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Abstract Bacterial hydantoinase possesses a binuclear
metal center in which two metal ions are bridged by a
posttranslationally carboxylated lysine. How the carbox-
ylated lysine and metal binding affect the activity of
hydantoinase was investigated. A significant amount of
iron was always found in Agrobacterium radiobacter
hydantoinase purified from unsupplemented cobalt-, man-
ganese-, or zinc-amended Escherichia coli cell cultures.
A titration curve for the reactivation of apohydantoinase
with cobalt indicates that the first metal was preferentially
bound but did not give any enzyme activity until the
second metal was also attached to the hydantoinase. The
pH profiles of the metal-reconstituted hydantoinase were
dependent on the specific metal ion bound to the active
site, indicating a direct involvement of metal in catalysis.
Mutation of the metal binding site residues, HS7A, H59A,
K148A, H181A, H237A, and D313A, completely abol-
ished hydantoinase activity but preserved about half of the
metal content, except for K148 A, which lost both metals in
its active site. However, the activity of K148A could be
chemically rescued by short-chain carboxylic acids in the
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presence of cobalt, indicating that the carboxylated lysine
was needed to coordinate the binuclear ion within the
active site of hydantoinase. The mutant D313E enzyme
was also active but resulted in a pH profile different from
that of wild-type hydantoinase. A mechanism for hydan-
toinase involving metal, carboxylated K148, and D313 was
proposed.
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Introduction

Hydantoinase (EC 3.5.2.2) is a metalloenzyme widely
distributed in living organisms and was first described in
the 1940s as occurring in plants and animals [1, 2]. In the
1950s, the enzyme isolated from calf liver was shown to
catalyze the hydrolysis of dihydrouracil and dihydrothy-
mine and was known as dihydropyrimidinase [3]. Owing to
their broad substrate specificities, hydantoinase and dihy-
dropyrimidinase were also classified as imidases [4].
Imidases from bacteria and mammals are generally known
as hydantoinase and dihydropyrimidinase, respectively [5].
Hydantoinase catalyzes the reversible hydrolytic ring
opening of six-membered or five-membered cyclic imides
such as dihydropyrimidines and 5’-monosubstituted hyd-
antoins to the corresponding 3-ureido acids and carbamoyl
amino acids, respectively [6]. Hydantoinase also plays a
role in industry in the preparation of optically active
compounds [7-9]. Hydantoinase is used in combination
with carbamoylase as biocatalysts for the enantiospecific
enzymatic production of nonproteinogenic amino acids
from racemic hydantoins [7, 8]. The products are valuable
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precursors for the production of f-lactam antibiotics or
synthetic peptides.

On the basis of an analysis of the amino acid sequences,
hydantoinase was suggested to belong to the group of
metal-dependent amidohydrolases [10]. Members of this
family contain either a mononuclear metal center or a
binuclear metal center [10]. For some bimetal-containing
amidohydrolases, such as dihydroorotase [11], urease [12],
and phosphotriesterase [13], their metal ions were found to
be bridged by a carboxylated lysine ligand. The crystal
structures of hydantoinase from Burkholderia pickettii
[14], Thermus sp. [15], and Bacillus stearothermophilus
[16] were resolved, and a carboxylated lysine located
within the active site was also observed to bridge the two
metals (Fig. 1). Recently, the crystal structure of hydan-
toinase from Bacillus sp. AR9 was determined; however,
the usual posttranslational carboxylation of the active-site
lysine residue was not found [17]. These observations raise
an interesting question as to why the lysine needs to be
carboxylated for hydantoinase and its effect on metal
binding and enzyme activity. In the work reported here, we
examined the metal contents and characterized the effects
of metal binding on the activity of recombinant hydan-
toinase from Agrobacterium radiobacter by site-directed
mutagenesis on specific amino acids involved in metal
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Fig. 1 Binuclear metal center within the active site of hydantoinase.
The coordinates were obtained from 1GKP of the Protein Data Bank
based on Thermus sp. at 1.3-A resolution [15]. The amino acid
sequence numbers correspond to His-57, His-59, Lys-148, His-181,
His-237, and Asp-313 of those of Agrobacterium radiobacter
hydantoinase studied in the work reported here. The aligned sequence
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binding. The importance of the posttranslational modifi-
cation of the carboxylated lysine was studied by using
short-chain carboxylic acids for the chemical rescue of the
mutant K148A.

Materials and methods
Materials

The water used had a resistance of more than 18 MQ, and
was purified by reverse osmosis followed by passage
through a Millipore reagent water system (Millipore).
Candidate substrates for hydantoinase, such as barbituric
acid, allantoin, dihydroorotate, uracil, pyromellitic diimide,
phthalic anhydride, 5-bromouracil, 2,3-naphthalene dicarb-
oximide, 1,8-naphthalimide, 3.,4,5,6-tetrachlorophthalimide,
4-amino-1,8-naphthalimide, 2H-1,3-benzoxazine-2,4(3H)
dione, biuret, bemegride, 5,5-dimethylhydantoin, uridine,
5-ethylmethylhydantoin, parabanic acid, rhodanine, 2,4-
thiazolidinedione, N-methylmaleimide, N-cyclohexylma-
leimide, and oxindole, were obtained from Aldrich (USA).
Diethylaminoethyl Sepharose, chelating Sephacel (fast
flow), and HiTrap™ desalting columns were purchased
from GE Healthcare Bio-Sciences (USA). 1,3-Bis]tris
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are Thermus sp. (1GKP), Arthrobacter aurescens (1GKR), Burk-
holderia pickettii (INFG), Bacillus sp. AR9 (1YNY), Bacillus
stearothermophilus (1K1D), and Agrobacterium radiobacter hydan-
toinase by using MUSIC (http://genome.life.nctu.edu.tw/MUSIC/).
The six conserved ligands were highlighted by rectangles
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(hydroxymethyl)methylamino]propane, sodium acetate,
phenylmethanesulfonyl fluoride, 8-hydroxy-5-quinoline-
sulfonic acid, and EDTA were purchased from Sigma
(USA). Sodium chloride, sodium hydroxide, potassium
phosphate, glycine, sodium dodecyl sulfate (SDS), and zinc
acetate were obtained from J.T. Baker (USA). All other
reagents were of the highest grades commercially available.

