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(57) ABSTRACT 

A method to make libraries of hybrid polynucleotide mol 
ecules of tWo parental polynucleotide molecules utilizing 
single-stranded DNA Was invented. Example of the method 
comprises several steps: preparation of tWo single 
stranded polynucleotide molecules comprising sequences 
containing one or more parts of homology and one or more 
parts of heterology, (ii) random or non-random fragmenta 
tion of said polynucleotides, (iii) hybridization of the frag 
mented molecules followed by de novo polynucleotide 

(21) APPL NO; 09 /742 123 synthesis (i.e. polynucleotide chain elongation) on the 
’ hybridized molecules, (iv) separation of the chain elongation 

(22) Filed; Dec_ 22, 2000 products (ie double-stranded polynucleotide molecules) 
into single-stranded polynucleotide molecules (denatur 
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polynucleotide molecules followed by de novo polynucle 
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SYNTHESIS OF HYBRID POLYNUCLEOTIDE 
MOLECULES USING SINGLE-STRANDED 

POLYNUCLEOTIDE MOLECULES 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a method for the 
production of hybrid polynucleotide molecules from tWo 
parental polynucleotide molecules using single-stranded 
polynucleotides, Which can achieve superior effects to the 
existing methods, such as a higher frequencies. 

[0003] 2. Description of the Related Art 

[0004] DNA shuffling is a developed technique that alloWs 
accelerated and directed protein evolution in vitro. In this 
method, the acquisition of genes encoding improved pro 
teins is done in tWo steps. In the ?rst step, a single gene is 
mutageniZed, and desired mutant genes are selected. In the 
second step, the mutant genes are fragmented by DNase I, 
and subsequently recombined in vitro by using PCR. Among 
the recombinants, (i.e., the products of DNA shuffling), 
those producing most favored proteins are isolated (FIG. 1; 

1, 2). The modi?ed versions of the DNA shuf?ing exist: random priming Was used to generate DNA fragment instead 

of the DNase I digestion (3); (ii) PCR conditions With very 
short annealing/extension steps Were employed to increase 
the frequency of recombination Using these techniques, 
a number of improved enZymes have been obtained (1-9). 
When the DNA shuf?ing is done using a set of homologous 
genes instead of a set of mutant genes derived from a single 
gene, this technique is called family shuf?ing. Family shuf 
?ing utiliZes naturally occurring nucleotide substitutions 
among family genes as the driving force for the in vitro 
evolution. The application of the family shuf?ing strategy 
has also provided many successful examples (10-15). 

[0005] Apotential problem of the family shuf?ing is a loW 
yield of recombinants (i.e., hybrid molecules constituted 
from several family gene sequences). When tWo parental 
genes of 80% nucleotide sequence identity Were shuffled, the 
frequency of hybrid formation Was less than 1% (16-17). 
The loW recombination yield may be due to a loWer fre 
quency of the heteroduplex formation compared to the 
frequency of the homoduplex formation (FIG. 2; 16). 

[0006] Thus, it is desirable to develop methods Which 
alloW for the high frequency production of recombinant 
molecules of tWo or more family genes. We have reported a 
technique Which is the shuffling of restriction endonuclease 
digested DNA fragments instead of the shuf?ing of ran 
domly fragmented DNA (16). The annealing of endonu 
clease-digested DNA fragments Would produce homoduplex 
at a high frequency, but signi?cant DNA elongation only 
occurs on the heteroduplex molecules. 

SUMMARY OF THE INVENTION 

[0007] Contemporary genes belonging to the same gene 
family are derived from a single ancestral gene after 
repeated introduction of mutations through the natural diver 
gent evolution processes (FIG. 3). The shuf?ing of the 
family gene sequences creates a library of chimeric genes 
Which Would yield gene products of diverse properties. 
Among the diverse propertied expressed from the chimeric 
genes, desired ones could be selected. 
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[0008] In the shuffling of family genes in conventional 
methods (1-11, 13-15, 18), tWo types of annealing occur: 
homoduplex (annealing of strands derived from the same 
gene) and heteroduplex (annealing of strands derived from 
tWo different genes) (FIG. 2). If the frequency of the 
homoduplex formation is higher than that of the heterodu 
plex formation, the frequency of the regeneration of the 
original gene sequences through PCR reactions occurs pref 
erentially rather than the formation of chimeric genes. The 
consequence of it is a loW yield of recombinant molecules of 
tWo or more family genes. 

[0009] NoW, We invented a neW technique Which uses 
single-stranded polynucleotide sequences (17). In this 
method, single-sranded polynucleotides of tWo family genes 
are prepared. One single-stranded polynucleotide is the 
coding strand of one gene While another single-stranded 
polynucleotides is the non-coding strand of another gene. 
These tWo single-stranded polynucleotide molecules are 
fragmented into appropriate siZes, and their fragments are 
used for the family shuffling. This technique is preferable in 
that, in the ?rst round of hybridiZation, the homoduplex 
formation is prevented. 

