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which leads us to speculate that D-hydantoinase might
Most microbial D-hydantoinases have been reported play a physiologically important role in microorgan-

to have catalytic properties similar to those of mam- isms. From high affinity of microbial D-hydantoinase
malian dihydropyrimidinases. Comparison of the pri- toward the dihydrouracil, this enzyme has been consid-
mary structures of microbial D-hydantoinases with ered to be the microbial counterpart(9) of the animalmammalian dihydropyrimidinases revealed that the dihydropyrimidinase(E.C 3.5.2.2) which is involvedamino acid homology is about 37% and functionally

in the catabolism of dihydrouracil and dihydrothy-important residues are rigidly conserved at identical
mine(10). However, physiological role of D-hydantoinasepositions. Interestingly, however, the C-terminal re-
in microorganisms, structure-function and evolution-gions were found to be completely mismatched with
ary relationships between D-hydantoinase and dihy-each other. In order to investigate the possible role
dropyrimidinase have not been elucidated, mainly be-of the C-terminal regions, we deleted the C-terminal
cause of insufficient information on the comparativeregions of the D-hydantoinases from two thermophilic
study at the molecular level and no structural data.Bacilli and compared the catalytic and structural
Recently, cDNA sequences encoding dihydropyrimidi-properties of the mutant enzymes with those of wild-
nases of human liver and rat liver have been deter-type enzymes. As a result, the C-terminal region was

found not to be essential for catalysis, but it does affect mined(11,12).
the oligomeric structure of the enzyme. q 1998 Academic Previously, we cloned, sequenced, and analyzed the
Press D-hydantoinase gene from Bacillus stearothermophilus

SD1(13), and identified the essential histidine residues
which were deduced from the comparative analysis of
the functionally related enzymes(14). Recently, D-hy-Microbial hydantoinases catalyze the stereospecific dantoinase from Bacillus thermocatenulatus GH2 hashydrolysis of hydantoin derivatives and are known as been isolated and characterized(15), and nucleotide se-a kind of amidohydrolase which hydrolyzes the cyclic quence of the open reading frame(ORF) of the geneamide bond(1). Three kinds of hydantoinases, D-, L- encoding the D-hydantoinase from B. thermocatenula-and non-stereospecific, are classified according to their tus GH2 was determined to be identical with that ofstereospecificity. Among them, D-stereospecific hydan- Bacillus stearothermophilus NS1122A(16).toinase has attracted much attention because this en- In this paper, in an effort to understand the struc-zyme is currently employed as a biocatalyst for the ture-function relationship of microbial D-hydantoinaseproduction of optically pure D-amino acids which are with mammalian dihydropyrimidinase, we analyzedintermediates for semi-synthetic antibiotics, peptide their primary structures and found that the C-terminalhormones, pyrethroids, and pesticides(2,3). regions of the enzymes are non-homologous. To getWith the increasing demand for optically pure D- some insight into possible role of the C-terminal region,amino acids, much effort has been made toward isola- we constructed the C-terminal region-deleted mutantstion(4,5) and characterization of the enzymes(6-8). This from two thermophilic Bacilli(15,17) and comparedhydantoin- hydrolyzing enzyme is known to be distrib- with those of wild-type enzymes.uted in a wide variety of microorganisms even though

the relative substrate-specificity is somewhat different,
MATERIALS AND METHODS

Enzymes, reagents, and strains. A thermophilic DNA polymerase1 Corresponding author. Fax: 82-42-869-2610. E-mail: hskim@
sorak.kaist.ac.kr. for PCR was purchased from New England Biolabs, and radiolabelled
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materials were purchased from Amersham. Oligodeoxynucleotides Circular dichroism and fluorescence spectra. CD measurement
was carried out with a recording spectropolarometer (Jasco, J-700)were obtained from DNA Int. Inc. DL-5-monosubstituted hydantoin

derivatives were chemically synthesized(18). Prepacked Resource-Q, at 25 7C with a 1mm pathlength cell. The CD spectra were obtained
at the protein concentration of 2.5 mM in the Far-UV region(190 nm-Phenyl Superose, and Superose 12 columns were purchased from

