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OLIGONUCLEOTIDE MEDIATED NUCLEIC ACID 
RECOMBINATION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of “OLI 
GONUCLEOTIDE MEDIATED NUCLEIC ACID 
RECOMBINATION” by Crameri et al., US. Ser. No. 
09/408,392, ?led Sep. 28, 1999, Which is a non-provisional 
of “OLIGONUCLEOTIDE MEDIATED NUCLEIC ACID 
RECOMBINATION” by Crameri et al., US. Ser. No. 
60/118,813, ?led Feb. 5, 1999 and Which is also a non 
provisional of “OLIGONUCLEOTIDE MEDIATED 
NUCLEIC ACID RECOMBINATION” by Crameri et al., 
US. Ser. No. 60/141,049, ?led Jun. 24, 1999. 

[0002] This application is also a continuation-in-part of 
“METHODS FOR MAKING CHARACTER STRINGS, 
POLYNUCLEOTIDES AND POLYPEPTIDES HAVING 
DESIRED CHARACTERISTICS” by Selifonov et al., attor 
ney docket number 02-289-3US, ?led herewith, Which is a 
continuation-in-part of “METHODS FOR MAKING 
CHARACTER STRINGS, POLYNUCLEOTIDES AND 
POLYPEPTIDES HAVING DESIRED CHARACTERIS 
TICS” by Selifonov et al., US. Ser. No. 09/416,375, ?led 
Oct. 12, 1999, Which is a non provisional of “METHODS 
FOR MAKING CHARACTER STRINGS, POLYNUCLE 
OTIDES AND POLYPEPTIDES HAVING DESIRED 
CHARACTERISTICS” by Selifonov and Stemmer, U.S. 
Ser. No. 60/116,447, ?led Jan. 19, 1999 and Which is also a 
non-provisional of “METHODS FOR MAKING CHARAC 
TER STRINGS, POLYNUCLEOTIDES AND POLYPEP 
TIDES HAVING DESIRED CHARACTERISTICS” by 
Selifonov and Stemmer, U.S. Ser. No. 60/ 118,854, ?led Feb. 
5, 1999. 

[0003] This application is also a continuation-in-part of 
co-?led application “METHODS OF POPULATING DATA 
STRUCTURES FOR USE IN EVOLUTIONARY SIMU 
LATIONS” by Selifonov and Stemmer, Attorney Docket 
Number 3271.002WO0 (?led by Majestic, Parsons, Siebert 
& Hsue) Which is a continuation-in-part of “METHODS OF 
POPULATING DATA STRUCTURES FOR USE IN EVO 
LUTIONARY SIMULATIONS” by Selifonov and Stemmer, 
U.S. Ser. No. 09/416,837, ?led Oct. 12, 1999. 

[0004] This application is also related to “USE OF 
CODON VARIED OLIGONUCLEOTIDE SYNTHESIS 
FOR SYNTHETIC SHUFFLING” by Welch et al., US. Ser. 
No. 09/408,393, ?led Sep. 28, 1999. 

[0005] The present application claims priority to and ben 
e?t of each of the applications listed in this section, as 
provided for under 35 U.S.C. §119(e) and/or 35 U.S.C. 
§120, as appropriate. 

COPYRIGHT NOTIFICATION 

[0006] Pursuant to 37 C.F.R. 1.71(e), Applicants note that 
a portion of this disclosure contains material Which is 
subject to copyright protection. The copyright oWner has no 
objection to the facsimile reproduction by anyone of the 
patent document or patent disclosure, as it appears in the 
Patent and Trademark Of?ce patent ?le or records, but 
otherWise reserves all copyright rights Whatsoever. 

BACKGROUND OF THE INVENTION 

[0007] DNA shuf?ing has provided a paradigm shift in 
recombinant nucleic acid generation, manipulation and 
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selection. The inventors and their co-Workers have devel 
oped fast arti?cial evolution methodologies for generating 
improved industrial, agricultural, and therapeutic genes and 
encoded proteins. These methods, and related compositions 
and apparatus for practicing these methods represent a 
pioneering body of Work by the inventors and their co 
Workers. 

[0008] A number of publications by the inventors and their 
co-Workers describe DNA shuf?ing. For example, Stemmer 
et al. (1994) “Rapid Evolution of a Protein”Nalure 3701389 
391; Stemmer (1994) “DNA Shu?ling by Random Frag 
mentation and Reassembly: in vitro Recombination for 
Molecular Evolution,”Pr0c. Natl. Acad. USA 91: 10747 
10751; Stemmer US. Pat. No. 5,603,793 METHODS FOR 
IN VITRO RECOMBINATION; Stemmer et al. US. Pat. 
No. 5,830,721 DNA MUTAGENESIS BY RANDOM 
FRAGMENTATION AND REASSEMBLY; Stemmer et al., 
US. Pat. No. 5,811,238 METHODS FOR GENERATING 
POLYNUCLEOTIDES HAVING DESIRED CHARAC 
TERISTICS BY ITERATIVE SELECTION AND RECOM 
BINATION describe, e.g., in vitro and in vivo nucleic acid, 
DNA and protein shu?ling in a variety of formats, e.g., by 
repeated cycles of mutagenesis, shuf?ing and selection, as 
Well as methods of generating libraries of displayed peptides 
and antibodies. 

[0009] Applications of DNA shuf?ing technology have 
also been developed by the inventors and their co-Workers. 
In addition to the publications noted above, Minshull et al., 
US. Pat. No. 5,837,458 METHODS AND COMPOSI 
TIONS FOR CELLULAR AND METABOLIC ENGI 
NEERING provides, e.g., for the evolution of metabolic 
pathWays and the enhancement of bioprocessing through 
recursive shuf?ing techniques. Crameri et al. (1996), “Con 
struction And Evolution Of Antibody-Phage Libraries By 
DNA Shul?ing’Walure Medicine 2(1): 100-103 describe, 
e.g., antibody shu?ling for antibody phage libraries. Addi 
tional details regarding DNA Shul?ing can be found in 
WO95/22625, WO97/20078, WO96/33207, WO97/33957, 
WO98/27230, WO97/35966, WO98/31837, WO98/13487, 
WO98/13485 and WO989/42832, as Well as a number of 
other publications by the inventors and their co-Workers. 

[0010] A number of the publications of the inventors and 
their co-Workers, as Well as other investigators in the art also 
describe techniques Which facilitate DNA shu?ling, e.g., by 
providing for reassembly of genes from small fragments, or 
even oligonucleotides. For example, in addition to the 
publications noted above, Stemmer et al. (1998) US. Pat. 
No. 5,834,252 END COMPLEMENTARY POLYMERASE 
REACTION describe processes for amplifying and detect 
ing a target sequence (e.g., in a mixture of nucleic acids), as 
Well as for assembling large polynucleotides from nucleic 
acid fragments. 

[0011] RevieW of the foregoing publications reveals that 
forced evolution by gene shu?ling is an important neW 
technique With many practical and poWerful applications. 
Thus, neW techniques Which facilitate gene shu?ling are 
highly desirable. The present invention provides signi?cant 
neW gene shu?ling protocols, as Well as many other features 
Which Will be apparent upon complete revieW of this dis 
closure. 
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SUMMARY OF THE INVENTION 

[0012] The invention provides oligonucleotide assisted 
shu?ling of nucleic acids. These oligonucleotide assisted 
approaches particularly facilitate family shuftling proce 
dures, providing substantially simpli?ed shuf?ing protocols 
Which can be used to produce family shul?ed nucleic acids 
Without isolating or cloning full-length homologous nucleic 
acids. Furthermore, the oligonucleotide assisted approaches 
herein can even be extended to shu?ling non-homologous 
nucleic acids, thereby accessing greater sequence space in 
resulting recombinant molecules and, thus, greater molecu 
lar diversity. The techniques can -also be combined With 
classical DNA shu?ling protocols, such as DNAse-mediated 
methods, or With other diversity generation procedures such 
as classical mutagenesis, to increase the versatility and 
throughput of these methods. 

[0013] Several methods Which are applicable to family 
shu?ling procedures are provided. In one aspect of these 
methods, sets of overlapping family gene shu?ling oligo 
nucleotides are hybridized and elongated, providing a popu 
lation of recombined nucleic acids, Which can be selected for 
a desired trait or property. Typically, the set of overlapping 
family shuf?ing gene oligonucleotides include a plurality of 
oligonucleotide member types Which have consensus region 
subsequences derived from a plurality of homologous target 
nucleic acids. The oligo sets optionally provide other dis 
tinguishing features, including cross-over capability, codon 
variation or selection, and the like. 

[0014] The population of recombined nucleic acids can be 
denatured and reannealed, providing denatured recombined 
nucleic acids Which can then be reannealed. The resulting 
recombinant nucleic acids can also be selected. Any or all of 
these steps can be repeated reiteratively, providing for 
multiple recombination and selection events to produce a 
nucleic acid With a desired trait or property. 

[0015] In a related aspect, methods for introducing nucleic 
acid family diversity during nucleic acid recombination are 
performed by providing a composition having at least one 
set of fragmented nucleic acids Which includes a population 
of family gene shu?ling oligonucleotides and recombining 
at least one of the fragmented nucleic acids With at least one 
of the family gene shu?ling oligonucleotides. Arecombinant 
nucleic acid having a nucleic acid subsequence correspond 
ing to the at least one family gene shu?ling oligonucleotide 
is then regenerated, typically to encode a full-length mol 
ecule (e.g., a full-length protein). 

[0016] Typically, family gene shuf?ing oligonucleotides 
are provided by aligning homologous nucleic acid sequences 
to select conserved regions of sequence identity and regions 
of sequence diversity. A plurality of family gene shuf?ing 
oligonucleotides are synthesiZed (serially or in parallel) 
Which correspond to at least one region of sequence diver 
sity. In contrast, sets of fragments are provided by cleaving 
one or more homologous nucleic acids (e.g., With a DNase), 
or by synthesiZing a set of oligonucleotides corresponding to 
a plurality of regions of at least one nucleic acid (typically 
oligonucleotides corresponding to a ?ll-length nucleic acid 
are provided as members of a set of nucleic acid fragments). 
In the shu?ling procedures herein, these cleavage fragments 
can be used in conjunction With family gene shuf?ing 
oligonucleotides, e.g., in one or more recombination reac 
tion. 
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[0017] Recursive methods of oligonucleotide shu?ling are 
provided. As noted herein, recombinant nucleic acids gen 
erated synthetically using oligonucleotides can be cleaved 
and shul?ed by standard nucleic acid shuf?ing methodolo 
gies, or the nucleic acids can be sequenced and used to 
design a second set of family shu?ling oligonucleotides 
Which are used to recombine the recombinant nucleic acids. 
Either, or both, of these recursive techniques can be used for 
subsequent rounds of recombination and can also be used in 
conjunction With rounds of selection of recombinant prod 
ucts. Selection steps can folloW one or several rounds of 

recombination, depending on the desired diversity of the 
recombinant nucleic acids (the more rounds of recombina 
tion Which are performed, the more diverse the resulting 
population of recombinant nucleic acids). 

[0018] The use of family gene shuf?ing oligonucleotides 
in recombination reactions herein provides for domain 
sWitching of domains of sequence identity or diversity 
betWeen homologous nucleic acids, e.g., Where recombi 
nants resulting from the recombination reaction provide 
recombinant nucleic acids With a sequence domain from a 
?rst nucleic acid embedded Within a sequence corresponding 
to a second nucleic acid, e.g., Where the region most similar 
to the embedded region from the second nucleic acid is not 
present in the recombinant nucleic acid. 

[0019] One particular advantage of the present invention is 
the ability to recombine homologous nucleic acids With loW 
sequence similarity, or even to recombine non-homologous 
nucleic acids. In these methods, one or more set of frag 
mented nucleic acids arc recombined With a With a sct of 
crossover family diversity oligonucleotides. Each of these 
crossover oligonucleotides have a plurality of sequence 
diversity domains corresponding to a plurality of sequence 
diversity domains from homologous or non-homologous 
nucleic acids With loW sequence similarity. The fragmented 
oligonucleotides, Which are derived from one or more 
homologous or non-homologous nucleic acids can hybridize 
to one or more region of the crossover oligos, facilitating 
recombination. 

[0020] Methods of family shu?ling PCR amplicons using 
family diversity oligonucleotide primers are also provided. 
In these methods, a plurality of non-homogeneous homolo 
gous template nucleic acids are provided. Aplurality of PCR 
primers Which hybridiZe to a plurality of the plurality of 
non-homogeneous homologous template nucleic acids are 
also provided. Aplurality of PCR amplicons are produced by 
PCR ampli?cation of the plurality of template nucleic acids 
With the plurality of PCR primers, Which are then recom 
bined. Typically, sequences for the PCR primers are selected 
by aligning sequences -for the plurality of non-homoge 
neous homologous template nucleic acids and selecting PCR 
primers Which correspond to regions of sequence similarity. 