[0010] Based on this neW technique, We completed the 
present invention Which can provide hybrid polynucleotide 
molecules from parental polynucleotides containing one or 
more parts of homology and one or more parts of heterology 
(e.g., family genes). 
[0011] In this invention, tWo types of single-stranded 
polynucleotides are prepared from tWo parent polynucle 
otids (for example, tWo family genes, tWo genes obtained by 
random mutagenesis of a parental gene, etc.), and used for 
the in vitro polynucleotide synthesis. The ?rst type is the 
single-stranded polynucleotide molecule corresponding to 
the coding strand of, for example, one family gene While the 
second type is the single-stranded molecule corresponding 
to the non-coding strand of, for example, another family 
gene. In other Words, these tWo types of the single-stranded 
polynucleotide molecules are complementary to each other 
but have one or more parts Which are not complementary 
(the ?rst-type molecule comprises one or more parts of 
homology and one or more parts of heterology to the 
complementary sequence of the second-type molecule). 
These single-stranded polynucleotide molecules are frag 
mented into appropriate siZes, and hybridiZed. In this pro 
cedure, no homoduplex molecule is formed, and When 
appropriate enZyme(s) exists, the nucleotide elongation can 
occur on heteroduplex molecules forming chimeric poly 
nucleotide pieces. (FIG. 4) Subsequently, the steps of the 
denaturation folloWed by hybridiZation and polynucleotide 
synthesis could be done repeatedly as summariZed in FIG. 
1. 

[0012] This method can be combined to appropriate meth 
ods for introducing one or more mutations into chimeric 
genes. 

[0013] Thus, the present invention provides inter alia: 

[0014] (1) A method for making libraries of hybrid 
polynucleotide molecules in Which double-stranded 
polynucleotide molecules are not used as starting 
materials. 

[0015] (2) The method of (1) above, Wherein tWo 
types of single-stranded polynucleotide molecules 
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are used as starting materials and wherein the ?rst 
type molecule comprises stretches of sequences con 
taining one or more parts of homology and one or 
more parts of heterology to the complementary 
sequence of the second-type molecule. 

[0016] (3) The method of (2) above, Wherein the 
single-stranded polynucleotide molecules are frag 
mented and used as templates for de novo polynucle 
otide synthesis to create hybrid polynucleotide mol 
ecules. 

[0017] (4) The method of (2), Wherein mutations are 
introduced into hybrid polynucleotide molecules 
prior, during or after the production of the hybrid 
polynucleotide molecules. 

[0018] (5) A method for making libraries of hybrid 
polynucleotide molecules, Which comprises: 

[0019] preparing tWo single-stranded poly 
nucleotide molecules comprising sequences 
Which are complementary to each other, 

[0020] (ii) randomly or non-randomly fragmenting 
the tWo single-stranded polynucleotide molecules, 

[0021] (iii) incubating the fragmented molecules 
under conditions such that hybridiZation of frag 
mented polynucleotide molecules occurs and de 
novo polynucleotide synthesis on the hybridiZed 
molecules occurs, 

[0022] (iv) denaturing the resultant elongated 
double-stranded polynucleotide molecules into 
single-stranded polynucleotide molecules, 

[0023] (v) incubating the resultant single-stranded 
polynucleotide molecules under conditions such 
that hybridiZation of single-stranded polynucle 
otide molecules occurs and de novo polynucle 
otide synthesis on the hybridiZed molecules 
occurs, and 

[0024] (vi) repeating at least tWo further cycles of 
steps (iv) and 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] Amore complete appreciation of the invention and 
many of the attendant advantages thereof Will be readily 
obtained as the same become better understood by reference 
to the folloWing detailed description When considered in 
connection With the accompanying draWings, Wherein: 

[0026] FIG. 1 illustrates a concept of DNA shuffling. The 
method for in vitro evolution of genes generally called DNA 
shuf?ing consists of repeated cycles of tWo steps: random 
mutagenesis and DNA shuffling of mutations. In the ?rst 
step (random mutagenesis/screening), several mutants are 
isolated from a target gene. In the second step, the mutant 
genes are segmented (usually by DNase I), then reassembled 
by PCR Without primer. The reassembled molecules are 
further ampli?ed by PCR With appropriate primers. DNAs 
created by DNA shuf?ing are used to transform a recipient 
(usually Escherichia coli), and transformed strains are 
selected for desired phenotypes. Instead of the DNase I 
segmentation, random-priming synthesis of short fragments 
can be used. 
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[0027] FIG. 2 illustrates formation of homodupleX and 
heterodupleX from tWo parental polynucleotide molecules 
Whose sequences are similar. When tWo parental polynucle 
otide molecules Whose sequences are similar but not iden 
tical to each other are denatured and hybridiZed, tWo types 
of hybridiZed molecules are formed: one strand of poly 
nucleotide molecule hybridiZed With a complementary 
strand derived from the same parent (homodupleX), and that 
hybridiZed With a complementary strand derived from a 
different parent (heterodupleX). The velocity constant for the 
homodupleX formation (k1) may be higher than that for the 
heterodupleX formation (k2). 

[0028] FIG. 3 illustrates a concept of family shuf?ing. 
Contemporary genes belonging to the same gene family are 
derived from a single ancestral gene after repeated intro 
duction of mutations through the natural divergent evolution 
processes. The shuffling of the family gene sequences cre 
ates a library of chimeric genes from Which desired chimera 
are selected. 

[0029] FIGS. 4A and 4B illustrates hybridiZation of poly 
nucleotides and nucleotide synthesis in family shuf?ing. 

[0030] 4A: TWo polynucleotide strands (e.g. DNA) of tWo 
family genes are indicated by open and close boxes. In the 
family shuffling using tWo genes, tWo types of annealing 
occur: homodupleX (annealing of strands derived from the 
same gene) and heterodupleX (annealing of strands derived 
from tWo different genes). If the frequency of the homodu 
pleX formation is higher than that of the heterodupleX 
formation, the frequency of the regeneration of the original 
(parental) gene sequences occurs preferentially rather than 
the formation of chimeric genes. 

