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(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 su?icient time for the 
percentage of complementarity to be increased Within the 
heteroduplex. Not all heteroduplex polynucleotides Will nec 
essarily have all mismatches resolved to complementarity. 
The resulting polynucleotide is optionally ligated. Several 
variant polynucleotides result. At sites Where either of the 
opposite strands has templated recoding in the other strand, 
the resulting percent complementarity of the heteroduplex 
polynucleotide sequence is increased. Also described are 
mismatch endonucleases suitable for use in the process. 
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NUCLEIC ACID MOLECULES ENCODING 
MISMATCH ENDONUCLEASES AND 

METHODS OF USE THEREOF 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a Continuation-in-part of US. 
patent application Ser. No. 11/417,448, ?led May 3, 2006, 
now US. Pat. No. 7,273,739, Which is a Continuation ofU.S. 
patent application Ser. No. 10/211,079, ?led Aug. 1, 2002, 
now US. Pat. No. 7,078,21 1, Which is a Continuation-in-part 
ofU.S. patent application Ser. No. 10/098,155, ?led Mar. 14, 
2002, noW abandoned, Which claims priority from US. Pro 
visional Application No. 60/353,722, ?led Feb. 1, 2002. 
These prior applications are hereby incorporated by reference 
in their entirety. 

BACKGROUND OF THE INVENTION 

[0002] The invention relates generally to molecular biol 
ogy and more speci?cally to methods of generating popula 
tions of related nucleic acid molecules. 

[0003] 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 shuf?ing 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 combina 
tions. 

[0004] Recursive sequence reassortment is analogous to an 
evolutionary process Where only variants With suitable prop 
erties are alloWed to contribute their genetic material to the 
production of the next generation. Optimized variants are 
generated through DNA shuffling-mediated sequence reas 
sortment folloWed by testing for incremental improvements 
in performance. Additional cycles of reassortment and testing 
lead to the generation of genes that contain neW combinations 
of the genetic improvements identi?ed in previous rounds of 
the process. Reassorting and combining bene?cial genetic 
changes alloWs an optimiZed sequence to arise Without hav 
ing to individually generate and screen all possible sequence 
combinations. 

[0005] 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 bene?cial mutations. If no 
process is available for combining these bene?cial genetic 
changes, further random mutagenesis Will be required. HoW 
ever, random mutagenesis requires repeated cycles of gener 
ating and screening large numbers of mutants, resulting in a 
process that is tedious and highly labor intensive. Moreover, 
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 mutagen 
esis rate increase, the ratio of deleterious mutations to ben 
e?cial mutations Will increase, increasingly masking the 
selection of further improvements. Lastly, some computer 
simulations have suggested that point mutagenesis alone may 
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often be too gradual to alloW the large-scale block changes 
that are required for continued and dramatic sequence evolu 
tion. 
[0006] There are a number of different techniques used for 
random mutagenesis. For example, one method utiliZes error 
prone polymerase chain reaction (PCR) for creating 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 
speci?c region to be optimiZed is replaced With a syntheti 
cally mutageniZed oligonucleotide. 
[0007] Error-prone PCR uses loW-?delity polymerization 
conditions to introduce a loW level of point mutations ran 
domly 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 ine?i 
cient at producing random mutagenesis in an average-siZed 
gene. 
[0008] 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 oligo 
nucleotides 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 reinserted 
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. 
[0009] For these reasons, error-prone PCR and oligonucle 
otide-directed mutagenesis can be used for mutagenesis pro 
tocols that require relatively feW cycles of sequence alter 
ation, such as for sequence ?ne-tuning, but are limited in their 
usefulness for procedures requiring numerous mutagenesis 
and selection cycles, especially on large gene sequences. 
[0010] 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 ampli?ed in such a manner that the genetic 
material is alloWed to reassemble as chains of polynucle 
otides, Where their reassembly is either random or according 
to a speci?c order. ((Stemmer, 1994a; Stemmer, 1994b), US. 
Pat. No. 5,605,793, US. Pat. No. 5,811,238, US. Pat. No. 
5,830,721, US. Pat. No. 5,928,905, US. Pat. No. 6,096,548, 
US. Pat. No. 6,117,679, US. Pat. No. 6,165,793, US. Pat. 
No. 6,153,410). A variation of this method uses primers and 
limited polymerase extensions to generate the fragments 
prior to reassembly (US. Pat. No. 5,965,408, US. Pat. No. 
6,1 59,687). 
[0011] HoWever, both methods have limitations. These 
methods suffer from being technically complex. This limits 
the applicability of these methods to facilities that have suf 
?ciently experienced staffs. In addition there are complica 
tions that arise from the reassembly of molecules from frag 
ments, including unintended mutagenesis and the increasing 
dif?culty of the reassembly of large target molecules of 
increasing siZe, Which limits the utility of these methods for 
reassembling long polynucleotide strands. 



US 2008/0145913 A1 

[0012] 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 sta 
bilizing 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 polynucleotides 
due to annealing of complementary single-strands from a 
particular parental template. Therefore, the parental tem 
plates essentially reassemble themselves creating a back 
ground of unchanged polynucleotides in the library that 
increases the dif?culty of detecting recombinant molecules. 
This problem becomes increasingly severe as the parental 
templates become more heterogeneous, that is, as the percent 
age 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 recom 
binants betWeen xylE and nahH using the methods of family 
shuffling reported by Fatten 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 frag 
mentation and reassembly 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. 
[0013] The characteristic of loW-e?iciency recovery of 
recombinants limits the utility of these methods for generat 
ing novel polynucleotides from parental templates With a 
loWer percentage of sequence identity, that is, parental tem 
plates that are more diverse. Accordingly, there is a need for a 
method of generating gene sequences that addresses these 
needs. 
[0014] The present invention provides a method that satis 
?es the aforementioned needs, and also provides related 
advantages as Well. 

BRIEF SUMMARY OF THE INVENTION 

[0015] The present invention provides a method for reas 
serting mutations among related polynucleotides, in vitro, by 
forming heteroduplex molecules and then addressing the mis 
matches such that sequence information at sites of mismatch 
is transferred from one strand to the other. In one preferred 
embodiment, the mismatches are addressed by incubating the 
heteroduplex molecules in a reaction containing a mismatch 
nicking enzyme, a polymerase With a 3' to 5' proofreading 
activity in the presence of dNTPs, and a ligase. These respec 
tive 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 polynucleotides are ampli?ed 
before cloning, or cloned directly and tested for improved 
properties. Additional cycles of mismatch resolution reas 
sortment and testing lead to further improvement. Also 
described are mismatch endonucleases suitable for use in the 
process. 

BRIEF DESCRIPTION OF THE FIGURES 

[0016] FIG. 1 depicts the process of Genetic ReAssortment 
by Mismatch Resolution (GRAMMR). Reassortment is con 
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templated betWeen tWo hypothetical polynucleotides differ 
ing at least tWo nucleotide positions. Annealing betWeen the 
top strand of A (SEQ ID NO:18; 5'-AGATCGATCAATTG 
3') and the bottom strand of B (fully complementary strand of 
SEQ ID NO: 1 9; SEQ ID NO: 19 is 5'-AGACCGATCGATTG 
3') is shoWn (labeled HETERODUPLEX) Which results in 
mismatches at the tWo positions. After the process of reas 
sortment by mismatch resolution, four distinct product poly 
nucleotides are seen, the parental types A (SEQ ID NO: 1 8 and 
its fully complementary strand) and B (SEQ ID NO: 19 and its 
fully complementary strand), and the reasserted products C 
(SEQ ID NO:20; 5'-AGATCGATCGATTG-3' and its fully 
complementary strand) and D (SEQ ID NO:21; 5'-AGAC 
CGATCAATTG-3' and its fully complementary strand). 
[0017] FIG. 2 depicts an exemplary partially complemen 
tary nucleic acidpopulation of tWo molecules. FIG. 2A shoWs 
the sequence of tWo nucleic acid molecules “X” (SEQ ID 
NO:16; 5'-AGATCAATTG-3' and its fully complementary 
strand) and “Y” (SEQ ID NO:17; 5'-AGACCGATTG-3' and 
its fully complementary strand) having completely comple 
mentary 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 
andY after denaturing and annealing and indicates Which of 
those combinations Would comprise a partially complemen 
tary nucleic acid population of tWo. 