Enzyme assay

A rapid spectrophotometric assay [4] was used as the
standard assay. Briefly, the decrease in absorbency at
298 nm was measured upon hydrolysis of phthalimide as
the substrate at 25 °C. To start the reaction, the purified
hydantoinase (5-100 pg) was added into a 1-mL solution,
containing 1 mM phthalimide and 100 mM tris(hydroxy-
methyl)aminomethane (Tris)-HCIl at pH 7.9. Under these
conditions, a change in A,9g of 2.26 represents the hydro-
lysis of 1 pmol of the substrate. The hydrolysis of the
substrate was monitored with a UV/vis spectrophotometer
(Hitachi U 3300). The hydrolysis of a number of candi-
date substrates was assayed spectrophotometrically in an
entirely similar manner except for the wavelength used;
necessary modifications of the assay were needed for
specific compounds. The extinction coefficient of each
substrate was determined experimentally by direct mea-
surement with a spectrophotometer.

Protein concentration

The protein concentrations of enzyme solution were
determined by bicinchoninic acid protein assay (Pierce,
USA) using bovine serum albumin as a standard.

Expression and purification of recombinant
hydantoinase

The procedure for the purification of recombinant
Agrobacterium radiobacter hydantoinase and its mutant
proteins was modified according to a previous report [18].
Total hydantoinase activities in cell cultures grown in zinc,
cobalt, or manganese ions (range from 0 to 5 mM) were
determined and the maximal activities were obtained at
1 mM metal ion concentration. Cell growth was inhibited
by these metal ions at a concentration above 2 mM. Thus,
metal ions at 1 mM concentration were amended for cell
culture and for routine purification of hydantoinase.
Escherichia coli BL21 (DE3) cells were transformed
with plasmid pHDT200 and grown in Luria—Bertani med-
ium supplemented with 50 pg ampicillin per milliliter plus
metal ion (1 mM zinc chloride, cobalt chloride, manganese
chloride, nickel chloride, or cadmium chloride) at 37 °C
with rapid shaking. When Aggg of the cell cultures reached

0.6, isopropyl p-p-thiogalactopyranoside was added to
50 uM, the temperature of flasks was changed to 25 °C,
and growth continued for an additional 25 h. Cells were
chilled on ice, harvested by centrifugation, and frozen at
—80 °C. After thawing, cells were resuspended in 20 mM
Tris—HCI buffer (pH 7.9) and disrupted by sonication (the
power was set at 3.5; each pulse lasted 2's, with 2 s
between pulses, and this continued for 5 min; the complete
pulse sequence was repeated three times) with ice cooling
between pulses. The disrupted cell suspensions were cen-
trifuged at 50,000¢ for 30 min. The supernatant solutions
were chromatographed with a diethylaminoethyl Sepharose
HR 10/16 column (GE Healthcare Bio-Sciences). After
being washed with 20 mM Tris—HCI (pH 7.9), hydantoin-
ase was eluted with a 0-0.3 M NaCl gradient in 20 mM
Tris—HCI (pH 7.9) in a total volume of 500 mL. Fractions
were examined for the presence of hydantoinase protein by
SDS polyacrlyamide gel electrophoresis (PAGE) analysis,
and those containing enzyme of sufficient purity were
pooled and directly applied to a column (1.6-cm diameter
x 10 cm; GE Healthcare Bio-Sciences) of chelating
Sephacel (fast flow) that was treated with 5 times gel
volume containing 0.2 M zinc acetate and then equilibrated
with buffer A (20 mM Tris and 0.5 M NaCl, pH 7.0). The
loaded column was washed with 100 mL buffer A. The
enzyme was then eluted with a linear glycine gradient from
0 to 1 M with buffer A and buffer A plus 1 M glycine in
500 mL. The fractions were examined by SDS-PAGE
analysis, and those containing more than 95% pure hyd-
antoinase were pooled, dialyzed against the dialysis buffer
(20 mM Tris—HCI, pH 8.0) with two buffer changes, and
concentrated to approximately 10 mg/mL. The mutant
proteins could be purified to homogeneity in a manner
similar to native hydantoinase. In general, about 10 mg
purified hydantoinase (or mutant protein) was obtained per
0.5-L cell culture.

