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Abstract

We describe a new approachimovitro DNA recombination technique termed recombined extension on truncated templates
(RETT). RETT generates random recombinant gene library by template-switching of unidirectionally growing polynucleotides
from primers in the presence of unidirectional single-stranded DNA fragments used as templates. RETT was applied to the
recombination of two homologous chitinase genes fBirmarcescemr&TCC 21074 andS. liquefacien&M1403. When the
shuffled genes were examined by restriction mapping and sequence analysis, it was found that chimeric genes were producec
at a high frequency (more than 70%) between two chitinase genes with 83% of sequence identity. The number of crossovers
within each chimeric gene ranged from one to four, and the recombination points were randomly distributed along entire
DNA sequence. We also applied RETT to directed evolution of a chitinase variant for enhancing thermostability. Chimeric
chitinases that were more thermostable than the parental enzyme were successfully obtained by RETT-based recombination.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction mimic and accelerate nature’s recombination strategy.
The directed gene evolution technology combiniimg
Genetic recombination is a key process for generat- vitro recombination techniques and high throughput
ing the genetic diversity, making organisms adapt and screening system (HTS) is applicable to many indus-
evolve in nature. Recently) vitro recombinationtech-  trial fields including protein pharmaceutical industry,
niques such as DNA shuffling], staggered extension  agriculture, chemical industry, and biotechnold6}.
process (StEPJ2], random chimeragenesis on tran- Especially, in the field of enzyme engineering, it is
sient templates (RACHITT]3], iterative truncation  now widely applied to improve specific activify,8],
for the creation of hybrid enzymes (ITCHY3], and enzyme stabilityf{9-11], enzyme expressiofi2,13]
sequence homology-independent protein recombina-and to alter substrate specificity4-16]
tion (SHIPREC)5], and so on have been developedto  In spite of the great importance of vitro recom-
bination techniques in directed gene evolution, the
mpondmg author. Tels82-55-759-6161: current techniques hav.e.still some d_rawbacks to pe
fax: +82-55-759-6094. overcome for more efficient generation of gene li-
E-mail addressycshin@amicogen.com (Y.C. Shin). brary. DNA fragmentation process in DNA shuffling
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and RACHITT method may not be random because ciensGM1403 by polymerase chain reaction (PCR)
DNase | hydrolyzes DNA preferentially at sites ad- using forward primer (chiti-f: 5CCCAAGCTTC-
jacent to pyrimidine nucleotides, which introduces CTCTCGGAATAAAGGAATCAG-3) and reverse

a sequence bias into recombination librdfy’]. A primer (chiti-r: 3-GCTCTAGACCGGCAACGCAC-
differentin vitro recombination approach that relies TGCAACCGATT-3). Each 1.7-kb PCR product was
only on PCR, StEP, was developed. In StEP method, purified from agarose gel using QIAquick gel extrac-
PCR conditions have to be strictly controlled in order tion kit (Qiagen) and then digested wittindlll and

to achieve staggered extension of primers by shorten- Xba. The digested 1.7-kb DNA fragments were in-
ing the polymerization time and lowering the reaction serted into the same restriction sites of pBluescript II
temperature. Failure to maintain the desirable range KS (Stratagene) The resulting plasmids were desig-
of temperature (e.g. too low temperature) during PCR nated as pBKSm-chi and pBKS4-chi, respectively,
process in StEP method may lead to non-specific and used as starting polynucleotides for random re-
annealing and further formation of undesirable re- combination of two chitinase genes.

combinants. For the recombination of genes with low

or no homology, ITCHY and SHIPREC were devel- 2.2. Preparation of unidirectional ssDNA fragments
oped. However, these methods have limitations that by reverse transcription

only two parental genes can be recombined and the

created hybrids are limited to one crossover. The plasmids, pBKSn-chiand pBKS4-chi, were
In our way to develop new directed gene evolution linearized withSsp. An in vitro transcription was car-
methods, we devised a unique method fiorvitro ried out using the linearized plasmids prepared above

