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Abstract: Bifunctional enzymes find a wide application as
a monitoring facility and a potential biocatalyst in molecular biology and biotechnology. Recombination of
natural enzymes to a bifunctional fusion offers valuable
tools, but the functional and structural instability of artificial fusion enzymes remains to be solved. Based on
structural traits of microbial D-hydantoinase, we attempted to construct a bifunctional N-carbamylase/Dhydantoinase fusion enzyme that would be useful for the
synthesis of nonnatural D-amino acids in a concerted
fashion. The bifunctional ability of D-hydantoinase, as a
fusion partner, was noticeable, but the resulting fusion
enzyme was subjected to serious proteolysis in vivo, as
generally encountered in the expression of large the multidomain polypeptide in E. coli. In an effort to improve
the structural instability imposed by artificial linear fusion, directed evolution of the fusion enzyme was performed using DNA shuffling with a consensus primer to
maintain a crucial domain for the enzyme activity. The
evolved fusion enzyme, F11, was selected after repeated
rounds, and this enzyme was found to show sixfold increased performance in the production of D-amino acid
compared with the parent fusion enzyme, which was
mainly due to the enhanced structural stability of the
evolved fusion enzyme. This result is an example showing that directed evolution of the linearly fused polypeptide may broaden the opportunity to generate a fusion
enzyme with greater potential. © 2000 John Wiley & Sons,
Inc. Biotechnol Bioeng 68: 211–217, 2000.
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INTRODUCTION
Different ecological niches have provided a multitude of
microorganisms that are well adapted to their environments
through the evolutionary process, and thus an abundant enzyme pool is available for screening enzymes with the desired property (Dalboge and Lange, 1998). Natural evolution, especially in a static environment, has restricted the
enzymes to function within the narrow limits of existing
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conditions and has forced them to act mainly on a specified
substrate. In the field of molecular biology and biotechnology, however, enzymes possessing two or more combined
activities, along with appropriate stability, have found a
wide application (Nixon et al., 1998). Although natural diversity of the enzymes has provided some candidates that
have evolved to possess bifunctional activity, most fusion
enzymes have resulted from the in vitro fusion of individual
enzymes based on evolutionary traits and a well-defined
structure (Ay et al., 1998; Doi and Yanagawa, 1999). Artificial fusion enzymes, simply generated by either end-toend fusion or tethering with a linker of whole genes encoding intact functional proteins, have shown comparable performance with an individual enzyme in a concerted fashion
(Gilbert et al., 1998; Li et al., 1996). However, in general,
functional and structural instability of artificial fusion enzymes has limited its practical use (Ay et al., 1998;
Chowdhury et al., 1998).
Nonnatural D-amino acids are used extensively in the
pharmaceutical field; these include antimicrobial and antiviral agents, artificial sweeteners, pesticides, and pyrethroids. With great commercial demand for various D-amino
acids, enzymatic and chemoenzymatic routes have been developed (Yamada and Shimizu, 1988). Of these, a fully
enzymatic process employing two sequential enzymes, Dhydantoinase and N-carbamylase, is a typical case requiring
combined enzyme activity (Grifantini et al., 1998; Kim and
Kim, 1995; Runser et al., 1990). In this process, hydantoin
derivative is hydrolyzed by D-hydantoinase, and the resulting N-carbamyl-D-amino acid is further converted to the
final D-amino acid by N-carbamylase (Fig. 1). Thus, functional fusion of two enzymes would offer several advantages over individual enzymes with respect to reaction kinetics and enzyme production.
In this study, we attempt to construct a bifunctional fusion enzyme composed of N-carbamylase from Agrobacterium radiobacter NRRL (B11291) (Grifantini et al., 1996)
and D-hydantoinase from Bacillus stearothermophilus SD1
(Kim et al., 1997). The artificial fusion was conducted by