DEFINITIONS 

[0018] As used herein the term “ampli?cation” refers to a 
process Where the number of copies of a polynucleotide is 
increased. 
[0019] 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 su?icient homology to hybridize 
under a particular set of hybridization conditions. 
[0020] 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?cation only 
of polynucleotides that arise from hybridization of strands 
from different parents (i.e., heteroduplex molecules) thereby 
ensuring the production of full-length hybrid products as 
described previously (Skarfstad, J. Bact, vol 182, No 11, P. 
3008-3016). 
[0021] As used herein the term “cleaving” means digesting 
the polynucleotide With enzymes or otherWise breaking phos 
phodiester bonds Within the polynucleotide. 
[0022] 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 thym 
ine (or uracil) in the other strand and cytosine in one strand is 
opposite guanine in the other. 
[0023] 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 
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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 reference 
sequence “GTATA”. 
[0024] As used herein, “denaturing” or “denatured,” When 
used in reference to nucleic acids, refers to the conversion of 
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-complementary 
nucleotides. 
[0025] 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 functional 
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 microorganism, expression 
of a ribozyme, and the like. 
[0026] As used herein the term “DNA shu?ling” is used 
herein to indicate recombination betWeen substantially 
homologous but non-identical sequences. 
[0027] 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 determination 
is Well Within the knoWledge of those of ordinary skill in the 
art. 

[0028] 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 polymerase, E. 
coli Pol l, and Pfu 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 exonucleases are knoWn to have 
both 3' to 5', 5' to 3' activity, such as, E. coli Pol I. 
[0029] As used herein, “Genetic Reassortment by Mis 
match Resolution (GRAMMR)” refers to a method for reas 
serting sequence variations among relatedpolynucleotides by 
forming heteroduplex molecules and then addressing the mis 
matches such that information is transferred from one strand 
to the other. 

[0030] 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 ?rst single stranded polynucleotide 
sequence that is partially complementary to a second poly 
nucleotide sequence such that treatment by GRAMMR 
results in transfer of genetic information from the template 
strand to the second strand. 

[0031] The larger the units of sequence information trans 
ferred from a template strand, the higher the granularity. The 
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smaller the blocks of sequence information transferred from 
the template strand, the loWer or ?ner the granularity. LoWer 
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. 
[0032] 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. 
[0033] 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-identi 
cal. A heteroduplex DNA may have unpaired regions existing 
as single strand loops or bubbles.A heteroduplex 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. 
[0034] 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 tem 
perature and salt concentrations as discussed later. 
[0035] Nucleic acids are “homologous” When they are 
derived, naturally or arti?cially, 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 
arti?cial conditions, divergence occurs, e.g., in one of tWo 
basic Ways. First, a given sequence can be arti?cially recom 
bined With another sequence, as occurs, e.g., during typical 
cloning, to produce a descendent nucleic acid, or a given 
sequence can be chemically modi?ed, or otherWise manipu 
lated 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, homology is typically 
inferred by sequence comparison betWeen tWo sequences. 
Where tWo nucleic acid sequences shoW sequence similarity 
over a signi?cant 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. 
[0036] For purposes of this disclosure, tWo nucleic acids 
are considered homologous Where they share suf?cient 
sequence identity to alloW GRAMMR-mediated information 
transfer to occur betWeen the tWo nucleic acid molecules. 

[0037] As used herein the term “identical” or “identity” 
means that tWo nucleic acid sequences have the same 
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sequence or a complementary sequence. Thus, “areas of iden 
tity” means that regions or areas of a polynucleotide or the 
overall polynucleotide are identical or complementary to 
areas of another polynucleotide. 
[0038] 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. 
[0039] As used herein the term, “ligase” refers to an 
enZyme that rejoins a broken phosphodiester bond in a 
nucleic acid. 
[0040] As used herein the term “mismatch” refers to a 
base-pair that is unable to form normal base-pairing interac 
tions (i.e., other than “A” With “T” (or “U”), or “G” With “C”). 
[0041] As used herein the term “mismatch resolution” 
refers to the conversion of a mismatched base-pair into a 
complementary base-pair. The term also encompasses the 
conversion of insertions or deletions in a heteroduplex into 
base-paired homoduplex. 
[0042] As used herein the term “mismatch endonuclease” 
or mi smatch-directed endonuclease” refers to an enZyme that 
is able to both recogniZe a mismatch in a heteroduplex poly 
nucleotide and cut one strand of the heteroduplex at or Within 
a feW bases of the mismatch. 
[0043] 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 trans 
versions. The mutations can be deletions, insertions or dupli 
cations. 
[0044] 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. 
[0045] 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 inven 
tion include genomic DNA, cDNA, mRNA and synthetic 
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-natu 
rally occurring nucleotides, including derivatives thereof, so 
long as the nucleotide derivatives can be incorporated into a 
polynucleotide by a polymerase at an ef?ciency su?icient to 
generate a desired polynucleotide product. 
[0046] 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 start 
ing 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 l+/4— or 2—/3+ 
Were used as a starting population in an invention method. 

[0047] 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 acidby at least tWo or more nucleotides.As used 
herein, “partially complementary nucleic acid population” 
refers to a population of nucleic acids comprising nucleic 
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acids having substantially complementary sequences 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 acidpopulation 
differs from another nucleic acid of the population, or the 
complement thereto, by tWo or more nucleotides. As such, a 
partially complementary nucleic acid speci?cally excludes a 
population containing sequences that are exactly comple 
mentary, 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 designated 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 orien 
tation that ?xes a strand as a top or bottom strand. 

[0048] 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 complementary nucleic 
acid population. An example of potential combinations of 
strands of tWo nucleic acids that can be used to obtain a 
partially complementary nucleic acid population of the inven 
tion is shoWn in FIG. 2. The tWo nucleic acid sequences that 
are potential members of a partially complementary nucleic 
acid population are designated “X” and “Y” (FIG. 2A). The 
nucleic acid sequences differ at tWo positions (positions 4 and 
6 indicated by “*”). The “top” strand of nucleic acids X andY 
are designated “1+” and “3+,” respectively, and the “bottom” 
strand of nucleic acids X andY are designated “2—” and “4-,” 
respectively. 
[0049] FIG. 2B shoWs the possible combinations of the four 
nucleic acid strands. Of the six possible strand combinations, 
only the combination of l+/2—, l+/4—, 2—/3+, or 3+/4— com 
prise the required top andbottom strand of a partially comple 
mentary nucleic acid population. Of these top/bottom 
sequence combinations, only l+/ 4- or 2 —/ 3+ comprise an 
example of a partially complementary nucleic acid popula 
tion of tWo different molecules because only these combina 
tions have complementary sequences that differ by at least 
one nucleotide. The remaining combinations, l+/2— and 
2+/4—, contain exactly complementary sequences and there 
fore do not comprise a partially complementary nucleic acid 
population of the invention. 
[0050] 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, l+/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 l+/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 
tion of the invention so long as the population contains at least 
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one top strand and at least one bottom strand and so long as the 
population contains no members that are the exact comple 
ment. 

[0051] 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 l><l04 or more, about l><l05 or more, about l><l06 or 
more, about l><l07 or more, or even about l><l08 or more 
different nucleic acids. One skilled in the art can readily 
determine a desirable population to include in invention 
methods depending on the nature of the desired reassortment 
experiment outcome and the available screening methods, as 
disclosed herein. 
[0052] 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. 
[0053] 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 nucle 
otide. 
[0054] As used herein, a “recombinant” polynucleotide 
refers to a polynucleotide that comprises sequence informa 
tion from at least tWo different polynucleotides. 
[0055] As used herein the term “related polynucleotides” 
means that regions or areas of the polynucleotides are iden 
tical and regions or areas of the polynucleotides are non 
identical. 
[0056] As used herein the term DNA “reassortment” is used 
herein to indicate a redistribution of sequence variations 
betWeen substantially homologous but non-identical 
sequences. 
[0057] 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. 
[0058] 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. 
[0059] 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 
reference molecule. For example, the sum of the separate 
independent mismatch resolution events that occur through 
out the heteroduplex molecule during the GRAMMR process 
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”. 
[0060] As used herein the term “strand cleavage activity” or 
“cleavage” refers to the breaking of a phosphodiester bond in 
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the backbone of the polynucleotide strand, as in forming a 
nick. Strand cleavage activity can be provided by an enZy 
matic agent, such agents include, but are not limited to CEL I, 
RES I, T4 endonucleaseVII, T7 endonuclease I, S1 nuclease, 
BAL-3l nuclease, FENl, cleavase, pancreatic DNase I, SP 
nuclease, mung bean nuclease, and nuclease Pl; by a chemi 
cal agent, such agents include, but are not limited to potas 
sium permanganate, tetraethylammonium acetate, sterically 
bulky photoactivatable DNA intercalators, [Rh(bpy)2 
(chrysi)]3+, osmium tetroxide With piperidine, and hydroxy 
lamine With piperidine; or by energy in the form of ioniZing 
radiation, or kinetic radiation. 
[0061] As used herein the term “suf?cient time” refers to 
the period time necessary for a reaction or process to render a 
desired product. For the present invention, the determination 
of su?icient time is Well Within the knoWledge of those of 
ordinary skill in the art. It is noted that “suf?cient 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. 
[0062] 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. 
[0063] 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 accor 
dance With standard usage and convention. Similarly, unless 
speci?ed 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 