[0031] 4B: To prevent the homodupleX formation in the 
?rst round of nucleotide synthesis, single-stranded poly 
nucleotide molecules are prepared from tWo family genes. 
These single-stranded polynucleotide molecules are frag 
mented by appropriate methods (eg by DNase I digestion), 
and hybridiZed. In contrast to conventional methods using 
double-stranded polynucleotide molecules, only heterodu 
pleX molecules are formed in this invention. 

[0032] FIG. 5 illustrates chimeric structures of the single 
stranded DNA-based shuffling products. This is an eXample 
Where single-stranded DNAs of nahH and Xy1E Were 
shuffled, ?fty shuffled clones exhibiting the C230 activity 
Were randomly selected, and their nucleotide sequences 
Were determined as described in Example beloW. The 
sequences derived from nahH and Xy1E are shoWn by 
shaded and solid boXes, respectively. White boXes shoW the 
eXpected recombination regions, and solid triangles shoW 
the point mutations. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] The term “parental polynucleotide molecule” is 
used to indicate a polynucleotide molecule species Which is 
a starting material for in vitro manipulations. 

[0034] The term “hybrid polynucleotide molecule” is used 
to indicate that the polynucleotide molecule is constituted 
from sequences derived from several parental polynucle 
otide molecules. The hybrid polynucleotide molecule may 
or may not contain base substitution(s) comparing to the 
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parental sequences as mutation(s) can be introduced during 
the processes forming the hybrid polynucleotide molecule. 

[0035] The term “initial template” is used to indicate that 
this molecule is used as a starting material for in vitro 
manipulations, and served as a template for the de novo 
polynucleotide synthesis. 

[0036] The term “complementary” is used to mean that 
tWo polynucleotide sequences is homologous (not necessar 
ily 100% identical) enough to make a stable hybridiZed 
molecules at a temperature above 0° C. 

[0037] The term “random or non-random fragmentation” 
means the process to generate polynucleotide molecules 
shorter than the length of an initial template. The fragmen 
tation can be attained by several means, for example, by 
either the digestion of a single-stranded polynucleotide by 
appropriate nuclease(s), a physical shearing (e. g. sonication) 
of a polynucleotide molecule, or random priming of a 
polynucleotide to synthesiZe polynucleotide fragments 
complementary to the template sequence. 

[0038] The term “in vitro manipulations” is used to mean 
various in vitro manipulations required for the synthesis of 
hybrid polynucleotide molecules starting from tWo or more 
types of homologous polynucleotide molecules. 

[0039] The terms “homology” and “homologous” is used 
to indicate that the partial sequences of tWo or more poly 
nucleotide molecules are either the same or similar to each 
other, or highly complementary to each other so that tWo 
complementary strands derived from tWo substantially 
homologous sequences can stably hybridiZe each other at a 
temperature above 0° C. The term “heterology” is used to 
indicate the opposite meaning. 

[0040] The DNA shuffling methods (1-11, 13-15, 18) have 
been developed for accelerated and directed protein evolu 

tion in vitro. The methods generally consist of tWo steps: the isolation of several improved mutants of the gene, and 

(ii) the in vitro recombination of the mutant genes folloWed 
by the selection of best progenies. In FIG. 1, these steps are 
illustrated. In the ?rst step, a single gene is mutageniZed by 
one of established methods, and desired mutant genes are 
selected. In the second step, the fragments of the mutant 
genes are obtained eg by DNase I treatment or random 
priming, and the mixture of the fragments is subjected to 
PCR Without primer. DNA pieces derived from different 
mutants are recombined in this PCR. Next, PCR Was carried 
out With forWard and reverse primers to amplify the full 
length DNA segments. 

[0041] Instead to use a set of mutant derivatives as shoWn 
in FIG. 1, a set of homologous genes could be shuffled to 
obtain genes synthesiZing improved enZymes. This tech 
nique is called family shuffling. Family shuf?ing utiliZes 
naturally occurring nucleotide substitutions among family 
genes as the driving force for the in vitro evolution. A 
potential problem of the family shuf?ing is a loW yield of 
recombinants (i.e., hybrid molecules constituted from sev 
eral family gene sequences). When tWo parental genes of 
80% nucleotide sequence identity (xy1e and nahH, see 
Examples) Were shuffled, the frequency of hybrid formation 
Was less than 1% (16-17). 

[0042] Thus, it is desirable to develop methods Which 
alloW for the high frequency production of recombinant 
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molecules of tWo or more family genes. The present inven 
tion relates to the DNA shuf?ing methods summariZed in 
FIG. 1, but is different from them in Which single-stranded 
polynucleotide molecules are used as starting materials 
instead of double-stranded polynucleotide molecules. As 
described beloW, this method alloWed recombination of 
family genes, etc. at a frequency higher than that in con 
ventional DNA shuf?ing methods. 

