Transformed cells are plated on a range of 
Sodium arsenate concentrations (2, 4, 8, 16 mM). Colonies 
from the plates with the highest arsenate levels are picked. 
The colonies are grown in a mixed culture with appropriate 
arsenate selection. Plasmid DNA is isolated from the culture. 
The plasmid DNA is linearized by digestion with a restric 
tion endonuclease that cuts once into the pUC19 plasmid 
backbone. The linearized plasmids are denatured by heating 
10 min. at 94 C. The reaction is allowed to cool to promote 
annealing of the Single Strands. Partially complementary 
Strands that hybridize have non-basepaired nucleotides at the 
sites of the mismatches. Treatment with CEL I (purified by 
the method of Example 9) causes nicking of one or the other 
polynucleotide Strand 3' of each mismatch. The presence of 
a polymerase containing a 3'-to-5' exonuclease ("proofread 
ing”) activity, Such as T4 DNA polymerase allows excision 
of the mismatch, and Subsequent 5'-to-3' polymerase activity 
fills in the gap using the other Strand as a template. T4DNA 
ligase then Seals the nick by restoring the phosphate back 
bone of the repaired Strand. The result is a randomization of 
mutations among input Strands to give output Strands with 
potentially improved properties. These output polynucle 
otides are transformed directly into E. coli TG1 and the cells 
are plated at higher arsenate levels; 8, 16, 32, 64 mM. 
Colonies are picked from the plates with the highest arsenate 
levels and another round of reassortment is performed as 
above except that resulting transformed cells are plated at 
32, 64, 128, 256 mM arsenate. The process can then be 
repeated one or more times with the Selected clones in an 
attempt to obtain additional improvements. 
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SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS : 15 

<210> SEQ ID NO 1 
&2 11s LENGTH 717 
&212> TYPE 

<213> ORGANISM: Aequorea victoria 
DNA 

<400 SEQUENCE: 1 

atgagtaaag 

gatgttaatg 

aaacttaccc 

gtoactactt 

catgacttitt 

aaggatgacg 

aatagaatcg 

ttggaataca 

atcaaagtta 

cattatcaac 

citgtccacac 

cittgagtttg 

gagaagaact 

ggcacaaatt 

ttaaattitat 

totctitatgg 

tdaagagtgc 

ggalactacaa 

agittaaaagg 

actatalactic 

actitcaaaat 

aaaatacticc 

aatctg.ccct 

taacagotgc 

<210> SEQ ID NO 2 
&2 11s LENGTH 717 
&212> TYPE DNA 

titt cactgga 

ttctgtcagt 

ttgcactact 

tgttcaatgc 

catgc.ccgaa 

gacacgtgct 

tattgattitt 

acacaatgta 

tag acacaac 

aattggcg at 

titcgaaagat 

tgggattaca 

gttgtcc caa 

ggagagggtg 

ggaaaactac 

ttittcaagat 

ggittatgtac 

gaagttcaagt 

aaagaagatg 

tacat catgg 

attgaagatg 

ggcc.ctgtcc 

cc caacgaaa 

catgg catgg 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: synthetic construct 