[0064] 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 su?icient time for the percentage of complementarity to 
increase, Wherein at least one or more variants are made. 
[0065] Another aspect of the present invention is Where the 
heteroduplex polynucleotides are circular, linear or a repli 
con. 

[0066] Another aspect of the present invention is Where the 
desired variants have different amounts of complementarity. 
[0067] Another aspect of the present invention is Where the 
exonuclease activity, polymerase activity, and strand cleav 
age activity is added sequentially, or concurrently. 
[0068] 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. 
[0069] Another aspect of the present invention is Where the 
strand cleavage activity is provided by an enZyme, such as, 
CEL I, RES I, T4 endonuclease VII, T7 endonuclease I, S1 
nuclease, BAL-3l nuclease, FENl, cleavase, pancreatic 
DNase I, SP nuclease, mung bean nuclease, and nuclease Pl; 
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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. 
[0070] Another aspect of the present invention is Where 
polymerase activity is provided by Pol beta. 
[0071] Another aspect of the present invention is Where 
both polymerase activity and 3' to 5' exonuclease activity is 
provided T4 DNA polymerase, T7 DNA polymerase, E. coli 
Pol 1, or Pfu DNA polymerase. 
[0072] Another aspect of the present invention is Where the 
agent With both polymerase activity and 5' to 3' exonuclease 
activity is E. coli Pol 1. 
[0073] An embodiment of the present invention is Where 
the effective amount of strand cleavage activity, and exonu 
clease activity/polymerase activity and ligase activity are pro 
vided by RES I, T4 DNA polymerase, and T4 DNA ligase. 
[0074] Another aspect of the present invention is Where the 
effective amount of strand cleavage activity, and exonuclease 
activity/polymerase activity and ligase activity are provided 
by RES I, T7 DNA polymerase, and T4 DNA ligase. 
[0075] Another embodiment of the present invention pro 
vides an in vitro method of increasing diversity in a popula 
tion of sequences, comprising, preparing at least one hetero 
duplex 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 suf?cient time for the 
percentage of complementarity to increase, Wherein diversity 
in the population is increased. 
[0076] 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 su?icient time for the per 
centage of complementarity betWeen strands of the heterodu 
plex polynucleotide to increase, Wherein diversity in the 
population is increased; and screening or selecting a popula 
tion of variants for the desired functional property. 
[0077] 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 su?icient time for the per 
centage of complementarity betWeen strands of the heterodu 
plex polynucleotide to increase, Wherein diversity in the 
population is increased; converting DNA to RNA; and 
screening or selecting a population of ribonucleic acid vari 
ants for the desired functional property. 
[0078] 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 su?icient time for the per 
centage of complementarity betWeen strands of said hetero 
duplex polynucleotide to increase, converting said heterodu 
plex polynucleotide to RNA, and said RNA to a polypeptide; 
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and screening or selecting a population of polypeptide vari 
ants for said desired functional property. 
[0079] 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 1000 KB, 10,000 KB, or 100,000 KB is siZe; combining 
said heteroduplex polynucleotide With an effective amount of 
an agent or agents With exonuclease activity, polymerase 
activity and strand cleavage activity; alloWing su?icient time 
for the percentage of complementarity betWeen strands of the 
heteroduplex polynucleotide to increase, screening or select 
ing for a population of variants having a desired functional 
property; denaturing said population of variants to obtain 
single strand polynucleotides; annealing said single strand 
polynucleotides to form at least one second heteroduplex 
polynucleotide; combining said second heteroduplex poly 
nucleotide With an effective amount of an agent or agents With 
exonuclease activity, polymerase activity and strand cleavage 
activity; and alloWing suf?cient time for the percentage of 
complementarity betWeen strands of the heteroduplex poly 
nucleotide to increase. 

[0080] 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 ampli?ed and/or cloned polynucleotides, Whereby 
the improved polynucleotide sequence(s) possess at least one 
desired phenotypic characteristic (e.g., encodes a polypep 
tide, promotes transcription of linked polynucleotides, binds 
a protein, improves the function of a viral vector, and the like) 
Which can be selected or screened for. Such desired poly 
nucleotides can be used in a number of Ways such as expres 
sion from a suitable plant, animal, fungal, yeast, or bacterial 
expression vector, integration to form a transgenic plant, ani 
mal or microorganism, expression of a riboZyme, and the like. 
[0081] GRAMMR provides for a process Where heterodu 
plexed DNA strands are created by annealing folloWed by 
resolution of mismatches in an in vitro reaction. This reaction 
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 ?ll 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 heteroduplex mol 
ecule Will result 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. 
[0082] 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 mis 
matches. Treatment With CEL I (OleykoWski et al., 1998; 
Yang et al., 2000), or a similar mismatch-directed activity, 
such as RES I, Will cause nicking of one or the other poly 
nucleotide strand 3' of each mismatch. (In addition, CEL I or 
RES I can nick 3' of an insertion/deletion resulting in reas 

sortment of insertions/deletions.) The presence of a poly 
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merase containing a 3'-to-5' exonuclease (“proofreading”) 
activity (e.g., T4 DNA Pol) Will allow excision of the mis 
match, and subsequent 5'-to-3' polymerase activity Will ?ll in 
the gap using the other strand as a template. A polymerase that 
lacks 5'-3' exonuclease activity and strand-displacement 
activity Will ?ll 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. Alternatively, the length of the synthesiZed patches 
can be modulated 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 restor 
ing the phosphate backbone of the repaired strand. This pro 
cess 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 poly 
nucleotides can be cloned directly into a suitable vector, or 
they can be ampli?ed by PCR before cloning. Alternatively, 
the reaction can be carried out on heteroduplexed regions 
Within the context of a double-stranded circular plasmid mol 
ecule or other suitable replicon that can be directly introduced 
into the appropriate host folloWing the GRAMMR reaction. 
[0083] In another alternative, the output polynucleotides 
can be transcribed into RNA polynucleotides and used 
directly, for example, by inoculation of a plant viral vector 
onto a plant, such as in the instance of a viral vector transcrip 
tion plasmid. The resulting clones are subjected to a selection 
or a screen for improvements in a desired property. The over 
all process can then be repeated one or more times With the 
selected clones in an attempt to obtain additional improve 
ments. 

[0084] 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 plas 
mids could potentially give rise to mixed-plasmid colonies. If 
it is desired to avoid such a possibility, the output polynucle 
otide molecules can be groWn in the host to alloW replication/ 
resolution, the polynucleotides isolated and retransformed 
into neW host cells. 

[0085] 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 treatment, 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 ampli?ed by PCR before cloning. The resulting 
clones are subjected to a selection or a screen for improve 
ments in a desired property. 

[0086] 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 signi?cant change. 
[0087] The ef?ciency of the process is improved by various 
methods of enriching the starting population for heteroduplex 
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molecules, thus reducing the number of unaltered parental 
type output molecules. The mismatched hybrids can be a?in 
ity puri?ed using aptamers, dyes, or other agents that bind to 
mismatched DNA. A preferred embodiment is the use of 
MutS protein af?nity matrix (Wagner et al., Nucleic Acids 
Res. 23(l9):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 
(G012 and Kemper, Nucleic Acids Research, 1999; 27: e7). 
[0088] In one embodiment, the procedure is modi?ed 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 exonu 
clease 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 unmodi?ed polynucle 
otides, that is, “parental polynucleotides” among the output 
polynucleotides leading to a higher ef?ciency of reasserting 
sequence variations. This increased ef?ciency Will be particu 
larly valuable in situations Where a screen rather than a selec 
tion is employed to test for the desired polynucleotides. 