Preparation of apohydantoinase

The preparation of the apo form of hydantoinase was
according to the published procedure [19]. Briefly, purified
enzyme (10 mg/mL; 10-15 mL) was dialyzed against
a chelating buffer (pH 6.5) that contained 2-mor-
pholinoethanesulfonic acid (50 mM) and 8-hydroxy-5-
quinolinesulfonic acid (15 mM) at room temperature for
2 days. The enzyme solution was dialyzed against N-(2-
hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES)
buffer (pH 7.0, 10 mM) at 4 °C for 4 h, and then passed
through a HiTrap™ desalting column and eluted with
HEPES buffer (pH 7.0, 10 mM) at 4 °C. The activity of the
resultant enzymes (apohydantoinase) detected by the stan-
dard assay was less than 0.4% of that of co-reconstituted
enzyme and the metal content was about 0.01-0.09 mol of
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zinc, manganese, cobalt and iron per mole of the enzyme
monomer according to inductively coupled plasma mass
spectrometry (ICP-MS) (Elan 5000, PerkinElmer, USA).
The apohydantoinase was stored at 4 °C and was stable for
a minimum of 1 month.

Preparation of metal-reconstituted hydantoinase

The reconstitution of apoenzymes with metal ion was
according to the published procedure [19]. The apoenzyme
(10 mg/mL in 4 mL) was dialyzed at 4 °C for 2 days in
HEPES buffer (4 L, 10 mM at pH 7) plus one of the fol-
lowing metal ions (1 mM): Co**, Mn?**, or Zn®**. The
approximate time for recovery of the maximum enzyme
activity under the conditions was about 40 £+ 5, 30 £ 5,
and 10 & 2 min for Co*", Mn>", and Zn>", respectively.
ICP-MS was used to measure the concentration of each
cation in the protein samples. Prior to the ICP-MS analysis,
the protein solution was passed through a HiTrap™
desalting column and elution with HEPES buffer (pH 7.0,
10 mM) at 4 °C was used to remove excess metal ions in
the protein solution. Measurements for each sample were
repeated five times and the standard deviation was calcu-
lated. Normally, two or more samples were used for each
determination by ICP-MS. Less than 1 mL enzyme sample
(0.05-0.2 mg/mL) was used for each determination.

The pH profiles

K., and k., of the enzymatic reaction were determined
over the pH range of 5.5-9.5. The reaction was buffered
with 0.1 M sodium acetate (pK, = 4.8) and 0.1 M 1,3-bis
[tris(hydroxymethyl)methylamino]propane (pK, = 6.8 and
9.0) at the desired pH, and appropriate amounts of the
enzyme (about 5-400 pg) were added to start the reaction.
The pH of the buffers was determined at 25 °C. K,,, and k.,
were obtained by nonlinear regression (Enzyme Kinetics
module of SigmaPlot) using ten to 15 measurements
determined at different substrate concentrations. Reaction
rates obtained at each pH value were fitted to the following
equation using Sigma-Plot, (Vima)u = VinaxKa/Ka + [H'1,
then the pK, value was given, where (V,.)u is the maxi-
mal degradative reaction rate at a particular pH, Vi, is the
maximal rate when all the enzyme sites are in the appro-
priate ionic form, and is used to represent k.., and K is the
acid dissociation constant for a catalytic residue at the
active site [20]. A plot of k../K, or K, as a function of pH
was also fitted to this equation in a similar manner.

Site-directed mutagenesis

Each hydantoinase mutant was generated according to the
Stratagene QuickChange mutagenesis protocol (Stratagene,
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La Jolla, CA) using the plasmid pHDT2000 as the template
[18]. Each mutant was confirmed by nucleotide sequenc-
ing. Expression and purification of the mutant proteins
were the same as described for wild-type hydantoinase
protein. The oligonucleotide primers for the preparation of
mutants were GGCATCGACGTTGCTACGCATGTCG
AG and CTCGACATGCGTAGCAACGTCGATGCC for
H57A; ATCGACGGTCATACGGCTGTCGAGACGGTC
and GACCGTCTCGACAGCCGTATGAACGTCGAT for
H59A; AGCCATGAAGACCGCGAAGGAGGTGATGCC
and GGCATCACCTCCTTCGCGGTCTTCATGGCTTA
for K148A; GCGATAAGCCATGAAGACACAGAAGGA
GGTG and GGCATCACCTCCTTCTGTGTCTTCATGG
CTTA for K148C; GCGATAAGCCATGAAGACATCG
AAGGAGGTG and GGCATCACCTCCTTCGATGTC
TTCATGGCTTA for K148D; GCGATAAGCCATGAA-
GACCGAGAAGGAGGTG and GGCATCACCTCCTT
CTCGGTCTTCATGGCTTA for K148S; CTCGTCATG
GTGGCCGCGGAGAACGGC and GCCGTTCTCCGC
GGCCACCATGACGAG for H181A; GCCCCGATCTA
CATCGTGGCTCTGACCTGCG and TTCTTCGCAGGT
CAGAGCCACGATGTAGAT for H237A; CTCGAAACG
GTCTCCTCGGCCCATTGTTCCT and GAGCCAGGAA
CAATGGGCCGAGGAGACCGT for D313A; and CTCG
AAACGGTCTCCTCGGAGCATTGTTCCT and GAGCC
AGGAACAATGCTCCGAGGAGACCGT for D313E.
The underlined sequences denote the mutated amino acids.

Results

Metal contents and activities of recombinant
hydantoinase

The addition of divalent metal ions to the standard growth
medium was found to substantially increase the hydantoin-
ase activity. Metal contents and activities of hydantoinase
purified from unsupplemented zinc-, cobalt-, and manga-
nese-amended cultures are shown in Table 1. Cadmium and
nickel ions were also tested as supplements but the resulting
hydantoinase activity was similar to that from unsupple-
mented medium.