recombination, termed recombined extension on trun- as template. Thim vitro transcription reaction mixture
cated templates (RETT). This method does not use contained 200 ng of the linearized plasmids, 40 mM
DNA endonucleases for generation of shuffling blocks. Tris—HCI (pH 7.9), 6 mM MgCd4, 2 mM spermidine,
Instead, it makes unidirectional single-stranded DNA 10mM NaCl, 10 mM DTT, 0.5 mM each rNTP, 40U
(ssDNA) fragments by either DNA polymerase in of RNasin (Promega), and 17U of T3 RNA poly-
the presence of random primers or serial deletion merase (Promega) in a total volume ofidDand incu-
with exonuclease. These unidirectional ssDNA frag- bated at 37C for 1 h. The RNA transcripts obtained
ments only act as templates in PCR, not as primers. by the aboven vitro transcription were purified with
RETT generates random recombinant gene library RNAeasy column (Qiagen). Each RNA transcribed
by template-switching of unidirectionally growing from the two chitinase genes was mixed. Reverse tran-
polynucleotides from primers in the presence of uni- scription was performed using tlie vitro transcribed
directional ssDNA fragments pool used as templates. RNA as template. The reverse transcription mixture
Here, we present the principle, advantages, and contained 20@ug of mixed RNA, 10 mM Tris—HCI
special applications of the RETT method. To test ef- (pH 8.3), 15mM KCI, 0.6 mM MgCJ, 0.2mM DTT,
fectiveness of the RETT method, we applied RETT 6g of random DNA hexamer, (Genotech Inc., Ko-
to the recombination of two homologouSerratia rea), 0.2 mM each dNTP, 40 U of RNasin and 50 U of
chitinase genes with 83% of sequence identity. We M-MLV reverse transcriptase (Stratagene) in a total
also describe the directed evolution of a chitinase volume of 50ul, and incubated at 37C for 1 h. After
variant by RETT-based recombination for enhancing the reverse transcription, the RNA templates were re-
thermostability. moved by incubating the reaction mixture with 20 ng
of RNase | at 37C for 1 h. The reverse transcription
products were electrophoresed on agarose gel and the

2. Materials and method ssDNA fragments were purified using Geneclean kit
(Bio 101).
2.1. Plasmid construction The plasmids carrying thermostable chitinase vari-
ant genes were mixed and then linearized vB8gp.
Two chitinase genesn-chi andl-chi, were ampli- The unidirectional ssDNA fragments of chitinase

fied from S. marcescen&TCC 21074 ands. liquefa- variant genes were prepared inyvitro transcription
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and reverse transcription @f vitro-transcribed RNA 2.5. Error-prone PCR
by the same method as described above.
The pBKS-R24 carrying a chitinase gene variant
2.3. Preparation of unidirectional ssDNA fragments was used as a template for error-prone PCR. Each
by serial deletion 25 pmol of primers, chiti-f primer (SCCCAAGCT-
TCCTCTCGGAATAAAGGAATCAG-3) and chiti-r
Each 3Qug of pBKS-m-chiand pBKS+-chi plas- primer (3-GCTCTAGACCGGCAACGCACTGCA-
mid was mixed and linearized witNotl and Sad. ACCGAT-3) was used for an error-prone PCR re-
The resulting 259 of linearized plasmid was digested  action containing 10 mM Tris—HCI (pH 8.3), 50 mM
with 300U of exonuclease Il (Promega) at 3D. KCIl, 4mM MgClp, 0.2mM dATP, 0.2mM dGTP,
Each 2.5ul of aliquot was then removed atintervals of 1 mM dCTP, 1 mM dTTP, 0.05mM MnG] 10 ng of
thirty seconds, and mixed with 78 of solution con- template DNA and 5U of ExTaq polymerase in a
taining 40 mM potassium acetate (pH 4.6), 304 mM total volume of 5Qul. PCR was carried out on an MJ
NaCl, 2.28 mM ZnSQ@, 6.1% glycerol, and 25U of = Research thermal cycler (PTC-100) under the condi-
S1 nuclease. The S1 nuclease reaction was placed ations of 30cycles of 94C for 30s, 55C for 30s,
room temperature for 30 min and stopped by adding 72°C for 1 min in a total volume of 5(.l.
1l of S1 stop solution (300 MM Tris base, 50 MM
EDTA). The resulting serially deleted double-stranded 2.6. Generation of chitinase mutant library
DNA was dephosphorylated with calf intestinal phos-
phatase (Roche), and then digested witp. The The full-length 1.8-kb PCR products of chiti-
double-stranded DNA fragments were purified from nase gene obtained by recombinational synthesis or
agarose gel using Geneclean kit and converted to uni- error-prone PCR reaction were extracted from the
directional ssDNA fragments by further digestion with agarose gel, digested witHindIll and Xbd, and

lambda exonuclease (New England Biolabs). then inserted to the same restriction sites of pBlue-
script 1l KS. The resulting recombinant plasmid
2.4. Recombinational synthesis was introduced tcE. coli IM83 and transformants

were selected on LB-agar plates supplemented with
The 20ng of unidirectional ssDNA fragments of 100wg/ml ampicillin.

