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Faster and more efficient searches of a huge protein sequence space for the purpose of
conducting experiments in protein evolution can be achieved through the development
of a block shuffling-based evolution system. One of the key components of such a system
is the accurate and efficient linkage of gene units. Here we introduce a new method that
allows accurate and controllable linkage of microgene blocks. This method employs a
thermostable DNA ligase that links two single-stranded microgene blocks when they
hybridize a complementary guide oligonucleotide. At high temperature, the ligation of
the microgene units is fully dependent on the guide oligonucleotide, which can exclude
undesired polymer formation, including the incorporation of microgenes having illegiti-
mate sizes and “head-to-head” and “tail-to-tail” ligation of blocks. We were also able to
assemble three microgene units using two guide oligonucleotides. Using this method of
controllable linkage should facilitate further development of a step-by-step system for
the polymerization of gene blocks, leading to a versatile block shuffling-based protein
evolution system.

Key words: combinatorial polymers, evolutionary biotechnology, in vitro evolution, pro-
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Selection from molecular diversity libraries is a promising
strategy for de novo creation of novel, functional proteins.
This in vitro selection approach has already yielded re-
markable successes in evolving functional RNAs, DNAs
and short peptides whose structures are unrelated to exist-
ing biomolecules (I-5). In these experiments, large pools of
random sequences prepared by combinatorial polymeriza-
tion of four nucleotides were used as starting libraries from
which functional molecules were evolved by neo-Darwinian
selection. By following a similar strategy, Keefe and
Szostak recently succeeded in evolving artificial 80-amino
acid ATP-binding proteins with sequences unrelated to any
existing protein from a random library containing 6 x 102
proteins (6). Their success confirms that a local search of a
huge protein sequence space (sequences of 80 amino acids
are able to form 10% different proteins) is sufficient to
encounter functional new proteins.

Nevertheless, the results of theoretical experiments sug-
gest that “a hierarchical approach” would allow a much
more efficient search of protein sequence space and provide
a greater likelihood of generating new protein folds (7).
This theory proposes that combinatorial linkage between
preexisting gene blocks via nonhomologous DNA recombi-
nation, rearrangement or insertion is the rate-limiting
genetic event that has infused the existing protein world
with structural diversity. This theory is fully compatible
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with the early hypothesis of Gilbert, “the exon theory of
genes” (8, 9), which proposes that polymerization of exons
(i.e., microgenes coding for structured short peptides)
through their flanking introns gave birth to the first set of
genes. Although there is some dispute about the antiquity
of introns (10, 11), it is now evident from observations of
the structures of existing genes that such “exon shuffling”
played a pivotal role in creating new genes in metazoan
phyla, especially genes related to multicellularity (12, 13).
Thus, both from a theoretical point of view and from ana-
lytical observations of the structures of existing genes, a
hierarchical evolution of proteins—i.e., mature proteins
evolving from assemblages of microgenes having primor-
dial biological functions—is a more plausible scenario for
protein evolution than the hypothesis that insists proteins
originated from random sequences of nucleotides (14, 15).
With the aim of establishing an efficiently directed pro-
tein evolution system, efforts are ongoing in many laborato-
ries to apply the principle of “exon shuffling” or “a hier-
archical approach” as an underlying concept of the system.
DNA shuffling among a family of related genes has already
enabled a sparser sampling of protein sequence space, and
accelerated directed evolution of existing proteins (16). This
powerful technique, however, can be applied only to genes
or gene blocks that share enough sequence similarity to
enable recombination using PCR. To recombine gene blocks
that do not share any sequence similarity, special protocols
need to be devised. Examples of such artifices include: (i)
the use of engineered group Il introns having trans-splicing
activity to shuffle RNA cassettes of exons (17); (ii) the use
of lox-Cre recombination sites inserted into self-splicing
group I introns to assemble a large repertoire of peptides
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from two different exons (18); (iii) the PCR-based assem-
blage of gene blocks pre-made so that they contain regions
that partially (19, 20) or completely (21, 22) overlap regions
in other blocks; (iv) the “SCRATCHY” method (23), which
enables creation of multiple-crossover DNA libraries in
which nonhomologous genes are first recombined by
“ITCHY” (incremental truncation for creating hybrid en-
zymes) (24) or “SHIPREC” (sequence homology-indepen-
dent protein recombination) (25), and then the resultant
fusions are shuffled by “DNA shuffling” (26); and (v) “Y-liga-
tion,” which uses T4 RNA ligase to ligate single-stranded
DNA blocks that form one stem and two branches (Y-shape)
(27). In this paper, we introduce a new protocol that
enables the controllable linkage of microgene blocks using
thermostable DNA ligase and one or two guide oligonucle-
otides. This approach should facilitate the development of a
protein evolution system based on “exon shuffling” or “a
hierarchical approach.”