occurring N-carbamylase gene has a unique restriction site,
EcoRI, in its C-terminus, neighboring the stop codon TAA.
Two primers, SDN (5⬘-TAGAATTCATGACAAAAATTATAAAAAATC-3⬘) and SDC (5⬘-TACTGCAGT
TAAATGGTTAATTCCTCGCTC-3⬘), spanning the genes
encoding the D-hydantoinase from B. stearothermophilus
SD1, were used. Restriction sites, EcoRI and PstI, were
introduced into the N-and C-terminal primers, respectively.
The amplified D-hydantoinase gene (1.4 kb) was inserted to
replace the sequence between EcoRI and PstI sites in plasmid pTC, yielding plasmid pTCH (Fig. 2). The resulting
fusion gene (2.3 kb) encoding the fusion enzyme (CABHYD) was confirmed by DNA sequencing.
Expression and Purification of Fusion Enzymes

Figure 1. A typical reaction scheme requiring two sequential enzymes
(D-hydantoinase and N-carbamylase) for the synthesis of nonnatural Damino acid from 5-monosubstituted hydantoin.

end-to-end fusion of intact N-carbamylase to the N-terminal
region of D-hydantoinase. The resulting fusion enzyme has
a distinct bifunctional activity, but the extensive proteolysis
caused by structural instability remained to be solved. In an
effort to improve the structural stability of the fusion enzyme, we conducted directed evolution using DNA shuffling (Giver et al., 1998; Stemmer, 1994) with a consensus
primer to maintain the essential residues for the structural
scaffold. After three rounds of screening and evolution, the
evolved fusion enzyme (F11) was selected, and its improved
stability was evaluated in the production of D-amino acids.
Details are reported herein.

Expression of the fusion enzyme (CAB-HYD) was conducted in E. coli JM109 under the control of Ptrc promoter
and purified using an antibody raised against the purified
D-hydantoinase from B. stearothermophilus SD1 (Kim et
al., 1997). E. coli cells were cultivated in 200 mL of LB
broth containing ampicillin (25 g/mL) at 30°C, and IPTG
(isopropyl-␤-D-thiogalactopy ranoside) (0.2 mM) was added
for induction when the OD600 nm reached about 0.7 to 0.8.
After 2-h cultivation, cells were collected by centrifugation,
and then resuspended in 5 mL of 20 mM Tris-HCl (pH 7.8)
buffer containing 0.1 mM manganese chloride, 0.1% PMSF
(phenymethyl sulfonylfluoride), 0.1% Triton X-100, and 1
mM DTT (Dithiothreitol). The fusion protein was purified
using the following protocol: Suspended cells were freezethawed two times and disrupted by sonication, and the cell
lysate was centrifuged at 15,000 rpm for 1 h. The supernatant was incubated overnight with immunoglobulin G
(IgG)-immobilized Sepharose 4B in a nitrogen gas atmosphere. After washing with 20 mM Tris-HCl (pH 7.8) containing 0.25 mM NaCl, immunoabsorbed proteins were
eluted from the column with 50 mM carbonate buffer containing 2 M NaCl. Active enzyme fractions were dialyzed
against the buffer (20 mM Tris-HCl, pH 7.8) and used for
further analyses.
DNA Shuffling and Sequence Analysis
The fusion gene encoding CAB-HYD was amplified from
plasmid pTCH using two primers, CAN and SDC. In vitro

