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Allantoinase is a suspected dinuclear metalloenzyme that catalyzes the hydrolytic cleavage of the five-
member ring of allantoin (5-ureidohydantoin) to form allantoic acid. Recombinant Escherichia coli allantoinase
purified from overproducing cultures amended with 2.5 mM zinc, 1 mM cobalt, or 1 mM nickel ions was found
to possess �1.4 Zn, 0.0 Co, 0.0 Ni, and 0.4 Fe; 0.1 Zn, 1.0 Co, 0.0 Ni, and 0.2 Fe; and 0.0 Zn, 0.0 Co, 0.6 Ni,
and 0.1 Fe per subunit, respectively, whereas protein obtained from nonamended cultures contains near
stoichiometric levels of iron. We conclude that allantoinase is incompletely activated in the recombinant cells,
perhaps due to an insufficiency of a needed accessory protein. Enzyme isolated from nonsupplemented cultures
possesses very low activity (kcat � 34.7 min�1) compared to the zinc-, cobalt-, and nickel-containing forms of
allantoinase (kcat values of 5,000 and 28,200 min�1 and 200 min�1, respectively). These rates and correspond-
ing Km values (17.0, 19.5, and 80 mM, respectively) are significantly greater than those that have been reported
previously. Absorbance spectroscopy of the cobalt species reveals a band centered at 570 nm consistent with
five-coordinate geometry. Dithiothreitol is a competitive inhibitor of the enzyme, with significant Ki differences
for the zinc and cobalt species (237 and 795 �M, respectively). Circular dichroism spectroscopy revealed that
the zinc enzyme utilizes only the S isomer of allantoin, whereas the cobalt allantoinase prefers the S isomer,
but also hydrolyzes the R isomer at about 1/10 the rate. This is the first report for metal content of allantoinase
from any source.

Allantoinase (EC 3.5.2.5), present in a wide variety of bac-
teria, fungi, and plants, as well as a few animals, such as fish
and amphibians, catalyzes the conversion of allantoin (5-
ureidohydantoin) to allantoic acid by hydrolytic cleavage of the
five-member hydantoin ring (33, 52). Allantoin is a key inter-
mediate in nitrogen metabolism of leguminous plants, such as
soybean (Fig. 1), where ureides provide the major transport
form of symbiotically fixed dinitrogen (29, 43, 48, 55). Until
recently, it was thought that allantoin was formed directly from
uric acid by the action of uric acid oxidase (39); however, it has
now been established that the true product of soybean uric acid
oxidase is 5-hydroxyisourate (22), which is then acted upon
by the enzyme hydroxyisourate hydrolase to yield 2-oxo-4-
hydroxy-4-carboxy-5-ureidoimidazoline (42). This compound
is then converted to allantoin, most likely by a yet unidentified
enzyme. The product of allantoin hydrolysis, allantoate, is se-
quentially converted in soybean to ureidoglycine, ureidoglyco-
late, and glyoxylate with the ammonia released during these
reactions utilized for plant cell growth. Variations of this path-
way occur in other organisms, including Escherichia coli, which
can grow on allantoin as the sole nitrogen source, but not as
the sole carbon source. The E. coli allantoinase gene is part of
a 12-gene regulon involved in allantoin degradation and nitro-
gen assimilation, and these genes are expressed only when the
cells are grown under anaerobic conditions (10).

On the basis of limited sequence similarities, allantoinase
was suggested to belong to a broad family of metal-dependent
amidohydrolases (17). Members of this family contain either

mononuclear metal sites, such as the zinc site found in aden-
osine deaminase (56) and the iron site in cytosine deaminase
(57), or dinuclear sites, such as the di-nickel site documented
to occur in urease (20) and the di-zinc sites of dihydroorotase
(47) and hydantoinase (1, 2, 8). Some, but not all, dinuclear
hydrolase family members have their two metals bridged by a
carbamylated lysine ligand (1, 2, 4, 7, 8, 20, 47). Significantly,
we find that allantoinase sequences align with the active site
regions of crystallized hydantoinases (1, 2, 8), dihydroorotase
(47), and urease (20), as well as with a subgroup of hydantoi-
nases that have not been structurally characterized (Fig. 2).
The ligands to the metal centers in these enzymes appear to be
conserved in allantoinases, even including the lysine that is
carbamylated in the crystallized enzymes. Thus, allantoinase is
likely to possess a dinuclear metal site bridged by a carbamy-
lated lysine side chain. Surprisingly, despite its purification
from several sources (21, 24, 25, 33, 52, 55), the metal content
of allantoinase has not been reported. Here we focus on re-
combinant allantoinase from E. coli and examine how supple-
mentation of the medium with different metal ions affects the
enzyme metal content, kinetic parameters, and substrate ste-
reospecificity.