[0089] Another method for heteroduplex formation is to 
mix the double- stranded parent DNAs, denature to dissociate 
the strands, and alloW the single-stranded DNAs to anneal to 
one-another to generate a population of heteroduplexes 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 homo 
duplex molecules in the population may be cleaved by restric 
tion 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 heterodu 
plexed plasmid molecules Was then brought about by incuba 
tion With DNA ligase. 

[0090] In another embodiment, the parental, or input, 
double-stranded polynucleotides are modi?ed by the addition 
of “clamp” sequences. One input polynucleotide or pool of 
polynucleotides is ampli?ed by PCR With the addition of a 
unique sequence in the 5' primer. The other input polynucle 
otide or pool is ampli?ed 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 reassort 
ment, only products With the 5' clamp from the ?rst poly 
nucleotide (orpool) and the 3' end from the secondpolynucle 
otide (or pool) Will have appropriate ends for cloning. 
Alternatively, the products of GRAMMR reassortment can be 
PCR ampli?ed using the unique sequences of the 5' and 3' 
clamps to achieve a similar result. Hence, there is a loWer 
background of unmodi?ed polynucleotides, that is, “parental 
polynucleotides” among the output polynucleotide clones 
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leading to a higher ef?ciency of reasserting sequence varia 
tions. This increased ef?ciency 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 reac 
tion that are complementary to the clamp primer sequences 
such that either parent can serve as the top strand, thus per 
mitting both reciprocal heteroduplexes to participate in the 
mismatch-resolution reaction. 

[0091] 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 circularization 
can occur. Additionally, a DNA polymerase and a DNA ligase 
can be used to ?ll-in any gaps in the circular molecules and to 
seal the nicks in the backbone, respectively, to result in the 
formation of a population of covalently-closed circular het 
eroduplex molecules. As the covalently-closed circular het 
eroduplex molecules Will not dissociate into their component 
strands if subjected to further denaturating conditions, the 
process of denaturation, circularization, and ligation can be 
repeated to convert more of the linear double- stranded paren 
tal duplexes into closed into closed circular heteroduplexes. 
[0092] 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 
T4 DNA polymerase plus T4 gene 32 protein, then ligated at 
the resulting nick to obtain a circular, double-stranded mol 
ecule With heteroduplexed regions at the sites of differences 
betWeen the DNAs. GRAMMR can then be carried out on this 
molecule to obtain a library of sequence-reassorted mol 
ecules. 

[0093] Altemately, 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 exten 
sive mismatch Will occur Where the phage fl origin sequences 
reside. Upon GRAMMR treatment, hoWever, this region of 
extensive mismatch can revert to either parental type 
sequence restoring a function fl 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 molecule. 

[0094] 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 .Altematively, 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 modi?ed, such as by, methylation, phosphorothiolate link 
ages, peptide-nucleic acid, substitution of RNA in one or both 
strands, or the like. Either strand of a duplex can be continu 
ous along both strands, discontinuous but contiguous, discon 
tinuous-With overlaps, or discontinuous With gaps. 
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[0095] GRAMMR can also be applied to DNA fragmenta 
tion and reassembly-based DNA shuf?ing 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 inter 
mediate step. 

[0096] In one such embodiment, the DNA from a gene, or 
pool of mutants’ genes is fragmented by enzymatic, mechani 
cal 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 frag 
ments and the mixture is denatured and then alloWed to 
anneal. The annealed polynucleotides are treated With a poly 
merase to ?ll 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), or an agent With similar 
activity, such as RES I, Will cause nicking of one or the other 
polynucleotide strand 3' of each mismatch. Addition of a 
polymerase containing a 3'-to-5' exonuclease that provides 
proofreading activity, such as, DNA Pol I, T4 DNA Pol I, Will 
alloW excision of the mismatch, and subsequent 5'-to-3' poly 
merase activity Will ?ll in the gap using the other strand as a 
template. A 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. These output polynucle 
otides can be cloned directly into a suitable vector, or they can 
be ampli?ed by PCR before cloning. The resulting clones are 
subjected to a selection or a screen for improvements in a 
desired property. 
[0097] 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 exten 
sion of random oligonucleotides annealed to parental tem 
plates (US. 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 ?ll in the single stranded gaps. The 
resulting partially complementary double-strand fragments 
Will have non-base paired nucleotides at the sites of the mis 
matches. Treatment With CEL I (OleykoWski et al., 1998; 
Yang et al., 2000), or an agent With similar activity, such as 
RES I, 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 mis 
match, and subsequent 5'-to-3' polymerase activity Will ?ll 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 prop 
erties. 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 suit 
able vector. The resulting clones are subjected to a selection 
or a screen for the desired functional property. 
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[0098] Another embodiment of the present invention pro 
vides starting With a continuous scaffold strand to Which 
fragments of another gene or genes anneal. The ?aps and gaps 
are trimmed and ?lled as is described in Coco, et al., Nature 
Biotech 19 (01)354; US. 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 ?ap and gap trimming and ligation. This 
method provides the bene?ts of incorporating speci?c 
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 ampli 
?ed 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. 
[0099] 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 proto 
cols call for the annealing of mutant-encoding DNA mol 
ecules 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 
speci?c mutations into a particular DNA sequence, it is fea 
sible that the GRAMMR process can be applied to the het 
eroduplexed molecules generated in such a process to reassort 
sequence variations betWeen the tWo strands, thereby result 
ing in a diverse set of progeny With reasserted genetic varia 
tion. 

[0100] 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 fragments 
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 modi?ed molecules from the original 
input single stranded DNA clone Will be recovered. The con 
sequence Will be that the DNA fragments used in this reas 
sortment Will contribute only sequence information to the 
?nal product and Will not be physically integrated into the 
?nal recoverable product. 
[0101] In instances Where it is desired to resolve only sites 
of signi?cant mismatch, that is patches of more than about 1 
to 3 mismatches, S1 nuclease can be used. S1 nuclease is an 
endonuclease speci?c for single-stranded nucleic acids. It can 
recogniZe and cleave limited regions of mismatched base 
pairs in DNA:DNA or DNAzRNA duplexes.A mismatch of at 
least about 4 consecutive base pairs is generally required for 
recognition and cleavage by S1 nuclease. Mismatch resolu 
tion Will not occur if both strands are cleaved, so the DNA 
must be repaired after the ?rst nick and before the counter 
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nick. Other nucleases may be preferable for speci?cally tun 
ing cleavage speci?city according to sequence, sequence con 
text, or siZe of mismatch. 
[0102] 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 DNaseI 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 ?lled in by polymerase folloWed by 
nick sealing by ligase. Alternatively, 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 information to the repaired strand, and thus 
result in a reasserted sequence. 
[0103] GRAMMR can be used for protein, peptide, or 
aptamer display methods to obtain recombination betWeen 
library members that have been selected. As fragmentation 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 par 
ticular property such as target binding can be reasserted. 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 par 
ticular set of defaults. 

[0104] 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. 
[0105] 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 “Asite”) an AP endonuclease activity to cleave the phos 
phodiester bond, deoxyribulose pho sphodiesterase to remove 
the deoxyribose-phosphate molecules, DNA polymerase 8 or 
other DNA polymerase to add a single nucleotide 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 ampli?ed by 
PCR before cloning. The resulting clones are subjected to a 
selection or a screen for improvements in a desired property. 

[0106] 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 resi 
dues using nucleotide analogues that have multiple base 
pairing potential. This provides for concentration of 
essentially random mutagenesis at a particular point of inter 
est, and adds another bene?t to the present invention. Similar 
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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 activi 
ties, such as different substrates, binding partners, regulatory 
sites, or the like, should have heterogeneity in the regions that 
govern these functions. Since it is knoWn that the speci?city 
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 ran 
dom mutagenesis to these regions to drive them further and 
faster evolutionarily, While not disturbing other sequences, 
such as structural framework, invariant residues, and other 
such important sites, that are potentially less tolerant to ran 
domization. 