chitinase genes prepared above served as templates to
obtain full-length recombinant genes in PCR. First, a 2.7. Screening of chitinase mutants having improved
PCR reaction was carried out using 25 pmol of KS uni- chitin-resolving activity
versal primer (5STCGAGGTCGACGGTATC-3 un-
der the condition of 30 cycles of 9€ for 30 s, 55C To screen recombinant genes encoding chitinases
for 30s, 72C for 30s. The PCR products were sub- which have specific activity higher than that of
sequently subjected to second PCR with reverse pri- wild-type enzyme, the colonies from mutant library
mer (3-AATTCGAGCTCGGTACCCGGGGATCC-  were picked to LB-agar plates containing 30§'ml
3) under the condition of 30cycles of 9€ for ampicillin and 0.5% swollen chitin, and incubated
30s, 55°C for 30s, 72C for 30s. The resulting at 37°C overnight until clear halos were developed.
1.8-kb PCR products were analyzed by 1% agarose Colonies showing clearer halo than that of wild type
gel electrophoresis. The recombined 1.8-kb DNA were selected for improved chitin-resolving activity.
fragment was further amplified by PCR using chiti-f
primer (8-CCCAAGCTTCCTCTCGGAATAAAG- 2.8. Screening of chitinase mutants having improved
GAATCAG-3) and chiti-r primer (5GCTCTAGAC- thermostability
CGGCAACGCACTGCAACCGATT-3. These PCR
reactions were performed on an MJ Research ther- To screen the chitinase variant with improved ther-
mal cycler (PTC-100) in a ExTaq polymerase buffer mostability, the colonies from mutant library were
containing 0.2mM each dNTP and 2U of ExTaq picked onto fresh plates and incubated at @7for
polymerase (Takara) in a total volume of o0 20 h. The plates carrying the colonies were heated on a



122

S.H. Lee et al./Journal of Molecular Catalysis B: Enzymatic 26 (2003) 119-129

water bath at an indicated temperature and then 50 MM DNA fragments which serve as templates for PCR

sodium phosphate buffer solution (pH 6.8) contain-

(Fig. 1(a) and (b) Random recombinations of target

ing 0.5% chitin and 1% agarose was poured onto the genes occur by template-switching of unidirectionally

LB-agar plates. After the plates were incubated at
37°C for further 24 h, colonies showing clear halos by
hydrolyzing overlaid chitin were selected by staining
with 0.2% Congo Red.

2.9. Enzyme purification
For purification of chitinases, eadh. coli strain

harboring recombinant wild-type or variant genes was
grown at 30°C in LB medium. After centrifugation

growing specific primers during PCR.

The ssDNA fragments used as templates in the
RETT method are characterized by unidirectionality.
The unidirectional ssDNA fragments can be generated
by (1) reverse transcription using vitro-transcribed
RNA as template in the presence of random primers or
(2) unidirectional serial deletion with exonuclease lII.
The unidirectionality of ssDNA fragments does not
allow cross-priming and extension among them dur-
ing PCR. Therefore, these unidirectional ssDNA frag-

of culture broth, supernatant was collected and con- ments only act as templates in PCR, not as primers.

centrated with polyethylene glycol (PEG; MW 6000).

After mixing the unidirectional ssDNA fragments

The concentrated enzyme was dialyzed against 50 mM and specific primers that recognizes ttee8d of tar-
sodium phosphate buffer (pH 6.8) and adsorbed to get genes, the recombinational synthesis reaction is

swollen chitin at £C. After obtaining enzyme—chitin
precipitates by centrifugation, the adsorbed chitin were
removed by incubating the enzyme—chitin complexes
at 37°C. The purified chitinases were analyzed by us-
ing SDS—polyacrylamide gel electrophoresis.

2.10. Enzyme assay

Chitinase activity was determined by measuring re-
ducing sugars produced from chitin hydrolysis. Re-

conducted by PCR. During one cycle of PCR, the spe-
cific primer is annealed to a ssDNA fragment which

contains 3-end of target genes and extended. During
the next cycles of PCR, short fragments extended from
the specific primer are annealed to other unidirectional
ssDNA fragments and extended. In this process, elon-
gating fragments can anneal to different templates
based on sequence complementarity. Usually, the
higher the nucleotide sequence similarity of parental
genes to be recombined, the higher probability of

ducing sugars in the reaction were measured by DNS choosing different template in template-switching pro-

method[18] with N-acetylb-glucosamine as a cali-
bration standard.

2.11. Thermostability test

Heat treatment of the purified enzymes was carried
out on a temperature controller. Enzymes were incu-

cess. Finally, full-length recombinant genes should be
produced by annealing of DNA fragments extended
from the specific primer to unidirectional ssDNA
fragments containing’&nd of target genes and fur-
ther extension. In summary, the specific primer that
recognizes the’&nd of target genes grows unidirec-
tionally by using unidirectional ssDNA fragments as

bated at different temperature and cooled immediately emplate. Namely, RETT-derived full-length recom-
in an ice bath. The residual enzyme activity was mea- binant genes are totally synthesized from the specific

sured.