MATERIALS AND METHODS

Preparation of Microgenes—The microgenes used in
these experiments and the respective oligonucleotide prim-
er sets used to prepare them are listed in Table I; the se-
quences of the oligonucleotide primers are shown in Table
IOI. Microgene blocks were prepared by PCR using the indi-
cated primer pairs (Table I) and Taq or HiFi DNA poly-
merase (Roche Diagnostics GmbH, Mannheim), with 1 ng
of the 0.8 kb BstElI-BamHI fragment of pKS21 [contain-
ing the ileS gene (34)] serving as a template. The PCR was
run for 35 cycles; the annealing temperature was 60°C. Mi-
crogene products were then separated in 2% agarose gels,
and DNAs were recovered using a QIAquick Gel Extraction
Kit (Qiagen GmbH, Hilden). Purified microgene blocks
were quantified by ethidium bromide staining (28).

TABLE 0. Primer sequences.
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Ligation of Microgene Blocks—Ligation was carried out
in 20 pl of a mixture containing the indicated amounts of
microgene blocks and guide oligonucleotides, 20 mM Tris-
HC! (pH 7.5), 20 mM KCl, 10 mM MgCl,, 0.1% Nonidet P-
40 (NP40), 0.1 mM ATP, 1 mM dithiothreitol, and 4 units of
Pfu DNA ligase (Stratagene, La Jolla). The enzyme was
added to the reaction mixture at 65°C, and in most experi-
ments a thermocycle of 92°C for 1 min and 65°C for 1 min
was then repeated seven times. The resultant microgene
polymers were detected by amplifying the contents of 1 pl
of ligation mixture using the indicated primers in 50 pl of
PCR mixture. In the experiment shown in Fig. 5, lanes 14,
the incubation conditions were 95°C for 5 min followed by
65°C for 2 h instead of thermal cycling. In the experiments
shown in Fig. 5, lanes 5-8, and in Fig. 6, the thermostable
DNA ligase Ampligase (Epicentre Technologies, Madison)

.was used instead of Pfu DNA ligase. The ligation mixture

for Ampligase contained 20 mM Tris-HCl (pH 8.3), 256 mM
KCl, 10 mM MgCL, 0.01% Triton X-100, 0.5 mM nicotin-

TABLE 1. Abbreviations of microgenes and primer pairs used
for preparations.

Microgene blocks Primer pairs®

AA* KY-606/KY-543
pFA KY-605/KY-607
AAA KY-606/KY-632
pAFA KY-633/KY-607
pB KY-601/KY-545
pC KY-602/KY-547
pD KY-603/KY-5649
pE KY-604/KY-551
p(B-E)b KY-721/KY-722
AAAb KY-606/KY-723
pAFAb KY-633/KY-724

*A indicates that the microgene lacks WS-2 (left A) or WS-1 (right
A) sequences. "Nucleotide sequences are shown in Table II.

Primers Sequences (5" to 3"
KY-543 CCTCCCTCAGAGCCGGGCCCGGACGGAGAAGTTTTGTCGTA
KY-545 CCTCCCTCAGAGCCGGGCCCGGTCCAGATTACCAGCGAGA
KY-547 CCTCCCTCAGAGCCGGGCCCTTTCGCCAGAATCACGGCCT
KY-549 CCTCCCTCAGAGCCGGGCCCGGTACCGGCATCCAGGGTA
KY-551 CCTCCCTCAGAGCCGGGCCCGTTCACGCCATCCAGCGTC
KY-601 pCGCCAACGCCGGCAAGGGGGGTATCGACGTTGCTTTCCAGGC
KY-602 pCGCCAACGCCGGCAAGGGGGGTACCACGCCGTGGACTCTGCC
KY-603 pCGCCAACGCCGGCAAGGGGGATCTGGTTGAAAGCGTAATGC
KY-604 pCGCCAACGCCGGCAAGGGGGGTGCCGTTCACACCGCG
KY-605 pCGCCAACGCCGGCAAGGGGGTCTTCAAAGCGAACGACATC
KY-606 GGACGGTCACCTGCACAAAGGCGCGA