Mixtures of metals were found in purified hydantoinase
as shown in Table 1. Significant amounts of iron, zinc, and
manganese were observed in recombinant hydantoinase
obtained from the cell culture without supplementing
additional metal ions. It was also determined that the metal
contents for zinc, iron, manganese, cobalt, and nickel were
12.7 £ 0.06, 6.66 £+ 0.19, 0.34 £ 0.004, 0.19 £ 0.004,
and 0.02 £ 0.003 pM, respectively, in unsupplemented cell
culture. The total metal contents (for zinc, cobalt, manga-
nese, and iron) in recombinant hydantoinase were near to 2
and 1.6 per enzyme subunit for purified hydantoinase
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Table 1 Metal contents and specific activities of recombinant hydantoinase purified from zinc-, cobalt-, and manganese-amended and

unsupplemented cultures

Metal ion amended Metal-amended®

Metal-reconstituted

Metal per enzyme subunit®

(1 mM) in cell culture hydantoinase hydantoinase

(pmol/min/mg) (umol/min/mg) Zn Co Mn Fe
Zn 0.15 £ 0.04 0.22 £ 0.03 14 £0.1 0.0 £0.0 0.1 £0.0 0.6 £0.3
Co 0.85 £ 0.10 1.1 £0.1 0.3 £0.1 12+03 0.1 £0.1 05+£02
Mn 0.34 +£ 0.05 0.45 £ 0.08 02 +£0.1 0.0 £0.0 1.5£02 03 +£02
Unsupplemented <107 - 03 +£0.2 0.0 £ 0.0 0.2 £ 0.1 1.1 £0.3

Specific activity was determined using phthalimide as a substrate

* Metal-amended hydantoinase was enzyme purified from metal-amended cell culture but that had not gone through the procedure for metal

reconstitution as described in “Materials and methods”

° The metal contents in hydantoinase were determined by inductively coupled plasma mass spectrometry

obtained from metal-amended and unsupplemented media
(Table 1), respectively. Interestingly, zinc, presumably the
native metal ion in hydantoinase, was neither the major
metal found in recombinant hydantoinase from unsupple-
mented medium nor the metal that gave the highest
hydantoinase activity (Table 1). The results concerning
metal contents in recombinant hydantoinase shown in
Table 1 indicate that preparation of apohydantoinase and
reconstitution of the apohydantoinase with metals were
needed for proper understanding of the effect of metal on
the catalytic properties of recombinant hydantoinase.

Reactivation of apohydantoinase

A titration curve for the reactivation of apohydantoinase
with cobalt is shown in Fig. 2a. This plot shows a slow
increase in hydantoinase activity at low metal ion content
(less than one cobalt per enzyme subunit) followed by a
sharp increase in hydantoinase activity that reached
maximal activity when the ratio of metal to protein
was 2. A kinetic model (Fig. 2b) for metal activation of

apohydantoinase was proposed for the nonlinear increase
in catalytic activity with an increasing ratio of cobalt
to protein as shown in Fig. 2a. It was suggested that in
this model only protein with a fully assembled binu-
clear metal center (M;M,-hydantoinase) was catalytically
active and the first metal (M;) was preferentially bound
to the binuclear center. It is unlikely that metal binding
of apohydantoinase occurred in a cooperative manner.
In such a case, the metal would have been preferentially
bound in pairs and a plot with a linear increase in
catalytic activity would have been observed. Thus, the
binding of the first metal ion to apohydantoinase was
proposed to be tighter than that of the second metal ion.

The reconstitution of apohydantoinase with different
divalent metal ions resulted in a differential recovery of
catalytic activity as shown in Table 1. The metal-recon-
stituted hydantoinase gave significantly higher specific
activities than those of enzyme purified directly from
metal-amended cultures. Incubation of apohydantoinase
with Cd*" and Ni*" did not significantly enhance hydan-
toinase activity. The metal content per subunit enzyme was

Fig. 2 Reactivation of a 120
apohydantoinase with cobalt
ions. a Titration curve of 100 1

hydantoinase activity with
cobalt ion. The apohydantoinase
(50 uM) was incubated with the
indicated amounts of cobalt
chloride in 10 mM N-(2-
hydroxyethyl)piperazine-N'-
ethanesulfonic acid at pH 7.0
(100-pL final volume) for

4 days at 4 °C. The activity of 20 |
hydantoinase was then
determined by standard assay.
b Proposed kinetic model for
the metal-activated
hydantoinase
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2.6 £0.1,2.5 £ 0.1, and 2.8 &+ 0.1 for cobalt-, zinc-, and
manganese-reconstituted hydantoinase, respectively. These
results indicate that the hydantoinase might have more than
two metal binding sites; two of them are needed for max-
imal activity (Fig. 2a).

Effect of metals on the substrate specificity
of hydantoinase

The kinetic constants for the metal-reconstituted hydan-
toinase for several representative substrates are shown in
Table 2. Significant changes of K, k¢, and k., /K., were
found for each substrate with different metals in hydan-
toinase, which indicates that the substrate specificity of
hydantoinase was metal-dependent. However, the varia-
tions were all within 1 order of magnitude.