[0043] After the failure of the family shuf?ing in our 
hands, We considered possible reasons for it. For the suc 
cessful generation of recombinant progeny of tWo family 
gene, A and B, the hybridiZation betWeen single-stranded 
DNA of A and B (heteroduplex) should be formed, on Which 
the elongation of DNA proceeds to form a recombined 
molecule of A and B (FIG. 4A). HoWever, in this method, 
the hybridiZation betWeen A and A or that betWeen B and B 
also occur forming homoduplex molecules (FIG. 2). If the 
probability of the formation of heteroduplex molecules (a A 
strand hybridiZed With a B strand) is smaller than that of 
homoduplex molecules, i.e. a A (or B) strand hybridiZing 
With another A (or B) strand (FIG. 2), the frequency of the 
hybrid molecules betWeen A and B may be very loW in the 
products of the family shuf?ing. A computer simulation 
demonstrated that this inference Would be the case. 

[0044] To obtain a high frequency recombination in the 
polynucleotide shuf?ing, We neWly conceived to elevate the 
probability of the formation of heteroduplex molecules or 
reduce the probability of the formation of homoduplex 
molecules. In an attempt to increase the probability of the 
heteroduplex formation in the family shuffling of xylE and 
nahH (see beloW, Examples), the annealing temperature in 
the PCR reactions Was loWered. HoWever, the majority of 
the shuf?ing products still had a structure of either xy1E 
nahH (i.e., the frequency of the formation of xylE-nahH 
hybrids Was very loW). 

[0045] We interpreted these results as indicating that the 
probability of homologous pairing is much higher than that 
of heterologous pairing in the shuf?ing of tWo genes of 
modest homology (eg about 80% homology). We then 
attempted to decrease the probability of homoduplex for 
mation. For the successful generation of recombinant prog 
eny of tWo family genes, the hybridiZation betWeen a 
single-stranded polynucleotide molecule of one family gene 
and a single stranded polynucleotide molecules of another 
family gene is required. HoWever, in the conventional family 
shuf?ing methods, the hybridiZation of tWo strands derived 
from the same gene Would occur preferentially over the 
hybridiZation of tWo strands each of Which is derived from 
different family genes. 

[0046] As a result of extensive studies, We neWly found 
that use of single-stranded polynucleotide for shuffling can 
achieve the object of the present invention. 

[0047] The present invention used single-stranded poly 
mucleotides instead of double-stranded DNA as starting 
materials for preparing hybrid polynucleotide molecules 
from the parental polynucleotides. Thus, the present inven 
tion provides a method for making libraries of hybrid 
polynucleotide molecules, a method for forming a 
mutageniZed double-stranded polynucleotide, a method for 
obtaining a chimeric polynucleotide sequence, etc., Wherein 
single-stranded polymucleotides instead of double-stranded 
DNA are used as starting materials. 
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[0048] One embodiment of the method of the present 
invention includes the following steps: 

[0049] preparation of tWo single-stranded poly 
nucleotide molecules comprising parts of sequences 
Which are complementary to each other, 

[0050] (ii) random or non-random fragmentation of 
them, 

[0051] (iii) hybridization of the fragmented mol 
ecules folloWed by polynucleotide synthesis (i.e. 
polynucleotide chain elongation) on the hybridiZed 
molecules, 

[0052] (iv) separation of the chain elongation prod 
ucts (i.e. double-stranded polynucleotide molecules) 
into single-stranded polynucleotide molecules 
(denaturation), 

[0053] (v) hybridization of the resultant single 
stranded polynucleotide molecules folloWed by 
polynucleotide synthesis on the hybridiZed mol 
ecules, and 

[0054] (vi) repeating at least tWo further cycles of 
step (iv) and (v) (e.g., under PCR conditions). 

[0055] The present invention involves in the formation of 
hybrid polynucleotide molecules by mixing tWo parental 
polynucleotide sequences. The partial homology should 
exist betWeen tWo parental polynucleotide sequences so that 
the complementary strands derived from some regions of the 
tWo parental polynucleotide molecules can hybridiZe each 
other under conditions required for the de novo polynucle 
otide sequences. In other Words, tWo complementary poly 
nucleotide sequences have one or more parts of homology 
and one or more parts of heterology from each other. The 
required homology is dependent upon several parameters 
including the G-C contents of the parental molecules. The 
present invention is applicable even if the total homology is 
loW, e.g., less than about 95%, and even less than about 80%. 
Preferably, each of the homologous regions (i.e., parts of 
homology) should be at least 15-base-long With the homol 
ogy higher than 75%. 

[0056] The total length of the tWo polynucleotide 
sequences are not particularly limited. Generally, about 30 
bases to about 10,000 bases are preferable, and about 100 
bases to about 2,000 bases are more preferable. 

[0057] In the case Where the mixing of more than tWo 
parental polynucleotide sequences is desired, hybrids of tWo 
parental sequences should be formed ?rst, then, the single 
stranded polynucleotide sequences of the hybrids should be 
prepared to mix With the third parental polynucleotide 
sequences. 

[0058] Various methods existing for single-stranded DNA 
preparation can be utiliZed in the present invention. As an 
example of one method, the genes have to be cloned either 
in a phagemid vector or in a single-stranded DNA phage 
such as M13, and the single-stranded DNA have to be 
prepared from the ?lamentous phage particles. TWo homolo 
gous genes contain regions separately cloned in phagemid 
vectors (for example, pBluescript) or single-stranded DNA 
phage vectors. The orientations of one gene With respect to 
the origin of the single-stranded DNA replication should be 
the same, While that of another gene should be opposite With 
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respect to the origin of the single-stranded DNA replication. 
Then, the coding strand of one gene and the non-coding 
strand of another gene are synthesiZed and packaged in 
phage particles. In other Words, single-stranded DNAs of the 
tWo homologous genes are complementary to each other. 