<400 SEQUENCE: 2 

atgagtaaag 

gatgttaatg 

aagcttacco 

gtoactactt 

catgacttitt 

aaagatgacg 

aatcgitat.cg 

citcgagtaca 

atcaaagcta 

cattatcaac 

citgtcgacac 

cittgagtttg 

gagaagaact 

ggcacaaatt 

ttaaattitat 

totctitatgg 

tdaagagtgc 

ggalactacaa 

agittaaaagg 

actatalactic 

actitcaaaat 

aaaatacticc 

aatctg.ccct 

taactogctgc 

<210> SEQ ID NO 3 
&2 11s LENGTH 3637 
&212> TYPE DNA 

titt cactgga 

ttctgtcagt 

ttgcactact 

tgttcaatgc 

catgc.ccgaa 

gacgc.gtgct 

tattgattitt 

acacaatgta 

togccacaac 

aattggcg at 

titcgaaagat 

tgggattaca 

gttgtcc caa 

ggagagggtg 

ggaaaactac 

tttitcc.cgtt 

ggittatgtac 

gaagttcaagt 

aaagaagatg 

tacatcacgg 

attgaagatg 

ggcc.ctgtcc 

cc caacgaaa 

catgg catgg 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

ttcttgttga 

aaggtgatgc 

citgttccatg 

accoagatca 

aggaaagaac 

ttgaaggtga 

gaaacattct 

cagacaaaca 

gaag.cgttca 

ttttaccaga 

agaga gacca 

atgaactata 

ttcttgttga 

aaggtgatgc 

citgttccatg 

atc.cggatca 

aggaacgcac 

ttgaaggtga 

gaaacattct 

cagacaaaca 

gatcc gttca 

ttttaccaga 

agcgtgacca 

atgaactata 

attagatggit 

aacatacgga 

gccaacactt 

tatgaaacgg 

tatatttittc 

tacccttgtt 

tggacacaaa 

aaagaatgga 

actagoagac 

calaccattac 

catggtoctit 

caaataa 

attagatggit 

tacatacgga 

gccaacactt 

tatgaaacgg 

tatatoctitt.c 

tacccttgtt 

cggacacaaa 

aaagaatgga 

actagoagac 

calaccattac 

catggtoctit 

caaataa 

60 

120 

18O 

240 

360 

420 

480 

540 

600 

660 

717 

60 

120 

18O 

240 

360 

420 

480 

540 

600 

660 

717 
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-continued 

gatgttaatg ggcacaaatt ttctgtcagt ggagagggtg aaggtgatgc tacatacgga 120 

aagcttacco ttaaattitat ttgcactact ggaaaactac citgttccatg gccaacactt 18O 

gtoactactt totctitatgg togttcaatgc titttcaagat accoagatca tatgaaacgg 240 

catgacttitt toaa.gagtgc catgc.ccgaa gqttatotac aggaacgcac tatat citttc 3OO 

aaagatgacg g galactacaa gacacgtgct gaagttcaagt ttgaaggtga tacccittgtt 360 

aatagaatcg agittaaaagg tattgattitt aaagaagatg gaaac attct togacacaaa 420 

citcgagtaca actata acto acacaatgta tacat catgg cagacaaaca aaagaatgga 480 

atcaaagtta acttcaaaat tag acacaac attgaagatg gaag.cgttca act agcagac 540 

cattatcaac aaaatactcc aattgg.cg at gg.ccctgtcc titttaccaga caaccattac 600 

citgtccacac aatctg.ccct titcgaaagat cocaacgaaa agaga gacca catggtoctit 660 

cittgagtttg taa.cagotgc tigggattaca catgg catgg atgaactata caaataa 717 

<210 SEQ ID NO 7 
&2 11s LENGTH 717 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 
<223> OTHER INFORMATION: synthetic construct 

<400 SEQUENCE: 7 

atgagtaaag gagaagaact titt cactgga gttgtcc caa ttcttgttga attagatggit 60 

gatgttaatg g g cacaaatt ttctgtcagt ggagagggitg aaggtgatgc tacatacgga 120 

aagcttacco ttaaattitat ttgcactact ggaaaactac citgttccatg gccaacactt 18O 

gtoactactt totctitatgg togttcaatgc titttccc.gtt atccggatca tatgaaacgg 240 

catgacttitt toaa.gagtgc catgc.ccgaa gqttatotac aggaacgcac tatat citttc 3OO 

aaagatgacg g galactacaa gacgc.gtgct gaagttcaagt ttgaaggtga tacccittgtt 360 

aatagaatcg agittaaaagg tattgattitt aaagaagatg gaaac attct c ggacacaaa 420 

ttggaataca actata acto acacaatgta tacatcacgg cagacaaaca aaagaatgga 480 

atcaaagcta acttcaaaat togccacaac attgaagatg gatcc gttca act agcagac 540 

cattatcaac aaaatactcc aattgg.cg at gg.ccctgtcc titttaccaga caaccattac 600 

citgtcgacac aatctg.ccct titcgaaagat cocaacgaaa agcgtgacca catggtoctit 660 

cittgagtttg taactgctgc tigggattaca catgg catgg atgaactata caaataa 717 

<210 SEQ ID NO 8 
&2 11s LENGTH 717 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: synthetic construct 