[0021] A variety of compositions for practicing the above 
methods and Which result from practicing the above meth 
ods are also provided. Compositions Which include a library 
of oligonucleotides having a plurality of oligonucleotide 
member types are one example. The library can include at 
least about 2, 3, 5, 10, 20, 30, 40, 50, 100 or more different 
oligonucleotide members. The oligonucleotide member 
types correspond to a plurality of subsequence regions of a 
plurality of members of a selected set of a plurality of 
homologous target sequences. The plurality of subsequence 
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regions can include, e.g., a plurality of overlapping or 
non-overlapping sequence regions of the selected set of 
homologous target sequences. The oligonucleotide member 
types typically each have a sequence identical to at least one 
subsequence from at least one of the selected set of homolo 
gous target sequences. Any of the oligonucleotide types and 
sets described above, or elseWhere herein, can be included in 
the compositions of the invention (e.g., family shuf?ing 
oligonucleotides, crossover oligonucleotides, domain 
sWitching oligonucleotides, etc.). The oligonucleotide mem 
ber types can include a plurality of homologous oligonucle 
otides corresponding to a homologous region from the 
plurality of homologous target sequences. In this embodi 
ment, each of the plurality of homologous oligonucleotides 
have at least one variant subsequence. Libraries of nucleic 
acids and encoded proteins Which result from practicing 
oligonucleotide-mediated recombination as noted herein are 
also a feature of the invention. 

[0022] Compositions optionally include components 
Which facilitate recombination reactions, e. g., a polymerase, 
such as a thermostable DNA polymerase (e.g., taq, vent or 
any of the many other commercially available polymerases) 
a recombinase, a nucleic acid synthesis reagent, buffers, 
salts, magnesium, one or more nucleic acid having one or 
more of the plurality of members of the selected set of 
homologous target sequences, and the like. 

[0023] Kits comprising the compositions of the invention, 
e.g., in containers, or other packaging materials, e.g., With 
instructional materials for practicing the methods of the 
invention are also provided. Uses for the compositions and 
kits herein for practicing the methods are also provided. 

BRIEF DESCRIPTION OF THE FIGURES 

[0024] FIG. 1 is a schematic shoWing oligonucleotide 
directed in vivo shuf?ing using chimeraplasts. 

[0025] FIG. 2 is a schematic of a loW-homology shuf?ing 
procedure to provide for synthetic gene blending. 

[0026] FIG. 3 is a schematic of a modular exon deletion/ 
insertion library. 

DEFINITIONS 

[0027] Unless otherWise indicated, the folloWing de?ni 
tions supplement those in the art. 

[0028] 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 
recombined 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 
manipulated to modify the resulting molecule. Alternatively, 
a nucleic acid can be synthesiZed de novo, by synthesiZing 
a nucleic acid Which varies in sequence from a selected 
parental nucleic acid sequence. When there is no explicit 
knoWledge about the ancestry of tWo nucleic acids, homol 
ogy is typically inferred by sequence comparison betWeen 
tWo sequences. Where tWo nucleic acid sequences shoW 
sequence similarity over a signi?cant portion of each of the 
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nucleic acids, it is inferred that the tWo nucleic acids share 
a common ancestor. The precise level of sequence similarity 
Which establishes homology varies in the art depending on 
a variety of factors. For purposes of the present invention, 
cladistic intermediates (proposed sequences Which share 
features of tWo or more related nucleic acids) are homolo 
gous nucleic acids. 

[0029] For purposes of this disclosure, tWo nucleic acids 
are considered homologous Where they share suf?cient 
sequence identity to alloW direct recombination to occur 
betWeen the tWo nucleic acid molecules. Typically, nucleic 
acids utiliZe regions of close similarity spaced roughly the 
same distance apart to permit recombination to occur. The 
recombination can be in vitro or in vivo. 

[0030] It should be appreciated, hoWever, that one advan 
tage of certain features of the invention is the ability to 
recombine more distantly related nucleic acids than standard 
recombination techniques permit. In particular, sequences 
from tWo nucleic acids Which are distantly related, or even 
not detectably related can be recombined using cross-over 
oligonucleotides Which have subsequences from tWo or 
more different non-homologous target nucleic acids, or tWo 
or more distantly related nucleic acids. HoWever, Where the 
tWo nucleic acids can only be indirectly recombined using 
oligonucleotide intermediates as set forth herein, they are 
considered to be “non-homologous” for purposes of this 
disclosure. 

[0031] A “set” as used herein refers to a collection of at 
least tWo molecules types, and typically includes at least 
about, e.g., 5, 10, 50, 100, 500, 1,000 or more members, 
depending on the precise intended use of the set. 

[0032] A set of “family gene shuf?ing oligonucleotides” is 
a set of synthesiZed oligonucleotides derived from a selected 
set of homologous nucleic acids. The oligonucleotides are 
derived from a selected set of homologous nucleic acids 
When they (individually or collectively) have regions of 
sequence identity (and, optionally, regions of sequence 
diversity) With more than one of the homologous nucleic 
acids. Collectively, the oligonucleotides typically corre 
spond to a substantial portion of the full length of the 
homologous nucleic acids of the set of homologous nucleic 
acids, e.g., the oligonucleotides correspond over a substan 
tial portion of the length of the homologous nucleic acids 
(e.g., the oligonucleotides of the set collectively correspond 
to e.g., 25% or more, often 35% or more, generally 50% or 
more, typically 60% or more, more typically 70% or more, 
and in some applications, 80%, 90% or 100% of the full 
length of each of the homologous nucleic acids). Most 
commonly, the family gene shu?ling oligonucleotides 
include multiple member types, each having regions of 
sequence identity to at least one member of the selected set 
of homologous nucleic acids (e.g., about 2, 3, 5, 10, 50 or 
more member types). 

[0033] A “cross-over” oligonucleotide has regions of 
sequence identity to at least tWo different members of a 
selected set of nucleic acids, Which are optionally homolo 
gous or non-homologous. 

[0034] Nucleic acids “hybridize” When they associate, 
typically in solution. Nucleic acids hybridiZe due to a variety 
of Well characteriZed physico-chemical forces, such as 
hydrogen bonding, solvent exclusion, base stacking and the 



US 2007/0054313 A1 

like. An extensive guide to the hybridization of nucleic acids 
is found in Tijssen (1993) Laboratory Techniques in Bio 
chemistry and Molecular BiologyiHybridizalion with 
NucleicAcid Probes part I chapter 2 “Overview of principles 
of hybridization and the strategy of nucleic acid probe 
assays,” Elsevier, N.Y., as Well as in Ausubel, supra. 

[0035] TWo nucleic acids “correspond” When they have 
the same or complementary sequences, or When one nucleic 
acid is a subsequence of the other, or When one sequence is 
derived, by natural or arti?cial manipulation, from the other. 

[0036] Nucleic acids are “elongated” When additional 
nucleotides (or other analogous molecules) are incorporated 
into the nucleic acid. Most commonly, this is performed With 
a polynerase (e.g., a DNA polymerase), e.g., a polymerase 
Which adds sequences at the 3' terminus of the nucleic acid. 

[0037] TWo nucleic acids are “recombined” When 
sequences from each of the tWo nucleic acids are combined 
in a progeny nucleic acid. TWo sequences are “directly” 
recombined When both of the nucleic acids are substrates for 
recombination. TWo sequences are “indirectly recombined” 
When the sequences are recombined using an intermediate 
such as a cross-over oligonucleotide. For indirect recombi 
nation, no more than one of the sequences is an actual 
substrate for recombination, and in some cases, neither 
sequence is a substrate for recombination (i.e., When one or 
more oligonucleotide(s) corresponding to the nucleic acids 
are hybridiZed and elongated). 

[0038] A collection of “fragmented nucleic acids” is a 
collection of nucleic acids derived by cleaving one or more 
parental nucleic acids (e.g., With a nuclease, or via chemical 
cleavage), or by producing subsequences of the parental 
sequences in any other manner, such as partial chain elon 
gation of a complementary nucleic acid. 

[0039] A “full-length protein” is a protein having substan 
tially the same sequence domains as a corresponding protein 
encoded by a natural gene. The protein can have modi?ed 
sequences relative to the corresponding naturally encoded 
gene (e. g., due to recombination and selection), but is at least 
95% as long as the naturally encoded gene. 

[0040] A “DNase enZyme” is an enZyme such as DNAse 
I Which catalyZes cleavage of a DNA, in vitro or in vivo. A 
Wide variety of DNase enZymes are Well knoWn and 
described, e.g., in Sambrook, Berger and Ausubel (all supra) 
and many are commercially available. 

[0041] A “nucleic acid domain” is a nucleic acid region or 
subsequence. The domain can be conserved or not conserved 
betWeen a plurality of homologous nicleic acids. Typically, 
a domain is delineated by comparison betWeen tWo or more 
sequences, i.e., a region of sequence diversity betWeen 
sequences is a “sequence diversity domain,” While a region 
of similarity is a “sequence similarity domain.” Domain 
sWitching” refers to the ability to sWitch one nucleic acid 
region from one nucleic acid With a second domain from a 
second nucleic acid. 

[0042] A region of “high sequence similarity” refers to a 
region that is 90% or more identical-to a second selected 
region When aligned for maximal correspondence (e.g., 
manually or using the common program BLAST set to 
default parameters). A region of “loW sequence similarity” is 
60% or less identical, more preferably, 40% or less identical 
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to a second selected region, When aligned for maximal 
correspondence (e.g., manually or using BLAST set With 
default parameters). 

[0043] A“PCR amplicon” is a nucleic acid made using the 
polymerasc chain reaction (PCR). Typically, the nucleic acid 
is a copy of a selected nucleic acid. A “PCR primer” is 
a-nucleic acid Which hybridiZes to a template nucleic acid 
and permits chain elongation using a thermostable poly 
merase under appropriate reaction conditions. 

[0044] A “library of oligonucleotides” is a set of oligo 
nucleotides. The set can be pooled, or can be individually 
accessible. Oligonucleotides can be DNA, RNA or combi 
nations of RNA and DNA (e.g., chimeraplasts). 

DETAILED DISCUSSION OF THE INVENTION 

[0045] The present invention relates to improved formats 
for nucleic acid shu?‘ling. In particular, by using selected 
oligonucleotide sets as substrates for recombination and/or 
gene synthesis, it is possible to dramatically speed the 
shu?ling process. Moreover, it is possible to use oligonucle 
otide intermediates to indirectly recombine nucleic acids 
Which could not otherWise be recombined. Direct access to 
physical nucleic acids corresponding to sequences to be 
combined is not necessary, as the sequences can be recom 
bined indirectly through oligonucleotide intemediates. 

[0046] In brief, a family of homologous nucleic acid 
sequences are ?rst aligned, eg using available computer 
software to select regions of identity/similarity and regions 
of diversity. Aplurality (e.g., 2, 5, 10, 20, 50, 75, or 100 or 
more) of oligonucleotides corresponding to at least one 
region of diversity (and ordinarily at least one region of 
similarity) are synthesiZed. These oligonucleotides can be 
shu?led directly, or can be recombined With one or more of 
the family of nucleic acids. 

[0047] This oligonucleotide-based recombination of 
related nucleic acids can be combined With a number of 
available standard shu?ling methods. For example, there are 
several procedures noW available for shu?ling homologous 
nucleic acids, such as by digesting the nucleic acids With a 
DNase, permitting recombination to occur and then regen 
erating full-length templates, e.g., as described in Stemmer 
(1998) DNA MUTAGENESIS BY RANDOM FRAGMEN 
TATION AND REASSEMBLY US. Pat. No. 5,830,721. 
Thus, in one embodiment of the invention, a full-length 
nucleic acid Which is identical to, or homologous With, at 
least one of the homologous nucleic acids is provided, 
cleaved With a DNase, and the resulting set of nucleic acid 
fragments are recombined With the plurality of family gene 
shu?ling oligonucleotides. This combination of methods can 
be advantageous, because the DNase-cleavage fragments 
form a “scaffold” Which can be reconstituted into a full 
length sequenceian advantage in the event that one or more 
synthesiZed oligo in the synthesiZed set is defective. 

[0048] HoWever, one advantage of the present invention is 
the ability to recombine several regions of diversity among 
homologous nucleic acids, even Without the homologous 
nucleic acids, or cleaved fragments thereof, being present in 
the recombination mixture. Resulting shul?ed nucleic acids 
can include regions of diversity from different nucleic acids, 
providing for the ability to combine different diversity 
domains in a single nucleic acid. This provides a very 
poWerful method of accessing natural sequence diversity. 
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[0049] In general, the methods herein provide for “oligo 
nucleotide mediated shu?ling” in Which oligonucleotides 
corresponding to a family of related homologous nucleic 
acids Which are recombined to produce selectable nucleic 
acids. The technique can be used to recombine homologous 
or even non-homologous nucleic acid sequences. When 
recombining homologous nucleic acids, sets of overlapping 
family gene shu?‘ling oligonucleotides (Which are derived, 
e.g., by comparison of homologous nucleic acids and syn 
thesis of oligonucleotide fragments) are hybridized and 
elongated (e.g., by reassembly PCR), providing a population 
of recombined nucleic acids, Which can be selected for a 
desired trait or property. Typically, the set of overlapping 
family shuf?ing gene oligonucleotides include a plurality of 
oligonucleotide member types Which have consensus region 
subsequences derived from a plurality of homologous target 
nucleic acids. 

[0050] Typically, family gene shuf?ing oligonucleotide 
are provided by aligning homologous nucleic acid sequences 
to select conserved regions of sequence identity and regions 
of sequence diversity. A plurality of family gene shuf?ing 
oligonucleotides are synthesiZed (serially or in parallel) 
Which correspond to at least one region of sequence diver 
sity. 

[0051] Sets of fragments, or subsets of fragments used in 
oligonucleotide shu?‘ling approaches can be partially pro 
vided by cleaving one or more homologous nucleic acids 
(e.g., With a DNase), as Well as by synthesiZing a set of 
oligonucleotides corresponding to a plurality of regions of at 
least one nucleic acid (typically oligonucleotides corre 
sponding to a partial or full-length nucleic acid are provided 
as members of the set of nucleic acid “fragments,” a term 
Which encompasses both cleavage fragments and synthe 
siZed oligonucleotides). In the shuf?ing procedures herein, 
these cleavage fragments can be used in conjunction With 
family gene shuf?ing oligonucleotides, e.g., in one or more 
recombination reaction to produce recombinant nucleic 
acids. 