MATERIALS AND METHODS
Construction of Fusion Enzyme
For the construction of the fusion enzyme, the Agrobacterium N-carbamylase gene (Grifantini et al., 1996) was amplified from chromosomal DNA with two primers, CAN
(5⬘-CAAAG GTCCATGGCACGTCAGATGATA-3⬘) and
CAC (5⬘-AAGGGATCCTTATCAGAATTCCGCGATCAG-3⬘), as N- and C-terminal primers, respectively. The
resulting fragment was inserted into the NcoI and BamHI
sites of pTrc99A, yielding the plasmid pTC. The naturally
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Figure 2. Structural organization of the gene encoding N-carbamylase/
D-hydantoinase fusion enzyme. Whole amino acid residues of both open
reading frames were conserved, and the nucleotide sequence of the junction
region is shown in bold.
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evolution of the resulting gene (2.3 kb) was performed as
described by Stemmer (1994) with some modifications.
DNA fragments (50 to 200 bp), digested by DNaseI, were
reassembled by PCR (94°C, 1 min; 51°C, 1 min; 72°C, 40
sec + 2 sec/cycle; total 50 cycles) with a consensus primer,
HCO (5⬘-GATCCCCACACGCATTTAGAT-3⬘). The DNA
concentrations were estimated, and then DNaseI-digested
fragments and consensus primer were mixed at about 75:1
for a concentration of 40 to 60 ng/L. The reassembled
DNA fragments were amplified by PCR (94°C, 1 min;
51°C, 1 min; 72°C, 2 min; total 35 cycles) with two primers,
SDC and CAN. The second and third rounds of shuffling
were identical to the first round. To expand the mutation
space, five and six of the positive clones were isolated from
the first and second round and used for the next round. The
evolved gene was sequenced with appropriate primers by
the use of an automated DNA sequencer (ABI, Model 377).
Library Construction and Screening
After PCR with reassembled reaction products, amplified
DNA fragments (2.3 kb) were purified from agarose gel and
then digested with NcoI and PstI. The resulting genes were
cloned into the plasmid pTrc99A, and transformed into E.
coli JM109 by electroporation. Transformants were plated
on Luria–Bertani (LB) agar plates (50 g/mL ampicillin).
After 1 day, colonies were picked with sterile toothpicks
and placed into 96-well plates containing 250 L of LB
medium (50 g/mL ampicillin). Plates were incubated at
37°C for 12 to 15 h, and then 12 L of each well was
transferred into a new plate containing fresh media. The
master plates were preserved, and the new plates were
grown for an additional 4 h, and then induced with 0.5 mM
IPTG. After 5 to 6 h, induced cells from each well were
harvested. Cells were resuspended in 100 mM phosphate
buffer (pH 7.0) and preincubated at 45°C for 6 h. After
incubation, activity of the fusion enzyme and total conversion of hydroxyphenylhydantoin (HPH) to D-hydroxyphenylglycine (D-HPG) were determined.
Measurement of Fusion Enzyme Stability
The stability of the fusion enzyme in vivo was determined
with some modifications, as described by Frank et al.
(1996). E. coli cells were cultivated in LB medium at 37°C
and induced with 0.5 mM IPTG when the OD600 nm reached
about 0.4 to 0.5. After 2-h cultivation, chloramphenicol
(100 g/mL) was added to the culture medium to block
further protein synthesis, and aliquots (0.5 mL) were withdrawn at the indicated times. Cells were collected by centrifugation, and a portion of the resulting pellet that corresponds to about 0.1 mL of culture medium was resuspended
in SDS sample buffer. Crude extract was analyzed on sodium dodecylsulfate–polyacrylamide electrophoresis (SDSPAGE), and the fusion protein band was analyzed with a gel
scanner. The remaining pellet was used to determine the
activity of fusion enzyme. For the stability of fusion enzyme