<400 SEQUENCE: 8 

atgagtaaag gagaagaact titt cactgga gttgtcc caa ttcttgttga attagatggit 60 

gatgttaatg ggcacaaatt ttctgtcagt ggagagggtg aaggtgatgc aacatacgga 120 

aaacttacco ttaaattitat ttgcactact ggaaaactac citgttccatg gccaacactt 18O 

gtoactactt totctitatgg togttcaatgc titttcaagat accoagatca tatgaaacgg 240 

catgacttitt toaa.gagtgc catgc.ccgaa gqttatotac aggaaagaac tatatttittc 3OO 
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-continued 

aaggatgacg g galactacaa gacacgtgct gaagttcaagt ttgaaggtga tacccittgtt 360 

aatagaatcg agittaaaagg tattgattitt aaagaagatg gaaac attct c ggacacaaa 420 

citcgagtaca actata acto acacaatgta tacat catgg cagacaaaca aaagaatgga 480 

atcaaagtta acttcaaaat togccacaac attgaagatg gatcc gttca act agcagac 540 

cattatcaac aaaatactcc aattgg.cg at gg.ccctgtcc titttaccaga caaccattac 600 

citgtccacac aatctg.ccct titcgaaagat cocaacgaaa agaga gacca catggtoctit 660 

cittgagtttg taa.cagotgc tigggattaca catgg catgg atgaactata caaataa 717 

<210 SEQ ID NO 9 
&2 11s LENGTH 79.5 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 
<223> OTHER INFORMATION: synthetic construct 

<400 SEQUENCE: 9 

atggctictag ttgttaaagg talaggtaaat attaatgagt ttatc gatct gttcaaagttct 60 

gagaaactitc. tcc.cgtcg at gttcacgcct gtaaagagtg titatggtttcaaaggttgat 120 

aagattatgg to catgaaaa toaatcattg totgaagtaa atctottaaa aggtgtaaaa 18O 

cittatagaag gtggg tatgt ttgcttagtt gotcittgttg to tcc.ggtga gtggaattta 240 

ccagataatt gcc.gtggtgg totgagtgtc. to catggttg acaa.gagaat ggaaagagcg 3OO 

gacgaagcca cactgggg to atattacact gctgctgcta aaaag.cggitt toagtttaaa 360 

gtggtoccaa attacggitat tactacaaag gatgcagaaa agaacatatg gcaggtotta 420 

gtaaat atta aaaatgtaaa aatgagtgcg ggctact gcc citttgtcatt agaatttgtg 480 

totgtgttgta ttgtttataa aaataatata aaattgg gtt tagg gagaa agtaacgagt 540 

gtgaac gatg gagg acco at ggaactittca gaagaagttg ttgatgagtt catggagaat 600 

gttccaatgt cqgttagact c gcaaagttt cqalaccalaat cotcaaaaag aggtocgaaa 660 

aataataata atttaggtaa goggc gttca gg.cggaaggc ctaalaccalaa aagttittgat 720 

gaagttgaaa aagagtttga taatttgatt galagatgaag cc.gagacgtc. g.g.tc.gcggat 78O 

totgattogt attaa 795 

<210> SEQ ID NO 10 
&2 11s LENGTH 807 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 