KY-607 GGCGGGATCCACTGCACGCCTTTGAT

KY-632 GACGGAGAAGTTTTGTCGTAAT

KY-633 pCGTCTTCAAAGCGAACGACATC

KY-638 CCCCCTTGCCGGCGTTGGCGCCTCCCTCAGAGCCGGGAAA
KY-640 CCCCCTTGCCGGCGTTGGCGGACGGAGAAGTTTTGTCGTCCG
KY-641 GATGTCGTTCGCTTTGAAGACGCCTCCCTCAGAGCCGGGAAA
KY-642 TTGCCGGCGTTGGCGCCTCCCTCAGAGCCGAAA

KY-643 CCGGCGTTGGCGCCTCCCTCAGAGAAA

KY-644 GCGTTGGCGCCTCCCTCAACA

KY-645 TTGGCGCCTCCCAAT

KY-703 AAGTTGAGTATTACGACAAAACTTCTCC

KY-704 CTTTGATCTCTTTCAGTGACTGCG

KY-721 pCGCCAACGCCGGCAAGGGGG

KY-722 bCCTCCCTCAGAGCCGGGCCC?

KY-723 bGACGGAGAAGTTTTGTCGTAAT

KY-724 bCGGGATCCACTGCACGCCTTTGAT

*“p” indicates a phosphorylated 5-end. *b” indicates a biotinylated 5-end.
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amide adenine dinucleotide (NAD), and 5 units of enzyme.
For the experiment shown in Fig. 5, lanes 5-8;-the incuba-
tion conditions were 95°C for 5 min followed by 45°C for 2
h; those for Fig. 6A were three thermocycles of 95°C for 1
min and 45°C for 10 min; and those for Fig. 6B were 95°C
for 5 min followed by 45°C for 10 h. In Fig. 5, lanes 9-12, 4
units of T4 DNA ligase (Roche Diagnostics GmbH) were
used in a mixture containing 50 mM Tris-HCI (pH 7.6), 10
mM MgCl,, 1 mM ATP, 1 mM DTT, and 5% (w/v) polyethyl-
ene glycol (MW 8,000). The incubation was at 37°C for 2 h.

Preparation of Single-Stranded Microgene Blocks—To
exclude the DNA strand corresponding to the nonreading
frame of the microgenes from the ligation reaction mixture,
single-stranded microgene blocks corresponding to the
reading frame were prepared as follows. First, microgene
blocks were reamplified by PCR using each of the micro-
genes as a template with primers KY-721 and KY-722. The
KY-721 oligonucleotide is complementary to the WS-2
region (see “RESULTS”) and has a phosphorylated 5™-end,
while the KY-722 oligonucleotide is complementary to the
WS-1 region and has a biotinylated 5-end. Consequently,
after reamplification of the microgene blocks with KY-721
and KY-722, the 5’-ends of the reading strands were phos-
phorylated, while the 5-ends of non-reading strands were
biotinylated (designated as pNb).