under operational conditions, the fusion enzyme was incubated in 100 mM phosphate buffer (pH 7.2) containing 1
mM DTT at 45°C, and activities of D-hydantoinase and
N-carbamylase were assayed as a function of time.
Enzyme Assay and Conversion Test
The activities of N-carbamylase and D-hydantoinase were
determined at 45°C for 30 min with constant shaking. In the
case of D-hydantoinase activity, HPH was used at a final
concentration of 15 mM as a substrate in a 100 mM TrisHCl (pH 8.0). For the N-carbamylase activity, 15 mM of
N-carbamyl-D-hydroxyphenylglycine (NCHPG) in 100 mM
potassium phosphate buffer (pH 7.0) containing 1 mM DTT
was used as a substrate. The conversion experiments of
HPH and phenylhydantoin (PH) to D-HPG and D-phenylglycine (D-PG) were performed in a total volume of 10 mL
that contained 20 mM substrate, 100 mM phosphate buffer
(pH 7.2), and 1 mM DTT in a nitrogen atmosphere. Induced
cells (50 mg) were added into the reaction vial. The reaction
products were analyzed using high-performance liquid
chromatography (HPLC) as described earlier (Kim and
Kim, 1995).
RESULTS
Construction and Expression of Bifunctional
CAB-HYD Fusion Enzyme
Our previous results showing that the N-terminus of Dhydantoinase is dispensable for enzyme activity and tolerable to a ␤-galactosidase fragment fusion provided the possibility that the hybrid enzymes might be generated via the
linear fusion of a protein at the N-terminus of D hydantoinase, expecting to create a bifunctional fusion enzyme (Kim et al., 1997; Kim and Kim, 1998a). Based on the
above finding, we constructed an artificial fusion enzyme
composed of the N-carbamylase and D-hydantoinase that is
useful for the production of D-amino acids in a concerted
fashion. E. coli JM109 was transformed with the recombinant plasmid derived from pTrc99A containing the fusion
gene. In the experiment to express the fusion enzyme, it was
observed that the fusion protein gradually disappeared, especially when induction time was longer than 2 h. To determine whether fusion protein is indeed susceptible to proteolysis in vivo, we tested the stability of the fusion enzyme
in vivo after addition of chloramphenicol to block further
protein synthesis (Frank et al., 1996). As can be seen in
Figure 3, the fusion protein band became faint with incubation time, mainly due to extensive proteolysis. The activity of the wild-type fusion enzyme was also shown to decrease with incubation time (see Fig. 5).
As an alternative strategy to reduce proteolysis in vivo,
we tested the expression of the fusion enzyme under the
control of PBAD promoter in a protease-deficient strain, E.
coli BL21. Expression level of the fusion enzyme was increased to some extent compared with that using pTrc99A,
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Figure 3. Stability of the wild-type fusion enzyme in vivo. After addition
of the chloramphenicol to the culture medium to block the protein synthesis, aliquots were withdrawn at the indicated times, and proteins were
analyzed on SDS-PAGE, as described in the text. Arrow indicates the
expressed fusion enzyme.