[0107] Different enzymes With distinct functions Will not 
differ just in the operative regions, such as active sites, regu 
latory sites, and the like. They are likely to have other differ 
ences from one another that arise through genetic drift. Fur 
ther randomization in the locales of such changes might 
therefore be considered neutral, minimally important, or del 
eterious to the outcome of a mutagenesis experiment. In order 
to direct the random mutagenesis aWay from such inconse 
quential 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 manipu 
lated 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 GRAM 
MER-directed zonal random mutagenesis at a given site can 
be modulated. 

[0108] 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 aver 
age, 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 puri?ed, denatured and then 
alloWed to anneal. The process of digestion, then polymer 
ization is repeated resulting in neW chimeric sequences. Addi 
tional 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 endo 
nucleolytic cleavages. 
[01 09] In another embodiment, after the heteroduplex mol 
ecules 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)l 1197), 
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. Oligonucleotide primers 
complementary to the 5' and 3' ends of the target polynucle 
otides 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 
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resultant duplexes are puri?ed, 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 func 
tional property. This process requires no fragmentation and 
reassembly. In addition, this process requires no endonucle 
olytic cleavages. 
[0110] 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 reassembly” that 
serve as the foundation for the earlier mutation reassortment 
(“shuffling”) methods. Instead, it is based upon the ability of 
a reconstituted or arti?cial DNA mismatch resolving system 
to transmit sequence variations from one or more strands of 
DNA into another DNA strand by hybridization and mis 
match resolution in vitro. 

[0111] In general, standard techniques of recombinant 
DNA technology are described in various publications, e.g., 
(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. 
[0112] It is noted that each of the activities taught in the 
present invention that are involved in the GRAMMR reaction 
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 indicated in 
Example 2, Taq DNA ligase could substitute for T4 DNA 
ligase. Other ligases can be substituted as Well, such as E. coli 
DNA ligase. LikeWise, as shoWn in Examples 2 and 8, respec 
tively, Pfu polymerase and T7 DNA polymerase can be sub 
stituted for T4 DNA polymerase. Other enzymes With appro 
priate exonuclease activity With or Without associated 
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 l, the KlenoW 
fragment of E. coli Pol l, polymerase beta, among many 
others. 

[0113] 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. Another particularly useful 
mismatch-directed endonuclease is RES I. Other nucleases 
Which attack single stranded DNA can be used, such as S1 
nuclease, FENl, cleavase, mung bean nuclease, and nuclease 
Pl . 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 tetroxide With piperidine alkaloid, and 
hydroxylamine With piperidine alkaloid, as Well as the use of 
radiation energy to bring about strand breakage. 
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[0114] Another embodiment contemplates an isolated pro 
tein having mismatch endonuclease activity comprising an 
amino acid sequence that is at least 60% identical to SEQ ID 
NO: 17 as determined by BLAST analysis. 

[0115] Another embodiment contemplates an isolated pro 
tein having mismatch endonuclease activity comprising an 
amino acid sequence that is at least 65% identical to SEQ ID 
NO: 17 as determined by BLAST analysis. 

[0116] Another embodiment contemplates an isolated pro 
tein having mismatch endonuclease activity comprising an 
amino acid sequence that is at least 70% identical to SEQ ID 
NO: 17 as determined by BLAST analysis. 

[0117] Another embodiment contemplates an isolated pro 
tein having mismatch endonuclease activity comprising an 
amino acid sequence that is at least 80% identical to SEQ ID 
NO: 17 as determined by BLAST analysis. 

[0118] Another embodiment contemplates an isolated pro 
tein having mismatch endonuclease activity comprising an 
amino acid sequence that is at least 90% identical to SEQ ID 
NO: 17 as determined by BLAST analysis. 

[0119] Another embodiment contemplates an isolated pro 
tein having mismatch endonuclease activity comprising an 
amino acid sequence that is at least 95% identical to SEQ ID 
NO: 17 as determined by BLAST analysis. 

[0120] Another embodiment to the present invention is 
directed to recombinant plant viral nucleic acids and recom 
binant viruses Which are stable for maintenance and tran 
scription or expression of non-native (foreign) nucleic acid 
sequences and Which are capable of systemically transcribing 
or expressing such foreign sequences in the host plant. More 
speci?cally, recombinant plant viral nucleic acids according 
to the present invention comprise a native plant viral subge 
nomic promoter, at least one non-native plant viral subge 
nomic promoter, a plant viral coat protein coding sequence, 
and optionally, at least one non-native, nucleic acid sequence. 
[0121] The present invention provides nucleic acid mol 
ecules useful as vectors or plasmids for the expression of CEL 
I endonuclease. 

[0122] The nucleic acid molecules are CEL I open reading 
frames contained Within vector plasmids. The nucleic acid 
molecules Were deposited With the American Type Culture 
Collection, Manassas, Va. 20110-2209 USA. The deposits 
Were received and accepted on Dec. 13, 2001, and assigned 
the folloWing Patent Deposit Designation numbers, PTA 
3926, and PTA-3927. The preparation and use of the nucleic 
acid molecules are further taught in Example 12 herein. 

[0123] The present invention also provides nucleic acid 
molecules comprising the nucleic acid sequence of SEQ ID 
NO:16, useful as vectors or plasmids for the expression of 
RES I endonuclease or comprising nucleic acid sequences 
useful for the expression of proteins having mismatch endo 
nuclease activity comprising an amino acid sequence that is at 
least 60% identical to SEQ ID NO: 17 as determined by 
BLAST analysis. 
[0124] The nucleic acid molecule of SEQ ID NO:16 Was 
deposited With the American Type Culture Collection, 
Manassas, Va. 20110-2209 USA. The deposit Was received 
and accepted on Jul. 30, 2002 and assigned the folloWing 
Patent Deposit Designation number, PTA-4562. The prepa 
ration and use of the nucleic acid molecule of SEQ ID NO: 16 
is further taught in Example 13 herein. 
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[0125] The present invention further provides a plant cell 
comprising a vector or plasmid comprising a nucleic acid 
sequence of SEQ ID NO:16 Where the plant cell is a host cell, 
or production cell. 
[0126] The present invention also provides a recombinant 
plant viral nucleic acid comprising of at least one sub-ge 
nomic promoter capable of transcribing or expressing CEL I, 
RES I endonuclease, or a mismatch endonuclease comprising 
an amino acid sequence that is at least 60% identical to SEQ 
ID NO: 17 as determined by BLAST analysis in a plant cell, 
Wherein the plant cell is a host cell, or production cell. 
[0127] The present invention also provides a process for 
expressing RES I endonuclease using a recombinant plant 
viral nucleic acid comprising a nucleic acid sequence of SEQ 
ID NO:16. 

[0128] In another embodiment, a plant viral nucleic acid is 
provided in Which the native coat protein coding sequence has 
been deleted from a viral nucleic acid, a non-native plant viral 
coat protein coding sequence and a non-native promoter, 
preferably the subgenomic promoter of the non-native coat 
protein coding sequence, capable of expression in the plant 
host, packaging of the recombinant plant viral nucleic acid, 
and ensuring a systemic infection of the host by the recom 
binant plant viral nucleic acid, has been inserted. Altema 
tively, the coat protein gene may be inactivated by insertion of 
the non-native nucleic acid sequence Within it, such that a 
fusion protein is produced. The recombinant plant viral 
nucleic acid may contain one or more additional non-native 