Pharmacia LKB. All other reagents used were of analytical grade. 260 nm) under a nitrogen atmosphere. Fluorescence emission spectra
were observed at 25 7C using a spectrofluorometer(Jasco, FP770)Two thermophilic B. stearothermophilus SD1 and B. thermocatenu-

latus GH2 previously isolated in our laboratory were used as the with an excitation wavelength of 285 nm. The protein samples were
prepared as for the CD measurement. The protein concentration wassource of the D-hydantoinase gene. E.coli XL1-Blue was used as a

host for the expression of the genes encoding the C-terminal region- determined by Bradford’s method(24).
truncated mutant enzymes. Plasmid pBluescript II SK was pur-
chased from Stratagene, and pGEM-7Zf(/) from Promega, respec-

RESULTS AND DISCUSSIONtively. E. coli strains were grown in Luria-Bertani medium at 37 7C.

Computer analysis. Amino acid sequence alignment of microbial
Amino Acid Sequence Homology betweenD-hydantoinases with mammalian dihydropyrimidinases was per-

formed using Clustal W software(19). The initial alignment was fur- D-Hydantoinases and Dihydropyrimidinases
ther refined manually, taking into account the predicted secondary

We first analyzed the molecular relationship of thestructure of the D-hydantoinases from two B. stearothermophilus
SD1 and B. thermocatenulatus GH2. Analyses of the secondary struc- functionally related D-hydantoinases and dihydropyri-
tures of the enzymes were performed using the network software of midinases. From the alignment of the amino acid se-
EMBL (Heidelberg, FRG). Hydropathy profiles were obtained ac- quences, microbial D-hydantoinases were revealed tocording to the method of Kyte and Doolittle(20).

share about 37-42 % amino acid homology with mam-
Deletion of mismatching C-terminal regions between two D-hydan- malian dihydropyrimidinases, and similarity was in-toinases. Oligonucleotide-directed deletion of mismatching C-ter-

creased up to 65 % when the conservative substitutionsminal regions was carried out using PCR. The oligonucleotide, 5*-
CTCGAGCTCCATGACAAAAATTATA-3 *, corresponding to the N- were considered. These results suggest that the micro-
terminal region of the enzymes, was used as a primer. On the other bial D-hydantoinase is closely related with mammalian
hand, two oligonucleotides were used for the C-terminal region of dihydropyrimidinase at the molecular level, and these
each enzyme: 5*-CGAATTCTTAAGTTCCGTATTTTGCTCGTT-3 * for

genes have divergently evolved from a common ances-the enzyme from B. stearothermophilus SD1 and 5*-CGAATTCTT-
tor. It has been already reported that most of microbialACGCCCCATATTTCGCGCGTT-3 * for B. thermocatenulatus GH2,

respectively. The amplified DNA subcloned into the multicloning D-hydantoinases exhibit high affinity toward the dihy-
sites(EcoRI/SacI) of pGEM-7Zf(/). Deletion of the C-terminal region drouracil and share the similar catalytic properties,
was confirmed by DNA sequencing(21). such as quaternary structure, molecular weight, and

Purification of enzymes. The purification of wild- and mutant en- optimum pH(6-8,16). In addition, several regions in pri-
zymes was conducted at room temperature in the presence of 1mM mary and secondary structures were found to be rigidlyMnCl2. E. coli cells were harvested by centrifugation. The cells were

conserved in the same order over the entire sequencesresuspended in 20 mM Tris-HCl buffer (pH 8.0) and disrupted by
(Fig 1), consisting of 61 identical residues and up to 160sonication. The extract was heated at 50 7C for 25 min to denature

the thermally labile proteins, and denatured proteins were removed invariant plus highly conservative amino acid residues.
by centrifugation, and supernatant was applied to a Resource Q col- Among the conserved regions, a region was revealed to
umn equilibrated with 20 mM Tris-HCl buffer(pH 8.0) in FPLC sys- possess the essential residues which appear to partici-tem (Pharmacia). After the column was washed with the same buffer,

pate in catalysis or metal binding(14). The conservedthe enzyme was eluted with a linear gradient of 0-0.5 M NaCl. The
regions in this enzyme family represent a great per-active fractions were concentrated, and the resulting solution was

loaded onto a Phenyl Superose column equilibrated with the same centage of the total sequence length of the enzymes,
buffer containing 1.8 M ammonium sulfate. The enzyme was eluted spanning approximately 82 %, but, interestingly, the
with a reverse linear gradient (1.8 M- 0 M) of ammonium sulfate, C-terminal regions were non-homologous.and then dialyzed against 20 mM Tris-HCl buffer(pH 8.0).