but most (>95%) of the intact fusion enzymes were detected
in the insoluble fraction (data not shown).
We investigated different induction conditions with
pTCH/JM109 to obtain the fusion enzyme as a soluble form
for further experimentation, and found that the specific activity corresponding to the intact fusion enzyme was maximized when cells were induced with 0.2 mM IPTG at 30°C
for 2 h. The protein band corresponding to the CAB-HYD
fusion enzyme was observed between 85 and 88 kDa, which
is consistent with the expected size of the fusion enzyme (86
kDa) calculated from the fusion gene. Analysis of the expressed enzyme by SDS-PAGE showed that at least 40% to
55% of the intact fusion enzyme was detected in the crude
extract as a soluble form, and it was estimated to be 2% to
3% of the total protein.
The antibody raised against free D-hydantoinase was observed to recognize the CAB-HYD fusion enzyme and was
used for purification. The fusion enzyme eluted from the
immunoaffinity column appeared at the position of 86 kDa,
corresponding to intact fusion protein. The fusion enzyme
catalyzed the conversion of HPH to D-HPG via NCHPG,
which clearly indicates the bifunctional activity of the fusion enzyme. Aside from the major band of the intact fusion
enzyme, minor polypeptides of smaller size resulting from
proteolysis were also observed. These polypeptides were
removed using an ion-exchange column and found to have
no effect on the bifunctional activity of the fusion enzyme.
The activities of the CAB-HYD fusion enzyme toward
NCHPG and HPH were estimated to be 1.1 and 5.1 U/mg
protein, respectively.
In Vitro Evolution of the Fusion Enzyme
As mentioned earlier, the expressed wild-type fusion enzyme (CAB-HYD) was subjected to serious proteolysis in
vivo, and this seems to be due to low structural stability of
the fusion enzyme. We attempted to improve the structural
stability of the CAB-HYD by directed evolution using DNA
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shuffling. From a practical standpoint, the evolved fusion
enzyme should have enough stability to retain the bifunctional activity for a prolonged period of time. We expected
that the fusion enzyme evolved to resist proteolysis in vivo
would be well correlated with its structural stability, which
was supported by in vivo stability test of fusion enzyme, as
shown in Figure 3. In this context, we first screened positive
clones showing distinct activities of both enzymes after induction with 0.5 mM IPTG at 37°C for 5 to 6 h, and further
confirmed the stability of the selected clones by total production of D-HPG from HPH for a predetermined period of
time, as described in the experimental protocol.
When seeing the diverse nature of enzymes that have
evolved to adapt the well-organized enzyme scaffold, a specific enzyme family requires cofactors or metal ions for
activity. Hydantoinase family enzymes are also known to
have a strong dependency on metal ions such as Mn2+ or
Zn2+ (Syldatk et al., 1999) and, recently, the metal binding
site (DXHXHXD) was identified (Kim and Kim, 1998a,b).
These residues are essential for maintaining structural integrity and need to be conserved for diminishing the inactive clones, especially in the first round of shuffling, during
which point mutation is dominant and resultant positive
clones with improved stability are rarely detected. In this
sense, a specific primer was added to increase positive clone
frequency. From the initial shuffled pool (7000 clones), 5
positive clones showing distinct enzyme activity were isolated. To expand the mutation space, a mixture of five genes
was used for the second round, and 57 positive clones were
picked from the library of the second round (5500 clones).
Among them, the 6 best clones were selected and used for
the third round. After the third round of selection, a mutant
F11, which exhibited highest stability and total conversion,
was screened. The evolved mutant F11 retained its bifunctional activity over 15 h at 45°C. More rounds proved to be
nonproductive due to the severe inhibition of cell growth by
the evolved fusion enzyme.
Sequencing of the gene encoding F11 revealed 19 point
mutations mainly distributed in the HYD domain. Two and
six silent mutations were found in the CAB and HYD domains, and two and nine mutations causing the amino acid
changes occurred in the CAB and HYD domains, respectively (Table I). No mutation causing a frameshift mutation
was found. From the analysis of mutated residues, we found
an interesting mutation, F304S, located at the junction of
two enzyme domains. The resulting sequence of the junction region was changed from Gly–Leu–Ile–Ala–Glu–Phe
to Gly–Leu–Ile–Ala–Glu–Ser. In addition, two mutations,
G536S and G645R, resulted in the replacement of hydrophobic residues with hydrophilic residues. The possibility
of reducing structural constraints was provided by two substitutions, P684L and P690L, and the other five mutations
were conservative. Currently, specific assignment of the
changed residues is difficult because no structural data are
available. It seems that the cooperative effect exerted by
these mutations confers favorable multidomain folding,
leading to improved stability of the fusion enzyme.
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Table I.

Mutation residues in the mutant F11.
Enzyme

a

Residue

CAB–HYD

F11

213
304
369
427
453
475
536
645
644
684
690

Ser
Phe
Leu
His
Leu
Leu
Gly
Gly
Pro
Pro
Val

Cys
Ser
Phe
Tyr
Phe
Val
Ser
Arg
Leu
Leu
Ala

a
Two mutation residues, 213 and 304, are found in the CAB domain and
the other residues are in the HYD domain.