Effect of metals on the pH profiles of hydantoinase

The pH dependence of enzyme activity and catalytic effi-
ciency (ke and k. /K,) of the metal-reconstituted

Table 2 Substrate specificity of metal-reconstituted hydantoinase

hydantoinase was determined (the pH profiles are given
in the electronic supplementary material). Metal ions
appeared to play a significant role in enzyme function.
Both k., and k../K,, were notably influenced by the vari-
ation in metal ions in the optimal pH range. According to
the pH profiles, a general base-catalyzed reaction of hyd-
antoinase was expected, and a group within the active site
of hydantoinase must be ionized for catalytic activity. The
kinetic pK, values of the cobalt-, zinc-, and manganese-
reconstituted hydantoinase derived from pH profiles were
6.3 £ 0.1, 6.0 & 0.1, and 6.6 % 0.1, respectively, for k.,
and 7.0 £ 0.1, 6.7 = 0.1, and 6.8 £ 0.1, respectively, for
kea/ K. These results reflect the ionization of the active site
functional group being dependent on the specific metal ion
bound to the binuclear metal center.

Mutational analysis for the metal binding site
The role of conserved residues (as shown in Fig. 1) for

metal binding of hydantoinase was probed by site-directed
mutagenesis, and the metal content and specific activity of

Metal ion Substrate® K, (mM) kewe 571 ke Ky M7 571

Co Dihydrouracil 50 £ 20 140 £ 6.0 290 £ 130
Phthalimide 6.0 £ 2.0 7.7 +£20 1,320 £ 430
5-Leucinylhydantoin 43+£02 64 + 1 15,000 £ 700

Zn Dihydrouracil 20+ 3 3715 190 + 70
Phthalimide 53+1.6 22+04 420 + 130
5-Leucinylhydantoin 53+£05 10+1 1,900 £ 190

Mn Dihydrouracil 80 £ 20 42+£20 50 £ 30
Phthalimide 8.0+ 1.0 59+14 740 £ 180
5-Leucinylhydantoin 5.6 £04 50 + 4 8,900 £ 700

Enzyme activity was determined according to the procedure for the standard assay except that different substrates were used. The large standard
errors reflect the difficulty of obtaining enzyme activity at high substrate concentrations owing to the low solubility of the substrates. The
following compounds were judged as inactive for all the metal-reconstituted hydantoinases examined: barbituric acid, dihydroorotate, uracil,
pyromellitic diimide, phthalic anhydride, 5-bromouracil, 2,3-naphthalene dicarboximide, bemegride, N-methylphthalimide, rhodanine,
1,8-naphthalimide, N-methylmaleimide, 4-amino-1,8-naphthalimide, 2H-1,3-benzoxazine-2,4(3H)dione, 3,4,5,6-tetrachlorophthalimide, biuret,
5,5-dimethyl hydantoin, uridine, parabanic acid, 5-ethylmethylhydantoin, oxindole, 2,4-thiazolidinedione, N-cyclohexylmaleimide, and

N-hydroxyphthalimide
 Structures of the three representative substrates:
O
H
O N O
NH

NH
O

Phthalimide Dihydrouracil

@ Springer

Ha

N/
7’
2,

5-leucinyl-hydantoin



J Biol Inorg Chem (2009) 14:111-121

117

Table 3 The specific activity and metal content of the cobalt-
reconstituted hydantoinase and mutants

Enzyme Cobalt content per Specific activity®
enzyme subunit (pmol/min/mg)

Wild type 25+0.1 1.1+0.1

H57A 12401 <1074

H59A 12+0.1 <1074

K148A 0.5+ 0.1 <1074

K148C 0.8 +02 <107

K148D 0.8 402 <107*

K148S 0.9 £+ 0.0 <1074

HI81A 12401 <1074

H237A 12401 <1074

D313A 14 +0.1 <1074

D313E 22+0.1 0.05 + 0.01

The mutant enzymes were purified from cobalt-amended cultures;
apohydantoinase was prepared and then reconstituted with cobalt.
Prior to inductively coupled plasma mass spectrometry analysis, the
protein solution was passed through a HiTrap™ desalting column and
elution with N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid
buffer (pH 7.0, 10 mM) at 4 °C was used to remove excess metal ions

* Assayed with phthalimide as the substrate

the hydantoinase mutants are listed in Table 3. As expec-
ted, the catalytic activities for these mutant proteins were
severely impaired. Only D313E was found to be active, and
its specific activity was about 20-fold less than that of wild-
type hydantoinase. D313E also contained about two metals
per enzyme subunit (Table 3). K148 mutants (K148A,
K148C, K148D, K148S), unable to possess a carboxylated
side chain, were found to have 0.5-0.9 metal per enzyme
subunit, less than those of other mutants. Other mutant
proteins (H57, H59, H181, and H237 shown in Table 3)
were found to possess 1.2-1.4 metals per subunit. The
results shown in Table 3 indicate that the binuclear metal
center was essential for the catalytic activity of hydan-
toinase. These data were in agreement with the titration
curve and the proposed model presented in Fig. 2 sug-
gesting that only the M;M,-hydantoinase form was active.