[0059] The plasmids thus constructed are introduced into 
“male”E. coli such as JM109 (as the infection by single 
stranded DNAphage requires F pili). If phagemids are used, 
cultures of the transformants should be infected With a 
helper phage such as VCS-M13 (Stratagene) or M13KO7 
(Pharmacia) to rescue of single-stranded DNA from the 
phagemids. 

[0060] In supernatant of the culture, phagemid DNApack 
aged in phage capsules as Well as helper phage are recov 
ered. Single-stranded DNA is then prepared from the phage 
capsules reactions. The presence of the helper phage DNA 
does not interfere With the folloWing reactions. 

[0061] Other methods than using phagemid/phage vectors 
exist for the preparation of single-stranded DNA: asymmet 
ric PCR is one of such techniques. 

[0062] The single-stranded DNA obtained prepared above 
may contain a double-stranded DNA as a contaminant, but 
the amount of the double-stranded DNA is preferably con 
trolled to 30% or less, more preferably 5% or less. 

[0063] The single-stranded DNA is then fragmented by an 
appropriate method. The degree of fragmentation (i.e., 
length of fragmented polynucleotides) is not particularly 
limited. One skilled in the art can optionally decide the 
degree of fragmentation taking into consideration the full 
length of the polynucleotides to be shuffled, the GC content 
thereof, the intended degree of shuf?ing, etc. 

[0064] Examples of the method to achieve fragmentation 
include use of DNase I, but other methods such as shearing 
by sonication can also be used. In general, fragments in the 
siZe range larger than 20 bases may be isolated from 2-3% 
loW-melting-point agarose gel. Thus, preferably, the frag 
mentation may be controlled so that the average length of the 
fragmented polynucleotides is from about 20 to about 500 
bases. Our data shoWed that the siZe range of about 40-200 
bases is further preferable for the mixing of tWo polynucle 
otide sequences of loWer homology (e.g., about 80% homol 
ogy), but the present invention is not limited to this range. 

[0065] If regions With loW sequence homologies exist, 
uninterrupted polynucleotide segments covering these het 
erogenous regions should be prepared as the hybridiZation 
and hence the recombination of tWo parental polynucleotide 
molecules Would not occur at a high frequency in these 
regions. 

[0066] Fragments of single-stranded DNA thus prepared 
are then used for the reassembly of fragments and ampli? 
cation of assembled fragments, the steps commonly used by 
conventional DNA shuf?ing methods. Examples of family 
shuf?ing using single-stranded DNA Were described beloW 
(see Examples). The frequency of the chimerical gene 
formation using single-stranded DNA Was much higher than 
that using the original DNA shuf?ing methods With double 
stranded DNAs. 
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[0067] In the single-stranded DNA-based methods using 
tWo family genes, single-stranded fragments of one gene 
could anneal only to single-stranded fragments of another 
gene at the 1st hybridization cycle. In the case that a mixture 
of single-stranded and double-stranded polynucleotide mol 
ecules is used for the 1St hybridization cycle, (if single 
stranded polynucleotide molecules are prepared by asym 
metric PCR, the product is the mixture of the double 
stranded and single-stranded polynucleotide molecules), the 
probability of the heteroduplex formation is not 100%, but 
it is higher than that using solely double-stranded polynucle 
otide molecules. Although the elongation products could 
make homoduplex at the 2nd or later cycles, the frequency 
of the heteroduplex formation Would be higher in the 
shuf?ing using single-stranded DNA than that in the shuf 
?ing using double-stranded DNA. 

[0068] When single-stranded DNA Was used as a starting 
materials, the frequency of hybrid formation Was 17% When 
tWo genes (xy1E and nahH) having sequence divergence of 
about 20%. This frequency Was loWer than that of the 
restriction enzyme-based DNA shuffling in Which almost all 
shuf?ing products Were chimerical genes (16). HoWever, 
although the restriction enzyme-based DNA shuffling has 
many advantages, the variety of shuffling products might be 
limited to a certain degree, because the variation of gene 
fragments generated by restriction enzyme digestion Were 
limited compared to that generated by random fragmenta 
tion. 

[0069] In the in vitro protein evolution, both the efficient 
recombination of genes and the effective screening of 
recombinants are required. If a very effective screening 
method, such as antibiotic resistance, is available, the 
desired chimeras Would be obtained even if the recombina 
tion efficiency is loW. We could cite the selection of 
improved [3-lactamase as an example of easy screens. In this 
case, one variant among 106 progenies could easily be 
selected. HoWever, for the improvement of most industrially 
relevant enzymes, no selection is possible. The enzyme 
properties in progenies should be determined, one to the 
other, by using time-consuming assays. Under such circum 
stances, shuf?ing techniques with efficient recombination 
are of use even though these techniques require additional 
manipulations. 

[0070] Other detailed conditions, reagents to be used, 
procedures, etc. for the above-described steps such as prepa 
ration of single-stranded DNA, random or non-random 
fragmentation of DNA molecules, annealing (hybridization), 
separation of double-stranded DNA into single-stranded 
DNA, polynucleotide synthesis (i.e., polynucleotide chain 
elongation) on the hybridized molecules, etc. can be appro 
priately decided by taking into consideration those knoWn in 
the art, for example, in “Molecular Cloning, A Laboratory 
Manual” (edit. by T. Maniatis et al., Cold Spring Harbor 
Laboratory, 1989), US. Pat. No. 5,830,721, etc., both herein 
incorporated by reference. 