[0052] The folloWing provides details and examples 
regarding sequence alignment, oligonucleotide construction 
and library generation, shu?ling procedures and other 
aspects of the present invention. 

Aligning Homologous Nucleic Acid Sequences to Select 
Conserved Regions of Sequence Identity and Regions of 
Sequence Diversity 

[0053] In one aspect, the invention provides for alignment 
of nucleic acid sequences to determine regions of sequence 
identity or similarity and regions of diversity. The set of 
overlapping family shu?ling gene oligonucleotides can 
comprise a plurality of oligonucleotide member types Which 
comprise consensus region subsequences derived from a 
plurality of homologous target nucleic acids. These consen 
sus region subsequences are determined by aligning 
homologous nucleic acids and identifying regions of identity 
or similarity. 

[0054] In one embodiment, homologous nucleic acid 
sequences are aligned, and at least one conserved region of 
sequence identity and a plurality of regions of sequence 
diversity are selected. The plurality of regions of sequence 
diversity provide a plurality of domains of sequence diver 
sity. Typically, a plurality of family gene shu?‘ling oligo 
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nucleotides corresponding to the plurality of domains of 
sequence diversity are synthesiZed and used in the various 
recombination protocols noted herein or Which are otherWise 
available. Genes synthesiZed by these recombination meth 
ods are optionally further screened or further diversi?ed by 
any available method, including recombination and/or 
mutagenesis. 
Alignment of Homologous Nucleic Acids 

[0055] Typically, the invention comprises ?rst aligning 
identical nucleic acids, or regions of nucleic acid similarity, 
e.g., for sequences available from any of the publicly 
available or proprietary nucleic acid databases. Public data 
base/search services include Genbank®, EntreZ®, EMBL, 
DDBJ and those provided by the NCBI. Many additional 
sequence databases are available on the intemet or on a 

contract basis from a variety of companies specialiZing in 
genomic information generation and/or storage. 

[0056] The terms “identical” or percent “identity,” in the 
context of tWo or more nucleic acid or polypeptide 
sequences, refer to tWo or more sequences or subsequences 
that are the same or have a speci?ed percentage of amino 
acid residues or nucleotides that are the same, When com 
pared and aligned for maximum correspondence, as mea 
sured using one of the sequence comparison algorithms 
described beloW (or other algorithms available to persons of 
skill) or by visual inspection. 

[0057] The phrase “substantially identical,” in the context 
of tWo nucleic acids or polypeptides refers to tWo or more 
sequences or subsequences that have at least about 50%, 
preferably 80%, most preferably 90-95% nucleotide or 
amino acid residue identity, When compared and aligned for 
maximum correspondence, as measured using one of the 
folloWing sequence comparison algorithms or by visual 
inspection. Such “substantially identical” sequences are 
typically considered to be homologous. 

[0058] For sequence comparison and homology determi 
nation, typically one sequence acts as a reference sequence 
to Which test sequences are compared. When using a 
sequence comparison algorithm, test and reference 
sequences are input into a computer, subsequence coordi 
nates are designated, if necessary, and sequence algorithm 
program parameters are designated. The sequence compari 
son algorithm then calculates the percent sequence identity 
for the test sequence(s) relative to the reference sequence, 
based on the designated program parameters. 

[0059] Optimal alignment of sequences for comparison 
can be conducted, e.g., by the local homology algorithm of 
Smith & Waterman, Adv. Appl. Math. 2:482 (1981), by the 
5 homology alignment algorithm of Needleman & Wunsch, 
J. Mol. Biol. 481443 (1970), by the search for similarity 
method of Pearson & Lipman, Proc. Nal’l. Acad. Sci. USA 
85:2444 (1988), by computerized implementations of these 
algorithms (GAP, BESTFIT, FASTA, and TFASTA in the 
Wisconsin Genetics SoftWare Package, Genetics Computer 
Group, 575 Science Dr., Madison, Wis.), or by visual 
inspection (see generally, Ausubel et al., infra). 

[0060] One example algorithm that is suitable for deter 
mining percent sequence identity and sequence similarity is 
the BLAST algorithm, Which is described in Altschul et al., 
JMol. Biol. 215:403-410 (1990). SoftWare for performing 
BLAST analyses is publicly available through the National 
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Center for Biotechnology Information (http://WWW.ncbi.n 
lm.nih.gov/). This algorithm involves ?rst identifying high 
scoring sequence pairs (HSPs) by identifying short Words of 
length W in the query sequence, Which either match or 
satisfy some positive-valued threshold score T When aligned 
With a Word of the same length in a database sequence. T is 
referred to as the neighborhood Word score threshold (Alts 
chul et al., supra). These initial neighborhood Word hits act 
as seeds for initiating searches to ?nd longer HSPs contain 
ing them. The Word hits are then extended in both directions 
along each sequence for as far as the cumulative alignment 
score can be increased. Cumulative scores are calculated 

using, for nucleotide sequences, the parameters M (reWard 
score for a pair of matching residues; alWays>0) and N 
(penalty score for mismatching residues; alWays<0). For 
amino acid sequences, a scoring matrix is used to calculate 
the cumulative score. Extension of the Word hits in each 
direction are halted When: the cumulative alignment score 
falls off by the quantity X from its maximum achieved value; 
the cumulative score goes to Zero or beloW, due to the 
accumulation of one or more negative-scoring residue align 
ments; or the end of either sequence is reached. The BLAST 
algorithm parameters W, T, and X determine the sensitivity 
and speed of the alignment. The BLASTN program (for 
nucleotide sequences) uses as defaults a Wordlength (W) of 
11, an expectation (E) of 10, a cutoff of 100, M=5, N=4, and 
a comparison of both strands. For amino acid sequences, the 
BLASTP program uses as defaults a Wordlength (W) of 3, an 
expectation (E) of 10, and the BLOSUM62 scoring matrix 
(see Henikolf & Henikolf (1989) Proc. Natl. Acad. Sci. USA 
89: 1091 5). 

[0061] In addition to calculating percent sequence identity, 
the BLAST algorithm also performs a statistical analysis of 
the similarity betWeen tWo sequences (see, e.g., Karlin & 
Altschul (1993) Proc. Natl’! . Acad. Sci. USA 90:5873 
5787). One measure of similarity provided by the BLAST 
algorithm is the smallest sum probability (P(N)), Which 
provides an indication of the probability by Which a match 
betWeen tWo nucleotide or amino acid sequences Would 
occur by chance. For example, a nucleic acid is considered 
similar to a reference sequence (and, therefore, likely 
homologous) if the smallest sum probability in a comparison 
of the test nucleic acid to the reference nucleic acid is less 
than about 0.1, more preferably less than about 0.01, and 
most preferably less than about 0.001. Other available 
sequence alignment programs include, e.g., PILEUP. 

[0062] A number of additional sequence alignment proto 
cols can be found, e.g., in “METHODS FOR MAKING 
CHARACTER STRINGS, POLYNUCLEOTIDES AND 
POLYPEPTIDES HAVING DESIRED CHARACTERIS 
TICS” by Selifonov et al., attorney docket number 02-289 
3US, ?led hereWith. 

Oligonucleotide Synthesis 

[0063] In one aspect, the invention comprises synthesizing 
a plurality of family gene shuf?ing oligonucleotides, e.g., 
corresponding to at least one region of sequence diversity. 
Typically sets of family gene shu?ling oligonucleotides are 
produced, e.g., by sequential or parallel oligonucleotide 
synthesis protocols. 

[0064] Oligonucleotides, e.g., Whether for use in in vitro 
ampli?cation/ gene reconstruction/reassembly methods, or to 
provide sets of family gene shu?ling oligonucleotides, are 
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typically synthesiZed chemically according to the solid 
phase phosphoramidite triester method described by Beau 
cage and Caruthers (1981), Tetrahedron Lells., 22(20): 1859 
1862, e.g., using an automated synthesizer, as described in 
Needham-VanDevanter et al. (1984) Nucleic Acids Res., 
12:6459-6168. AWide variety of equipment is commercially 
available for automated oligonucleotide synthesis. Multi 
nucleotide synthesis approaches (e.g., tri-nucleotide synthe 
sis), as discussed, supra, are also useful. 

[0065] Moreover, essentially any nucleic acid can be cus 
tom ordered from any of a variety of commercial sources, 
such as The Midland Certi?ed Reagent Company 
(mcrc@oligos.com), The Great American Gene Company 
(http://WWW.genco.com), ExpressGen Inc. (WWW.express 
gen.com), Operon Technologies Inc. (Alameda, Calif.) and 
many others. 

Synthetic Library Assembly 
[0066] Libraries of family gene shuf?ing oligonucleotides 
are provided. For example, homologous genes of interest are 
aligned using a sequence alignment program such as 
BLAST, as described above. Nucleotides corresponding to 
amino acid variations betWeen the homologs are noted. 
Oligos for synthetic gene shuf?ing are designed Which 
comprise one (or more) nucleotide difference to any of the 
aligned homologous sequences, i.e., oligos are designed that 
are identical to a ?rst nucleic acid, but Which incorporate a 
residue at a position Which corresponds to a residue of a 
nucleic acids homologous, but not identical to the ?rst 
nucleic acid. 

[0067] Preferably, all of the oligonucleotides of a selected 
length (e.g., about 20, 30, 40, 50, 60, 70, 80, 90, or 100 or 
more nucleotides) Which incorporate all possible nucleic 
acid variants are made. This includes X oligonucleotides per 
X sequence variations, Where X is the number of different 
sequences at a locus. The X oligonucleotides are largely 
identical in sequence, except for the nucleotide(s) represent 
ing the variant nucleotide(s). Because of this similarity, it 
can be advantageous to utiliZe parallel or pooled synthesis 
strategies in Which a single synthesis reaction or set of 
reagents is used to make common portions of each oligo 
nucleotide. This can be performed e.g., by Well-knoWn 
solid-phase nucleic acid synthesis techniques, or, e.g., uti 
liZing array-based oligonucleotide synthetic methods (see 
e.g., Fodor et al. (1991) Science, 251: 767-777; Fodor (1997) 
“Genes, Chips and the Human Genome” FASEB Journal. 
11:121-121; Fodor (1997) “Massively Parallel Genomics” 
Science. 277:393-395; and Chee et al. (1996) “Accessing 
Genetic Information With High-Density DNA Arrays” Sci 
ence 274:610-614). Additional oligonucleotide synthetic 
strategies are found, e.g., in “METHODS FOR MAKING 
CHARACTER STRINGS, POLYNUCLEOTIDES AND 
POLYPEPTIDES HAVING DESIRED CHARACTERIS 
TICS” by Selifonov et al., attorney docket number 02-289 
3US, ?led hereWith. 

[0068] In one aspect, oligonucleotides are chosen so that 
only encoded amino acid alterations are considered in the 
synthesis strategy. In this strategy, after aligning a family of 
homologous nucleic acids, family shuf?ing oligos are syn 
thesiZed to be degenerate only at those positions Where a 
base change results in an alteration in an encoded polypep 
tide sequence. This has the advantage of requiring feWer 
degenerate oligonucleotides to achieve the same degree of 
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diversity in encoded products, thereby simplifying the syn 
thesis of the set of family gene shuf?ing oligonucleotides. 

[0069] In synthesis strategies in general, the oligonucle 
otides have at least about 10 bases of sequence identity to 
either side of a region of variance to ensure reasonably 
ef?cient hybridization and assembly. However, ?anking 
regions With identical bases can have feWer identical bases 
(e.g., 5, 6, 7, 8, or 9) and can, of course, have larger regions 
ofidentity(e.g.,ll,12,13,14, l5, l6, l7, l8, 19,20,25,30, 
50, or more). 

[0070] During gene assembly, oligonucleotides can be 
incubated together and reassembled using any of a variety of 
polymerase-mediated reassembly methods, e.g., as 
described herein and as knoWn to one of skill. Selected 
oligonucleotides can be.“spiked” in the recombination mix 
ture at any selected concentration, thus causing preferential 
incorporation of desirable modi?cations. 

[0071] For example, during oligonucleotide elongation, 
hybridized oligonucicotides are incubated in the presence of 
a nucleic acid polymerase, e.g., Taq, KlenoW, or the like, and 
dNTP’s (i.e., dATP, dCTP, dGTP and dTTP). If regions of 
sequence identity are large, Taq or other high-temperature 
polym erase can be used With a hybridization temperature of 
betWeen about room temperature and, e.g., about 65° C. If 
the areas of identity are small, KlenoW, Taq or polymerases 
can be used With a hybridization temperature of beloW room 
temperature. The polymerase can be added to nucleic acid 
fragments (oligonucleotides plus any additional nucleic 
acids Which form a recombination mixture) prior to, simul 
taneously With, or after hybridization of the oligonucleotides 
and other recombination components. As noted elseWhere in 
this disclosure, certain embodiments of the invention can 
involve denaturing the resulting elongated double-stranded 
nucleic acid sequences and then hybridizing and elongating 
those sequences again. This cycle can be repeated for any 
desired number of times. The cycle is repeated e.g., from 
about 2 to about 100 times. 