Determination of the oligomeric structure. The gel filtration was
Construction of the C-Terminal Region-Truncatedperformed by using a Superose 12 HR 10/30 column equilibrated

Mutant Enzymeswith 20 mM Tris-HCl(pH 8.0) containing 0.1 M NaCl and 1 mM
MnCl2. Standard proteins and their molecular masses were as fol-

To analyze the functional significance of the non-lows: blue dextran, 2000 kDa; ferritin, 440 kDa; catalase, 232 kDa;
aldolase, 158 kDa; Fab fragment, 50 kDa. homologous C-terminal regions, deletion mutants were

Cross-linking of enzymes was conducted using 1-ethyl-3-[3-(di- constructed for the enzyme from B. thermocatenulatus
methylamino)propenyl] carbodiimide hydrochloride(EDC) as a cross- GH2. The 1.8-kb gene encoding the D-hydantoinaselinking agent. Purified enzymes(5-7 mg) were treated with 20 mM

amplified by PCR and subcloned into the EcoRV siteEDC at various temperatures for 1 h in 20 mM phosphate buffer(pH
of pBluscript II SK. The resulting plasmid was digested7.0). The cross-linking state of the enzymes was analyzed by using

a SDS/PAGE system(22). with exonuclease III from the NotI end of the multiclon-
ing site, closely located at the C-terminal region of theEnzyme assays and activity staining. D-Hydantoinase activity

was determined by the same method as described(17). One unit of enzyme, and then religated. From the analysis of the
hydantoinase activity was defined as the amount of enzyme required deletion mutants, the shortest construct retaining the
to produce one mmol N-carbamyl-D-amino acid from hydantoin deriv- enzyme activity was revealed to be deleted 40 aminoative per minute under the specified conditions. Analytical gel elec-

acid residues from the C-terminus, strongly implyingtrophoresis and activity staining were performed according to the
method of our previous paper(23). that the non-homologous C-terminal region is non-es-
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FIG. 1. Amino acid sequence homology among the enzymes belonging to the dihydropyrimidinase family; Human, dihydropyrimidi-
nase from Homo sapiens(11); Rat, dihydropyrimidinase from Rattus norvegicus(12); BGH, D-hydantoinase from B. thermocatenulatus
GH2 which has the identical sequence of that from B. stearothermophilus NS1122A(16); BSD, hydantoinase from B. stearothermophilus
SD1(13); LU, hydantoinase from a gram positive bacterium(GenBank accession number A13503); Agro, hydantoinase from Agrobacter-
ium sp. KNK712(25); Psed, hydantoinase from P. putida DSM84(26). Dotted lines represent the dispensable regions which are artificially
deleted without significant loss of enzyme activity. The conserved sequences possessing the catalytically important aspartic acid and
histidines are shown in the box.

sential for the enzyme catalysis. Similar result was also mophilus SD1, respectively, and the resulting mutant
enzyme from the former strain was designated BT460,observed in the case of the D-hydantoinase from B.