Structural Stability of the Evolved Fusion
Enzyme F11
Extract from induced cells expressing the evolved fusion
enzyme F11 was analyzed by SDS-PAGE. As shown in
Figure 4, the protein band of the evolved F11 showed a
similar level to that of wild-type enzyme, and it remained
almost intact for a prolonged incubation, even after addition
of chloramphenicol. This finding indicates that the F11 has
an improved stability compared with the parent fusion enzyme and maintains its structural integrity in vivo. In the
case of the parent fusion enzyme, serious proteolysis occurred under the same conditions as shown in Figure 3. The
F11 mutant was also found in the insoluble fraction (75% to
80%), and it was associated with bifunctional activity. This
result therefore suggests that the aggregation tendency of
the fusion enzyme can be partly attributed to the reduction
of proteolysis in vivo as described elsewhere (Gilbert et al.,
1998).
The mutant F11 was evaluated for its stability under operational conditions (45°C, pH 7.0) by tracing both activities as a function of time, which correlates well with the
stability of the bifunctional fusion enzyme. As shown in

Figure 4. Stability of the evolved fusion enzyme F11 in vivo. The experimental procedure was the same as in Figure 3.

Figure 5, the mutant F11 retained its N-carbamylase activity
above 50% for about 18 h, whereas D-hydantoinase activity
was maintained at over 85% of initial activity. On the other
hand, the parent fusion enzyme (CAB-HYD) lost half of its
N-carbamylase and D-hydantoinase activity in 5 and 7 h,
respectively, under the same conditions. The slight increase
in both activities at the beginning of the incubation might
result from the solubilization of the fusion enzyme from the
insoluble fraction. The disparity in enzyme stability is
closely linked with the nascent property of N-carbamylase.
It has been reported that N-carbamylase is susceptible to
inactivation under oxidizing conditions and is highly sensitive to hydrogen peroxide (Grifantini et al., 1996; Kim and
Kim, 1995).
Conversion Reaction Using the Evolved
Fusion Enzyme
To test the possibility of using the evolved fusion enzyme in
the production of D-amino acids, we conducted a smallscale conversion. A predetermined amount of cells (50 mg)
expressing the mutant enzyme was added to the reaction
mixture (10 mL) containing 20 mM HPH or PH as substrates, and concentrations of substrate and product were
determined (Fig. 6). Production of the final product (D-HPG
or D-PG) continued to increase as the reaction proceeded,
and almost complete conversion (>97%) was achieved
within 5 h. Reaction intermediate (NCHPG or NCPG)
reached a maximum level in about 1 h and then gradually
decreased. For a clear comparison with the parent fusion
enzyme, we expressed the parent fusion enzyme (CABHYD) under the same conditions (0.2 mM IPTG at 30°C for
2 h), and adjusted the protein level to be equivalent to that
of F11, as shown in Figure 6. In this case, the reaction was
severely retarded within 7 h, and the amount of final product
was less than 16% of that using the evolved F11. From these
results, it is reasonable to assume that the high performance
level of F11 was mainly due to improved stability rather

Figure 5. Stabilities of the wild-type and evolved fusion enzymes under
operational conditions. (䊉) D-hydantoinase; (䊏) N-carbamoylase. Dotted
lines indicate the wild-type fusion enzyme, and solid lines the evolved
fusion enzyme F11.
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Figure 6. Conversion profiles of hydroxyphenylhydantoin (A) and phenylhydantoin (B) using the evolved fusion enzyme F11. Concentration of
each substrate was 20 mM, and other experimental conditions were the
same as described in the text. HPG and PG represent the corresponding
final products, D-hydroxyphenylglycine and D-phenylglycine, respectively.
NCHPG and NCPG indicate the intermediates of the sequential reaction.

than the increased catalytic activity. In fact, the mutant F11
showed an approximately 1.7-fold increase in N-carbamylase activity (1.9 U/mg protein), but a slight decrease (about
15%) in D-hydantoinase activity (4.4 U/mg protein), when
compared with the parent fusion enzyme (CAB-HYD).