[0071] In conclusion, the present invention provides a 
shuf?ing method using single-stranded DNA Which can 
increase the probability of the hybrid formation comparing 
With that using double-stranded DNA. This technique 
should be especially useful for the family shuf?ing of any 
genes. 
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EXAMPLE 

[0072] The folloWing results are one example of many 
possible embodiments of the present invention. 

[0073] (1) Family Shuf?ing of xy1E and nahH Using 
Double-Stranded DNA 

[0074] The xy1E and nahH genes both encode catechol 
2,3-dioxygenase (C230). Their nucleotide sequences are 
approximately 80% identical. When We applied the previ 
ously described family shuf?ing techniques to obtain hybrid 
genes of xy1E and nahH, the formation of chimeric genes 
Was severely restricted, and only the parental genes, nahH 
and xy1E, Were generated as described beloW. 

[0075] According to the method outlined by Zhao et al. 
(18), We carried out the family shuffling betWeen xy1E and 
nahH, and the products of the family shuffling Were cloned 
in pBluescript SK(+). After the transformation of E. coli 
cells using the ligated DNA, about 50% of the colonies 
developed on the selective plated shoWed the C230 activity. 
When 50 clones shoWing the C230 activity Were randomly 
selected and their C23O genes Were sequenced, it Was found 
that none of them Were chimeric. Most of the products had 
the structure of xy1E (26 clones), nahH (15 clones), or their 
point mutants (9 clones). Fifty additional clones Were 
checked, hoWever, no single chimerical gene Was found. All 
those results demonstrated that the frequency of hybrid 
formation Was less than 1%. 

[0076] Thus, preventing the formation of the original gene 
structures has become quite important for successful family 
shuf?ing betWeen nahH and xy1E. 

[0077] (2) Family Shuf?ing Using Single-Stranded DNA 

[0078] Family shuffling using single-stranded DNA Were 
performed as described in sections (3) and illustrated in 
FIG. 4. After the transformation of E. coli cells, about 64% 
of the colonies groWn on plates shoWed the C230 activity. 
When randomly selected 50 clones exhibiting the C230 
activity Were analyzed for the nucleotide sequences of their 
C23O genes, 7 of them (14%) Were chimerical, and the other 
Were either parental genes (40 clones) or their point mutants 
(3 clones). The structures of the chimerical clones Were 
shoWn in FIG. 5. TWo of them, hybrids 1 and 4, had the same 
nucleotide sequences. 

[0079] The frequency of the chimerical gene formation 
using single-stranded DNA Was much higher than that using 
the original sexual PCR method With double-stranded 
DNAs. Most likely, the probability of the homo-duplex 
formation in the annealing step of 1st PCR cycle using 
double-stranded gene fragments may be much higher than 
that of the hetero-duplex formation because of the nahH and 
xy1E sequence divergence of 20%. On the other hand, When 
both the single-stranded nahH and the single-stranded xy1E 
Were digested by DNase I, nahH gene fragments could 
anneal only to fragmented xy1E at the 1st PCR cycle. 
Although the elongation products could make homo-duplex 
at the 2nd or later cycles, the frequency of the hetero-duplex 
formation Was expected to increase in the shuf?ing using 
single-stranded DNA. 

[0080] The only difference betWeen the methods using 
single-stranded DNA and double stranded DNA is the tem 
plate DNA for fragmentation using DNase I or other appro 
priate methods. For single-stranded DNA preparation, the 
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genes have to be cloned either in a phagemid vector or in a 
single-stranded DNA phage such as M13, and the single 
stranded DNA have to be prepared from the ?lamentous 
phage particles. Although the shuf?ing using single-stranded 
DNAs needs one more step, it is WorthWhile since nahH 
xy1E chimerical genes Were formed much more ef?ciently 
than in the shuffling using double stranded DNA. 

[0081] (2) Detailed Description of One of Many Possible 
Protocols of the Invention 

[0082] (2-1) Preparation of ssDNAs 

[0083] 1. Clone tWo homologous genes separately in 
phagemid vectors (for example, pBluescript). The orienta 
tions of one gene With respect to the origin of the single 
stranded DNA replication should be the same, While that of 
another gene should be opposite With respect to the origin of 
the single-stranded DNA replication. Then, the coding 
strand of one gene and the non-coding strand of another gene 
are synthesiZed and packaged in phage particles. In other 
Words, single-stranded DNAs of the tWo homologous genes 
are complementary to each other. 

[0084] 2. Introduce the plasmids thus constructed into 
“male”E. coli such as JM109 (as the infection by single 
stranded DNA phage requires F pili). 

[0085] 3. Inoculate a 1 ml culture of 2><YT medium 
supplemented With an appropriate antibiotics With a single 
JM109 transformant colony. 

[0086] 4. GroW the culture at 37° C. With shaking (e.g. 
rotary shaking at 250 rpm) to an optical density at 600 nm 
of 2. 

[0087] 5. Inoculate 25 ml of 2><YT containing an appro 
priate antibiotics in 250 ml Erlenmeyer ?ask With 0.5 ml of 
the above culture. 

[0088] 6. Incubate for 1 h With shaking at 37° C. 

[0089] 7. Infect With a helper phage at an moi. (multi 
plicity of infection) of 10-20. Helper phages such as VCS 
M13 (Stratagene) and M13KO7 (Pharmacia) are used for the 
rescue of ssDNA from phagemids. These helper phages can 
be prepared by propagating on a male E. coli strain. 