MATERIALS AND METHODS

Bacterial strains and media. E. coli K-12 strain W3110 (16) was used as the
source of genomic DNA for cloning the allantoinase gene. Production of recom-
binant allantoinase was performed with cells of E. coli strain C41(DE3) (31) as
the host cells, which were grown in TB medium, consisting of 12 g of tryptone,
24 g of yeast extract (Difco), and 4 ml of glycerol per 900 ml (41) supplemented
with 100 ml of filter-sterilized 0.5 M 3-(N-morpholino)propanesulfonic acid
(MOPS) (pH 7.2), in place of the standard phosphate buffer. The MOPS buffer
allowed addition of high concentrations of metal ions without precipitation of the
phosphate salts. All other recombinant DNA manipulations were done with
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E. coli DH5� or XL1-Blue (Stratagene) and grown in Luria-Bertani (LB) me-
dium according to standard protocols (3).

PCR cloning and overexpression of allantoinase gene. Genomic DNA was
isolated from E. coli by standard methods (3). The PCR primers used were
5�-AAGAAACGTAGACCAGCAG-3� for the forward direction and 5�-GCAG
AAGGTACCGTAGGAG-3� for the reverse, where the underlined bases rep-
resent base changes relative to the genomic sequence that introduced a KpnI site
before the 5� end of the allantoinase gene and an AccI site after the 3� end. The
amplified DNA fragment encoding the allantoinase gene was isolated from a 1%
agarose gel by using QIAEX II gel purification reagents (Qiagen) and digested
with KpnI and AccI. Vector pGEM-4Z (Promega) was also digested with KpnI
and AccI, and the reaction products were ligated to produce plasmid pEA5. The
entire allantoinase gene was sequenced by automated sequencing methods at the
Michigan State University DNA Sequencing Facility.

The allantoinase gene was subcloned from pEA5 into pET11a to achieve a
high level of expression. Site-directed mutagenesis was first performed with PCR
with the complementary primers 5�-CAATCTGTATTTTACAAGGAGTTTCA
TATGTCTTTTGATTTAATCATTAAAAACG-3� (forward), and 5�-CGTTTT
TAATGATTAAATCAAAAGACATATGAAACTCCTTGTAAAATACAGA
TTG-3� (reverse). The underlined bases represent base changes to introduce an
NdeI site at the start ATG codon. The amplified circular plasmid products were
transformed into E. coli XL1-Blue and analyzed for the presence of a new NdeI
restriction site (one new site at the ATG start codon and one existing site after
the 3� end of the gene in the pGEM-4Z vector). The allantoinase gene was
resequenced to verify that no unintended mutations occurred, excised from
pEA5 by using NdeI to produce a 1.1-kb fragment, isolated, and ligated into
NdeI-cut pET11a (Novagen). The plasmid construct, designated pEA14, was
checked by digestion with PstI to verify proper insert orientation with respect to
the T7 promoter.

Allantoinase assays. Enzyme assays were performed as previously described
(40) by the o-phenylenediamine method. The standard assay mixture contained
50 mM allantoin (from Acros or Sigma) and 50 mM HEPES (pH 7.4) at 37°C.
Allantoin solutions were prepared by adding the solid to hot water to aid in
dissolution. When higher concentrations of allantoin were required (up to 125
mM), the solutions were held at 37°C and used within several min. For deter-
mination of Km values, substrate concentrations ranged from 1.5 to 119 mM.
Data were fit to the Michaelis-Menten equation with SigmaPlot (Jandell Scien-
tific). Units of activity are defined as micromoles of allantoic acid produced per
minute per milligram of protein. Values of kcat were calculated with an Mr of
49,500 for the allantoinase monomer.