Library Spiking 
[0072] Family oligonucleotides can also be used to vary 
the nucleic acids present in a typical shu?ling mixture; e.g., 
a mixture of DNase fragments of one or more gene(s) from 
a homologous set of genes. In one aspect, all of the nucleic 
acid to be shul?ed are aligned as described above. Amino 
acid variations are noted and/or marked (e.g., in an inte 
grated system comprising a computer running appropriate 
sequence alignment softWare, or manually, e.g., on a printout 
of the sequences or sequence alignments. See also, “METH 
ODS FOR MAKING CHARACTER STRINGS, POLY 
NUCLEOTIDES AND POLYPEPTIDES HAVING 
DESIRED CHARACTERISTICS” by Selifonov et al., attor 
ney docket number 02-289-3US, ?led hereWith). As above, 
family shu?ling oligos are designed to incorporate some or 
all of the amino acid variations coded by the natural 
sequence diversity fot the aligned nucleic acids. One or more 
nucleic acids corresponding to the homologous set of 
aligned nucleic acids are cleaved (e.g., using a DNase, or by 
chemical cleavage). Family shuf?ing oligos are spiked into 
the mixture of cleaved nucleic acids, Which are then recom 
bined and reassembled into full-length sequences using 
standard techniques. 

[0073] To determine the extent of oligonucleotide incor 
poration, any approach Which distinguishes similar nucleic 
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acids can be used. For example, the reassembled nucleic 
acids can be cloned and sequenced, or ampli?ed (in vitro or 
by cloning, e.g., into a standard cloning vector) and cleaved 
With a restriction enzyme Which speci?cally recognizes a 
particular polymorphic sequence present in the family shuf 
?ing oligos, but not present in the same position in the 
original cleaved nucleic acid(s). 

[0074] In another embodiment, oligonucleotides are 
selected Which incorporate one or more sequence variation 
corresponding to an amino acid polymorphism, but Which 
eliminate polymorphic nucleotide variations betWeen 
nucleic acid sequences Which correspond to silent substitu 
tions. One advantage of this strategy is that the elimination 
of silent substitutions can make a given sequence more 
similar to a given substrate for recombination (e.g., a 
selected target nucleic acid). This increased similarity per 
mits nucleic acid recombination among sequences Which 
might otherWise be too diverse for ef?cient recombination. 

[0075] For example, a selected nucleic acid can be PCR 
ampli?ed using standard methods. The selected nucleic acid 
is cleaved and mixed With a library of family gene shu?‘ling 
oligonucleotides Which are rendered as similar as possible to 
the corresponding sequences of the selected nucleic acid by 
making the oligonucleotides include the same silent substi 
tution set found in the selected nucleic acid. The oligonucle 
otides are spiked at a selected concentration into the cleav 
age mixture, Which is then reassembled into full-length 
sequences. The quality of the resulting library (e.g., fre 
quency at Which the oligos are incorporated into the reas 
sembled sequences) is checked, as noted above, by cloning 
(or otherWise amplifying) and sequencing and/or restriction 
digesting the reassembled sequences. 

[0076] PCR elongation strategies can also be used to make 
libraries using different molar ratios of oligonucleotides in 
the recombination mixtures (see also, e.g., WO 97/20078, 
WO 98/42832 and WO 98/01581). 

Iterative Oligonucleotide Formats 

[0077] In one aspect, the present invention provides itera 
tive oligonucleotide-mediated recombination formats. These 
formats can be combined With standard recombination meth 
ods, also, optionally, in an iterative format. 

[0078] In particular, recombinant nucleic acids produced 
by oligonucleotide-mediated recombination can be screened 
for activity and sequenced. The sequenced recombinant 
nucleic acids are aligned and regions of identity and diver 
sity are identi?ed. Family shu?ling oligonucleotides are then 
selected for recombination of the sequenced recombinant 
nucleic acids. This process of screening, sequencing active 
recombinant nucleic acids and recombining the active 
recombinant nucleic acids can be iteratively repeated until a 
molecule With a desired property is obtained. 

[0079] In addition, recombinant nucleic acids made using 
family shuf?ing oligonucleotides can be cleaved and 
shu?led using standard recombination methods, Which are, 
optionally, reiterative. Standard recombination can be used 
in conjunction With oligonucleotide shuf?ing and either or 
both steps are optionally reiteratively repeated. 

[0080] One useful example of iterative shu?ling by oligo 
nucleotide mediated recombination of family oligonucle 
otides occurs When extremely ?ne grain shuf?ing is desired. 
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For example, small genes encoding small protein such as 
defensins (antifungal proteins of about 50 amino acids) 
EF40 (an antifungal protein family of about 28 amino acids), 
peptide antibiotics, peptide insecticidal proteins, peptide 
hormones, many cytokines and many other small proteins, 
are dif?cult to recombine by standard recombination meth 
ods, because the recombination often occurs With a fre 
quency that is roughly the same as the siZe of the gene to be 
recombined, limiting the diversity resulting from recombi 
nation. In contrast, oligonucleotide-mediated recombination 
methods can recombine essentially any region of diversity in 
any set of sequences, With recombination events (e.g., 
crossovers) occurring at any selected base-pair. 

[0081] Thus, libraries of sequences prepared by recursive 
oligonucleotide mediated recombination are optionally 
screened and selected for a desired property, and improved 
(or otherWise desirable) clones are sequenced (or otherWise 
deconvoluted, e.g., by real time PCR analysis such as FRET 
or TaqMan, or using restriction enZyme analysis) With the 
process being iteratively repeated to generate additional 
libraries of nucleic acids. Thus, additional recombination 
rounds are performed either by standard fragmentation 
based recombination methods, or by sequencing positive 
clones, designing appropriate family shuf?ing oligonucle 
otides and performing a second round of recombinationl/ 
selection. to produce an additional library (Which can be 
recombined as described). In addition, libraries made from 
different recombination rounds can also be recombined, 
either by sequencing/oligonucleotide recombination or by 
standard recombination methods. 

Crossover PCR Shuf?ing 

[0082] In one aspect, the present invention provides for 
shu?ling of distantly related or even non-homologous 
sequences. In this embodiment, PCR crossover oligonucle 
otides are designed With a ?rst region derived from a ?rst 
nucleic acid and a second region corresponding to a second 
nucleic acid. Additional oligos are designed Which corre 
spond to either the ?rst or second nucleic acid, and Which 
have sequences that are complementary (or identical) to the 
crossover oligos. By recombining these oligos (i.e., hybrid 
iZing them and then elongating the hybridiZed oligonucle 
otides in successive polymerase-mediated elongation reac 
tions), a substrate is provided Which can recombine With 
either the ?rst or second nucleic acid, and Which Will, at the 
same time, incorporate sequences from the other nucleic 
acid. 

In Vivo Oligonucleotide Recombination Utilizing Family 
Shuf?ing Chimeraplasts 

[0083] Chimeraplasts are synthetic RNA-DNA hybrid 
molecules Which have been used for “genetic surgery” in 
Which one or a feW bases in a genomic DNA are changed by 
recombination With the chimeric molecule. The chimera 
plasts are chimeric nucleic acids composed of contiguous 
stretches of RNA and DNA residues in a duplex conforma 
tion With double hairpin caps on the ends of the molecules 
(Yoon et al. (1996) PNAS 93:2071-2076). The RNA-DNA 
sequence is designed to align With the sequence of a locus 
to be altered by recombination With the chimeraplast, With 
the chimeraplast having the desired change in base sequence 
for the locus. The host cell repair machinery converts the 
host cell sequence to that of the chimeraplast. For brief 
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revieWs of the technique see, Bartlett (1998) Nature Bio 
technology 16: 1312; Strauss (1998) Nature Medicine 4:274 
275. 

[0084] This strategy has been used for targeted correction 
of a point mutation in the gene for human liver/kidney/bone 
alkaline phosphatase encoded on an episomal DNA in 
mammalian cells (Yoon, id.). The strategy Was also used for 
correction of the mutation responsible for sickle cell anemia 
in genomic DNA in lymphoblastoid cells (Cole-Strauss et al. 
(1996) Science 1386-1389). Alexeev and Yoon (1998) 
Nature Biotechnology 1343-1346 describe the use of a 
hybrid RNA-DNA oligonucleotide (an “RDO”) to make a 
point correction in the mouse tyrosinase gene, resulting in 
correction of an albino mutation in mouse cells and produc 
tion of black pigmentation by the cells. Kren et al. (1998) 
Nature Medicine 4(3):285-290 describe in vivo site-directed 
mutagenesis of thefactor IXg ne by chimeric RNA/DNA 
oligonucleotides. Xiang et al (1997) J. Mol. Med. 75:829 
835 describe targeted gene conversion in a mammalian 
CD34+-enriched cell population using a chimeric RNA 
DNA oligonucleotide. Kren et al. (1997) Hepatolagy 
25(6):1462-1468 describe targeted nucleotide exchange in 
the alkaline phosphatase gene of Hu-H-7 cells mediated by 
a chimeric RNA-DNA oligonucleotide. 

[0085] In one aspect of the present invention, the family 
shu?ling oligonucleotides are chimeraplasts. In this embodi 
ment, family shuf?ing oligonucleotides are made as set forth 
herein, to additionally include structural chimeraplast fea 
tures. For example, in the references noted above, DNA 
RNA oligos are synthesiZed according to standard phos 
phoramidite coupling chemistries (the nucleotides utiliZed 
optionally include non-standard nucleotides such as 2-0 
methylated RNA nucleotidcs). The oligos have a “dual 
hairpin” structure (e.g., having a T loop at the ends of the 
stru ture) as set forth in the references noted above. 

[0086] The set of family shuf?ing chimeraplasts each 
include regions of identity to a target gene of interest, and 
regions of diversity corresponding to the diversity (i.e., the 
sequence variation for a particular subsequence) found in the 
target gene of interest. As set forth in FIG. 1, the set of 
oligonucleotides is transduced into cells (e.g., plant cells), 
Where the chimeraplasts recombine With a sequence of 
interest in the genome of the cells, thereby creating a library 
of cells With at least one region of diversity at a target gene 
of interest. The library is then screened and selected as 
described herein. Optionally, the selected library members 
are subjected to an additional round of chimeraplast recom 
bination With the same or different set of chimeraplast 
oligonucleotides, folloWed by selection/screening assays as 
described. 

[0087] For example, chimeraplasts are synthesiZed With 
sequences Which correspond to regions of sequence diver 
sity observed folloWing an alignment of homolgous nucleic 
acids. That is, the chimeraplasts each contain one or a feW 
nucleotides Which, folloWing incorporation of the chimera 
plasts into one or more target sequences, results in conver 
sion of a subsequence of a gene into a subsequence found in 
an homologous gene. By transducing a library of homolo 
gous chimeraplast sequences into a population of cells, the 
target gene of interest Within the cells is converted at one or 
more positions to a sequence derived from one or more 

homologous sequences. Thus, the effect of transducing the 
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cell population With the chimeraplast library is to create a 
library of target genes corresponding to the sequence diver 
sity found in genes homologous to the target sequence. 

[0088] Chimeraplasts can also be similarly used to convert 
the target gene at selected positions With non-homologous 
sequence choices, e. g., Where structural or other information 
suggests the desirability of such a conversion. In this 
embodiment, the chimeraplasts include sequences corre 
sponding to non-homologous sequence substitutions. 

[0089] Optionally, the chimeraplasts, or a co-transfected 
DNA, can incorporate sequence tags, selectable markers, or 
other structural features to permit selection or recovery of 
cells in Which the target gene has recombined With the 
chimeraplasi. For example, a co-transfected DNA can 
include a marker such as drug resistance, or expression of a 
delectable marker (e. g., Lac Z, or green ?uorescent protein). 

[0090] In addition, sequences in the chimeraplast can be 
used as puri?cation or ampli?cation tags. For example, a 
portion of the chimeraplast can be complementary to a PCR 
primer. In this embodiment, PCR primers are used to syn 
thesiZe recombinant genes from the-cells of the library. 
Similarly, PCR primers can bracket regions of interest, 
including regions in Which recombination betWeen a chime 
raplast and a standard DNA occurs. Other PCR, restriction 
enZyme digestion and/or cloning strategies Which result in 
the isolation of nucleic acids resulting from recombination 
betWeen the chimeraplast can also be used to recover the 
recombined nucleic acid, Which is optionally recombined 
With additional nucleic acids. Reiterative cycles of chime 
raplast-mediated recombination, recovery of recombinant 
nucleic acids and recombination of the recovered nucleic 
acids can be performed using standard recombination meth 
ods. Selection cycles can be performed after any recombi 
nation event to select for desirable nucleic acids, or, alter 
natively, several rounds of recombination can be performed 
prior to perfonning a selection step. 

Libraries of Chimeraplasts and Other Gene Recombination 
Vehicles 

[0091] As noted above, chimeraplasts are generally useful 
structures for modi?cation of nucleotide sequences in target 
genes, in vivo. Accordingly, structures Which optimiZe chi 
meraplast activity are desirable. Thus, in addition to the use 
of chimeraplasts in in vitro and in vivo recombination 
formats as noted, the present invention also provides for the 
optimiZation of chimeraplast activity in vitro and in vivo, as 
Well as for a number of related libraries and other compo 
sitions. 