subgenomic promoters. Each non-native subgenomic pro 
moter is capable of transcribing or expressing adjacent genes 
or nucleic acid sequences in the plant host and incapable of 
recombination With each other and With native subgenomic 
promoters. Non-native (foreign) nucleic acid sequences may 
be inserted adjacent the native plant viral subgenomic pro 
moter or the native and a non-native plant viral subgenomic 
promoters if more than one nucleic acid sequence is included. 
The non-native nucleic acid sequences are transcribed or 
expressed in the host plant under control of the subgenomic 
promoter to produce the desired products. 
[0129] In another embodiment, a recombinant plant viral 
nucleic acid is provided as in the ?rst embodiment except that 
the native coat protein coding sequence is placed adjacent one 
of the non-native coat protein sub genomic promoters instead 
of a non-native coat protein coding sequence. 
[0130] In yet another embodiment, a recombinant plant 
viral nucleic acid is provided in Which the native coat protein 
gene is adjacent its subgenomic promoter and one or more 
non-native sub genomic promoters have been inserted into the 
viral nucleic acid. The inserted non-native subgenomic pro 
moters are capable of transcribing or expressing adjacent 
genes in a plant host and are incapable of recombination With 
each other and With native subgenomic promoters. Non-na 
tive nucleic acid sequences may be inserted adjacent the 
non-native subgenomic plant viral promoters such that said 
sequences are transcribed or expressed in the ho st plant under 
control of the subgenomic promoters to produce the desired 
product. 
[0131] In another embodiment, a recombinant plant viral 
nucleic acid is provided as in the third embodiment except 
that the native coat protein coding sequence is replaced by a 
non-native coat protein coding sequence. 
[0132] The viral vectors are encapsidated by the coat pro 
teins encoded by the recombinant plant viral nucleic acid to 
produce a recombinant plant virus. The recombinant plant 
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viral nucleic acid or recombinant plant virus is used to infect 
appropriate host plants. The recombinant plant viral nucleic 
acid is capable of replication in the host, systemic spread in 
the host, and transcription or expression of foreign gene(s) in 
the host to produce the desired product. 
[0133] As used herein, the term “host” refers to a cell, tissue 
or organism capable of replicating a vector or plant viral 
nucleic acid and Which is capable of being infected by a virus 
containing the viral vector or plant viral nucleic acid. This 
term is intended to include prokaryotic and eukaryotic cells, 
organs, tissues or organisms, Where appropriate. 
[0134] As used herein, the term “infection” refers to the 
ability of a virus to transfer its nucleic acid to a host or 
introduce viral nucleic acid into a host, Wherein the viral 
nucleic acid is replicated, viral proteins are synthesiZed, and 
neW viral particles assembled. In this context, the terms 
“transmissible” and “infective” are used interchangeably 
herein. 
[0135] As used herein, the term “non-native” refers to any 
RNA sequence that promotes production of subgenomic 
mRNA including, but not limited to, 1) plant viral promoters 
such as ORSV and brome mosaic virus, 2) viral promoters 
from other organisms such as human sindbis viral promoter, 
and 3) synthetic promoters. 
[0136] As used herein, the term “phenotypic trait” refers to 
an observable property resulting from the expression of a 
gene. 
[0137] As used herein, the term “plant cell” refers to the 
structural and physiological unit of plants, consisting of a 
protoplast and the cell Wall. 
[0138] As used herein, the term “plant Organ” refers to a 
distinct and visibly differentiated part of a plant, such as root, 
stem, leaf or embryo. 
[0139] As used herein, the term “plant tissue” refers to any 
tissue of a plant in planta or in culture. This term is intended 
to include a Whole plant, plant cell, plant organ, protoplast, 
cell culture, or any group of plant cells organiZed into a 
structural and functional unit. 
[0140] As used herein, the term “production cell” refers to 
a cell, tissue or organism capable of replicating a vector or a 
viral vector, but Which is not necessarily a host to the virus. 
This term is intended to include prokaryotic and eukaryotic 
cells, organs, tissues or organisms, such as bacteria, yeast, 
fungus or plant tissue. 
[0141] As used herein, the term “promoter” refers to the 
5'-?anking, non-coding sequence adjacent a coding sequence 
Which is involved in the initiation of transcription of the 
coding sequence. 
[0142] As used herein, the term “protoplast” refers to an 
isolated plant cell Without cell Walls, having the potency for 
regeneration into cell culture or a Whole plant. 
[0143] As used herein, the term “recombinant plant viral 
nucleic acid” refers to plant viral nucleic acid Which has been 
modi?ed to contain non-native nucleic acid sequences. 
[0144] As used herein, the term “recombinant plant virus” 
refers to a plant virus containing the recombinant plant viral 
nucleic acid. 
[0145] As used herein, the term “subgenomic promoter” 
refers to a promoter of a subgenomic mRNA of a viral nucleic 
acid. 
[0146] As used herein, the term “substantial sequence 
homology” refers to nucleotide sequences that are substan 
tially functionally equivalent to one another. Nucleotide dif 
ferences betWeen such sequences having substantial 
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sequence homology Will be de minimus in affecting function 
of the gene products or an RNA coded for by such sequence. 
[0147] As used herein, the term “transcription” refers to 
production of an RNA molecule by RNA polymerase as a 
complementary copy of a DNA sequence. 
[0148] As used herein, the term “vector” refers to a self 
replicating DNA molecule Which transfers a DNA segment 
betWeen cells. 
[0149] As used herein, the term “virus” refers to an infec 
tious agent composed of a nucleic acid encapsidated in a 
protein. A virus may be a mono-, di-, tri- or multi-partite 
virus, as described above. 
[0150] The present invention provides for the infection of a 
plant host by a recombinant plant virus containing recombi 
nant plant viral nucleic acid or by the recombinant plant viral 
nucleic acid Which contains one or more non-native nucleic 
acid sequences Which are transcribed or expressed in the 
infected tissues of the plant host. The product of the coding 
sequences may be recovered from the plant or cause a phe 
notypic trait in the plant. 
[0151] The present invention has a number of advantages, 
one of Which is that the transformation and regeneration of 
target organisms is unnecessary. Another advantage is that it 
is unnecessary to develop vectors that integrate a desired 
coding sequence in the genome of the target organism. Exist 
ing organisms can be altered With a neW coding sequence 
Without the need of going through a germ cell. The present 
invention also gives the option of applying the coding 
sequence to the desired organism, tissue, organ or cell. 
Recombinant plant viral nucleic acid is also stable for the 
foreign coding sequences, and the recombinant plant virus or 
recombinant plant viral nucleic acid is capable of systemic 
infection in the plant host. 
[0152] An important feature of the present invention is the 
preparation of recombinant plant viral nucleic acids 
(RPVNA) Which are capable of replication and systemic 
spread in a compatible plant host, and Which contain one or 
more non-native subgenomic promoters Which are capable of 
transcribing or expressing adjacent nucleic acid sequences in 
the plant host. The RPVNA may be further modi?ed to delete 
all or part of the native coat protein coding sequence and to 
contain a non-native coat protein coding sequence under con 
trol of the native or one of the non-native subgenomic pro 
moters, or put the native coat protein coding sequence under 
the control of a non-native plant viral subgenomic promoter. 
The RPVNA have substantial sequence homology to plant 
viral nucleotide sequences. A partial listing of suitable viruses 
are described herein. The nucleotide sequence may be an 
RNA, DNA, cDNA or chemically synthesiZed RNA or DNA. 
[0153] The ?rst step in achieving any of the features of the 
invention is to modify the nucleotide sequences of the plant 
viral nucleotide sequence by knoWn conventional techniques 
such that one or more non-native subgenomic promoters are 
inserted into the plant viral nucleic acid Without destroying 
the biological function of the plant viral nucleic acid. The 
subgenomic promoters are capable of transcribing or express 
ing adjacent nucleic acid sequences in a plant host infected by 
the recombinant plant viral nucleic acid or recombinant plant 
virus. The native coat protein coding sequence may be deleted 
in tWo embodiments, placed under the control of a non-native 
sub genomic promoter in a second embodiment, or retained in 
a further embodiment. If it is deleted or otherWise inactivated, 
a non-native coat protein gene is inserted under control of one 
of the non-native subgenomic promoters, or optionally under 
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control of the native coat protein gene subgenomic promoter. 
The non-native coat protein is capable of encapsidating the 
recombinant plant viral nucleic acid to produce a recombi 
nant plant virus. Thus, the recombinant plant viral nucleic 
acid contains a coat protein coding sequence, Which may be 
native or a normative coat protein coding sequence, under 
control of one of the native or non-native subgenomic pro 
moters. The coat protein is involved in the systemic infection 
of the plant host. 

[0154] Some of the viruses Which meet this requirement, 
and are therefore suitable, include viruses from the tobacco 
mosaic virus group such as Tobacco Mosaic virus (TMV), 
CoWpea Mosaic virus (CMV), Alfalfa Mosaic virus (AMV), 
Cucumber Green Mottle Mosaic virus Watermelon strain 
(CGMMV-W) and Oat Mosaic virus (OMV) and viruses from 
the brome mosaic virus group such as Brome Mosaic virus 
(MBV), broad bean mottle virus and coWpea chlorotic mottle 
virus. Additional suitable viruses include Rice Necrosis virus 
(RNV), and geminiviruses such as tomato golden mosaic 
virus (TGMV), Cassaya latent virus (CLV) and maiZe streak 
virus (MSV). 
[0155] 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 US. 
Pat. No. 5,869,245. Methods of isolating and preparing CEL 
I are also disclosed in this patent. HoWever, there is no dis 
closure in this patent relating to the use of CEL I in DNA 
sequence reassortment. 