3. Results and discussion

3.1. Description of the RETT method

The RETT method is based on two key processes:

preparation of unidirectional ssDNA fragments of tar-

get genes to be recombined and recombinational syn-
thesis of full-length genes in the presence of the ss-

primer and crossovers occur by template-switching
of the growing primers during PCR. We termed this
process as a “recombinational synthesis”. The RETT
method produces full-length recombinant genes not
by a reassembly process of shuffling blocks but by a
recombinational synthesis process during PCR.
RETT has several advantages over the ofimer

vitro recombination techniques. Compared with DNA
shuffling and RACHITT which use enzymatic cleav-
age (most commonly DNase | digestion) to generate
shuffling blocks, RETT may increase randomness
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Fig. 1. General concept of RETT. According to truncation pattern of unidirectional ssSDNA fragments, two methods are described separately.
(a) Two homologous genes are presented to simplify the model. Unidirectional ssDNA fragments are prepared by reverse transcription
usingin vitro-transcribed target RNA as template in the presence of random primers. Recombinational synthesis reaction is conducted; (i)
Specific primer is annealed to ssDNA fragment. (ii) Specific primer is extended during one cycle of PCR. (iii, iv) Short fragments extended
from primer are annealed to other ssSDNA fragment by template-switching and extended during another cycle of PCR. (v) Steps are repeated
until full-length ssDNA genes are generated. (b) Unidirectional ssDNA fragments are prepared by serial deletion with exonuclease lII.
Recombinational synthesis reaction is conducted by steps (i—v).

in recombination process because random-priming advantageous in some cases of directed gene evo-

synthesis and exonuclease Il digestion don't cause lution of single gene because random recombinant

sequence bias in generating unidirectional ssDNA library can be generated by single step of RETT with-

fragments. In RETT process, the recombinational out using error-prone PCR or any other mutational

synthesis and template-switching of growing primers methods.

are carried out under normal PCR conditions of an-

nealing and DNA elongation unlike StEP which uses 3.2. Random recombination of two homologous

extremely abbreviated annealing and DNA elongation chitinase genes by RETT

conditions. RETT may also generate more random

library than StEP because it is not influenced by To test the effectiveness of RETT method, we ap-

sequence-specific pause sites met by DNA polymeraseplied the RETT technique to a random recombina-

like StEP process. tion of two homologous genes encodiigmarcescens
The RETT technique using reverse transcription chitinase andS. liguefacienschitinase, respectively.

can generate a broad genetic diversity by point muta- Fig. 2 shows the nucleotide sequence alignment of

tions introduced by reverse transcriptase (error rate, two chitinase genes. These two genes have 83% of

one per about 500 nucleotidef)9]. This may be nucleotide sequence identity.
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| -chi  AAGCTTCCTCTCGGAATAAAGGAATCAGITATGCGCAAATTTAATAAACCGCTGITGGCGT TGCTGATCGGECAGCACGCT GT GCTCTGOGGECGCAGGCCG 100
m chi  AAGCTTCCTCTCGGAATAAAGGAATCAGT TATGCGCAAAT TTAATAAACCGCT GT TGGCGCTGT TGATCGGCAGCACGCT GT GT TCCGCGECGCAGECCG 100

hkkkkkkhkkkhhkkhkkkkkkkk kkkkkhkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkk Kk hkkkkhkkkkkhkkkkkkk k% *kkkkkkkkkkkk

| - chi  CTGCACCGGGCAAACCTACGT TGGCCT GGGGCAATACCAAATTCGCCATTGT CGAAGT CGATCAAGCGGCGACGGCTTATAATAAT CTGGTGAAAGT AAA 200
m chi  CCGCGCCGEGCAAGCCGACCATCGCCT GGGGCAACACCAAGT TCGCCATCGT TGAAGT TGACCAGGCGGCTACCGCT TATAATAAT TTGGTGAAGGTAAA 200

k kk kkkkkkkk Kkk kk kkkkkkkkkkk kkkkk kkkkkkkk kk kkkkk kk kk kkkkk kk kkkkkkkkkkkkkkk kkkkkkk kkkkk

| -chi  AAGTGCCGCCGACGTTTCTGI TTCATGGAAT TTATGGAAT GGCGATACCGGT ACCACGGCAAAAGT ATTATTAAATGGCAAAGAAGT TTGGAGT GGTGCC 300
m chi  AAATGCCGCCGATGT T TCCGT CTCCTGGAAT TTATGGAAT GGCGACGCGEGCACGACGGCCAAGAT TTTATTAAATGGTAAAGAGGCGTGGAGT GGTCCT 300

kk kkkkhkkkkk Kkkkk Khk Kk kkkkkkkkkhkkkkhkkkkkkx Kk kk kk kkkkk Kk Kk kkkkkkkhkkkk Kkkkk * kokkkkk kKK kK

| - chi TCAACCGGTAGT TCGGGAACCGCAAACT TTAAGGT GAAT AAAGGCGGCCGT TATCAAATGCAGGT GGOGT TATGCAACGCCGACGGCTGTACCGCCAGCG 400
m chi  TCAACCGGAT CTTCCGGT. AC(IIZGAATTTTAAAGTGQATAAAGG(‘B(IIZGT TATCAAATGCAGGT GGCAT TGTGCAAT GCCGACGGCTGCACCGCCAGTG 400