The KY-606/KY-723 and KY-633/KY-724 primer pairs
were used to prepare AAAb and pAFAD, respectively. Ali-
quots (250 wl) of re-amplified PCR reaction solution con-
taining approximately 100 pmol of microgene block were
mixed with 250 wl of buffer containing 5 mg/ml streptavi-
dincoated superparamagnetic polystyrene beads (Dyna-
beads M-280, Dynal, Oslo) in 10 mM Tris-HCI (pH 7.5), 1
mM EDTA, and 2.0 M NaCl, and then incubated for 15 min
at room temperature. During this incubation, biotinylated
double-stranded microgene blocks were bound to the
streptavidin moiety of the bead. Using a magnetic particle
concentrator (MPC-E, Dynal), the beads were washed with
250 pl of buffer containing 10 mM Tris-HCI (pH 7.5), 1 mM
EDTA and 2.0 M NaCl followed by 250 ul of water. The
water was completely removed from the tube, and the
beads were incubated in 40 pl of freshly prepared 0.1 N
NaOH for 10 min at room temperature. Double-stranded
DNAs were denatured to single-stranded DNAs in the
alkaline solution, and the reading strand without the biotin
moiety was liberated from the beads. The supernatant
enriched with the single-stranded reading frame was then
separated from the beads and neutralized by adding 12 pl
0f 0.333 N HCL.

RESULTS

Microgene Blocks—The microgene blocks used in these
experiments were designed from ileS, the gene for Escheri-
chia coli isoleucyl-tRNA synthetase (29). Six microgenes,
MG-A to MG-F, encoded polypeptides ranging from 30 to 69
amino acids in length, one of which constituted the CP1
(connective peptide 1) region of isoleucyl-tRNA synthetase
(Fig. 1A). The CP1 region connects the first and second
halves of the N-terminal nucleotide binding fold (Rossmann
fold) of the enzyme (30) and is folded as an independent
globular domain (31, 32) (Fig. 1B). This region is responsi-
ble for editing the activity of the enzyme (31-33) and is
important for avoiding the incorporation of valine instead
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of isoleucine during the translation process. A mutant iso-
leucyl-tRNA synthetase lacking the CP1 region showed
aminoacylation activity in vitro (30), but did not support
cell growth of an ileS null strain (K. S. unpublished result).

We previously showed that isoleucyl-tRNA synthetase
can be cleaved into two fragments at various points
throughout the enzyme structure without eliminating its
ability to support growth in vivo (34-36). The reconstitution
of activity was achieved through noncovalent assembly of
enzyme fragments within the cell. Because this productive
assembly is sufficiently flexible to accommodate the fusion
of short segments of unrelated sequences at fragment junc-
tions, we reasoned that cleavage points that did not elimi-
nate the enzyme activity in the reconstitution experiment
would be best suited for defining microgene boundaries.
Therefore, all boundaries between microgene blocks corre-
spond to cleavage points in CP1 where reconstitution
occurred

Welting Sequences—Each microgene block contained a
20-nt “welting sequence” at its 5’- and 3’-termini (WS-1 and
WS-2, respectively). This sequence facilitated discrimina-
tive ligation of the microgene blocks and allowed the recre-
ation of a 40-nt “WS-1 + 2” sequence when ligated in WS-1-
WS-2 order (Fig. 2A). These welting sequences were de-
signed so that: (i) the WS-1 + 2 sequence would encode a
glycine-rich, flexible tridecapeptide that was in frame with
respect to the microgene products; (ii) WS-1 and WS-2 con-
tained the Nael and Apal recognition sites, respectively;
(iii) linkage between WS-1 and WS-2 would recreate the
Narl recognition site at its junction; and (iv) illegitimate
“head-to-head” or “tail-to-tail” linkage of WS-1 or WS-2
would recreate the Stul and BssHII recognition sites,
respectively, at their junctions. These restriction enzyme
recognition sites within the WS sequences enabled analysis
and manipulation of the polymerization products.

Guide Oligonucleotide-Dependent Ligation Reaction—
Microgenes with welting sequences were ligated under con-
ditions similar to those used in the LDR, LAR, or LCR
(ligation “detection,” “amplification,” or “chain” reaction)
method (37-39), which is used to detect single-base substi-
tutions on a chromosome using two adjacent oligonucleo-
tides complementary to a target and a thermostable ligase.
A key advantage of this approach relates to the fact that
thermostable ligase will preferentially ligate two oligonu-
cleotides that are perfectly complementary to their target
sequence and that hybridize at a position directly adjacent
to each other; thus discriminating against mismatches at
primer junctions.