Effect of metal ions on levels of enzyme activity in cell cultures. Because
allantoinase was suspected to be a metalloenzyme (see the introduction), the
activity of recombinant enzyme was examined in crude extracts prepared from
cultures grown in the presence of various metal ions. Cultures of E. coli
C41(DE3)(pEA14) were grown aerobically at 30°C with rapid shaking in 10 ml
of TB medium containing 250 �g of ampicillin per ml or 100 �g of carbenicillin
per ml and 1 mM concentrations of the following metal salts: FeSO4, Zn acetate,
CoCl2, NiCl2, CdCl2, CuSO4, MgCl2, MnCl2, Na2MO4, and Na2VO4. Additional
anaerobic cultures were grown either without added metal ions or with 2 mM
ferrous ammonium sulfate in a sealed vial in which the headspace was replaced
with nitrogen. When the cultures reached an A600 of 0.1 to 0.2, isopropyl-�-D-
thiogalactopyranoside (IPTG) was added to a final concentration of 100 �M, and
the cultures were moved to room temperature and grown overnight. Allantoinase
activities were determined after centrifuging 1 ml of each culture, resuspending
the pellets in 1 ml of 20 mM HEPES (pH 7.8), and disrupting them by sonication
with a Branson Sonifier 250. Assays of the anaerobically grown cells were per-
formed with an assay mix that was placed into centrifuge tubes and vials that
were sealed and subjected to 10 cycles of evacuation and argon filling. The
anaerobic cells were resuspended in degassed buffer containing 20 mM Tris (pH
8) with 0.1 mM EDTA, 0.1 mg of lysozyme per ml, and 1 mM sodium hydro-
sulfite. After 20 min at room temperature, the cells were frozen and thawed
twice, and aliquots were removed and assayed under aerobic and anaerobic
conditions.

Enzyme purification. E. coli C41(DE3) cells were transformed with plasmid
pEA14 and grown in TB medium supplemented with 250 �g of ampicillin per ml
plus either 2.5 mM zinc acetate, 1 mM cobalt chloride, or 1 mM nickel chloride
at 30°C with rapid shaking. When the cultures reached an A600 of �0.1, IPTG
was added to 50 �M, the flasks were shifted to room temperature, and growth
continued for an additional 16 to 18 h. Preliminary studies aimed at optimizing
expression conditions utilized 10- to 50-ml cultures, whereas routine large-scale
purification was performed with 250-ml cultures grown in 2.8-liter Fernbach
flasks. Cells were chilled on ice, harvested by centrifugation, and frozen at
�20°C. After thawing, cells were resuspended in 50 mM HEPES buffer (pH 8.1)
and disrupted by sonication with ice cooling between pulses. The disrupted cell
suspensions were adjusted to 0.5 mM in phenylmethylsulfonyl fluoride and 2%
(wt/vol) in streptomycin sulfate, mixed thoroughly, and centrifuged at 50,000 �
g for 25 min. The supernatant solutions were chromatographed at room tem-
perature with DEAE Sepharose (2.5-cm diameter by 35 cm; Pharmacia). After
being washed with 50 mM HEPES (pH 8.1), allantoinase was eluted with a 0 to
1 M KCl gradient in 50 mM HEPES (pH 8.1) in a total volume of 250 ml.

FIG. 1. Allantoinase reaction in the context of soybean uric acid metabolism. The boxed reaction is catalyzed by allantoinase.
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Fractions were examined for the presence of allantoinase protein by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, and
those containing enzyme of sufficient purity were pooled and dialyzed in 50 mM
HEPES (pH 8.1) at 4°C overnight. The dialyzed preparation was divided into two
parts, and each was chromatographed on a Mono-Q HR 10/10 column by using
a Pharmacia fast protein liquid chromatography system. Enzyme was eluted with
a 0 to 1 M KCl gradient in a buffer of 50 mM HEPES (pH 8.1) with a two-step
gradient of 0 to 0.4 M KCl in 80 ml followed by 0.4 to 1 M in 20 ml. The fractions
were examined by SDS-PAGE analysis, and those containing 	95% pure allan-
toinase were pooled and stored on ice. Protein concentrations for samples from
early stages in the purification were determined with the Bio-Rad protein assay
reagent with bovine serum albumin as the standard. The concentrations of
purified enzyme samples were measured by using a calculated extinction coeffi-
cient at 280 nm of 35,700 M�1 cm�1 (35).

In a similar manner, allantoinase was purified from cell cultures of E. coli
C41(DE3)(pEA14) to which no metal ions were added. Cultures grown in this
way exhibited allantoinase activities comparable to those of background controls,
yet showed significant allantoinase protein production based on SDS-PAGE
analysis. The nearly inactive enzyme was isolated to 90% purity with the same
DEAE-Sepharose/Mono-Q protocol described above, except that, for some
preparations, buffers contained 0.1 mM dipicolinic acid to chelate trace metals in
the solutions. Final purification, yielding at least 95% homogeneous protein, was
achieved by concentrating fractions from the Mono-Q column in a Centricon 30
microconcentrator and chromatographing the sample on a 2.5-cm by 47-cm
Superose 6 column equilibrated in 50 mM HEPES buffer (pH 8.1) containing 50
�M EDTA and 50 �M dipicolinic acid. The fractions of highest purity as judged
by SDS-PAGE analysis were pooled and stored on ice.