stearothermophilus SD1(data not shown). and that from the latter one BS460. Corresponding
wild-type enzymes were called BT471 and BS472, re-In order to get some insight into the biochemical role

of the non-homologous C-terminal region, the D-hydan- spectively. The wild and mutant enzymes were purified
to homogeneity as described in experimental section.toinases from two Bacilli were further investigated be-

cause these two enzymes have quite different catalytic
properties and oligomeric structures. Concerning the Structural Properties of the Truncated Mutant
oligomeric structure, the enzyme from B. stearother- Enzymes
mophilus SD1 was a dimer(17). On the other hand, the
enzyme from B. thermocatenulatus GH2 was a tetra- Gel filtration chromatography was performed to ex-

amine the change in oligomeric structure of the C-ter-mer and showed higher affinity toward hydantoin de-
rivatives with a aromatic group at 5*-position(15) when minal region-deleted enzymes. As seen in Fig. 2, BS460

was eluted at the same time corresponding to a dimericcompared with that of B. stearothermophilus SD1.
From the comparison of the primary structure, the position as wild-type BS472. However, the elution time

of BT460 was quite different from that of BT471. Inamino acid homology between two enzymes was found
to be about 92 %, however, the C-terminal regions were other words, BT460 was eluted at a dimeric position,

whereas BT471 appeared at the time corresponding tocompletely mismatched with each other. These obser-
vations led us to speculate that different properties a tetramer. Even when BT460 and BT471 were mixed

and eluted together, the elution time was clearly sepa-between two enzymes might be resulted from the non-
homologous C-terminal regions. Based on this assump- rated. The effects of pH, salts, and temperature on this

result were negligible. As an another approach, thetion, we constructed the C-terminal region-truncated
mutant enzymes by PCR. Eleven(LMADQDVVKMS) cross-linking result also supports that the truncated-

mutant enzyme BT460 is a dimeric form, which was notand twelve(STISKQSEELTI) amino acid residues were
deleted from the C-terminus of the enzyme originated detected the protein band corresponding to tetrameric

position as wild type BT471(data not shown). Mean-from B. thermocatenulatus GH2 and B. stearother-
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lyzed against a metal free buffer, activities of the en-
zymes were lowered to about 30-40 % of the control.
But, addition of manganese ions almost fully restored
the activities of the enzymes(data not shown).

The specific activities of the wild and mutant en-
zymes were determined toward the hydantoin as a typi-
cal substrate. Since BT460 is a dimerized enzyme, the
specific activity was calculated based on the molar con-
centration of the enzyme. The mutant BS460 was found
to have the specific activity of 5.0 unit/m mole enzyme,
which corresponds to about 95 % of the activity of the
wild-type enzyme BS472, and this result strongly im-
plies that the C-terminal region is not closely associ-
ated with the catalytic domain. However, the specific
activity of BT460 was determined to be 4.1 unit/m mole
enzyme, exhibiting about 36 % of the activity of the wild
enzyme BT471. When the activity of BT460(dimerized
enzyme) was compared with those of BS472 and
BS460(dimeric enzyme), a similar value in the specificFIG. 2. Gel filtration chromatography of the wild-type and trun-
activity was observed. In other words, the specific activ-cated mutant enzymes using Superose 12 column. Purified enzyme

was loaded on the column pre-equilibrated with 20 mM Tris-HCl(pH ity of BT471(tetrameric enzyme) was lowered to the
8) containing 100 mM NaCl and 1 mM Mn2/. level of BS472(dimeric enzyme) upon dimerization by

the deletion of the C-terminal region. From these obser-
vations, it is likely that the substrate specificity of the
D-hydantoinase might be closely linked with the oligo-while, cross-linked of the mutant enzyme BS460 ap-
meric structure of enzyme. The structure-activity rela-peared at the identical band positions as those of
tionship was remained as further study.BS472.

Comparative studies described in this work providesTo exclude the possibility that the oligomeric struc-
an evidence that the microbial D-hydantoinase isture of BT460 might be changed during purification,
closely related with mammalian dihydropyrimidinasenative gel electrophoresis and activity staining of
and its C-terminal region affects the oligomeric struc-BT460 were conducted at each purification step(Fig. 3).
ture of the enzyme. A three-dimensional structure ofThe enzyme activity was observed at the same position
the enzyme is crucial for demonstration of structure-as the enzyme band on the native gel at each purifica-
function relationship, and resolution of the crystaltion step, and this result indicates that the oligomeric

structure of BT460 was not changed during purifica- structure is under progress.
tion.