Adopting the principle of LDR, we designed a novel link-
age strategy in which microgene blocks with complete WS-
1 and WS-2 sequences at their respective 3" and 5" ends can
be selectively ligated by thermostable ligase, whereas those
having shorter or longer ends will be eliminated. The
scheme of the system is illustrated in Fig. 2B. First, micro-
gene blocks with WS-1 and WS-2 attached are prepared by
PCR. Only the strands corresponding to the reading frame
are phosphorylated at their 5 ends (see “MATERIALS AND
METHODS”). Double-stranded microgene blocks are dena-
tured into single-stranded DNAs at high temperature, after
which an oligonucleotide complementary to the “WS-1 + 27
sequence (Guide Oligo) hybridizes to the WS-1 sequence of
the 3’ portion of block 1 and the WS-2 sequence of the &’
portion. of block 2. Because the two-microgene blocks are
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Fig. 1. The microgene blocks used in this study were designed
from ileS, the gene for E. coli isoleucyl-tRNA synthetase (29).
(A) The gene codes for the 938-amino acid-long monomeric enzyme
composed of an N-terminal catalytic domain (1st Domain) and a C-
terminal anticodon-recognition domain (2nd Domain). The numbers
represent the length of the peptides produced from the respective
microgenes (without welting sequences). (B) A space-filling model
showing the regions corresponding to MG-B to MG-E using the same
color code as in (A). The catalytic domain is divided into two halves
(nbf-1 and nbf-2, where nbf is the nucleotide binding fold) by the
CP1 (connective peptide 1) (30), which is folded as an independent
domain within the tertiary structure of the enzyme (32). The nbf-2
has an additional short insert, CP2. Microgene blocks, MG-A to MG-
F, were defined from the CP1 region so that their boundaries corre-
spond to the points at which the enzyme can be cleaved into two
fragments without losing its in vivo activity (34-36).

aligned so that they are precisely adjacent to each other,
and the 5-end of WS-2 is phosphorylated, these two blocks
can be covalently joined by thermostable ligase at high
temperature. If there is a mismatch, a gap or overhang at a
block junction, the blocks are not linked by the enzyme,
thereby avoiding the accumulation of by-products stem-
ming from illegitimate PCR products. Likewise, “head-to-
head” and “tail-to-tail” ligation of blocks is eliminated.

To confirm the appropriateness of the designed strategy,
we first tested the effect of varying the amount of Guide
Oligo present during high-temperature ligation catalyzed
by thermostable ligase. In the experiment shown in Fig.
3A, 2 fimol of two microgenes were ligated at 65°C using

K Shiba et al.
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Fig. 2. Schematic diagram showing the protocol used to ligate
microgenes with the assistance of a Guide Oligo. Welting se-
quences-1 (WS-1) and -2 (WS-2) were added to each microgene block
(A). The translational product, which is in-frame with respect to the
isoleucyl-tRNA synthetase peptide, is shown. The restriction en-
zyme recognition sites in WS-1 and WS-2 are shown. Upon hybrid-
ization with a Guide Oligo, WS-1 and WS-2 are aligned so that they
are directly adjacent to each other. (B) When the 5-end of WS-2 is
phosphorylated, the two sequences will be covalently joined by ther
mostable ligase at high temperature. The Guide Oligo has three mis-
matched bases at the 3’ end that will be needed for “chain reaction”
ligation (39), although that reaction was not explored in the study.

thermostable Pfu ligase in the presence of 0 to 200 fmol of
Guide Oligo. For the sake of simplicity, one microgene block
had only WS-1 at its 3’ end (AA) and the other had only
WS-2 at its phosphorylated 5" end (pFA). The Guide Oligo
aligned the two blocks in AA-pFA order, and the ligated
dimer was detected as a 355 bp DNA after PCR using
primers specific to each block. The 355 bp DNA was not
observed when Guide Oligo was omitted from the reaction.
But as the concentration of Guide Oligo was increased from
0.2 fmol to 20 fmol, efficient dimerization indicative of liga-
tion of the single-stranded DNAs occurred. The dependency
of ligation on Guide Oligo was not observed when there was