[0156] Nucleic acid molecules that encode CEL I are dis 
closed in PCT Application Publication No. W0 01/ 62974 A1. 
As With US. 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. 

[0157] The use of RES I endonuclease is contemplated in 
diagnostic methods for the detection of mutations in targeted 
polynucleotide sequences, inparticular, those associated With 
cancer. Examples of some of these types of diagnostic meth 
ods are disclosed in US. Pat. No. 5,869,245, Sokurenko, et 
al., and Del Tito, et al. 
[0158] The reactivity of Endonuclease VII of phage T4 With 
DNA-loops of eight, four, or one nucleotide, or any of 8 
possible base mismatches in vitro is disclosed in “Endonu 
clease 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 countemicks 
Within six nucleotides 3' of the mispairing. The publication 
discloses that a time delay betWeen the occurrence of the ?rst 
nick and the counternick Was suf?cient to alloW the 3'-5' 
exonuclease activity of gp43 to remove the mispairing and its 
polymerase activity to ?ll in the gap before the occurrence of 
the countemick. Nucleotides are erased from the ?rst nick, 
Which is located 3' of the mismatch on either strand and stops 
5' of the mismatch at the ?rst 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 discus 
sion regarding the various activities Endonuclease VII may 
have Within phage T4. HoWever, the publication does not 
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disclose any practical utility for Endonuclease VII outside of 
phage T4, and there is no disclosure regarding its applicability 
in DNA reassortment. 
[0159] 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 parent. 
Although the publication discloses the use of this method as 
a convenient addition to existing DNA recombination meth 
ods, that is, DNA shu?iing, 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 heteroduplex repair. 
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[0195] The folloWing non-limiting examples are provided 
to illustrate the present invention. 

EXAMPLE 1 

Cleavage of Mismatched DNA Substrate by CEL l 

[0196] This example teaches the preparation of CEL l 
enZyme and its use in the cleavage of mismatched DNA 
substrate. 
[0197] CEL l enZyme Was prepared from celery stalks 
using the homogenization, ammonium sulfate, and Con 
canavalinA-Sepharose protocol described byYang et al. (Bio 
chemistry, 39:3533-3541 (2000), incorporated herein by ref 
erence. 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 ?uoride (PMSF), and ?l 
tered through tWo layers of Miracloth (Calbiochem). Solid 
(N H4)2SO4 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 40 C. The supematants Were col 
lected and adjusted With solid (NH4)2SO4 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. 
[0198] ConcanavalinA (ConA) Sepharose a?inity chroma 
tography Was performed by ?rst incubating the dialyZed 
sample With 2 ml of ConA resin overnight With gentle agita 
tion. 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. Frac 
tions Were assayed for mismatch cleavage activity on a radio 
labeled 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 MgCl2) for 30 
minutes at 450 C. as described by OleykoWski et al. (Nucleic 
Acids Research 26: 4597-4602 (1998), incorporated herein 
by reference. Reaction products Were visualiZed by separa 
tion on 10% TBE-PAGE gels containing 7% urea (lnvitro 
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gen), followed by autoradiography. Aliquots of the CEL I 
fractions having mismatch cleavage activity Were stored fro 
Zen at —200 C. A series of?ve-fold dilutions of CEL I fraction 
#5 Were then analyzed for mismatch cleavage of radiolabeled 
mismatch substrate. Reactions Were performed either in 
buffer D, NeW England BioLabs (NEB) T4 DNA ligase buffer 
(50 mM Tris-HCL, pH 7.5, 10 mM MgCl2, 10 mM dithio 
threitol (DTT), 1 mMATP, 25 microgram/ml BSA), or Gibco/ 
BRL T4 DNA ligase buffer (50 mM Tris-HCL, pH 7.6, 10 
mM MgCl2, 1 mM DTT, 1 mM ATP, 5% (W/v) polyethylene 
glycol-8000). Reaction products Were visualiZed as above. 
Cleavage activity in buffer D and in NEB T4 DNA ligase 
buffer Were found to be roughly equivalent, Whereas cleavage 
in the PEG-containing Gibco/BRL ligase buffer Was 
enhanced by ?ve to ten-fold compared to the other buffers. 
[0199] Additional analysis of CEL I activity Was carried out 
using de?ned heteroduplex DNAs from tWo different Green 
Fluorescent Protein (GFP) genes as substrate. This GFP het 
eroduplex 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 l><NEB 
restriction enZyme buffer 2 (10 mM Tris-HCL, pH 7.9, 10 
mM MgCl2, 50 mM NaCl, 1 mM dithiothreitol), the hetero 
duplex DNA Was isolated by agarose gel electrophoresis fol 
loWed by excision of the heteroduplex band and extraction 
using Qiaquick DNA spin columns. A total of tWenty eight 
mismatches, one or tWo nucleotides in length, occur through 
out the length of the heteroduplex molecule. The distribution 
of the mismatches ranges from small clusters of several mis 
matches separated by one or tWo nucleotides to mismatches 
separated by more than thirty base pairs on either side. 
[0200] A series of three-fold dilutions of CEL I in l><NEB 
T4 DNA ligase buffer Were prepared and one microliter ali 
quots 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 hun 
dred nanograms of the cycle3/Wild-type GFP heteroduplex. 
All reactions took place in l><NEB T4 DNA ligase buffer. 
Reactions Were incubated at 450 C. for 30 minutes and run on 
1.5% TBE-agarose gel in the presence of ethidium bromide. 
[0201] Treatment of the supercoiled plasmid preparation 
With increasing amounts of CEL I resulted in the conversion 
of supercoiled DNA to nicked circular, then linear molecules, 
and then to smaller fragments of DNA of random siZe. Treat 
ment of the mismatched GFP substrate With the CEL I prepa 
ration resulted in the digestion of the full-length heteroduplex 
into laddered DNA bands Which are likely to represent cleav 
age 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. 

EXAMPLE 2 

Conservation of Full Length GFP Gene With Mis 
match Resolution Cocktails 

[0202] This example teaches various mismatch resolution 
cocktails that conserve the full length GFP Gene. 
[0203] Mismatched GFP substrate Was treated With various 
concentrations of CEL I in the presence of cocktails of 
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enZymes that together constitute a synthetic mismatch reso 
lution system. The enZymes used Were CEL I, T4 DNA poly 
merase, Taq DNA polymerase and T4 DNA ligase. CEL I 
activity should nick the heteroduplex 3' of mi smatched bases. 
T4 DNA polymerase contains 3'-5' exonuclease for excision 
of the mismatched base from the nicked heteroduplex. T4 
DNA polymerase and Taq DNA polymerase contain DNA 
polymerase capable of ?lling the gap. T4 DNA ligase seals 
the nick in the repaired molecule. Taq DNA polymerase also 
has 5' ?ap-ase activity. 
[0204] 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 ?ve 
(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 
l><NEBT4 DNA ligase 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 370 C. for 30 minutes. 