[0092] In particular, a marker can be incorporated into a 
library of related chimeraplasts. The marker is placed 
betWeen the ends of the chimeraplast in the region of the 
molecule Which is incorporated into a target nucleic acid 
folloWing recombination betWeen the chimeraplast and the 
target nucleic acid. For example, the marker can cause a 
detectable phenotypic effect in a cell in Which recombination 
occurs, or the marker can simply lead to a change in the 
target sequence Which can be detected by standard nucleic 
acid sequence detection techniques (e.g., PCR ampli?cation 
of the sequence or of a ?anking sequence, LCR, restriction 
enZyme digestion of a sequence created by a recombination 
event, binding of the recombined nucleic acid to an array 
(e.g., a gene chip), and/or sequencing of the recombined 
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nucleic acid, etc.). Ordinarily, the regions of sequence 
di?‘erence are determined to provide an indication of Which 
sequences have increased recombination rates. 

[0093] The library of related chimeraplasts includes chi 
meraplasts With regions of sequence divergence in the T 
loop hairpin regions and in the region betWeen the T loop 
hairpin region ?anking the marker. This divergence can be 
produced by synthetic strategies Which provide for produc 
tion of heterologous sequences as described herein. 

[0094] For example, synthetic strategies utiliZing chime 
raplasts Which are largely identical in sequence, except for 
variant nucleotide(s) are produced to simplify synthetic 
strategies. Because of this similarity, parallel or pooled 
synthesis strategies can be used in Which a single synthesis 
reaction or set of reagents is used to make common portions 
of each oligonucleotide. This can be performed e.g., by 
Well-knoWn solid-phase nucleic acid synthesis techniques, 
e.g., in a commercially available oligonucleotide synthe 
siZer, or, e.g., by utiliZing array-based oligonucleotide syn 
thetic methods (see e.g., Fodor et al. (1991) Science, 251: 
767-777; Fodor (1997) “Genes, Chips and the Human 
Genome” FASEB Journal. 11:121-121; Fodor (1997) “Mas 
sively Parallel Genomics” Science. 277:393-395; and Chee 
et al. (1996) “Accessing Genetic Information With High 
Density DNA Arrays” Science 2741610-614). Accordingly, 
one feature of the present invention is a library of chime 
raplasts produced by these methods, i.e., a library of chi 
meraplasts Which share common sequence elements, includ 
ing e.g., a common marker, as Well as regions of difference, 
e.g., different sequences in the hairpin regions of the mol 
ecule. 

[0095] The library Which is produced by these methods is 
screened for increased recombination rates as noted above. 
Library members Which are identi?ed as having increased 
rates of recombination are optionally themselves recom 
bined to produce libraries of recombined chimeraplasts. 
Recombination is ordinarily performed by assessing the 
sequences of the members Which initially display increased 
recombination rates, folloWed by synthesis of chimeraplasts 
Which display structural similarity to at least tWo of these 
members. This process can be iteratively repeated to create 
neW “recombinant” chimeraplasts With increased recombi 
nation activity, as Well as libraries of such chimcraplasts. 

[0096] Other recombination molecules can similarly be 
produced by these methods. For example, Cre-Lox sites, Chi 
sites and other recombination facilitating sequences in cell 
transduction/transformation vectors are varied and selected 
in the same manner as noted above. Where the sequences are 
simple DNA sequences, they can be recombined either by 
the synthetic methods noted herein, and/ or by standard DNA 
shu?ling methods. 

Codon-Varied Oligonucleotides 

[0097] Codon-varied oligonucleotides are oligonucle 
otides, similar in sequence but With one or more base 
variations, Where the variations correspond to at least one 
encoded amino acid difference. They can be synthesiZed 
utiliZing tri-nucleotide, i.e., codon-based phosphoramidite 
coupling chemistry, in Which tri-nucleotide phosphoramid 
ites representing codons for all 20 amino acids are used to 
introduce entire codons into oligonucleotide sequences syn 
thesiZed by this solid-phase technique. Preferably, all of the 
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oligonucleotides of a selected length (e.g., about 20, 30, 40, 
50, 60, 70, 80, 90, or 100 or more nucleotides) Which 
incorporate the chosen nucleic acid sequences are synthe 
sized. In the present invention, codon-varied oligonucleotide 
sequences can be based upon sequences from a selected set 
of homologous nucleic acids. 

[0098] The synthesis of tri-nucleotide phoshoramidites, 
their subsequent use in oligonucleotide synthesis, and 
related issues are described in, e.g., Virnekas, B., el al., 
(1994) Nucleic Acids Res., 22, 5600-5607, Kayushin, A. L. 
el al., (1996) Nucleic Acids Res., 24, 3748-3755, Huse, US. 
Pat. No. 5,264,563 “PROCESS FOR SYNTHESIZING 
OLIGONUCLEOTIDES WITH RANDOM CODONS”, 
Lyttle et al., US. Pat. No. 5,717,085 “PROCESS FOR 
PREPARING CODON AMIDITES”, Shortle et., al., US. 
Pat. No. 5,869,644 “SYNTHESIS OF DIVERSE AND 
USEFUL COLLECTIONS OF OLIGONUCLEOTIDES”; 
Greyson, US. Pat. No. 5,789,577 “METHOD FOR THE 
CONTROLLED SYNTHESIS OF POLYNUCLEOTIDE 
MIXTURES WHICH ENCODE DESIRED MIXTURES 
OF PEPTIDES”; and Huse, WO 92/06176 “SURFACE 
EXPRESSION LIBRARIES OF RANDOMIZED PEP 
TIDES”. 

[0099] Codon-varied oligonucleotides can be synthesized 
using various trinucleotide-related techniques, e.g., the tri 
nucleotide synthesis format and the split-pool synthesis 
format. The chemistry involved in both the trinucleotide and 
the split-pool codon-varied oligonucleotide synthetic meth 
ods is Well knoWn to those of skill. In general, both methods 
utiliZe phosphoramidite solid-phase chemical synthesis in 
Which the 3' ends of nucleic acid substrate sequences are 
covalently attached to a solid support, e.g., control pore 
glass. The 5' protecting groups can be, e.g., a triphenylm 
ethyl group, such as dimethoxyltrityl (DMT) or monom 
ethyoxytrityl; a carbonyl-containing group, such as 9-?uo 
renylmethyloxycarbonyl (FMOC) or levulinoyl; an acid 
clearable group, such as pixyl; a ?uoride-cleavable alkylsilyl 
group, such as tert-butyl dimethylsilyl (T-BDMSi), triiso 
propyl silyl, or trimethylsilyl. The 3' protecting groups can 
be, e.g., [3-cyanoethyl groups 

[0100] The trinucleotide synthesis format includes provid 
ing a substrate sequence having a 5' terminus and at least one 
base, both of Which have protecting groups thereon. The 5' 
protecting group of the substrate sequence is then removed 
to provide a 5' deprotected substrate sequence, Which is then 
coupled With a selected trinucleotide phosphoramidite 
sequence. The trinucleotide has a 3' terminus, a 5' terminus, 
and three bases, each of Which has protecting groups 
thereon. The coupling step yields an extended oligonucle 
otide sequence. Thereafter, the removing and coupling steps 
are optionally repeated. When these steps are repeated, the 
extended oligonucleotide sequence yielded by each repeated 
coupling step becomes the substrate sequence of the next 
repeated removing step until a desired codon-varied oligo 
nucleotide is obtained. This basic synthesis format can 
optionally include coupling together one or more of: mono 
nucleotides, trinucleotide phosphoramidite sequences, and 
oligonucleotides. 

[0101] The split-pool synthesis format includes providing 
substrate sequences, each having a 5' terminus and at least 
one base, both of Which have protecting groups thereon. The 
5' protecting groups of the substrate sequences are removed 
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to provide 5' deprotected substrate sequences, Which are 
then coupled With selected trinucleotide phosphorarnidite 
sequences. Each trinucleotide has a 3' terminus, a 5' termi 
nus, and three bases, all of Which have protecting groups 
thereon. The coupling step yields extended oligonucleotide 
sequences. Thereafter, the removing and coupling steps are 
optionally repeated. When these steps are repeated, the 
extended oligonucleotide sequences yielded by each 
repeated coupling step become the substrate sequences of 
the next repeated removing step until extended intermediate 
oligonucleotide sequences are produced. 

[0102] Additional steps of the split-pool format optionally 
include splitting the extended intermediate oligonucleotide 
sequences into tWo or more separate pools. After this is 
done, the 5' protecting groups of the extended intermediate 
oligonucleotide sequences are removed to provide 5' depro 
tected extended intermediate oligonucleotide sequences in 
the tWo or more separate pools. FolloWing this, these 5' 
deprotected intermediates are coupled With one or more 
selected mononucleotides, trinucleotide phosphoramidite 
sequences, or oligonucleotides in the tWo or more separate 
pools to yield further extended intermediate oligonucleotide 
sequences. In turn, these further extended sequences are 
pooled into a single pool. Thereafter, the steps beginning 
With the removal of the 5' protecting groups of the substrate 
sequences to provide 5' deprotected substrate sequences are 
optionally repeated. When these steps are repeated, the 
further extended oligonucleotide sequences, yielded by each 
repeated coupling step that generates those speci?c 
sequences, become the substrate sequences of the next 
repeated removing step that includes those speci?c 
sequences until desired codon-varied oligonucleotides are 
obtained. 

[0103] Both synthetic protocols described, supra, can 
optionally be performed in an automated synthesiZer that 
automatically performs the steps. This aspect includes input 
ting character string information into a computer, the output 
of Which then directs the automated synthesiZer to perform 
the steps necessary to synthesiZe the desired codon-varied 
oligonucleotides. 

[0104] Further details regarding tri-nucleotide synthesis 
are found “USE OF CODON VARIED OLIGONUCLE 
OTIDE SYNTHESIS FOR SYNTHETIC SHUFFLING” by 
Welch et al., US. Ser. No. 09/408,393, ?led Sep. 28, 1999. 

Tuning Nucleic Acid Recombination Using Oilgonucle 
otide-Mediated Blending 

[0105] In one aspect, non-equimolar ratios of family shuf 
?ing oligonucleotides are used to bias recombination during 
the procedures noted herein. In this approach, equimolar 
ratios of family shul?ing oligonucleotides in a set of family 
shu?ling oligonucleotides are not used to produce a library 
of recombinant nucleic acids, as in certain other methods 
herein. Instead, ratios of particular oligonucleotides Which 
correspond to the sequences of a selected member or 
selected set of members of the family of nucleic acids from 
Which the family shu?ling oligonucleotides are derived are 
selected by the practitioner. 

[0106] Thus, in one simple illustrative example, oligo 
nucleotide mediated recombination as described herein is 
used to recombine, e.g., a frog gene and a human gene Which 
are 50% identical. Family oligonucleotides are synthesiZed 
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Which encode both the human and the frog sequences at all 
polymorphic positions. However, rather than using an 
equimolar ratio of the human and frog derived oligonucle 
otides, the ratio is biased in favor of the gene that the user 
Wishes to emulate most closely. For example, When gener 
ating a human-like gene, the ratio of oligonucleotides Which 
correspond to the human sequence at polymorphic positions 
can be biased to greater than 50% (e.g., about 60%, 70%, 
80%, or 90% or more of the oligos can correspond to the 
human sequence, With, e.g., about 40%, 30%, 20%, 10%, or 
less of the oligos corresponding to the frog sequence). 
Similarly, if one Wants a frog-like gene, the ratio of oligo 
nucleotides Which correspond to the frog sequence at poly 
morphic positions can be biased to greater than 50%. In 
either case, the resulting “blended” gene (i.e., the resulting 
recombinant gene With characteristics of more than one 
parent gene) can then be recombined With gene family 
members Which are closely related by sequence to the 
blended gene. Thus, in the case above, in the case Where the 
ratio of oligonucleotides is selected to produce a more 
human-like blended gene, the blended gene is optionally 
further recombined With genes more closely similar to the 
original human gene. Similarly, Where the ratio of oligQ 
nucleotides is selected to produce a more Frog-like blended 
gene, the blended gene is optionally further recombined With 
genes more closely similar to the original frog gene. This 
strategy is set out in FIG. 2. The strategy is generally 
applicable to the recombination of any tWo or more nucleic 
acids by oligonucleotide mediated recombination. 

[0107] Biasing can be accomplished in a variety of Ways, 
including synthesiZing disproportionate amounts of the rel 
evant oligonucleotides, or simply supplying disproportion 
ate amounts to the relevant gene synthesis method (e.g., to 
a PCR synthetic method as noted, supra). 

[0108] As noted, this biasing approach can be applied to 
the recombination of any set of tWo or more related nucleic 
acids. Sequences do not have to be closely similar for 
selection to proceed. In fact, sequences do not even have to 
be detectably homologous for biasing to occur. In this case, 
“family” oligonucleotides are substituted for non-sequence 
homologous sets of oligonucleotides derived from consid 
eration of structural similarity of the encoded proteins. For 
example, the immunoglobulin superfamily includes struc 
turally similar members Which display little or no detectable 
sequence homology (especially at the nucleic acid level). In 
these cases, non-homologous sequences are “aligned” by 
considering structural homology (e. g., by alignment of func 
tionally similar peptide residues). A recombination space of 
interest can be de?ned Which includes all permutations of 
the amino acid diversity represented by the alignment. The 
above biasing method is optionally used to blend the 
sequences With desired ratios of the nucleotides encoding 
relevant structurally similar amino acid sequences. 

[0109] Any tWo or more sequences can be aligned by any 
algorithm or criteria of interest and the biasing method used 
to blend the sequences based upon any desired criteria. 
These include sequence homology, structural similarity, 
predicted structural similarity (based upon any similarity 
criteria Which are speci?ed), or the like. It can be applied to 
situations in Which there is a structural core that is constant, 
but having many structural variations built around the core 
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(for example, an Ig domain can be a structural core having 
many different loop lengths and conformations being 
attached to the core). 