Kk kK Kk kkk khkkkkk Kk kk KkKkhkk Kk hkhhkhkh kA KAk ARk kkhkhkhkk kA kkhkkkhhkhhk *k*k *hkhkkk *hkkkhkhkhkhkkhkhk kkkkkkhkk *

| - chi  ATGCAACCGAAATTGT GGTGGCAGATACCGACGGTAGCCATTTGGCACCTTTAAAAGAACCT TTGT TGGAAAAGAAT AAGCCT TATAAACAAGACTCCGG 500
m chi  ACGCCACCGAAAT TGT GGTGGCCGACACCGACGGCAGCCAT TTGGCGCCGT TGAAAGAGCCGCT GCTGGAAAAGAATAAACCGT ATAAACAGAACTCCGG 500

k kK KhkhkKKAKRKKKK KA KKKk’ Kk KAKhhkkk* *hhkhAhkAkhkk K% *k *hkkk* Xk  K*k *hkhkAAA kA kkKkk* *%k *AkA*kk*k k¥ kokKkokkkk

| -chi CAAAGTGGITGGCTCTTATTTCGT TGAATGGGGCGT TTACGECCGTAATTTCACCGT CGATAAACT TCCGGCT CAGAACCTGACGCACCTGCTGTACGEC 600
m chi  CAAAGTGGTCGGT TCTTATTTCGT CGAGI GGGGCGT TTACGGGCGCAATTTCACCGT CGACAAGAT CCCGGCGCAAAACCTGACCCACCTGCTGTACGGC 600

KhkAkKKKhhhk Kk KKKKKKKKKAK KKk KKKAKKKARKKAKE *%k KhhAXAAKRREKK KL K% Kk kkkkk kk Kkkkhkkk KAKAKAKKK KKK KKK

| -chi TTTATCCCTATCTGT GGCGGT GACGGCATCAACGACAGCCT GAAAGAGAT CGAAGGCAGCT TCCAGGCGT TACAGCGT TCCTGT CAGGGGOGT GAAGACT 700
m chi  TTTATCCCGATCTGCGGCGGCAAT GGCATCAACGACAGCCT GAAAGAGAT TGAAGGCAGCT TCCAGGCGT TACAGCGCT CCTGCCAGGGCCGCGAGGACT 700

R R R R L R E e Y * kk kKKK

| -chi  TTAAGGTATCGATCCACGATCCGT TCGCTGCGCT GCAGAAAGGT CAGAAGGGCGT GACCGCCT GGGACGACCCCTACAAAGGCAACT TCGECCAGITGAT 800
m chi  TCAAAGTCTCGGT CCACGATCCGT TCGCCGCGCT GCAAAAAGCGCAGAAGGGCGT GACCGCCT GGGATGACCCCTACAAGGGCAACT TCGECCAGCTGAT 800

k kk kk kkk Akkkkkkkkkkkkkkk khhkkkkk kkkk hkkkkkkkkkkkhkkkhhkkhkk hkkkkkkhhhk Hhkkkkhkkhhhhkokk K*kk*k

| -chi  GGCGT TGAAACAGGCGCGCOCCGGACCT GAAAAT CCTGCCGT CGATCGGT GGCTGGACGT TATCCGATCCGT TCTTCTTTATGGGCGATAAGGT GAAGCGC 900
m chi  GGOGCTGAAGCAGGCGCATCCTGACCT GAAAAT CCTGCCGT CGATCGECGECT GGACGCT GTCCGACCCGT TCTTCT TCATGGGCGACAAGGTGAAGCGC 900

kkkk kkkk kkkkkkk  kk kkkkkkkkkkkkkkkhkhhhkkkkhk hkkokkkkhk % hkkkk hhkkkkhkkhkk kokkkkhhk kkkkkkkkkkkk

| -chi  GATCGCTTCGT CGGCT CGGT GAAGGAGT TCCTGCAAACCT GGAAGT TCTTTGAT GGCGT AGATAT CGACT GGGAAT TCCCGGGCGGGCAGGGTGCTAACC 1000
m chi  GATCGCTTCGTCGGT TCGGT GAAAGAGT TCCTGCAGACCT GGAAGT TCT TCGACGGECGT GGATATCGACT GGGAGT TCCCGEGECGGCAAAGGBCGCCAACC 1000