<223> OTHER INFORMATION: synthetic construct 

<400 SEQUENCE: 10 

atggctictag ttgttaaagg aaaagtgaat atcaatgagt ttatc gacct gacaaaaatg 60 

gagaagat.ct taccg.tc.gat gtttacccct gtaaagagtg titatgtgttc caaagttgat 120 

aaaataatgg titcatgagaa toagt cattg to aggggtga accittcttaa aggagittaag 18O 

cittattgata gtggatacgt citgtttagcc ggtttggtog to acggg.cga gtggaacttg 240 

cctgacaatt gcagaggagg totgagcgtg tdtctggtgg acaaaaggat ggaaagagcc 3OO 

gacgaggcca citctoggatc titact acaca gcagotgcaa agaaaagatt toagttcaag 360 

gtogttcc.ca attatgctat aaccacccag gacgc gatga aaaacgtctg gcaagttitta 420 
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-continued 

agtaaatatt aaaaatgtaa aaatgagtgc gggctactgc cc.gctttct c toggagtttgt 480 

gtotgtgttgt attgtttata aaaataatat aaaattgggit ttgagggaga aagtaac gag 540 

tgtgaacgat ggaggaccca toggaacttitc agaagaagtt gttgatgagt to atggagaa 600 

tgttccaatg toggittagac togcaaagtt togalaccalaa to citcaaaaa gaggtoc gala 660 

aaataataat aatttaggta agggg.cgttc aggcggaagg cctaalaccala aaagttittga 720 

tgaagttgaa aaagagtttg ataatttgat tdaggatgat toggaggcta citgtc.gc.cga 78O 

ttctgattcg tattaa 796 

<210 SEQ ID NO 15 
&2 11s LENGTH 79.5 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 
<223> OTHER INFORMATION: synthetic construct 

<400 SEQUENCE: 15 

atggctictag ttgttaaagg aaaagtgaat attaatgagt ttatc gatct gttcaaagttct 60 

gagaaactitc. tcc.cgtcg at gttcacgcct gtaaagagtg titatggtttcaaaggttgat 120 

aagattatgg to catgaaaa toaatcattg totgaagtaa atctottaaa aggtgtaaaa 18O 

cittatagaag gtggg tatgt ttgcttagtt gotcittgttg to tcc gg.cga gtggaattta 240 

ccagataatt gcc.gtggtgg totgagtgtc. to catggttg acaa.gagaat 

gacgaagcca cactgggg to atattacact gctgctgcaa agaaaagatt 

gtogttcc.ca attatgctat aaccacccag gatgcagaaa agaacatatg 

gtaaat atta aaaatgtaaa aatgagtgcg ggctact gcc cqctttctot 

totgtgttgta ttgtttataa aaataatata aaattgg gtt tagg gagaa 

gtgaac gatg aagg acco at ggaactittca gaagaagttg ttgatgagtt 

gttccaatgt cqatcaggct c gcaaagttt cqalaccalaat cotcaaaaag 

aataataata atttaggtaa goggc gttca gg.cggaaggc ctaalaccaaa 

gaagttgaaa aagagtttga taatttgatt galagatgaag cc.gagacgtc 

totgattogt actaa 

What is claimed is: 
1. An in vitro method of making Sequence variants from 

at least one heteroduplex polynucleotide where Said hetero 
dupleX has at least two non-complementary nucleotide base 
pairs, Said method comprising: 

a. preparing at least one heteroduplex polynucleotide; 
b. combining Said heteroduplex polynucleotide with an 

effective amount of CEL I, T4 DNA polymerase, and 
T4 DNA ligase; and 

c. allowing Sufficient time for the percentage of comple 
mentarity to increase, wherein one or more variants are 
made. 

2. An in vitro method of making Sequence variants from 
at least one heteroduplex polynucleotide wherein Said het 
erodupleX has at least two non-complementary nucleotide 
base pairs, Said method comprising: 

a. preparing at least one heteroduplex polynucleotide; 

ggaaaga gC g 3OO 

toagttcaag 360 

gcqggtotta 420 

ggagtttgtg 480 

agtaacgagt 540 

catggagaat 600 

aggtocgaaa 660 

aagttittgat 720 

ggtc.gcggat 78O 

795 

b. combining Said heteroduplex polynucleotide with an 
effective amount of an agent or agents with exonu 
clease activity, polymerase activity and Strand cleavage 
activity; and 

c. allowing Sufficient time for the percentage of comple 
mentarity to increase, wherein at least one or more 
Variants are made. 