[0110] A general advantage to this approach as compared 
to standard gene recombination methods is that the overall 
sequence identity of tWo sequences to be blended can be 
loWer than the identity necessary for recombination to occur 
by more standard methods. In addition, sometimes only 
selected regions are recombined, making it possible to take 
any structural or functional data Which is available into 
account in specifying hoW the blended gene is constructed. 
Thus, sequence space Which is not produced by some other 
shu?ling protocols is accessed by the blended gene approach 
and a higher percentage of active clones can sometimes be 
obtained if structural information is taken into consideration. 
Further details regarding consideration of structural infor 
mation is found in “METHODS FOR MAKING CHAR 
ACTER STRINGS, POLYNUCLEOTIDES AND 
POLYPEPTIDES HAVING DESIRED CHARACTERIS 
TICS” by Selifonov et al., attorney docket number 02-289 
3US. 

[0111] The general strategy above is applicable, e.g., to 
any set of genes With loW sequence similarity. For example, 
there is a large family of TNF homologues Whose sequence 
identity is in the range of about 30%, making standard 
shu?ling protocols dif?cult to achieve. Of course, tuning 
recombination by selecting oligonucleotide proportions is 
also generally applicable to recombination of any tWo 
nucleic acids, including both high similarity homologues 
and loW similarity homologues. Any alignment protocol can 
be selected to align tWo or more sequences and the resulting 
alignment can be used to create appropriate oligonucleotides 
to achieve recombination, and any biasing in the relative 
frequencies of sequences as compared to parental sequences 
can be achieved. 

Targets for Oligonucleotide Shu?ling 

[0112] Essentially any nucleic acid can be shu?led by one 
oligonucleotide mediate methods herein. No attempt is made 
to identify the hundreds of thousands of knoWn nucleic 
acids. As noted above, common sequence repositories for 
knoWn proteins include GenBank EMBL, DDBJ and the 
NCBI. Other repositories can easily be identi?ed by search 
ing the intemet. 

[0113] One class of preferred targets for activation 
includes nucleic acids encoding therapeutic proteins such as 
erythropoietin (EPO), insulin, peptide hormones such as 
human groWth hormone; groWth factors and cytokines such 
as epithelial Neutrophil Activating Peptide-78, GROot/ 
MGSA, GRO[3, GROy, MIP-lot, MIP-1[3, MCP-l, epider 
mal groWth factor, ?broblast groWth factor, hepatocyte 
groWth factor, insulin-like groWth factor, the interferons, the 
interleukins, keratinocyte groWth factor, leukemia inhibitory 
factor, oncostatin M, PD-ECSF, PDGF, pleiotropin, SCF, 
c-kit ligand, VEGEF, G-CSF ctc. Many of these proteins are 
commercially available (See, e.g., the Sigma BioSciences 
1997 catalogue and price list), and the corresponding genes 
are Well-knoWn. 

[0114] Another class of preferred targets are transcrip 
tional and expression activators. Example transcriptional 
and expression activators include genes and proteins that 
modulate cell groWth, differentiation, regulation, or the like. 
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Expression and transcriptional activators are found in 
prokaryotes, viruses, and eukaryotes, including fungi, 
plants, and animals, including mammals, providing a Wide 
range of therapeutic targets. It Will be appreciated that 
expression and transcriptional activators regulate transcrip 
tion by many mechanisms, e.g., by binding to receptors, 
stimulating a signal transduction cascade, regulating expres 
sion of transcription factors, binding to promoters and 
enhancers, binding to proteins that bind to promoters and 
enhancers, unWinding DNA, splicing pre-mRNA, polyade 
nylating RNA, and degrading RNA. Expression activators 
include cytokines, in?ammatory molecules, groWth factors, 
their receptors, and oncogene products, e.g., interleukins 
(e.g., IL-l, IL-2, IL-8, etc.), interferons, FGF, IGF-I, IGF-II, 
FGF, PDGF, TNF, TGF-ot, TGF-B, EGF, KGF, SCF/c-Kit, 
CD40L/CD40, VLA-4/VCAM-l, ICAM-l/LFA-l, and 
hyalurin/CD44; signal transduction molecules and corre 
sponding oncogene products, e.g., Mos, Ras, Raf, and Met; 
and transcriptional activators and suppressors, e.g., p53, Tat, 
Fos, Myc, Jun, Myb, Rel, and steroid hormone receptors 
such as those for estrogen, progesterone, testosterone, aldos 
terone, the LDL receptor ligand and corticosterone. 

[0115] Rnases such as Onconase and EDN are preferred 
targets for the synthetic methods herein, particularly those 
methods utiliZing gene blending. One of skill Will appreciate 
that both frog and human RNAses are knoWn and are knoWn 
to have a number of important pharmacological activities. 
Because of the evolutionary divergence betWeen these 
genes, oligonucleotide-mediated recombination methods are 
particularly useful in recombining the nucleic acids. 

[0116] Similarly, proteins from infectious organisms for 
possible vaccine applications, described in more detail 
beloW, including infectious fungi, e.g., Aspergillus, Candida 
species; bacteria, particularly E. coli, Which serves a model 
for pathogenic bacteria, as Well as medically important 
bacteria such as Staphylococci (e.g., aureus); Streptococci 
(e.g., pneumoniae), Clostridia (e.g., perfrigens), Neisseria 
(e.g., gonorrhoea), Enterobacteriaceae (e.g., coli), Helico 
bacter (e.g., pylori), Vibrio (e.g., cholerae), Campylobacter 
(e.g.,jejuni), Pseudomonas (e.g., aeruginosa), Haemophilus 
(e.g., in?uenzae), Bordetella (e.g., pertussis), Mycoplasma 
(e.g., pneumoniae), Ureaplasma (e.g., urealyticum), 
Legionella (e.g., pneumophilia), Spirochetes (e.g., Tre 
ponema, Leptospira, and Borrelia), Mycobacteria (e.g., 
tuberculosis, smegmatis), Actinomyces (e.g., israelii), 
Nocardia (e.g., asteroides), Chlamydia (e.g., trachomatis), 
Rickettsia, Coxiella, Ehrilichia, Rocholimaea, Brucella, 
Yersinia, Francisella, and Pasteurella; protoZoa such as 
sporoZoa (e.g., Plasmodia), rhizopods (e. g., Entamoeba) and 
?agellates (Trypanosoma, Leishmania, Trichomonas, Giar 
dia, etc.); viruses such as (+) RNA viruses (examples 
include Poxviruses e.g., vaccinia; Picomaviruses, e.g. polio; 
Togaviruses, e.g., rubella; Flaviviruses, e.g., HCV; and 
Coronaviruses), (—) RNA viruses (examples include Rhab 
doviruses, e.g., VSV; Paramyxovimses, e.g., RSV; Orth 
omyxovimses, e.g., in?uenza; Bunyaviruses; and Arenavi 
ruses), dsDNA viruses (Reoviruses, for example), RNA to 
DNA viruses, i.e., Retroviruses, e.g., especially HIV and 
HTLV, and certain DNA to RNA viruses such as Hepatitis B 
virus. 

[0117] Other proteins relevant to non-medical uses, such 
as inhibitors of transcription or toxins of crop pests e.g., 
insects, fungi, Weed plants, and the like, are also preferred 

Mar. 8, 2007 

targets for oligonucleotide shu?ling. Industrially important 
enZymes such as monooxygenases (e.g., p450s), proteases, 
nucleases, and lipases are also preferred targets. As an 
example, subtilisin can be evolved by shuf?ing family 
oligonucleotides for homologous forms of the gene for 
subtilisin. Von der Osten et al., J. Biotechnol. 28:55-68 
(1993) provide an example subtilisin coding nucleic acids 
and additional nucleic acids are present in GENBANK®. 
Proteins Which aid in folding such as the chaperonins are 
also preferred targets. 

[0118] Preferred knoWn genes suitable for oligonucleotide 
mediated shuf?ing also include the folloWing: Alpha-I antit 
rypsin, Angiostatin, Antihemolytic factor, Apolipoprotein, 
Apoprotein, Atrial natriuretic factor, Atrial natriuretic 
polypeptide, Atrial peptides, CiX4C chemokines (e.g., 
T39765, NAP-2, ENA-78, Gro-a, Gro-b, Gro-c, IP-l0, 
GCP-2, NAP-4, SDF-l, PF4, MIG), Calcitonin, CC 
chemokines (e.g., Monocyte chemoattractant protein-l, 
Monocyte chemoattractant protein-2, Monocyte chemoat 
tractant protein-3, Monocyte in?ammatory protein-l alpha, 
Monocyte in?ammatory protein-l beta, RANTES, 1309, 
R839l5, R9l733, HCCl, T58847, D3l065, T64262), CD40 
ligand, Collagen, Colony stimulating factor (CSF), Comple 
ment factor 5a, Complement inhibitor, Complement receptor 
1, Factor IX, Factor VII, Factor VIII, Factor X, Fibrinogen, 
Fibronectin, Glucocerebrosidase, Gonadotropin, Hedgehog 
proteins (e. g., Sonic, Indian, Desert), Hemoglobin (for blood 
substitute; for radiosensitiZation), Hirudin, Human serum 
albumin, Lactoferrin, Luciferase, Neurturin, Neutrophil 
inhibitory factor (NIF), Osteogenic protein, Parathyroid 
hormone, Protein A, Protein G, Relaxin, Renin, Salmon 
calcitonin, Salmon groWth hormone, Soluble complement 
receptor I, Soluble I-CAM l, Soluble interleukin receptors 
(IL-1, 2, 3, 4, 5, 6, 7, 9, 10, ll, l2, l3, l4, l5), Soluble TNF 
receptor, Somatomedin, Somatostatin, Somatotropin, Strep 
tokinase, Superantigens, i.e., Staphylococcal enterotoxins 
(SEA, SEB, SECl, SEC2, SEC3, SED, SEE), Toxic shock 
syndrome toxin (TSST-l), Exfoliating toxins A and B, 
Pyrogenic exotoxins A, B, and C, and M. arthritides mito 
gen, Superoxide dismutase, Thymosin alpha 1, Tissue plas 
minogen activator, Tumor necrosis factor beta (TNF beta), 
Tumor necrosis factor receptor (TNFR), Tumor necrosis 
factor-alpha (TNF alpha) and Urokinase. 

[0119] Small proteins such as defensins (antifungal pro 
teins of about 50 amino acids, EF40 (an anti fungal protein 
of 28 amino acids), peptide antibiotics, and peptide insec 
ticidal proteins are also preferred targets and exist as fami 
lies of related proteins. Nucleic acids encoding small pro 
teins are particularly preferred targets, because conventional 
recombination methods provide only limited product 
sequence diversity. This is because conventional recombi 
nation methodology produces crossovers betWeen homolo 
gous sequences about every 50-100 base pairs. This means 
that for very short recombination targets, crossovers occur 
by standard techniqucs about once per molecule. In contrast, 
the oligonucleotide shuf?ing formats herein provide for 
recombination of small nucleic acids, as the practitioner 
selects any “cross-over” desired. 

[0120] Addi(ional preferred targets are described in 
“METHODS FOR MAKING CHARACTER STRINGS, 
POLYNUCLEOTIDES AND POLYPEPTIDES HAVING 
DESIRED CHARACTERISTICS” by Selifonov et al., attor 
ney docket number 02-289-3US and other references herein. 
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Dna Shul?ing and Gene ReassemblyiHybrid Synthetic 
Shuf?ing Methods 

[0121] One aspect of the present invention is the ability to 
use family shu?ling oligonucleotides and cross over oligo 
nucleotides as recombination ternplateslintermediates in 
various DNA shu?ling methods. In addition, nucleic acids 
made by the neW synthetic techniques herein can be 
reshu?led by other available shu?ling methodologies. 

[0122] A variety of such methods are knoWn, including 
those taught by the inventors and their coworkers. The 
following publications describe a variety of recursive 
recombination procedures and/ or related methods Which can 
be practiced in conjunction With the processes of the inven 
tion: Stemmer, et al., (1999) “Molecular breeding of viruses 
for targeting and other clinical properties. Tumor Targeting” 
4:1-4; Nesset al. (1999) “DNA Shu?ling of subgenomic 
sequences of subtilisin”Nature Biotechnology 17:893-896; 
Chang et al. (1999) “Evolution of a cytokine using DNA 
family shu?ling”Nature Biotechnology 17:793-797; Min 
shull and Stemmer (1999) “Protein evolution by molecular 
breeding”Current Opinion in Chemical Biology 3:284-290; 
Christians et al. (1999) “Directed evolution of thyrnidine 
kinase for AZT phosphorylation using DNA family shuf 
?ing”Nature Biotechnology 17:259-264; Crameriet al. 
(1998) “DNA shu?ling of a family of genes from diverse 
species accelerates directed evolution”Nature 391:288-291; 
Crameri et al. (1997) “Molecular evolution of an arsenate 
detoxi?cation pathWay by DNA shuf?ing,”Nature Biotech 
nology 15:436-438; Zhang et al. (1997) “Directed evolution 
of an effective fucosidase from a galactosidase by DNA 
shu?ling and screening”Proceedings of the National Acad 
emy ofSciences, USA. 94:4504-4509; Patten et al. (1997) 
“Applications of DNA Shu?ling to Pharmaceuticals and 
Vaccines”Current Opinion in Biotechnology 8:724-733; 
Crameri et al. (1996) “Construction and evolution of anti 
body-phage libraries by DNA shuf?ing”Nature Medicine 
2:100-103; Crameri et al. (1996) “Improved green ?uores 
cent protein by molecular evolution using DNA shu?‘ling 
”Nature Biotechnology 14:315-319; Gates et al. (1996) 
“Af?nity selective isolation of ligands from peptide libraries 
through display on a lac repressor ‘headpiece dimer’”Jour 
nal of Molecular Biology 255:373-386; Stemmer (1996) 
“Sexual PCR and Assembly PCR” In: The Encyclopedia of 
Molecular Biology. VCH Publishers, NeW York. pp.447 
457; Crameri and Stemmer (1995) “Combinatorial multiple 
cassette mutagenesis creates all the permutations of mutant 
and Wildtype cassettes”BioTechniques 18:194-195; Stem 
mer et al., (1995) “Single-step assembly of a gene and entire 
plasmid form large numbers of oligodeoxyribonucleotides 
”Gene, 164:49-53; Stemmer (1995) “The Evolution of 
Molecular Computation”Science 270: 1510; Stemmer 
(1995) “Searching Sequence Space”Bio/Technology 13:549 
553; Stemmer (1994). “Rapid evolution of a protein in vitro 
by DNA shu?ling”Nature 370:389-391; and Stemmer 
(1994) “DNA shuf?ing by random fragmentation and reas 
sembly: In vitro recombination for molecular evolution 
.”Proceedings ofthe National Academy ofSciences, U.S.A. 
91:10747-10751. 