J. Biochem.
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Fig. 3. Two microgene blocks, AA and pFA, were ligated under
various conditions. (A) The effect of the amount of Guide Oligo (KY-
638) on ligation in a reaction mixture containing 2 fmol of each micro-
gene was investigated under the following conditions: lane 1, 0 fmol of
Guide Oligo; lane 2, 0.2 fmol of Guide Oligo; lane 3, 2 fmol; lane 4, 20
fmol; lane 5, 200 fmol. (B) Effect of varying the amount of microgene
block: lanes 1 and 2, 0.2 fmol of each microgene block; lanes 3 and 4,
2 fmol of each microgene block; lanes 5 and 6, 20 fmol; and lanes 7
and 8, 200 fmol. Lanes 1, 3, 5, and 7 contained 400 fmol of Guide

a high concentration of microgene blocks, however. In the
experiment shown in Fig. 3B, 200 fmol each of the two
microgenes were added to 20 pl of reaction mixture. At that
concentration, the two microgenes were ligated even with-
out Guide Oligo (lane 8). Therefore, to ensure Guide Oligo-
dependent linkage, the concentration of the microgene in
the ligation reaction must be kept below the threshold
where Oligo-independent linkage begins to occur.

The effect of the length of the Guide Oligo was investi-
gated in the experiment shown in Fig. 3C. The standard
Guide Oligo was a 37-nt sequence complementary to the
WS-1 + 2 sequence (Fig. 2B). When ligations were carried
out using shorter derivatives with 30-, 24-, 18-, or 12-nt
sequences complementary to the junction region of WS-1
and WS-2, the results showed that the 30-nt Guide Oligo
supported ligation of microgene blocks under our condi-
tionsg, while shorter oligonucleotides did not.

Three Block Ligation Using Two Guide Oligos—The
experiments shown in Fig. 3 indicate that ligation of micro-
gene blocks is dependent on Guide Oligo under the appro-
priate conditions—i.e., a low concentration of microgene
blocks and an excess of Guide Oligo. Using the same condi-
tions, we attempted to ligate three microgene blocks using
two different Guide Oligos. The blocks used were AAA, pN
(N = B - E) and pAFA, where AAA and pAFA had welting
sequences at both ends. In addition, two new Guide Oligos
were used in this experiment: KY-640, which is complemen-
tary to the sequence of the 3’ region of AAA followed by WS-
2, and KY-641, which is complementary to the sequence of
WS-1 followed by the 5 region of pAFA. KY-640 would
ensure linkage between AAA and pN (N = B -~ E), while KY-
641 would ensure linkage between pN (N = B — E) and
pAFA. When 20 fmol each of the three microgene blocks
(AAA, pAFA and each of pB — E) and 400 fmol each of KY-
640 and KY-641 were incubated with thermostable ligase,
the expected microgene polymers were detected as PCR
products with 453 bp (AAA-B-AFA), 459 bp (AAA-C-AFA),
516 bp (AAA-D-AFA) or 492 bp (AAA-E-AFA) (Fig. 4A). In
the absence of Guide Oligos, no polymers were produced
(data not shown).

We found that a higher concentration of microgene
blocks was needed for three-block ligation than was needed
for two-block ligation. For example, under the conditions at
which two-block ligation proceeded well, ize., 2 fmol of mi-
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- AA+pFA

Oligo KY-638 (+). (C) Effect of the length of the Guide Oligo. Two fmol
of AA and pFA were ligated in the presence of 20 fmol of KY-638 (lane
1), KY-642 (lane 2), KY-643 (lane 3), KY-644 (lane 4), or KY-645 (lane
5). In lane 6, Guide Oligo was not added. Each Guide Oligo has a se-
quence that bridges WS-2 and WS-1. The lengths of the complemen-
tary regions are shown. In all experiments, the ligated products were
detected as a 355 bp PCR product amplified using KY-606 and KY-607
as primers (indicated by “AA + pFA” on the right of the gels).