kkkkkkkkhkkkhkhkhk hhkhkkkhkk hhhkkkhhhhhkh hhkhhhkhhhkhkkhhk khkkkk kkkkkkkkhhkkkx kkkkkkkkkkk * kk kk kkkk

| - chi  CGAAACT GGGCAGT ACGCAGGAT GGGGCAACCT AT GT GCAGCT GATGAAAGAGCT GCGCGCCAT GCTGGATCAGCT TTCGGCGGAAACGGGECCGTAAGTA 1100
m chi  CTAACCT GGGCAGCCCGCAAGACGGGGAAACCTATGT GT TGCT GATGAAGGAGCT GCGGGCGAT GCTGGATCAGCT GTCGGCGGAAACCGGECCGCAAGTA 1100

* kK kkkkk kKK kkkk kk Khkkk Kk kkkkkkkk kkkkhkkhkhkk Khhkkkhkhkkk *k kkkkkkkhkhkhkkhkhk khkkkkkkhhkkhk kkkkk Hkkkx

| - chi  TGAACTGACCTCT GCGAT CAGCGCCGGCAAGGATAAAAT CGATAAGGT GGAT TACAACACCGCACAAAACTCGATGGATCACATTTTCCTGATGAGTTAC 1200
m chi  TGAGCTGACCTCCGCCATCAGCGCCGGT AAGGACAAGAT CGACAAGGT GGCT TACAACGT TGOGCAGAACT CGATGGATCACATCT TCCTGATGAGCTAC 1200

khkk Khkhkhkhkkhkk Kkkkkkhhkhkhkkhhkk K*hkkkk *k Khkhkkk *kkhkhkk Khkkkkk* kk Kk KkkkhkkkkhkhkkAK Ak kK *kkhhkhkrkkkkx KKk

| - chi  GACTTCTATGGGGCAT TCGAT CTGAAAAAT CTGGGCCACCAGACT GCGCT GAAAGCGCCGGECCT GGAAACCGGATACGGECGTATACCACGGTGAATGECG 1300
m chi  GACTTCTATGGCGCCT TCGATCT GAAGAACCT GGGGCAT CAGACCGCGCT GAAT GCGCCGGCCT GGAAGCCGGACACCGCTTACACCACGGT GAACGGCG 1300

KhkkkKkkhkhhkhkk Kk KAAkhkhkhhkhk K% Kkkkk*k *kk KAKkk* Khkhkhkhkhkk KAk Ahkkkkhkhhkhhkhk XKkkkk *% *k **k Kkhkkkkkhkhkhk* *kkk*

| - chi  TTAATGCACT GCTCACGCAGGGCGT GAAGCCGGGCAAAAT CGT GGT GGGCACCGCCAT GT ACGGT CGOGGT TGGACCGGGGT GAACGGT TACCAGAACAA 1400
m chi  GCGCTGCTGGCGCAGT CAAT GGCGT CAAGCCGGGCAAGAT CGT GGT CGGCACCGCCAT GTATGGCCGCGGCT GGACCGGEGGT GAACGGCTACCAGAACAA 1400

* %k kOKKKKKKKK KKK KKK KKK KKK KK KK KAKRKAKAKRKK KKK *k KhAKE AKKKK KKK KRR KKAK Kk R AR * kA KK

| - chi CATTCCGITTACCGGCACCGCCACT GGCCCGGT GAAAGGCACCT GGGAAAAT GGCATCGT GGAT TACCGCCAGATCGCCAAT GAGT TTATGAGCGGCGAA 1500
m chi  CATTCCGT TCACCGGT ACCGCCACT GGGCCGGT TAAAGGCACCT GGGAGAACGGCATCGT GGACTACCGCCAAATCGCCGGCCAGT TCATGAGCGGCGAG 1500

KhKKKK KKK KKK KAKKKKRKAKKK KAKKKx KAKAKARKKKAAAK Kk *AAAAARAAAK* KA KAKAAF KA K kKh* KhkkKk KKK KKK KKK KK

| - chi TGGCAGTACAGCTACGATGCTACCGCTGAAGCACCCTATGI CTTCAAACCT TCCACTGGCGATCTGATCACCTTCGACGATGCGCGCTCGGT GCAGGCGA 1600
m chi  TGGCAGTATACCTACGACGCCACGGCGGAAGCGCCTTACGTGT TCAAACCT TCCACCGGCGAT CTGAT CACCT TCGACGATGCCCGCTCGGTGCAGBCCA 1600

kkkkkkkk k kkkkkk kk kk kk hkkkk kk kk kk kkhkkkkkhhkkhhk hhhkkhkhhkkhhkkkhkkkkkhkkk hkkhhkokkkkkkk k& %