3. The method of claim 2 wherein said heteroduplex 
polynucleotide is circular. 

4. The method of claim 2 wherein said heteroduplex 
polynucleotide is linear. 

5. The method of claim 3 or 4 wherein said heteroduplex 
polynucleotide is a replicon. 

6. The method of claim 2 wherein said variants have 
different amounts of complementarity. 

7. The method of claim 2 wherein said agents having 
exonuclease activity, polymerase activity, and Strand cleav 
age activity are added Sequentially. 
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8. The method of claim 2 wherein said agents having 
exonuclease activity, polymerase activity, and Strand cleav 
age activity are added concurrently. 

9. The method of claim 2 in step (b) further comprising 
ligase activity. 

10. The method of claim 2 further comprising a step of, 
(d) adding a ligase. 
11. The method of claim 2 wherein Said agents having 

exonuclease activity, polymerase activity, ligase activity, 
and Strand cleavage activity are added Sequentially. 

12. The method of claim 2 wherein Said agents having 
exonuclease activity, polymerase activity, ligase activity, 
and Strand cleavage activity are added concurrently. 

13. The method of claim 9 wherein said ligase is T4DNA 
ligase, E. coli DNA ligase, or Taq DNA ligase. 

14. The method of claim 2 wherein said agent with strand 
cleavage activity is an enzyme. 

15. The method of claim 2 wherein said agent with strand 
cleavage activity is a mismatch endonuclease. 

16. The method of claim 2 wherein said agent with strand 
cleavage activity is Selected from the group consisting of 
CEL I, T4 endonuclease VII, T7 endonuclease I, S1 
nuclease, BAL-31 nuclease, FEN1, cleavase, pancreatic 
DNase I, SP nuclease, mung bean nuclease, and nuclease P1. 

17. The method of claim 2 wherein said agent with strand 
cleavage activity is a chemical. 

18. The method of claim 2 wherein said agent with strand 
cleavage activity is Selected from the group consisting of 
potassium permanganate, tetraethylammonium acetate, 
sterically bulky photoactivatable DNA intercalators, 
Rh(bpy)2(chrysi)3+, osmium tetroxide with piperidine, 
and hydroxylamine with piperidine. 

19. The method of claim 2 wherein said agent with strand 
cleavage activity is ionizing radiation, or kinetic radiation. 

20. The method of claim 2 wherein said agent with 
polymerase activity is T4 DNA polymerase. 

21. The method of claim 2 wherein said agent with 
polymerase activity is T7 DNA polymerase. 

22. The method of claim 2 wherein said agent with both 
polymerase activity and 3' to 5’ exonuclease activity is T4 
DNA polymerase, T7 DNA polymerase, E. coli Pol 1, or Pfu 
DNA polymerase. 

23. The method of claim 2 wherein said agent with both 
polymerase activity and 5' to 3' exonuclease activity is E. 
coli Pol 1. 

24. The method of claim 2 wherein said effective amount 
of Strand cleavage activity, and exonuclease activity/poly 
merase activity and ligase activity are provided by CEL I, T4 
DNA polymerase, and T4 DNA ligase. 

25. The method of claim 2 wherein said effective amount 
of Strand cleavage activity, and exonuclease activity/poly 
merase activity and ligase activity are provided by CEL I, T7 
DNA polymerase, and T4 DNA ligase. 

26. The method of claim 2 wherein an effective amount of 
Strand cleavage activity, and exonuclease activity/poly 
merase activity and ligase activity are provided by T4 
endonuclease VII, T4DNA polymerase, and T4DNAligase. 

27. An in vitro method of increasing diversity in a 
population of Sequences, comprising: preparing at least one 
heteroduplex polynucleotide; combining Said heteroduplex 
polynucleotide with an effective amount of an agent or 
agents with 3' to 5' exonuclease activity, polymerase activity 
and Strand cleavage activity; and allowing Sufficient time for 
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the percentage of complementarity to increase, wherein 
diversity in the population is increased. 