[0090] 8. Incubate overnight With shaking at 37° C. 

[0091] 9. Next day, harvest the cells by centrifuging at 
12,000><g at 4° C. for 15 min. 

[0092] 10. Transfer the supernatant (containing phage 
particles) to a fresh tube. Do not introduce the pellet in the 
tube. 

[0093] 11. Spin the supernatant again, transfer the super 
natant to a fresh tube. 

[0094] 12. Add 0.25 volume of phage precipitation solu 
tion to the supernatant. Leave on ice for at least 1 h, or 
overnight at 4° C. 

[0095] 13. Centrifuge at 12,000><g for 20 min at 4° C. In 
the presence of PEG, phage particles precipitate. 

[0096] 14. Remove the supernatant and resuspend the 
pellet in 400 ml of TE buffer, and transfer to a 1.5-ml tube. 

[0097] 15. Add one volume of TE-saturated phenol:chlo 
roform:isoamyl alcohol (25:24:1) to the sample, vortex at 
least 1 min and centrifuge at 12,000><g for 5 min. 
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[0098] 16. Transfer the upper phase (containing phagemid 
DNA) to a fresh tube Without disturbing the interface. 
Repeat the organic solvent extraction until no visible mate 
rial appears at the interface. 

[0099] 17. Add 0.5 volume (200 ml) of 7.5 M ammonium 
acetate plus tWo volumes (1.2 ml) of 100% ethanol. Mix and 
leave at —20° C. for 30 min to precipitate the phagemid 
DNA. 

[0100] 18. Centrifuge at 12,000><g for 5 min, remove the 
supernatant and carefully rinse the pellet With ice-cold 70% 
ethanol. If the pellet is disturbed, centrifuge again for 2 min. 
Drain the tube and dry the pellet under vacuum. 

[0101] 19. By agarose gel electrophoresis, tWo major 
bands corresponding to helper phage DNA and single 
stranded DNA from phagemid are usually seen. A small 
amount of chromosomal DNA and RNA released by cell 
lysis may be present. Longer incubation during phagemid 
rescue increases the contamination of E. coli chromosomal 
DNA. Single-stranded DNA migrates faster than double 
stranded (ds) DNA of the same length. The presence of the 
helper phage DNA does not interfere With the folloWing 
reactions. 

[0102] (2-2) DNase I Treatment 

[0103] 1. Dilute 2 pg (or 3 pmol) of each DNA in 45 pl of 
TE buffer, and add 5 pl of 10x DNase I digestion buffer. 

[0104] 2. Incubate the solution at 15° C. for 5 min, then 
add 0.3 U of DNase I. 

[0105] 3. Incubate further for 2 min, then transfer to 90° C. 
and incubate for 10 min to terminate the reaction. The 
concentration of DNase I, the time and temperature for the 
reaction should be optimiZed as the digestion speed of 
DNase I is in?uenced by many factors including the nature 
of DNA. After DNase I treatment and subsequent incubation 
at 90° C., the broWn precipitation may be produced. This is 
removed by centrifugation and then the supernatant is used 
for PCR. 

[0106] 4. Fragments in the siZe range of 40-100 bases are 
isolated from 2-3% loW-melting- point agarose gel using 
QIAEX II gel extraction kit. 

[0107] 5. Resuspend the recovered DNA in 50 pl of TE 
buffer. 

[0108] (2-3) PCR Reassembly and Ampli?cation 

[0109] 1. Add to a 1.5 ml tube, 10 pl of 10x Pfu DNA 
polymerase buffer, 10 pl of DNTP mix, 10 pl of the puri?ed 
fragments, 2.5 U of Pfu Turbo DNA polymerase and H20 to 
the total volume of 100 pl. 

[0110] 2. Perform PCR: 40 cycles of denaturation at 94° C. 
for 1 min, annealing at 56° C. for 1 min and elongation at 72° 
C. for 60+5 sec/cycle (the duration of elongation is increased 
by 5 sec after each cycle). This PCR ampli?cation becomes 
dif?cult When the siZes of target genes are large, or the mean 
siZe of DNase I-cleave DNA is small. If the yield of the PCR 
products is loW, the number of cycles in this PCR step should 
be increased. 

[0111] 3. Add to a neW 1.5 ml tube, 1-5 pl of reassembled 
PCR product, 10 pl of 10x Pfu DNA polymerase buffer, 10 
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pl of dNTP mix, 2 pl of forward and reverse primers, 2.5 
units of the Taq/Pfu DNA polymerase mixture and H20 to 
the total volume of 100 pl. 

[0112] 4. Perform PCR: 96° C. for 2 min followed by 25 
cycles of 94° C. for 30 sec, 58° C. for 30 sec and 72° C. for 
45+20 sec/cycle. This PCR ampli?cation using primers 
seems to be inhibited When the concentrations of reas 
sembled PCR products (i.e. the product of the ?rst PCR 
Without primers: step 2) are high. Check the concentrations 
of the ?rst (step 2) and second (this step) PCR products on 
an agarose gel. If the second PCR ampli?cation is not 
ef?cient, reduce the concentration of substrates (i.e. the 
product of the ?rst PCR) in the second PCR. 

[0113] 5. Separate the PCR products on an agarose gel and 
recover a band corresponding to the siZe of the full length 
gene. 