[0123] Additional details regarding DNA shuf?ing meth 
ods are found in US. Patents by the inventors and their 
co-Workers, including: US. Pat. No. 5,605,793 to Stemmer 
(Feb. 25, 1997), “METHODS FOR IN VITRO RECOMBI 
NATION;” US. Pat. No. 5,811,238 to Stemmer et al. (Sep 
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22, 1998) “METHODS FOR GENERATING POLY 
NUCLEOTIDES HAVING DESIRED CHARACTERIS 
TICS BY ITERATIVE SELECTION AND RECOMBINA 

TION;” US. Pat. No. 5,830,721 to Stemmer et al. (Nov. 3, 
1998), “DNA MUTAGENESIS BY RANDOM FRAG 
MENTATION AND REASSEMBLY;” US. Pat. No. 5,834, 
252 to Stemmer, et al. (Nov. 10, 1998) “END-COMPLE 
MENTARY POLYMERASE REACTION,” and US. Pat. 
No. 5,837,458 to Minshull, et al. (Nov. 17, 1998), “METH 
ODS AND COMPOSITIONS FOR CELLULAR AND 
METABOLIC ENGINEERING.” 

[0124] In addition, details and formats for nucleic acid 
shu?ling are found in a variety of PCT and foreign patent 
application publications, including: Stemmer and Crameri, 
“DNA MUTAGENESIS BY RANDOM FRAGMENTA 
TION AND REASEMBL ” WO 95/22625; Stemmer and 
LipschutZ “END COMPLEMENTARY POLYMERASE 
CHAIN REACTION” WO 96/33207; Stemmer and Crameri 
“METHODS FOR GENERATING POLYNUCLEOTIDES 
HAVING DESIRED CHARACTERISTICS BY ITERA 
TIVE SELECTION AND RECOMBINATION” WO 
97/0078; Minshul and Stemmer, “METHODS AND COM 
POSITIONS FOR CELLULAR AND METABOLIC ENGI 
NEERING” WO 97/35966; Punnonen et al. “TARGETING 
OF GENETIC VACCINE VECTORS” WO 99/41402; Pun 
nonen et al. “ANTIGEN LIBRARY IMMUNIZATION” 
WO 99/41383; Punnonen et al. “GENETIC VACCINE 
VECTOR ENGINEERING” W0 99/ 41369; Purinonen et al. 
OPTIMIZATION OF IMMUNOMODULATORY PROP 
ERTIES OF GENETIC VACCINES WO 9941368; Stemmer 
and Crameri, “DNA MUTAGENESIS BY RANDOM 
FRAGMENTATION AND REASSEMBL ” EP 0934999; 
Stemmer “EVOLVING CELLULAR DNA UPTAKE BY 
RECURSIVE SEQUENCE RECOMBINATION” EP 
0932670; Stemmer et al., “MODIFICATION OF VIRUS 
TROPISM AND HOST RANGE BY VIRAL GENOME 
SHUFFLING” WO 9923107; Apt et al., “HUMAN PAPIL 
LOMAVIRUS VECTORS” WO 9921979; Del Cardayre et 
al. “EVOLUTION OF WHOLE CELLS AND ORGAN 
ISMS BY RECURSIVE SEQUENCE RECOMBINATION” 
WO 9831837; Patten and Stemmer, “METHODS AND 
COMPOSITIONS FOR POLYPEPTIDE ENGINEERING” 
WO 9827230; Stemmer et al., and “METHODS FOR OPTI 
MIZATION OF GENE THERAPY BY RECURSIVE 
SEQUENCE SHUFFLING AND SELECTION” 
WO9813487. 

[0125] Certain U.S. Applications provide additional 
details regarding DNA shu?ling and related techniques, 
including “SHUFFLING OF CODON ALTERED GENES” 
by Patten et al. ?led Sep. 29, 1998, (US. Ser. No. 60/102, 
362), Jan. 29, 1999 (US. Ser. No. 60/117,729), and Sep. 28, 
1999, US. Ser. No. PCT/US99/22588; “EVOLUTION OF 
WHOLE CELLS AND ORGANISMS BY RECURSIVE 
SEQUENCE RECOMBINATION”, by del Cardyre et al. 
?led Jul. 15, 1998 (US. Ser. No. 09/166,188), and Jul. 15, 
1999 (US. Ser. No. 09/354,922); “OLIGONUCLEOTIDE 
MEDIATED NUCLEIC ACID RECOMBINATION” by 
Crameri et al., ?led Feb. 5, 1999 (U.;S. Ser. No. 60/118,813) 
and ?led Jun. 24, 1999 (US. Ser. No. 60/141,049) and ?led 
Sep. 28, 1999 (US. Ser. No. 09/408,392), and “USE OF 
CODON-BASED OLIGONUCLEOTIDE SYNTHESIS 
FOR SYNTHETIC SHUFFLING” by Welch et al., ?led 
Sep. 28, 1999 (US. Ser No. 09/408,393). Finally, the 
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applications cited above in the section entitled “Cross Ref 
erence to Related Applications” provide relevant forrnats. 

[0126] The foregoing references also provide additional 
details on the process of hybridizing and elongating nucleic 
acids to achieve nucleic acid recombination. 

[0127] In one aspect, a hybrid method Which uses family 
gene shu?ling in combination With more traditional recom 
bination based shul?ing methods is used. For example, an 
active nucleic acid can be reassembled from oligonucle 
otides to have a feW or even no homologous substitutions 
relative to a given target gene. The reassembled “backbone” 
nucleic acid is treated With DNase as in standard methods, 
and the resulting DNased fragments are spiked With family 
oligonucleotides comprising sequences corresponding to 
regions of sequence identity and diversity in a given nucleic 
acid. The nucleic acids are then reassembled into a library of 
homologous sequences by the methods beloW (e.g., PCR 
reassembly, or other reassembly methods). This procedure 
can result in an increase in the percentage of active clones 
Which are found as compared to oligonucleotides synthetic 
methods Which do not incorporate the use of a backbone 
nucleic acid. 

[0128] A number of the publications of the inventors and 
their co-Workers, as Well as other investigators in the art 
describe techniques Which facilitate DNA shu?‘ling, e.g., by 
providing for reassembly of genes from small fragments, 
including oligonucleotides, as relevant to the present inven 
tion. For example, Stemmer et al. (1998) US. Pat. No. 
5,834,252 END COMPLEMENTARY POLYMERASE 
REACTION describe processes for amplifying and detect 
ing a target sequence (e.g., in a mixture of nucleic acids), as 
Well as for assembling large polynucleotides from frag 
ments. Crameri et al. (1998) Nature 391: 288-291 provides 
basic methodologies for gene reassembly, as does Crameri et 
al. (1998) Bio techniques 18(2): 194-196. 

[0129] Other diversity generating approaches can also be 
used to modify nucleic acids produced by the methods 
herein, or to be used as templates for the methods herein. For 
example, additional diversity can be introduced by methods 
Which result in the alteration of individual nucleotides or 
groups of contiguous or non-contiguous nucleotides, i.e., 
mutagenesis methods. Mutagenesis methods include, for 
example, recombination (PCT/US98/05223; Pub]. No. WO 
87/42727); oligonucleotide-directed mutagenesis (for 
revieW see, Smith, Ann. Rev. Genet. 19: 423-462 (1985); 
Botstein and Shortle, Scieice 229: 1193-1201 (1985); Carter, 
Biochem. J. 237: 1-7 (1986); Kunkel, “The ef?ciency of 
oligonucleotide directed mutagenesis” in Nucleic acids & 
Molecular Biology, Eckstein and Lilley, eds., Springer Ver 
lag, Berlin (1987)). Included among these methods are 
oligonucleotide-directed mutagenesis (Zoller and Smith, 
Nucl. Acids Res. 10: 6487-6500 (1982), Methods in Enzy 
mol. 100: 468-500 (1983), and Methods in Enzymol. 154: 
329-350 (1987)) phosphothioate-modi?ed DNA mutagen 
esis (Taylor et al., Nucl. Acids Res. 13: 8749-8764 (1985); 
Taylor et al., Nucl. Acids Res. 13: 8765-8787 (1985); Naka 
maye and Eckstein, Nucl. Acids Res. 14: 9679-9698 (1986); 
Sayers et al., Nucl. Acids Res. 16:791-802 (1988); Sayers et 
al., Nucl. Acids Res. 16: 803-814 (1988)), mutagenesis using 
uracil-containing templates (Kunkel, Proc. Nat ’l. Acad. Sci. 
USA 82: 488-492 (1985) and Kunkel et al., Methods in 
Enzymol. 154:367-382)); mutagenesis using gapped duplex 
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DNA (Kramer et al., Nucl. Acids Res. 12: 9441-9456 (1984); 
Kramer and Fritz, Methods in Enzymol. 154:350-367 (1987); 
Kramer et al., Nucl. Acids Res. 16: 7207 (1988)); and Fritz 
et al., Nucl. Acids Res. 16: 6987-6999 (1988)). Additional 
methods include point mismatch repair (Kramer et al., Cell 
38: 879-887 (1984)), mutagenesis using repair-de?cient host 
strains (Carter et al., Nucl. Acids Res. 13: 4431-4443 (1985); 
Carter, Methods in Enzymol. 154: 382-403 (1987)), deletion 
mutagenesis (Eghtedarzadeh and Henikolf, Nucl. Acids Res. 
14: 5115 (1986)), restriction-selection and restriction-puri 
?cation (Wells et al., Phil. Trans. R. Soc. Lond. A 317: 
415-423 (1986)), mutagenesis by total gene synthesis (Nam 
biar et al., Science 223: 1299-1301 (1984); Sakamar and 
Khorana, Nucl. Acids Res. 14: 6361-6372 (1988); Wells et 
al., Gene 34.315-323 (1985); and Grundstrom et al., Nucl. 
Acids Res. 13: 3305-3316(1985). Kits for mutagenesis are 
commercially available (e.g., Bio-Rad, Amersham lntema 
tional, Anglian Biotechnology). 

[0130] Other diversity generation procedures are proposed 
in US. Pat. No. 5,756,316; US. Pat. No. 5,965,408; Oster 
meier et al. (1999) “A combinatorial approach to hybrid 
enzymes independent of DNA homology”Nature Biotech 
17:1205; US. Pat. No. 5,783,43 1; US. Pat. No. 5,824,485; 
US. Pat. 5,958,672; Jirholt et al. (1998) “Exploiting 
sequence space: shuming in vivo formed complementarity 
determining regions into a master frameWork”Gene 215: 
471; US. Pat. No. 5,939,250; WO 99/10539; WO 98/58085; 
WO 99/ 10539 and others. These diversity generating meth 
ods can be combined With each other or With shuffling 
reactions or oligo shul?ing methods, in any combination 
selected by the user, to produce nucleic acid diversity, Which 
may be screened for using any available screening method. 

[0131] Following recombination or other diversi?cation 
reactions, any nucleic acids Which are produced can be 
selected for a desired activity. In the context of the present 
invention, this can include testing for and identifying any 
detectable or assayable activity, by any relevant assay in the 
art. A variety of related (or even unrelated) properties can be 
assayed for, using any available assay. 

DNA Shul?ing Without the use of PCR 

[0132] Although one preferred format for gene reassembly 
uses PCR, other formats are also useful. For example, 
site-directed or oligonucleotide-directed mutagenesis meth 
ods can be used to generate chimeras betWeen 2 or more 
parental genes (Whether homologous or non-homologous). 
In this regard, one aspect of the present invention relates to 
a neW method of performing recombination betWeen nucleic 
acids by ligation of libraries of oligonucleotides correspond 
ing to the nucleic acids to be recombined. 

[0133] In this format, a set of a plurality of oligonucle 
otides Which includes a plurality of nucleic acid sequences 
from a plurality of the parental nucleic acids are ligated to 
produce one or more recombinant nucleic acid(s), typically 
encoding a full length protein (although ligation can also be 
used to make libraries of partial nucleic acid sequences 
Which can then be recombined, e.g., to produce a partial or 
full-length recombinant nucleic acid). The oligonucleotide 
set typically includes at least a ?rst oligonucleotide Which is 
complementary to at least a ?rst of the parental nucleic acids 
at a ?rst region of sequence diversity and at least a second 
oligonucleotide Which is complementary to at least a second 
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of the parental nucleic acids at a second region of diversity. 
The parental nucleic acids can be homologous or non 
homologous. 