Chemical rescue of K148A by short-chain
carboxylic acids

In the presence of a high concentrations of cobalt (5 mM),
the K148 mutants, K148A, K148C, K148S, and K148D,
were activated to values of 1.4 x 1073, 49 x 1073,
1.6 x 1072, and 0.7 x 10~ pmol/min per milligram,
respectively. Addition of a short-chain carboxylic acid,
such as acetic acid, propionic acid, or butyric acid, to the
reaction mixtures further improved the activity of K148A
by nearly 2 orders of magnitude, as shown in Fig. 3. High
concentrations of short-chain carboxylic acids, 45, 40, and
35 mM for acetic acid, propionic acid, and butyric acid,

0.140

Specific Activity (umol/min/mg

0 20 40 éO 80 100
[RCOOH] (mM)

Fig. 3 Chemical rescue of K148A with short-chain carboxylic acids.
Specific activity was determined on the basis of a standard assay. The
reaction mixture included K148A, cobalt chloride (5 mM) and
various concentrations of acetic acid (squares), propionic acid
(triangles), or butyric acid (diamonds) and reagents needed for
standard assay. The control experiment (circles) included various
concentrations of butyric acid in the absence of metal ion. Carboxylic
acids were dissolved in the assay buffer with the pH adjusted. High
concentration of carboxylic acids (more than 50 mM) caused
irreversible precipitation of K148A

respectively, were needed to give the maximal activity of
K148A. Taken together, the studies of mutational analysis
and chemical rescue for K148 indicate that the posttrans-
lational modification of carboxylated Lys-148 was
essential for binuclear metal coordination and assembly of
the active site of hydantoinase.

Dual roles of D313 in metal binding and catalysis

In contrast to D313A, D313E maintained two metals per
subunit and exhibited enzyme activity (Table 3). The pH
dependence of D313E (Fig. 4) was found to differ from
those of wild-type hydantoinase. The kinetic pK, values of
D313E derived from Fig. 4 were 6.7 = 0.1 and 7.4 £ 0.1
for k., and k../K,, respectively, which were significantly
higher (0.4 and 0.7, respectively) than those of wild-type
hydantoinase. These observations from site-directed
mutagenesis and associated kinetic data indicated that
D313 had dual roles in both metal binding and in catalysis.

Discussion

It is interesting to observe that iron appeared to be the most
favorable metal ion of recombinant Agrobacterium ra-
diobacter hydantoinase expressed in Escherichia coli.
Significant amounts of iron were found in the recombinant
hydantoinase even when a large excess of zinc, cobalt, or
manganese ion was added in the cell culture (Table 1).
However, unlike other iron enzymes, such as cytosine
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Fig. 4 The pH profiles of D313E using 5-leucinylhydantoin as the
substrate. Enzyme activity was determined using 100 pg to 5 mg
D313E. Circles denote k., and squares denote k.. /K,

deaminase [21], methionine aminopeptidase [22], and
deformylase [23], iron did not activate apohydantoinase
activity. It has been observed that recombinant hydantoin-
ase exhibits no enzyme activity without supplementation
with a large excess of active metal ions, and metal-recon-
stituted hydantoinase exhibits higher enzyme activity [19].
At that time, the occupation of the metal binding site by iron
was not suspected. The results shown in Table 1 clearly
explain why metal supplementation in the cell culture was
needed to obtain active recombinant hydantoinase and why
metal-reconstituted hydantoinase exhibited higher enzy-
matic activity. Both zinc and iron are the most abundant and
important metal nutrients for growth of bacteria [24]. It is
unclear why iron is the preferred metal incorporated into
recombinant hydantoinase and why the highest activity of
hydantoinase is observed when the cell cultures are sup-
plemented with cobalt. It is unlikely that cobalt has a
biological role in vivo because of its low bioavailability in
the cell [24].

Both the metal titration (Fig. 2) and the metal contents
(Tables 1, 3) for bacterial hydantoinase suggest that there
are two metal ions within the active site needed for
hydantoinase activity. However, significantly higher metal
content (about 2.5 metals per enzyme subunit) was
determined in highly active metal-reconstituted hydan-
toinase (Table 3). It was not surprising that additional
metal binding sites on the protein surface were available
because hydantoinase could efficiently bind to a chelating
column (described in “Materials and methods” for protein
purification). Dihydroorotase has been found to have
nearly three metals per monomer [25]. The recent crystal
structure of Bacillus sp. hydantoinase reveals that there is
a third metal binding site near the binuclear active site of
the enzyme [17]. The significant amounts of metals found
in K148 mutants (their carboxylated sites were elimi-
nated) and more than two metals per subunit found in
wild-type hydantoinase (Table 3) indicate the presence of
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extra metal binding sites in addition to the binuclear
active site. The metal center in the amidohydrolase
superfamily is vital for enzyme activity [26] and a
mononuclear or binuclear metal center is the structural
landmark for hydrolytic enzymes with the TIM-barrel
structural fold (named after triosephosphateisomerase,
consisting of eight a-helices and eight parallel f-strands
that alternate along the peptide backbone) [27]. Mutation
of each of the amino acids of the binuclear metal center
(Fig. 1) partially eliminated a metal binding site, as pre-
sented in Table 3. The above observations regarding
metal contents might also reconcile the seemingly con-
tradictory data reported previously [28] for the possibility
of metal contamination in recombinant hydantoinase.
Metal quantitation indicates that only a mutation at lysine
could eliminate the binding of nearly two metals (K148A)
as compared with wild-type hydantoinase. This finding is
consistent with the crystal structure shown in Fig. 1 and
indicates that posttranslational lysine caboxylation is
necessary for binuclear metal binding.