| -chi  AGGGCAAATATGI GCT GGATAAGCAGCT GGGCGGGT TGT TCTCATGGGAAAT TGACGCCGACAACGGCGATATTCTGAAT AACATGAACAGCAGCCTGGG 1700
m chi  AAGGCAAGTACGT GCT GGATAAGCAGCTGGGCGGCCTGT TCTCCTGGGAGAT CGACGCGGATAACGGCGATAT TCTCAACAGCAT GAACGCCAGCCTGGEG 1700

k kkkkk kk kkkkkkkkkkkkkkkkkkkkhkkk khkkkkk kkkkk kk kkkkk Kk kkkkkkkkkkkkkk Kkk ok kkkkkkk Hokok ok okok ok ok ok

| -chi  CAACAGCGTCGGTACGCCT TAAATCGGT TGTAGTGCGT TGCCGGTCTAGA 1750
m chi  CAACAGCGCCGGCGTTCAATAA- TCGGT TGCAGT GCGT TGCCGGTCTAGA 1749

kkkkkkkk kkk Kk kkk kokkkkkk kkkkkkkkkkkkokkk ok ok kok

Fig. 2. Nucleotide sequence alignment®fmarcescen8TCC 21074 chitinasenf-ch) andS. liqguefacienssM1403 chitinase gend-¢hi),
respectively. Asterisks indicate the same nucleotide identity. The starting ATG and stop codons are indicated by boldface.

RETT-based random recombination using uni- mids from library revealed that restriction patterns
directional ssDNA fragments prepared by reverse of 10 plasmids were different from those of parent
transcription with random primers was conducted as plasmids (data not shown). This result indicated that
described inSection 2 Restriction enzyme mapping recombination occurred at a high frequency above
analysis of randomly selected 14 recombinant plas- 70%. Further nucleotide sequence analysis of the 10
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Fig. 3. Chimeric structures of RETT-based recombinant chitinase genes. Recombinant chitinases were generated by RETT method using
unidirectional ssDNA fragments generated by reverse transcription witro-transcribed RNA with random primers. The crossover sites

are indicated by vertical lines. The numbers in RETT-derived recombinant chitinase genes indicate the position of crossovers. Sequences
derived fromS. marcescenshitinase gene an8. liquefacienshitinase gene are shown by black and white boxes, respectively.

recombinant chitinase genes showed that the number RETT-based random recombination using unidirec-
of apparent recombination sites within each recombi- tional ssDNA fragments prepared by serial deletion
nant gene ranged from one to four, and the recombi- with exonuclease Ill was also conducted as described
nation points were randomly distributed along entire in Section 2 Restriction enzyme mapping of the re-
DNA sequenceHig. 3. combinant plasmids prepared from randomly selected
When the screening of mutants having improved 10 colonies revealed that restriction patterns of seven
chitinolytic activity was performed against randomly plasmids were different to those of parent plasmids
selected 800 clones, one positive clone showed (data not shown). Further nucleotide sequence analy-
increased chitinase activity on chitin—agar plates sis of the seven recombinant chitinase genes showed
(Fig. 4(a). The recombinant chitinase gene derived thatthe number of apparent recombination sites within
from the positive clone, R-24, has four apparent each recombinant gene ranged from one to four, and
recombination sitesFjg. 4(b). The purified R-24  the recombination points were randomly distributed
chitinase has 1.5 times higher specific activity than along entire DNA sequencé&ig. 5).
that of S. marcescenshitinase and 1.3 times higher When the screening of mutants having improved
than that ofS. liquefacienhitinase. chitinolytic activity was performed against randomly
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Fig. 4. (a) Screening of recombinant chitinase library on chitin—agar plate for improved chitin-resolving activity. Recombinant library were
generated by RETT method using unidirectional ssDNA fragments generated by reverse transcriptiositroftranscribed RNA with

random primers. The R-24 clone showing increased chitinase activity on chitin—agar plates is indicated by an arrow. (b) Chimeric structure
of R-24 chitinase gene. The numbers in R-24 chitinase gene indicate the position of crossovers. Sequences deS/echdroescens
chitinase gene an8. liguefacienshitinase gene are shown by black and white boxes, respectively.
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Fig. 5. Chimeric structures of RETT-based recombinant chitinase genes. Recombinant chitinases were generated by RETT method using
unidirectional ssDNA fragments generated by serial deletion with exonuclease Ill. The sites of crossovers are indicated by vertical lines.
The numbers in RETT-derived recombinant chitinase genes indicate the position of crossovers. Sequences deryedth&oescens
chitinase gene an8. liqguefacienshitinase gene are shown by black and white boxes, respectively.
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Fig. 6. (a) Screening of recombinant chitinase library on chitin—agar plate for improved chitin-resolving activity. Recombinant library were
generated by RETT method using unidirectional ssDNA fragments generated by serial deletion with exonuclease Ill. The R-8 clone showing
increased chitinase activity on chitin—agar plates is indicated by an arrow. (b) Chimeric structure of R-8 chitinase gene. The numbers in
R-8 chitinase gene indicate the position of crossovers. Sequences derive®.froarcescenshitinase gene an8. liquefacienshitinase

gene are shown by black and white boxes, respectively.