DISCUSSION
Artificial fusion of an individual enzyme broadens the application range of natural enzymes. A rational combination
of individual enzymes gives a monitoring facility for cell
signals, localization, expression, and ligand interaction
(Nixon et al., 1998). The use of combined sequential enzymes employed in biotechnology offers better performance
over separate enzymes as reported in the synthesis of oligosaccharide (Gilbert et al., 1998) and ethylene (Li et al.,
1996). However, despite the guaranteed usefulness of fusion
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proteins, many cases have had limited success, mainly because of the functional and structural instability of artificial
fusion enzymes. Concerning efficient folding and then production of fusion proteins, a recent study argued that production of hybrid proteins in E. coli is inherently problematic because the prokaryotic folding mechanism is posttranslational, and leads to intramolecular misfolding of
concurrently folding domains (Netzer and Hartl, 1997). Although similar phenomena were also observed in our study,
diverse mutants displayed some interesting features, suggesting that the folding of hybrid enzyme in vivo can be
considerably modulated by the folding ability of the fusion
protein itself. This result provides a strong possibility of
bypassing the genetic barrier that has restricted the efficient
generation of fusion enzymes in the prokaryotic system. In
this context, engineering of the distorted or unfolded enzyme imposed by inherent trait in vivo could pave the way
to overcome the limited use of potential enzymes (Doi and
Yanagawa, 1999; Joo et al., 1999; Lin et al., 1999).
To ensure the experimental observation that even minor
alteration in the large fusion protein can lead to significant
changes in the property of a fusion protein, we fused Ncarbamylase to the N-terminal of the D-hydantoinase from
Bacillus thermocatenulatus GH2 (Kim and Kim, 1998a)
using a procedure identical to that of D-hydantoinase from
Bacillus stearothermophilus SD1. The D-hydantoinase
(HYD1) from B. thermocatenulatus GH2 was found to have
a remarkable homology to that of B. stearothermophilus
SD1. Only 17 amino acid residues do not match when the
conservative substitutions were considered. The CABHYD1 fusion enzyme was clearly expressed as a major
band even under the expression condition that the CABHYD was subjected to proteolysis. Activity of CAB-HYD1
was more dominant in the insoluble fraction than that of
CAB-HYD, and it was well associated with the bifunctional
activity. Additional different properties in the expression
level and structural stability also suggested that the striking
difference between the two enzymes seems to come from
the different primary structure of the hydantoinase domain
(unpublished results). This line of evidence, along with our
practical demonstration, supports the idea that linearly fused
protein with functional and structural instability can evolve
into a stable fusion enzyme using DNA shuffling.
In the first trial of shuffling, the positive clones expressing the fusion enzymes with improved stability were rarely
detected. In addition, the degenerated clones were analyzed
to commonly contain the modification at residues H362 and
H364, which were previously identified as the metal binding sites (Kim and Kim, 1998a,b). In an attempt to obtain
more positive clones in the first round, a specific primer was
added to conserve the metal binding sites of D-hydantoinase
during the gene reassembly. In the second and third rounds,
five to six positive clones were combined and, consequently, generation of positive clones was significantly increased. It seems that the mutagenic effect was dominant in
the first round, and recombination was most effective in the
second and third rounds. The rate of positive clone discov-
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ery is known to be much higher in recombination than in
mutation. After the third round, a mutant F11 having the
highest structural integrity was isolated, but no striking difference in the expression level and specific activity between
the wild-type and evolved enzymes was observed. Although
the specific role of each residue was not assigned, it is thus
likely that substituted residues in F11 facilitate or assist the
appropriate folding of each domain, as suggested elsewhere
(Brinkmann et al., 1992; Crameri et al., 1996). It is expected
that mutational analyses of the isolated mutant would address the specific region responsible for the exerted phenotype of the evolved fusion enzyme.
By necessity, along with stabilization, improved catalytic
activities of both fusion partners represent a favorable direction in the evolution of the fusion enzyme. A recent
report has provided experimental evidence that generation
of a rigid enzyme with high catalytic activity is feasible by
directed evolution (Giver et al., 1998). We attempted to
continue further rounds of shuffling, but positive clones
having higher catalytic activity were not readily detected,
because the toxic effect on the host growth proved to be
inevitable as the degradation of dihydropyrimidine (Chien
et al., 1998) by the fusion enzyme became more extensive.
The catalytic efficacy of both fusion partners could be further improved when appropriate expression and selection
systems are provided.
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