Fig. 4. Three microgene blocks were ligated using two Guide
Oligos. (A) 20 fmol of AAA and pAFA were ligated with 20 fmol of pB
(lane 1), pC (lane 2), pD (lane 3), or pE (lane 4) in the presence of 400
fmol of Guide Oligos KY-640 and KY-641. KY-640 bridged between
AAA and pN, while KY-641 bridged between pN and pAFA. (B) Mi-
crogene blocks AAA, pE, and pAFA were ligated using KY-640 and
KY-641. The amounts of microgene and Guide Oligo used for each li-
gation were 2 fmol of microgene and 40 fmol of Guide Oligo (lane 1);
2 fmol of microgene and 400 fmol of Guide Oligo (lane 2); or 20 fmol
of microgene and 400 fmol of Guide Oligo (Iane 3). In all experi-
ments, the ligated products were detected by PCR using KY-606 and
KY-607 as primers.

crogene blocks and 20- to 200-fold excess of Guide Oligo,
ligation of AAA-E-AFA was not observed (Fig. 4B, lanes 1
and 2). At least 20 fmol of each microgene block was
required for three-block polymerization (Fig. 4B, lane 3).
Polymerization Using Ampligase and T4 DNA Ligase—
Several thermostable DNA ligases with differing enzymatic
properties are commercially available. Therefore, we used
single-strand-enriched microgene blocks (see “MATERIALS
AND METHODS”), to test the ability of an ATP-dependent
Pfu ligase derived from Pyrococcus furiosus, a hyperther-
mophilic marine archaebacterium, and NAD-dependent
Ampligase derived from a thermophilic bacterium, the pre-
cise source of which is unknown, to catalyze the polymer-
ization of AAA, pN (N = B — E) and pAFA guided by KY-640
and KY-641. Both enzymes efficiently ligated the three
fragments (Fig. 5, lanes 1-8). T4 DNA ligase, in contrast,
produced illegitimate products that likely resulted from
Guide Oligo-independent ligation (Fig. 5, lanes 9-12).
Multiple Block Ligation—Finally, we attempted to carry
out polymerization of four or more microgene blocks. In one
experiment the ligation mixture contained microgene
‘blocks AAA, pFA and pE and Guide Oligos KY-638 and KY-
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Fig. 5. Polymerization using Ampligase and T4 DNA ligase.
Three microgene blocks, AAA, pN, and pAFA, were ligated using Pfu
ligase (lanes 1-4), Ampligase (lanes 5-8), or T4 DNA ligase (lanes 9—
12). Ten fmol of microgene and 40 nmol of Guide Oligo were used.
The ligated products were detected by PCR using KY-703 and KY-
704 as primers. Single-stranded-enriched microgene blocks were
used in these experiments (see “MATERIALS AND METHODS”).

640. Because KY-638 will bridge both pE-pFA and pE-pE,
polymers with the structure AAA-(E), —FA were expected.
PCR of the ligated products with primers KY-703 and KY-
704, which hybridized, respectively, to AAA and pFA, re-
vealed that by far the main product was AAA-(E)—FA (241
bp), although it was accompanied by a trace amount of
AAA-(E),-FA (418 bp) (Fig. 6A). A similar experiment was
carried out using pN (N = B — E) along with AA and pFA,
and, although a AA{(N),—FA product from AA-(D),~FA with
a size exceeding 462 bp was observed, the major product
was AA-FA. No polymers longer than four blocks were
obtained (Fig. 6B).

DISCUSSION

We have introduced a novel method that allows accurate
and controllable linkage of microgene blocks in vitro. The
method employs a thermostable DNA ligase that links two
single-stranded DNA molecules after they hybridize a com-
plementary partner such that they are positioned directly
adjacent to one another. Because the ligation reaction pro-
ceeds efficiently at high temperature (but very slowly at
low temperature), stringent conditions for hybridization of
the three DNA molecules (the two adjacent sequences and
their complementary sequence) can be selected. This avoids
nonspecific ligation derived from undesired hybrid forma-
tion under relaxed conditions. Previously, these properties
were successfully applied to the diagnostic method termed
LDR, LAR, or LCR (37-39). With this method, two primers
are designed so that the primer junction corresponds to a
target site on a chromosome. If a mismatch exists between
the primer junction and its target, it will be discriminated
against by the thermostable DNA ligase, and the primers
will not be ligated. This enables detection of a single nucle-
otide change within a genome.

Accurate linkage between DNA molecules is particularly
important for in vitro assembly of microgene blocks. Enzy-
matically or chemically prepared DNA blocks inevitably
contain illegitimate products with longer or shorter ends
(40) that will change a reading fame of a block and often
result in pre-termination of translation due to stop codons
scattered in the second and third reading frames. There-
fore, to avoid the incorporation of illegitimate microgene
units during block shuffling experiments, we employed a

K Shiba et al.