Error-prone PCR
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Fig. 7. Thermostability of parental chitinase (a), error-prone PCR-derived variants (b), and RETT-derived recombinant variants (c). Each
purified enzyme was treated at 8D for indicated times. The residual activity was expressed as percentage of the original activity. The
half-lives of R-24, ep-2, ep-4, ep-19, rett-27, rett-38, and rett-53 chitinase°a& &@&re 11 min, 37 min, 34 min, 41 min, 11.2h, 6.7 h, and
10.1h, respectively.
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selected 2000 colonies, one positive clone showed
increased chitinase activity on chitin—agar plates
(Fig. 6(a). The recombinant chitinase gene, R-8, de-
rived from the positive clone has two apparent recom-
bination sites Fig. 6(b). The purified R-8 chitinase
has 2.1 times higher specific activity than thatSf
marcescenghitinase and 1.6 times higher than that
of S. liquefacienghitinase.

3.3. Application of RETT to directed evolution of
chitinase for improved thermostability

Plasmid pBKS-R24 carrying chitinase R-24 gene
was used as a template in error-prone PCR to in-
troduce random point mutations. Mutant libraries
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N70S
ep-4
N474D
ep-19

Q404H N457Y
RETT
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rett-53

Fig. 8. The deduced amino acid changes are indicated in each

were created under conditions that average one to chitinase variant. The filled circles indicate amino acid substitutions

two amino acid substitutions per gene. When approx.
10,000 colonies were screened for improved ther-
mostability, three chitinase variants were obtained.
They have approximately three to four times longer
half-lives at 60°C than that of parental chitinase

R-24 (Fig. 7(a) and (b) Plasmids encoding each

mutant chitinase were isolated and pooled with equal

derived by error-prone PCR. The empty circle indicates an amino
acid substitution generated during RETT process.

amino acid by back-crossing with parental chitinase,
R-24.

amounts. Genes for these chitinase variants were sub-4. Conclusions

jected to random recombination by RETT method.
From ~15,000 recombinant chitinase library, three
recombinant chitinases were obtained for improved
thermostability. The purified recombinant chitinases,
rett-27, rett-38, and rett-53, have 61, 37, and 55
times longer half-lives at 60C than that of parental
chitinase R-24, respectivel¥ig. 7(a) and (g}
Nucleotide sequence analyses of chitinase vari-
ants were carried out and the deduced amino acid
substitutions are shown iRig. 8 Chitinase variants,
ep-2, ep-4, and ep-19, derived from error-prone PCR
have one or two amino acid substitutions at dif-
ferent sites in amino acid sequence. RETT-derived
chitinase variants have two common amino acid
substitutions, N474D and Q404H, which were orig-
inated from ep-4 and ep-19, respectively. These two
amino acid substitutions in chitinase R-24 endowed
a very high thermostability, about 60 times increase
in rett-27. N70S substitution of ep-2 gave a slight
increase in thermostability of chitinase. However,
N425S substitution in rett-38, generated by a point
mutation during RETT-based random recombination
gave a deteriorative effect on thermostability of chiti-
nase. This substitution can be replaced with original

We have developed a new method fior vitro
DNA recombination technique termed recom-
bined extension on truncated templates (RETT).
RETT generates random recombinant gene library
by template-switching of unidirectionally growing
polynucleotides from primers in the presence of uni-
directional ssDNA fragments used as templates. Since
RETT method does not use DNA endonucleases for
generation of shuffling blocks, RETT may increase
randomness in recombination process compared with
DNA shuffling and RACHITT. In RETT process, the
recombinational synthesis and template-switching of
growing primers are carried out under normal PCR
conditions of annealing and DNA elongation unlike
StEP, which uses extremely abbreviated annealing
and DNA elongation conditions. RETT may generate
more random library than StEP because it is not influ-
enced by sequence-specific pause sites met by DNA
polymerase-like StEP process. We verified the effec-
tiveness of RETT method by applying it to the recom-
bination of two homologous chitinase genes fr@n
marcescenand S. liquefaciensRETT was also ap-
plied to directed evolution of a chitinase for enhancing
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thermostability. Chimeric chitinases that were more
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[8] H. Joo, Z. Lin, F.H. Arnold, Nature 399 (1999) 670.

thermostable than the parental enzyme were success-[9] K.H. Oh, S.H. Nam, H.S. Kim, Protein Eng. 15 (2002) 689.

fully obtained by RETT-based recombination.
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