Hydantoinase of bacterial origin and its mammalian
counterpart, dihydropyrimidinase, exhibit a broad substrate
spectrum [4]. As shown in Table 2, the K, valuess of the
three representative substrates are high in the millimolar
ranges, especially for those of dihydrouracil. Variation of
the active-site metal center kept the K, valuess within the
same order of magnitude, but the K, values of mammalian
dihydropyrimidinase are 1 order of magnitude lower than
those of bacterial enzymes using dihydropyrimidine and 6-
methyldihydropyrimidine as substrates [4], which suggests
that the mammalian dihydropyrimidinase has its important
biological role in the reductive degradation of pyrimidine
degradation. The specific biological function of hydan-
toinase in bacteria is unclear [5].

The sizes of the metal have been proposed as the factors
that affect the activity of hydantoinase [19]. In Table 2, the
effect of metal on the substrate specificity of hydantoinase
is examined for three representative substrates, a six-
membered ring (dihydropyrimidine), a bicyclic compound
(phthalimide), and a five-membered ring (5-leucinylhyd-
antoin). The results indicate that the metal ion not only
affected the activity of hydantoinase but also significantly
affected its substrate selectivity. The differences in catalytic
efficiency (k../K,,) between the best and worst substrates
tested were 10-, 52- and 178-fold for zinc, cobalt, and
manganese, respectively, in the metal-reconstituted hyd-
antoinases. This indicates that zinc hydantoinase gave less
discrimination between dihydrouracil and 5-leucinylhyd-
antoin, while manganese hydantoinase saw dihydrouracil
and 5-leucinylhydantoin as two very distinct substrates.

Activity of KI148A could be chemically rescued by
small organic acids in the presence of a high concentration
of metal ions (Fig. 3), and smaller carboxylic acids lead to
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better hydantoinase activity (acetate < propionate < buty-
rate) (Fig. 3). The variation may be due to the accessibility
of the carboxylic acids to the active site. The maximal
activity of K148A was still tenfold less than that of wild-
type hydantoinase (Table 3, Fig. 3). One of the reasons for
the difference in hydantoinase activity might be because
carbamate and carboxylate have different chemical prop-
erties, as shown in Fig. 5a and b. A resonance structure of
carbamate gives both oxygen atoms of a carbamate formal
negative charges (Fig. 5a), perhaps promoting the bimetal
binding [29, 30]. A partially positive charge, which is not
available for carboxylate (Fig. 5b), is also formed in car-
bamate resulting from lysine carboxylation. This structural
feature for the active sites of phosphotriesterase [13],
urease [12], dihydroorotase [11], and isoaspartyl dipepti-
dase [31] is very similar to that of hydantoinase. A
combination of site-directed mutagenesis and chemical
rescue studied for phosphotriesterase [32] gives results
similar to those of hydantoinase obtained in this study. In
contrast, chemical rescue for another carbamate-dependent
enzyme, ribulose-1,5-bisphosphate carboxylase/oxygenase
(RUBISCO), not a member of the amidohydrolase super-
family, was not successful [33], suggesting that the role of
carbamate in RUBISCO may be not as the same as that of
phosphotriesterase and hydantoinase. Other zinc amido-

hydrolases, such as dihydroorotase and allantoinase,
a _ -
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Fig. 5 Mechanism of hydantoinase-catalyzed reaction. a Resonance
forms for carbamate of carboxylated lysine. b Resonance forms for
carboxylate. ¢ Proposed mechanism for the action of hydantoinase.
For the hydrolysis of 5’-monosubstituted hydantoin, a nucleophilic
attack by the bridging hydroxide was facilitated by the transfer of the
proton from the hydroxide to the carboxylate of Asp-313

contain carbamated lysine and catalyze similar reactions
[26, 34, 35]. However, the titration curve for addition of the
metals into the active site of phosphotriesterase indicates a
cooperative manner for assembly of the binuclear metal
center [36], different from our study on hydantoinase
(Fig. 2). The titration curve for the reactivation of apohy-
dantoinase indicates that the first metal was preferentially
bound but did not give any enzyme activity until the second
metal was also bound to the hydantoinase. The relative
binding affinity of the two metal binding sites for cobalt
was estimated to be roughly 5:1 according to the slopes of
the metal titration curve shown in Fig. 2a. It is, however,
difficult to determine which is the preferred binding site
(o or f as shown in Fig. 1). A mutagenesis study (Table 3)
showed that either metal binding site can be occupied by
cobalt with the removal of the metal ligand by site-directed
mutagenesis in the other metal binding site. It is interesting
to observe that D313, which coordinates to the o metal
(Fig. 1), can be replaced with glutamate and retain full
metal binding capacity (Table 3). It appears that the «
metal may be the preferred one when both metal binding
sites are available.