[0114] 6. Purify the PCR products, subclone them and 
select desired mutants among transformants. 

[0115] (2-4) Isolation of Thermally Stable C230s 

[0116] Thermally stable clones Were screened from 750 
colonies obtained by single-stranded DNA-based shuf?ing. 
After the treatment at 65° C. for 10 min, under Which XylE 
(the xylE gene product, namely C23O produced from xylE) 
and NahH (the xylE gene product, namely C23O produced 
form nahH) Were inactivated, 10 colonies exhibited the 
residual C23O activity, shoWing that they contain enZymes 
thermally more stable than the Wild-type C230s. The amino 
acid sequences of the thermally stable C230s are shoWn in 
FIG. 6. Although the nucleotide sequences of all 10 clones 
Were different, the deduced amino acid sequences of clones 
120 and 942, clones 202 and 450, and clones 315 and 1527 
Were identical. 

[0117] (2-5) Notes Concerning DNA Polymerases 

[0118] Primer design is crucial in DNA shuf?ing. Primer 
length and sequence should carefully be determined for a 
successful ampli?cation, cloning and gene expression. Fol 
loW general guidelines on the primer design for PCR cloning 
that are described in many textbooks. Sequences ?anking 
the target gene can also be used for the primer design. 

[0119] Taq DNA polymerase adds a single 3‘-dA overhang 
to a blunt dsDNA template. For the cloning of such PCR 
products, lineariZed plasmid vectors containing single dT 
overhangs (T-vectors) Were developed. The cloning ef?cien 
cies of the T-vectors, hoWever, Were variable. DNA poly 
merases With 3‘Q5‘ exonuclease (proofreading) activity 
remove mispaired nucleotides from 3‘ ends of dsDNA and 
generate blunt-end PCR products. The PCR products gen 
erated by these proofreading polymerases thus can be cloned 
into vectors by blunt-end ligation. HoWever, blunt-end clon 
ing of PCR products is less efficient than sticky-end cloning. 
Thus, it is advisable to introduce additional restriction sites 
at the 5‘ end of each of the primers. As ampli?cation 
proceeds, these primers are incorporated into the PCR 
product. Thus, the PCR products can be digested by appro 
priate restriction enZymes to clone in an appropriate vector. 

[0120] Taq polymerase lacks a 3‘—>5‘ exonuclease activity. 
In other Words, it lacks the proofreading function of DNA 
replication, and thus exhibits a high rate of replication 
errors. This enZyme shoWs higher replication errors When 
the concentration of MnCl2 in the reaction mixture 
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increased, or When the concentration of one nucleotide Was 
loWer than those of other three nucleotides in the reaction 
mixture. By this reason, PCR With Taq polymerase Was often 
used for the mutagenesis of genes. Pfu and Pfu Turbo DNA 
polymerases, on the other hand, shoW high ?delity of DNA 
replication. Zhao et al. (18) have reported that the using a 
proofreading DNA polymerase (Pfu or PWo) in the reassem 
bly step increased the frequency of active clones from the 
shuf?ing products. Therefor PCR With the proofreading 
DNA polymerase (Pfu Turbo) is used here to reduce the 
negative mutation. 

[0121] The ampli?cation by Pfu Turbo polymerase is not 
as poWerful as that by Taq DNA polymerase. The replace 
ment of Pfu Turbo polymerase by Taq DNA polymerase or 
by the mixture of Pfu Turbo and Taq polymerases often 
provides better results. 
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[0142] While the invention has been described in detail 
and With reference to speci?c embodiments thereof, it Will 
be apparent to one skilled in the art that various changes and 
modi?cations can be made therein Without departing from 
the spirit and scope thereof. 

What is claimed is: 
1. Amethod for making libraries of hybrid polynucleotide 

molecules in Which double-stranded polynucleotide mol 
ecules are not used as starting materials. 
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2. The method of claim 1, Wherein tWo types of single 
stranded polynucleotide molecules are used as starting mate 
rials and Wherein the ?rst-type molecule comprises stretches 
of sequences containing one or more parts of homology and 
one or more parts of heterology to the complementary 
sequence of the second-type molecule. 

3. The method of claim 2, Wherein the single-stranded 
polynucleotide molecules are fragmented and used as tem 
plates for de novo polynucleotide synthesis to create hybrid 
polynucleotide molecules. 

4. The method of claim 2, Wherein mutations are intro 
duced into hybrid polynucleotide molecules prior, during or 
after the production of the hybrid polynucleotide molecules. 

5. Amethod for making libraries of hybrid polynucleotide 
molecules, Which comprises: 

(i) preparing tWo single-stranded polynucleotide mol 
ecules comprising sequences Which are complementary 
to each other, 

(ii) randomly or non-randomly fragmenting the tWo 
single-stranded polynucleotide molecules, 

(iii) incubating the fragmented molecules under condi 
tions such that hybridiZation of fragmented polynucle 
otide molecules occurs and de novo polynucleotide 
synthesis on the hybridiZed molecules occurs, 

(iv) denaturing the resultant elongated double-stranded 
polynucleotide molecules into single-stranded poly 
nucleotide molecules, 

(v) incubating the resultant single-stranded polynucle 
otide molecules under conditions such that hybridiZa 
tion of single-stranded polynucleotide molecules 
occurs and de novo polynucleotide synthesis on the 
hybridiZed molecules occurs, and 

(vi) repeating at least tWo further cycles of steps (iv) and 
(v). 
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