[0134] Often, nucleic acids such as oligos are ligated With 
a ligase. In one typical format, oligonucleotides are hybrid 
iZed to a ?rst parental nucleic acid Which acts as a template, 
and ligated With a ligase. The oligos can also be extended 
With a polymerase and ligated. The polymerase can.be, e.g., 
an ordinary DNA polymerase or a thermostable DNA poly 
merase. The ligase can also be an ordinary DNA ligase, or 
a thermostable DNA ligase. Many such polymerases and 
ligases are commercially available. 

[0135] In one set of approaches, a common element for 
non-PCR based recombination methods is preparation of a 
single-stranded template to Which primers arc annealed and 
then elongated by a DNA polymerase in the presence of 
dNTP’s and appropriate buffer. The gapped duplex can be 
sealed With ligase prior to transformation or electroporation 
into E. coli. The neWly synthesiZed strand is replicated and 
generates a chimeric gene With contributions from the oligo 
in the context of the single-stranded (ss) parent. 

[0136] For example, the ss template can be prepared by 
incorporation of the phage IG region into a plasmid and use 
of a helper phage such as M13KO7. (Pharmacia Biotech) or 
R408 to package ss plasmids into ?lamentous phage par 
ticles. The ss template can also be generated by denaturation 
of a double-stranded template and annealing in the presence 
of the primers. The methods vary in the enrichment methods 
for isolation of the neWly synthesized chimeric strand over 
the parental template strand. Isolation and selection of 
double stranded templates can be performed using available 
methods. See e.g., Ling et al. (1997) “Approaches to DNA 
mutagenesis: an overvieW.”Anal Biochem. Dec 
15;254(2):157-78; Dale et al. (1996) “Oligonucleotide-di 
rected random mutagenesis using the phospborothioate 
method”Mezhods Mol Biol. 571369-74; Smith (1985) “In 
vitro mutagenesis”Ann. Rev. Genet. 19:423-462; Botstein & 
Shortle (1985) “Strategies and applications of in vitro 
mutagenesis”Science 229:1193-1201; and Carter (1986) 
“Site-directed mutagenesis”Biochem J. 237:1-7; Kunkel 
(1987) “The ef?ciency of oligonucleotide directed mutagen 
esis”Nucleic Acids & Molecular Biology (1987); Eckstein, 
F. and Lilley, D. M. J. eds Springer Verlag, Berlin. 

[0137] For example, in one aspect, a “Kunkel style” 
method uses uracil containing templates. Similarly, the 
“Eckstein” method uses phosphorothioate-modi?ed DNA 
(Taylor et al. (1985) “The use of phosphorothioate-modi?ed 
DNA in restriction enzyme reactions to prepare nicked 
DNA.”Nucleic Acids Res. 13:8749-8764; Taylor et al. 
(1985) “The rapid generation of oligonucleotide-directed 
mutations at high frequency using phosphorothioate-modi 
?ed DNA”Nucleic Acids Res. 13:8765-8787; Nakamaye & 
Eckstein (1986) “Inhibition of restriction endonuclease Nci 
I cleavage by phosphorothioate groups and its application to 
oligonucleotide-directed mutagenesis.”Nucleic Acids Res. 
14: 9679-9698; Sayers et al. (1988). “Y-T Exonucleases in 
phosphorothioate-based oligonucleotide-directed mutagen 
esis.”Nucleic Acids Res. 16:791-802; Sayers et al. (1988) 
“5'-3' Strand speci?c cleavage of phosphorothioate-contain 
ing DNA by reaction With restriction endonucleases in the 
presence of ethidium bromide”Nucleic Acids Res. 16:803 
814). The use of restriction selection, or e.g., puri?cation can 
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be used in conjunction With mismatch repair de?cient strains 
(see, e.g., Carter et al. (1985) “Improved oligonucleotide site 
directed mutagenesis using M13 vectors”Nucleic Acids Res. 
13, 4431-4443 Carter (1987) “Improved oligonucleotide 
directed mutagenesis using M13 vectors.”MeZhods in Enzy 
mol. 154:382-403; Wells (1986) “Importance of hydrogen 
bond formation in stabiliZing the transition state of subtil 
isin.”Trans. R. Soc. Lond, A317, 415-423). 

[0138] The “mutagenic” primer used in these methods can 
be a synthetic oligonucleotide encoding any type of ran 
domiZation, insertion, deletion, family gene shul?ing oligo 
nucleotide based on sequence diversity of homologous 
genes, etc. The primer(s) could also be fragments of homolo 
gous genes that are annealed to the ss parent template. In this 
Way chimeras betWeen 2 or more parental genes can be 
generated. 

[0139] Multiple primers can anneal to a given template 
and be extended to create multiply chimeric genes. The use 
of a DNA polymerase such as those from phages T4 or T7 
are suitable for this purpose as they do not degrade or 
displace a doWnstream primer from the template. 

[0140] For example, in one aspect, DNA shul?ing is 
performed using uracil containing templates. In this embodi 
ment, the gene of interest is cloned into an E. coli plasmid 
containing the ?lamentous phage intergenic (IG, ori) region. 
Single stranded (ss) plasmid DNA is packaged into phage 
particles upon infection With a helper phage such as 
M13KO7 (Pharmacia) or R408 and can be easily puri?ed by 
methods such as phenol/chloroform extraction and ethanol 
precipitation. If this DNA is prepared in a dut-ung-strain of 
E. coli, a small number of uracil residues are incorporated 
into it in place of the normal thymine residues. One or more 
primers or other oligos as described above are annealed to 
the ss uracil-containing template by heating to 900 C. and 
sloWly cooling to room temperature. An appropriate buffer 
containing all 4 deoxyribonucleotides, T7 DNA polymerase 
and T4 DNA ligase is added to the annealed template/primer 
mix and incubated betWeen room temperature and e. g., 
about 37° C. for >1 hour. The T7 DNA polymerase extends 
from the 3' end of the primer and synthesiZes a complemen 
tary strand to the template incorporating the primer. DNA 
ligase seals the gap betWeen the 3' end of the neWly 
synthesiZed strand and the 5' end of the primer. 

[0141] If multiple primers are used, then the polymerase 
Will extend to the next primer, stop and ligase Will seal the 
gap. This reaction is then transformed into an ung+strain of 
E. coli and antibiotic selection for the plasmid is applied. 
The uracil N-glycosylase (ung gene product) enZyme in the 
host cell recogniZes the uracil in the template strand and 
removes it, creating apyrimidinic sites that are either not 
replicated or the host repair systems Will correct it by using 
the neWly synthesiZed strand as a template. The resulting 
plasmids predominantly contain the desired change in the 
gene if interest. If multiple primers are used then it is 
possible to simultaneously introduce numerous changes in a 
single reaction. If the primers are derived from or corre 
spond to fragments of homologous genes, then multiply 
chimeric genes can be generated. 

Codon Modi?cation 

[0142] In one aspect, the oligonucleotides utiliZed in the 
methods herein have altered codon use as compared to the 
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parental sequences from Which the oligonucleotides are 
derived. In particular, it is useful, e.g., to modify codon 
preference to optimize expression in a cell in Which a 
recombinant product of an oligonucleotide shu?ling proce 
dure is to be assessed or otherwise selected. Conforming a 
recombinant nucleic acid to the codon bias of a particular 
cell in Which selection is to take place typically results in 
maximization of expression of the recombinant nucleic acid. 
Because the oligonucleotides used in the various strategies 
herein typically are made synthetically, selecting optimal 
codon preference is done simply by reference to Well-knoWn 
codon-bias tables. Codon-based synthetic methods, as 
described supra, are optionally used to modify codons in 
synthetic protocols. 
[0143] In addition to the selection of oligonucleotide 
sequences to optimiZe expression, codon preference can also 
be used to increase sequence similarity betWeen distantly 
related nucleic acids Which are to be recombined. By select 
ing Which codons are used in particular positions, it is 
possible to increase the similarity betWeen the nucleic acids, 
Which, in turn, increases the frequency of recombination 
betWeen the nucleic acids. 

[0144] Additional details on codon modi?cation proce 
dures and their application to DNA shu?ling are found in 
Paten and Stemmer, U.S. Ser. No. 60/102,362 “SHUF 
FLING OF CODON ALTERED NUCLEIC ACIDS,” ?led 
Sep. 29, 1998 and related application of Paten and Stemmer, 
Attorney docket number 018097-028510, entitled “SHUF 
FLING OF CODON ALTERED NUCLEIC ACIDS,” ?led 
Jan. 29, 1999. 

Length Variation by Modular Shu?ling 

[0145] Many functional sequence domains for genes and 
gene elements are composed of functional subsequence 
domains. For example, promoter sequences are made up of 
a number of functional sequence elements Which bind 
transcription factors, Which, in turn regulate gene expres 
sion. Enhancer elements can be combined With promoter 
elements to enhance expression of a given gene. Similarly, 
at least some exons represent modular domains of an 
encoded protein, and exons can be multimeriZed or deleted 
relative to a Wild-type gene and the resulting nucleic acids 
recombined to provide libraries of altered gene (or encoded 
protein) modules (i.e., libraries of module inserted or deleted 
nucleic acids). The number and arrangement of modular 
sequences. as Well as their sequence composition, can affect 
the overall activity of the promoter, exon, or other genetic 
module. 

[0146] The concept of exons as modules of genes and 
encoded proteins is established, particularly for proteins 
Which have developed in eukaryotes. See, e.g., Gilbert and 
Glynias (1993) Gene 137-144; Dolittle and Bork (October 
1993) Scienti?c American 50-56; and Patthy (1991) Current 
Opinions in Structural Biology 11351-361. Shul?ing of exon 
modules is optimiZed by an understanding of exon shuf?ing 
rules. Introns (and consequently exons) occur in three dif 
ferent phases, depending on the splice junction of a codon at 
the exon-intron boundary. See, Stemmer (1995) Biotechnol 
ogy 131549-553; Patthy (1994) Current Opinions in Struc 
tural Biology 41383-392 and Patthy (1991) Current Opin 
ions in Structural Biology 11351-361. 

[0147] In nature, splice junctions of shu?led exons have to 
be “phase compatible” With those of neighboring exonsiif 
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not, then a shift in reading frame occurs, eliminating the 
information of the exon module. The three possible phases 
of an intron are phases 1, 2, or 0. for the base position Within 
the codon at the intron-exon boundary in Which the intron 
occurs. Classi?cation of introns according to their location 
relative to the reading frame is as follows: a phase 0 intron 
is located betWeen tWo codons of ?anking exons; a phase 1 
intron is located betWeen the ?rst and second nucleotide of 
a codon and a phase 2 intron is located betWeen the second 
and third nucleotide of a codon. Phase 1 introns are the most 
common in nature. 

[0148] One aspect of the present invention is the shuf?ing 
of modular sequences (including, e.g., promoter elements 
and exons) to vary the sequence of such modules, the 
number of repeats of modules (from 0 (i.e., a deletion of the 
element) to a desired number of copies) and the length of the 
modules. In particular, standard shuf?ing methods, and/or 
the oligonucleotide-mediated methods herein, can be com 
bined With element duplication and length variation 
approaches simply by spiking appropriately designed frag 
ments or oligonucleotides into a recombination mixture. 

[0149] For example, a PCR-generated fragment contain 
ing the element to be repeated is spiked into a recombination 
reaction, With ends designed to be complementary, causing 
the creation of multimers in a subsequent recombination 
reaction. These multimers can be incorporated into ?nal 
shu?led products by homologous recombination at the ends 
of the multimers, With the overall lengths of such multimers 
being dependent on the molar ratios of the modules to be 
multimeriZed. The niultimers can be made separately, or can 
be oligos in a gene reassmbly/recombination reaction as 
discussed supra. 

[0150] In a preferred aspect, oligos are selected to generate 
multiniers and/or to delete selected modules such as exons, 
promoter elements, enhancers, or the like during oligonucle 
otide recombination and gene assembly, thereby avoiding 
the need to make multimers or nucleic acids comprising 
module deletions separately. Thus, in one aspect, a set of 
overlapping family gene shu?ling oligonucleotides is con 
structed to comprise oligos Which provide for deletion or 
multimeriZation of sequence module elements. These “mod 
ule shuf?ng” oligonucleotides can be used in conjunction 
With any of the other approaches herein to recombine 
homologous nucleic acids. Thus, sequence module elements 
are those subsequences of a given nucleic acid Which 
provide an activity or distinct component of an activity of a 
selected nucleic acid, While module shu?ling oligonucle 
otides are oligonucleotides Which provide for insertion, 
deletion or multimeriZation of sequence modules. Examples 
of such oligonucleotides include those having subsequences 
corresponding to more than one sequence module (providing 
for deletion of intervening sequences andlor insertion of a 
module in a selected position), one or more oligonucleotides 
With ends that have regions of identity permitting multim 
eriZation of the one or more oligonucleotides (and, option 
ally, of associated sequences) during hybridiZation and elon 
gation of a mixture of oligonucleotides, and the like. 

[0151] Libraries resulting from module deletion/insertion 
strategies noted above vary in the number of copies and 
arrangement of a given module relative to a corresponding 
or homologous parental nucleic acid. When the modules are 
exons, the oligonucleotides used in the recombination meth 
