Variations in pK, values with different metal ions in
hydantoinase indicate that ionization of the active-site
functional groups is dependent on the specific metal
binding to the binuclear metal center. As shown in Fig. Sc,
metal ions are proposed to directly promote the activation
of the hydroxyl group for the nucleophilic attack on
hydantoin. Asp-313 was proposed to be involved in the
coordination of metal and activation of the hydroxyl group.
The pK, values of k.., 6.3 £ 0.1, 6.0 = 0.1, and 6.6 £ 0.1
for cobalt-, zinc-, and manganese-reconstituted hydan-
toinase, respectively, indicate that the pK, of the hydroxyl
group activated by metal ion (Fig. 5¢) may be significantly
affected by the metal ion in the active site. The pK, values
of keat/ Kiny 7.0 £ 0.1, 6.7 & 0.1, and 6.8 % 0.1 for cobalt-,
zinc-, and manganese-reconstituted hydantoinase, respec-
tively, indicate that the overall catalytic efficiency, which
includes substrate binding, may be affected in a different
manner. In Fig. 5c, Asp-313 is shown to coordinate one
metal ion (o) and to function as a base to stabilize the
hydroxyl group activated by the other metal ion (f) and to
stabilize the intermediate, the dihydroxyl hydantoin (not
shown) following the nucleophilic attack by the hydroxyl
group. The pK, values obtained with the D313E mutant
(Fig. 4) were significantly higher (0.4 and 0.7 for k., and
kea/ Ky, respectively) than those of wild-type hydantoinase,
which supports the mechanism shown in Fig. Sc suggesting
that D313 is directly involved in the metal assisted imide
hydrolysis and stabilization of the intermediate or transi-
tion state of hydantoin hydrolysis. The significant
perturbation in the active-site structure would be expected
with the mutation of aspartic acid to glutamate. The
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increase in pK, values may indicate that glutamate is
less effective in functioning as a metal coordinator or
in stabilizing the transition state of the reactant in the
hydantoinase active site.

The chemical mechanism of the binuclear metal center
containing amidohydrolase [26] likely has three steps: (1)
the hydrolytic water molecule must be activated for
nucleophilic attack, (2) the amide bond of the substrate
must be made more electrophilic by polarization of the
carbonyl-oxygen bond, and (3) the leaving-group nitrogen
must be protonated as the carbon—nitrogen bond is
cleaved. Thus, a single group must be unprotonated for
the catalytic activity [37]. The respective kinetic pK,
obtained from the pH profiles of the metal-reconstituted
hydantoinase varies, suggesting the deprotonation of the
enzyme is associated with the specific metal bound to the
active site. Moreover, on the basis of the crystal structure
of dihydroorotase [11], the bimetal ion is proposed to
function as a Lewis acid for polarizing the carbonyl
group of the substrate. The carbonyl oxygen of the
substrate directly interacting with the metal center will
diminish the electron density and facilitate nucleophilic
attack by the bridging hydroxide. In the final step, the
amide nitrogen of the substrate must be protonated. The
crystal structure of hydantoinase shows that the D313 is
responsible for the proton transfer. This residue has been
proposed as the group that shuttles the proton from the
bridging hydroxide to and from the substrate and product
during catalysis [34]. This is consistent with our finding
that the kinetic pK, values of D313E derived from the
pH profile were significantly shifted compared with those
of the wild-type enzyme. The aspartate located in the
active site of related amidohydrolases, phosphotriesterase
[38] and dihydroorotase [39], has also been demonstrated
to be involved in proton transfer reactions with the
bridging hydroxide.

It has been speculated that the functionally related ami-
dohydrolases, such as hydantoinase (dihydropyrimidinase),
dihydroorotase, and allantoinase, use a similar catalytic
mechanism for the hydrolysis of the cyclic amide ring [28,
34, 40]. The chemical mechanism of hydantoinase pre-
sented here was similar to that of Escherichia coli
dihydroorotase [39], and thus it further raises an important
question as to whether their mammalian counterparts use
the same mechanism. Three lines of evidence may suggest
that the difference in enzyme properties between mamma-
lian dihydropyrimidinase and bacterial hydantoinase
requires further attention. The most interesting finding in
the amidohydrolase superfamily family is their metal
content. Hydantoinases from bacteria and yeast are found
to contain two metal ions; however, the mammalian
counterparts have one metal ion [19]. Second, bacte-
rial hydantoinase is generally EDTA-labile, while its
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mammalian counterparts are EDTA-resistant (even above
100 mM), suggesting that bacterial hydantoinase and di-
hydropyrimidinase have different metal binding affinities,
or the metal in dihydropyrimidinase is inaccessible to
EDTA. Third, the activities of animal dihydropyrimidinases
are significantly higher than those from yeast and bacteria
[34, 41]. Similarly, these observations are also found for
dihydroorotase. In higher organisms, dihydroorotase is
found within a large polyfunctional protein CAD, which
contains one metal ion [42]; in bacteria such as Escherichia
coli, however, dihydroorotase is found to have two metal
ions [11]. The one metal/two metal phenomena were
observed in other enzyme families with interesting associ-
ation to the amidohydrase superfamily described above.
The aminopeptidase from Aeromonas proteolytica contains
two zinc ions in the active site and is bridged by an aspartic
acid site chain [43]. This structure may highly resemble that
of KI148A mutant rescued by carboxylic acids (Fig. 3).
Glyoxalase II of the metallo-f-lactamase family from
Arabidopsis thaliana is shown to bind a mixture of zinc,
iron, or manganese, but the binding of iron and zinc to this
enzyme occurs exclusively as bimetal centers [44]. How-
ever, metallo-f-lactamase from Bacillus cereus contains a
mononuclear zinc in the active site [45]. Another metallo-f3-
lactamase, L1 from Stenotrophomonas maltophilia, was
found to contain 1 and 2 equiv of zinc and 2 equiv of zinc
plus hydrolyzed nitrocefin (an antibiotic) [46]. At present,
no structural data are available for mammalian dihydroor-
otase and dihydropyrimidinase that contain one metal per
enzyme subunit.
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