[0205] 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. 
[0206] 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, yield 
ing 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 recombi 
nation 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 ampli?cation 
[reference Paabo, et al., DNA damage promotes jumping 
betWeen templates during enZymatic ampli?cation. J Biol 
Chem 265(90)47l8-472l]. 
[0207] 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 con 
tained l><NEB T4 DNA ligase buffer With 0.05 mM each 
dNTP in a ?nal volume of 20 microliters. Reactions Were 
incubated for 30 minutes at 370 C. and 10 microliters Were run 
on a 2% TBE-agarose gel in the presence of ethidium bro 
mide. Results shoWed that in the presence of DNA ligase, but 
in the absence of T4 DNA polymerase, increasing amounts of 
CEL I caused greater degradation of the heteroduplexed 
DNA, but that this effect could be counteracted by increasing 
the amount of T4 DNA polymerase in the reaction. 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. 
[0208] 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 con 
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centrations in the presence of 2.5 units of Taq DNA poly 
merase and 0.2 units of T4 DNA ligase in 1><NEB 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 1 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 main 
tained by the other components of the mismatch resolution 
system in the presence of CEL 1. Conditions of enZyme con 
centration and temperature Were identi?ed that conserved a 
high proportion of the DNA as full-length molecules in this 
assay. Namely, one microliter of the CEL 1 fraction ?ve 
preparation (described in Example 1) With one microliter (1 
unit) of the T4 DNA polymerase in the presence of the other 
reaction components Which Were held constant in the experi 
ment. It Was found that as the reaction temperature increased, 
the degradative activity of CEL I increased accordingly. Fur 
thermore, 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 el?cient at conserving the full-length DNA at 45° C. 
From these results, We concluded that under these experimen 
tal 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. 
[0209] 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. Pfu 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 poly 
merase, 0.5 mM of each dNTP, various dilutions of CEL l, 
and either T4 DNA polymerase or Pfu DNA polymerase). 
Reactions Were run on a 1.5% TBE-agarose gels in the pres 
ence of ethidium bromide. It Was found that in the presence of 
the Pfu DNA polymerase, Taq DNA polymerase, and Taq 
DNA ligase, the full-length integrity of the CEL l-treated 
substrate DNA Was enhanced compared to DNA incubated 
With CEL I alone. This result shoWs that enZymes With func 
tionally equivalent activities can be successfully substituted 
into the GRAMMR reaction. 

EXAMPLE 3 

Restoration of Restriction Sites to GFP Heteroduplex 
DNA after DNA Mismatch Resolution (GRAMMR) 

[0210] This experiment teaches the operability of genetic 
reassortment by DNA mismatch resolution (GRAMMR) by 
demonstrating the restoration of restriction sites. 
[0211] 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 micro 
liter of CEL 1 fraction ?ve (described in Example 1), one unit 
T4 DNA polymerase in the presence of 2.5 units of Taq DNA 
polymerase and 0.2 units of T4 DNA ligase in 1><NEB T4 
DNA ligase buffer containing 0.5 mM of each dNTP in a 
reaction volume of 10 microliters) Were gel-isolated and sub 
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jected to restriction analysis by endonucleases Whose recog 
nition sites overlap With mismatches in the GFP heterodu 
plex, thereby rendering those sites in the DNA resistant to 
restriction enZyme cleavage. The enZymes used Were BamHl, 
Hindlll, Hpal, and Xhol. Negative controls consisted of 
untreated GFP heteroduplex. Positive controls consisted of 
Cycle 3 or Wild type GFP sequences, individually. All con 
trols 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 bro 
mide. 
[0212] After treatment With the mismatch resolution cock 
tail, a proportion of the DNA gained sensitivity to BamHI and 
Xhol restriction endonucleases, indicating that DNA mis 
match resolution had occurred. The Hpal-cut samples could 
not be interpreted since a loW level of cleavage occurred in the 
negative control. The Hindlll, BamHI and Xhol sites dis 
played different degrees of cleavage in the GRAMMR 
treated samples. Restoration of the Xhol site Was more exten 
sive than that of the BamHI site, Which Was in turn, more 
extensive than restoration at Hindlll site. 
[0213] 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 el? 
ciency may relate to the nature or density of mismatches 
present at those sites. For example, the Xhol site spans a 
three-mismatch cluster, Whereas the BamHI site spans tWo 
mismatches and the Hindlll site spans a single mismatch. 

EXAMPLE 4 

GRAMMR-Reassorted GFP Genes 

[0214] This example demonstrates that GRAMMR can 
reassert sequence variation betWeen tWo gene sequences in a 
heteroduplex and that there are no signi?cant differences in 
GRAMMR products that Were directly cloned, or PCR ampli 
?ed prior to cloning. 
[0215] The GRAMMR-treated DNA molecules of 
Example 3 Were subsequently either directly cloned by liga 
tion into pCR-Blunt ll-TOPO (lnvitrogen), or ampli?ed by 
PCR and ligated into pCR-Blunt ll-TOPO according to the 
manufacturer’s instructions, folloWed by transformation into 
E. coli. After picking individual colonies and groWing in 
liquid culture, DNA Was prepared and the sequences of the 
GFP inserts Were determined. As negative controls, the 
untreated GFP heteroduplex substrate Was either directly 
cloned or PCR ampli?ed prior to cloning into the plasmid. 
[0216] 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 shuf?ing methods. For the purposes of relating 
the results of these reassortment experiments, hoWever, the 
GRAMMR output sequences are described in terms of cross 
overs. Sequences of tWenty full-length GFP clones that Were 
derived from the GRAMMR-treated GFP genes Were ana 
lyZed. Four of these clones Were derived from DNA that had 
been directly cloned into pZeroBlunt (lnvitrogen) folloWing 
GRAMMR treatment (no PCR ampli?cation). The other six 
teen sequences Were cloned after PCR ampli?cation. Analy 
sis 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 cross 
overs Were found in this set of genes, giving an average of 
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about 5 crossovers per gene. With the distance between the 
?rst and last mismatches of about 590 nucleotides, 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 fre 
quency of roughly 0.05%. 
[0217] Thirty-?ve 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 ampli?cation using the GFP hetero 
duplex as template. Of these thirty-?ve non-GRAMMR 
treated control clones, eight Were recombinants, ranging from 
one to three crossovers, With most being single crossover 
events. A total of tWenty-?ve point mutations had occurred 
Within the sequences situated betWeen the PCR primers, 
yielding a mutation frequency of roughly 0.1%. 
[0218] No signi?cant differences Were observed betWeen 
the GRAMMR-treated products that Were either directly 
cloned or PCR ampli?ed. Notably, though, in the non 
GRAMMR-treated controls, the frequency of recombinants 
Was higher in the PCR ampli?ed 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 ampli?cation. 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 

[0219] 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 
double-stranded plasmid vector backbone. This made pos 
sible the recovery of the reasserted product by direct trans 
formation of E. coli using an aliquot of the GRAMMR reac 
tion. Consequently, neither PCR ampli?cation nor other 
additional manipulation of the GRAMMR-treated DNA Was 
necessary to obtain reasserted clones. 
[0220] Mismatched DNA substrate for POP-GRAMMR 
reactions Was generated containing Wild-type GFP (SEQ ID 
NO:01) and Cycle 3 GFP (SEQ ID 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 plas 
mids Were lineariZed by digestion of the plasmid backbone 
With SapI, cleaned up using a DNA spin-column, mixed, 
amended to l><PCR 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 denatured 
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 
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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 homoduplexes in an agarose gel and 
puri?ed by excision of the band and puri?cation With a DNA 
spin column. 
[0221] The resulting population of heteroduplexed mol 
ecules Was treated With DNA ligase to convert the linear DNA 
into circular, double-stranded DNA heteroduplexes. After 
con?rmation by agarose gel-shift analysis, the circular 
double-stranded GFP heteroduplexed plasmid Was used as 
substrate for GRAMMR reactions. Examples of the resulting 
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 Reas 
sortment by DNA Mismatch Resolution 

CEL I and T4 DNA Polymerase Concentrations Compared 

[0222] 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 concentrations of 
T4 DNA polymerase Was set up to examine the limits of the in 
vitro DNA mismatch resolution reaction. 
[0223] 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 1><NEB 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 poly 
merase, and either 0.3, 0.1, or 0.03 microliters of a CEL I 
preparation (fraction 5, described in Example 1). Six reac 
tions representing all six combinations of the tWo T4 DNA 
polymerase concentrations With the three CEL I concentra 
tions Were prepared, split into equivalent sets of ?ve micro 
liters, and incubated at either 20 degrees C. or 37 degrees C. 
A control reaction containing no CEL 1 and 0.2 unit of T4 
DNA polymerase With the other reaction components 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 analy 
sis of the GFP gene sequences. RFLP analysis Was based on 
differences in several restriction enZyme recognition sites 
betWeen the Wild-type and Cycle 3 GFP genes. The RFLP 
results shoWed that throughout the CEL I/T4 DNA poly 
merase/temperature matrix, reassortment of restriction sites, 
that is GRAMMR, had occurred, and that no such reassort 
ment had occurred in the Zero CEL I control clones. DNA 
sequence analysis con?rmed that reassortment had occurred 
in all of the CEL 1-containing samples. Sequencing also 
con?rmed that the Zero- CEL I controls Were not reasserted, 
