28. The method of claim 27 wherein said heteroduplex 
polynucleotide is circular. 

29. The method of claim 27 wherein said heteroduplex 
polynucleotide is linear. 

30. The method of claim 3 or 4 wherein said heteroduplex 
polynucleotide is a replicon. 

31. The method of claim 27 wherein said variants have 
different amounts of complementarity. 

32. The method of claim 27 wherein said enzymes having 
3' to 5' exonuclease activity, polymerase activity, and Strand 
cleavage activity are added Sequentially. 

33. The method of claim 27 wherein said enzymes having 
3' to 5' exonuclease activity, polymerase activity, and Strand 
cleavage activity are added at the same time. 

34. The method of claim 27 further comprising adding a 
ligase. 

35. The method of claim 9 wherein said ligase is T4DNA 
ligase, E. coli DNA ligase, or Taq DNA ligase. 

36. The method of claim 27 wherein said agent with 
Strand cleavage activity is an enzyme. 

37. The method of claim 27 wherein said agent with 
Strand cleavage activity is a mismatch endonuclease. 

38. The method of claim 27 wherein said agent with 
Strand cleavage activity is Selected from the group consisting 
of CEL I, T4 endonuclease VII, T7 endonuclease I, S1 
nuclease, BAL-31 nuclease, FEN1, cleavase, pancreatic 
DNase I, SP nuclease, mung bean nuclease, nuclease P1. 

39. The method of claim 27 wherein said agent with 
Strand cleavage activity is a chemical. 

40. The method of claim 27 wherein said agent with 
Strand cleavage activity is Selected from the group consisting 
of potassium permanganate, tetraethylammonium acetate, 
sterically bulky photoactivatable DNA intercalators, 
Rh(bpy)2(chrysi)3+, osmium tetroxide with piperidine, 
and hydroxylamine with piperidine. 

41. The method of claim 27 wherein said agent with 
Strand cleavage activity is ionizing radiation, or kinetic 
radiation. 

42. The method of claim 27 wherein said agent with 
polymerase activity is T4 DNA polymerase. 

43. The method of claim 27 wherein said agent with 
polymerase activity is T7 DNA polymerase. 

44. The method of claim 27 wherein said agent with both 
polymerase activity and 3' to 5’ exonuclease activity is T4 
DNA polymerase, T7 DNA polymerase, E. coli Pol 1, or Pfu 
DNA polymerase. 

45. The method of claim 27 wherein said agent with both 
polymerase activity and 5' to 3' exonuclease activity is E. 
coli Pol 1. 

46. The method of claim 27 wherein said effective amount 
of Strand cleavage activity, exonuclease activity/polymerase 
activity and ligase activity are provided by CEL I, T4DNA 
polymerase, and T4 DNA ligase respectively. 

47. The method of claim 27 wherein said effective amount 
of Strand cleavage activity, and exonuclease activity/poly 
merase activity and ligase activity are provided by CEL I, T7 
DNA polymerase, and T4 DNA ligase respectively. 

48. The method of claim 27 wherein said effective amount 
of Strand cleavage activity, and exonuclease activity/poly 
merase activity and ligase activity are provided by CEL I, T7 
DNA polymerase, and T4 DNA ligase respectively. 
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49. The method of claim 27 wherein an effective amount 
of Strand cleavage activity, and exonuclease activity/poly 
merase activity and ligase activity are provided by T4 
endonuclease VII, T4DNA polymerase, and T4DNA ligase 
respectively. 

50. An in vitro method of increasing diversity in a 
population of Sequences, comprising: 

a. preparing at least one heteroduplex polynucleotide; 
b. combining Said heteroduplex polynucleotide with an 

effective amount of CEL I, T4 DNA polymerase, and 
T4 DNA ligase; and 

c. allowing Sufficient time for the percentage of comple 
mentarity to increase, wherein diversity in the popula 
tion is increased. 