AA +pN + pFA

AAA + pE + pFA

Fig. 6. Microgenes were ligated under conditions that allow
multiple block polymerization. (A) Ten fmol each of microgene
blocks AAA, pE, and pFA were ligated in the presence of 10 fmol of
Guide Oligos KY-638 and KY-640. KY-638 mediated the linkages be-
tween pE-pE as well as pE—pFA. (B) Twenty fmol each of AA, pB,
pC, pD, pE, and pFA were ligated using Ampligase in the presence of
100 fmol of KY-638. The ligated products were detected by PCR us-
ing KY-703 and KY-704 as primers.

thermostable DNA ligase in the protocol diagrammed in
Fig. 2. With this protocol, complexes comprising a Guide
Oligo and the 5~ and 3’-regions of two microgene blocks are
formed such that the blocks are aligned directly adjacent to
each other (Fig. 2B). The fact that Guide Oligos shorter
than 24-nt do not support ligation is consistent with the
idea that stable hybrid formation between a Guide Oligo
and microgene blocks is a prerequisite. In addition, because
a thermostable DNA ligase will not ligate two DNA mole-
cules that have a gap or an overhang at their junction, ille-
gitimate microgene blocks are excluded from the resultant
polymers.

We first evaluated this protocol in a simple experiment in
which two microgene blocks were ligated with the assis-
tance of a Guide Oligo (Fig. 3). As expected, the ligation
depended on the presence of Guide Oligo (Fig. 3A), al-
though a relatively low concentration of microgene was
required, as Guide Oligo-independent ligation did occur at
higher concentrations (Fig. 3B). Guide Oligo-dependent
ligation was then extended to three blocks, a reaction medi-
ated by two different Guide Oligos (Fig. 4). In this case, we
noticed the presence of a minor product whose size corre-
sponded to AAA-AFA, suggesting the conditions allowed
Guide Oligo-independent linkage of blocks. This by-product
was completely eliminated, however, by using single-
strand-enriched microgene blocks and by avoiding thermal
cycling during the incubation step (Fig. 5). Accurate linkage
among three microgene blocks was confirmed by sequenc-
ing the microgene polymers (data not shown). Moreover,
ligation at 37°C using T4 DNA ligase resulted in higher
rates of by-products (Fig. 5, lanes 9-12), confirming that
the use of thermostable DNA ligase is critical for this sys-
tem. Finally, we attempted multiple block polymerization
(Fig. 6), but although multiple polymers were detected as
minor products, the majority of the product was comprised
of the smallest polymer. Additional artifices—solid-phase-
assisted assembly of gene blocks, perhaps (41)—will need
to be incorporated into the method before multiple poly-
merization can be achieved.

In the experiments described in this paper, all microgene
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blocks had welting sequences added to their ends, which
allowed polymerization of the blocks using a single Guide
Oligo. The drawback of this strategy is that an additional
tridecapeptide is inserted at every microgene junction. To
minimize the effect of this peptide on the folding of whole
proteins, the welting sequences were designed so that they
encode a glycine-rich flexible peptide in-frame with respect
to the microgenes. Definition of the microgene blocks is
another critical component of a “hierarchical approach” to
protein evolution. We defined the units by referring to pre-
vious enzyme cleavage experiments (34-36). Boundaries
between microgenes corresponded to the sites at which the
enzyme could be cleaved into two complementary frag-
ments without eliminating its in vivo activity. This means
that the boundaries of these microgenes were sufficiently
flexible to incorporate the extra peptides derived from the
welting sequences.

A key technology that allows accurate and efficient link-
age of microgene units is a prerequisite for developing a
versatile protein evolution system based on “exon shuffling”
or a “hierarchical approach.” The Guide Oligo-dependent
ligation method described here provides features necessary
for that key technology. The next phase will be the develop-
ment of a step-by-step polymerization system by incorpo-
rating solid-phase-assisted assembly (41).

We would like to thank Ms. Tamiko Minamisawa for her technical
assistance.
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