From the comparison of the secondary and tertiary
structures using CD and fluorescence spectra, the dif-
ference between the mutant and wild-type enzymes
was observed to be minor(data not shown), suggesting
that the secondary and tertiary structures of the mu-
tant enzymes were not significantly changed. From
these results, it is likely that secondary and tertiary
structures of the C-terminal region-deleted enzymes
were maintained as native ones.

Catalytic Properties of the Mutant Enzymes

The D-hydantoinases described in this work were
found to require manganese ions for activity(15,17).
The C-terminal region of each enzyme contains two
negatively charged amino acid residues. Therefore, if
the C-terminal region was involved in the metal bind-

FIG. 3. Native gel electrophoresis and activity staining of the C-ing domain, removal of this region might affect the
terminal region-truncated enzyme BT460 at each purification step.metal binding property and consequently activity of the Lanes are: 1, crude extract; 2, heat treatment; 3, Resource Q; 4,

enzyme. When the C-terminal region-deleted enzymes, Phenyl Superose. Acrylamide gel overlaid with agarose gel was incu-
bated for 30 min at 55 7C.BS460 and BT460, were treated with EDTA and dia-
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3. Syldatk, C., Laüfer, A., Müller, R., and Höke, H. (1990) Adv. 16. Mukohara, Y., Ishikawa, T., Watabe, K., and Nakamura, H.
Biochem. Eng. Biotechnol. 41, 29–75. (1994) Biosci. Biotech. Biochem. 58, 1621–1626.

4. Morin, A., Hummel, W., and Kula, M. R. (1986) J. Gen. Microbiol. 17. Lee, S. G., Lee, D. C., Hong, S. P., Sung, M. H., and Kim, H. S.
133, 1201–1207. (1995) Appl. Microbiol. Biotechnol. 43, 270–276.

18. Suzuki, T., Igarashi, K., Hase, K., and Tuzimura, K. (1973) Agri.5. Yokozeki, K., Nakamori, S., Eguchi, C., Yamada, K., and Mi-
Biol. Chem. 37, 411–416.tsugi, K. (1987) Agri. Biol. Chem. 51, 355–362.

19. Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994) Nucleic6. Morin, A., Hummel, W., Schutte, H., and Kula, M. R.(1986) Bio-
Acids Res. 22, 4673–4680.technol. Appl. Biochem. 8, 564–574.

20. Kyte, J., and Doolittle, R. F. (1982) J. Mol. Biol. 157, 105–132.7. Runser, S. M., and Meyer, P. C. (1993) Eur. J. Biochem. 213,
21. Sanger, F., Nickeln, S., and Coulson, A. R. (1977) Proc. Natl.1315–1324.

Acad. Sci. USA 74, 5463–5467.8. Takahashi, S., Kii, Y., Kumagai, H., and Yamada, H. (1978) J.
22. Babiychuk, E. B., Babiychuk, V. S., and Sobieszek, A. (1995) Bio-Ferment. Technol. 56, 492–498.

chemisty 34, 6366–6372.
9. Vogels, G. D., and Van der Drift, C. (1976) Bacteriol. Rev. 40, 23. Kim, G. J., Lee, S. G., Park, J. H., and Kim, H. S. (1997) Biotech-

403–468. nol. Tech. 11, 511–513.
10. Brooks, K. P., Jones, E. A., Kim, B. D., and Sander, E. G. (1983) 24. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254.

Archiv. Biochem. Biophys. 226, 469–483. 25. Nanba, H., Yazima, K., Takano, M., Yamada, Y., Ikenaka, Y.,
11. Hamajima, N., Matsuda, K., Sakata, S., Tamaki, N., Sasaki, M., and Takahashi, S. (1996) Japan patent, JP9502688.

and Nonaka, M. (1996) Gene 180, 157–163. 26. Lapointe, G., Viau, S., Leblanc, D., Robert, N., and Morin, A.
(1994) Applied Environ. Microbiol. 60, 888–895.12. Matsuda, K., Sakata, S., Kaneko, M., Hamajima, N., Nonaka,

100

AID BBRC 8037 / 6947$$$361 01-14-98 11:29:39 bbrcg AP: BBRC