51. A method of obtaining a polynucleotide encoding a 
desired functional property, comprising: 

a. preparing at least one heteroduplex polynucleotide; 
b. combining Said heteroduplex polynucleotide with an 

effective amount of an agent or agents with exonu 
clease activity, polymerase activity, and Strand cleavage 
activity; 

c. allowing Sufficient time for the percentage of comple 
mentarity between Strands of the heteroduplex poly 
nucleotide to increase, wherein diversity in the popu 
lation is increased; and 

d. Screening or Selecting a population of variants for the 
desired functional property. 

52. A method of obtaining a polynucleotide encoding a 
desired functional property, comprising: 

a. preparing at least one heteroduplex polynucleotide; 
b. combining Said heteroduplex polynucleotide with an 

effective amount of an agent or agents with exonu 
clease activity, polymerase activity, and Strand cleavage 
activity; 

c. allowing Sufficient time for the percentage of comple 
mentarity between Strands of the heteroduplex poly 
nucleotide to increase, wherein diversity in the popu 
lation is increased; 

d. converting DNA to RNA; and 
e. Screening or Selecting a population of ribonucleic acid 

variants for the desired functional property. 
53. A method of obtaining a polypeptide having a desired 

functional property, comprising: 
a. preparing at least one heteroduplex polynucleotide; 
b. combining Said heteroduplex polynucleotide with an 

effective amount of an agent or agents with exonu 
clease activity, polymerase activity and Strand cleavage 
activity; 

c. allowing Sufficient time for the percentage of comple 
mentarity between Strands of Said heteroduplex poly 
nucleotide to increase, 

d. converting Said heteroduplex polynucleotide to RNA, 
and Said RNA to a polypeptide; and 
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e. and Screening or Selecting a population of polypeptide 
Variants for Said desired functional property. 

54. A method of obtaining a polynucleotide encoding a 
desired functional property, comprising: 

a. preparing at least one heteroduplex polynucleotide; 
b. combining Said heteroduplex polynucleotide with an 

effective amount of an agent or agents with exonu 
clease activity, polymerase activity and Strand cleavage 
activity; 

c. allowing Sufficient time for the percentage of comple 
mentarity between Strands of Said heteroduplex poly 
nucleotide to increase, 

d. Screening or Selecting for a population of variants 
having a desired functional property; 

e. denaturing Said population of variants to obtain Single 
Strand polynucleotides, 

f. annealing Said Single Strand polynucleotides to form at 
least one Second heteroduplex polynucleotide; 

g. combining Said Second heteroduplex polynucleotide 
with an effective amount of an agent or agents with 
exonuclease activity, polymerase activity and Strand 
cleavage activity; and 

h. allowing Sufficient time for the percentage of comple 
mentarity between Strands of the heteroduplex poly 
nucleotide to increase. 

55. The method of claim 54 wherein said heteroduplex 
polynucleotide is greater than 95% identical. 

56. The method of claim 54 wherein said heteroduplex 
polynucleotide is about 95% identical. 

57. The method of claim 54 wherein said heteroduplex 
polynucleotide is about 90% identical. 

58. The method of claim 54 wherein said heteroduplex 
polynucleotide is about 85% identical. 

59. The method of claim 54 wherein said heteroduplex 
polynucleotide is about 80% identical. 

60. The method of claim 54 wherein said heteroduplex 
polynucleotide is about 75% identical. 

61. The method of claim 2 wherein the heteroduplex 
polynucleotide is about 1000 Kb. 

62. The method of claim 2 wherein the heteroduplex 
polynucleotide is about 10,000 Kb. 

63. The method of claim 2 wherein the heteroduplex 
polynucleotide is about 100,000 Kb. 

64. A kit used for increasing diversity in a population of 
Sequences, comprising: preparing at least one heterOduplex 
polynucleotide; combining Said heteroduplex polynucle 
otide with an effective amount of an agent or agents with 3' 
to 5' exonuclease activity, polymerase activity and Strand 
cleavage activity; and allowing Sufficient time for the per 
centage of complementarity to increase, wherein diversity in 
the population is increased. 

65. The kit of claim 64 further comprising having a ligase 
activity. 