Effect of added metal ions on allantoinase activity. Activation studies were
performed to assess the effect of added metal ions on allantoinase activity.
Buffers were treated with Chelex-100 resin to remove trace metal contaminants.
Solutions of zinc sulfate and cobalt sulfate utilized Puratronic grade reagents
(Johnson Mathey Chemicals, Ltd.). Typical experiments (100 �l) contained 2.4
nmol of allantoinase in 50 mM Tris buffer (pH 8) containing 100 �M zinc sulfate
or 2 or 20 mM cobalt. In addition, some experiments included 1 to 3.6 M urea
or 10 mM bicarbonate. After mixing allantoinase with the desired additives,

samples were incubated at room temperature and assayed periodically over
several days.

Characterization of allantoinase. Metal contents of allantoinase preparations
were measured by inductively coupled plasma emission-mass spectrometry in the
Food Safety and Toxicology Center at Michigan State University or by induc-
tively coupled plasma emission spectroscopy at the Chemical Analysis Labora-
tory of the University of Georgia. Prior to analyses, buffer components and
excess metal ions were removed by several concentration/dilution steps in a
Centricon-30 ultrafilter with metal-analysis-grade water. The resulting protein
samples were made 5% in nitric acid (Fisher, TraceMetal grade) and centrifuged
at 13,000 rpm for 10 min to remove the precipitated protein. The supernatants
were used for metal analyses.

The pH dependence of allantoinase activity was measured in solutions of
50 mM allantoin containing 50 mM of the appropriate buffering agent. Because
allantoin is a weak acid, the pH of each solution of allantoin was measured and
adjusted by addition of NaOH as needed. Nonenzymatic degradation of allan-
toin, known to occur under acidic and alkaline conditions (51), was measured at
pH values above 8.5. No significant nonenzymatic allantoin hydrolysis was ob-
served under acidic conditions down to pH 5.4. The stability of allantoinase as a
function of pH was measured by diluting enzyme samples into solutions contain-
ing 50 mM 2-(4-morpholino)ethanesulfonic acid (MES), HEPES, 2-[N-cyclo-
hexylamino]ethanesulfonic acid (CHES), or 3-[cyclohexylamino]-1-propanesul-
fonic acid (CAPS) over a wide pH range. After exposure of the enzyme to the
indicated pH conditions for 1 h at room temperature, the samples were tested for
activity with the standard assay described above.

During preliminary experiments with allantoinase, it was found that thiols
inhibited the enzyme. Allantoinase inhibition by dithiothreitol (DTT) was exam-
ined in detail for the cobalt and zinc forms by measuring enzyme activity over a
range of DTT and allantoin concentrations.

CD spectroscopy. For circular dichroism (CD) spectroscopy, the enantiomeric
specificities of the zinc and cobalt forms of allantoinase were examined by
monitoring the changes in optical activity of solutions containing 1 mM racemic
allantoin in the presence of 20 mM sodium phosphate buffer (pH 7) in a volume
of 800 �l. Samples were placed in a 1-cm quartz cuvette in a Jasco J-710
spectropolarimeter, and 0.3 U of either cobalt or zinc allantoinase was added and

FIG. 2. Sequence comparison of regions of selected amidohydrolases. Regions of sequence similarity are shown for allantoinases (All) of
Escherichia coli, Deinococcus radiodurans (D.rad.), Bacillus subtilis (B.sub.), Bacillus halodurans (B.hal.), Streptomyces coelicolor (S.coe), and
Saccharomyces cerevisiae (S.cer.); hydantoinases (Hyd) of Agrobacterium tumefaciens (A.tum.), Ralstonia pickettii (R.pic.), Agrobacterium sp. strain
IP I-671 (A. sp.), Geobacillus stearothermophilus (formerly Bacillus stearothermophilus [G.ste.]), S. coelicolor, Brucella melitensis (B.mel.), Pseudo-
monas putida (P.put.), Sulfolobus tokodaii (S.tok.), a Thermus sp. (Ther.), and Arthrobacter aurescens (A.aur.); E. coli dihydroorotase (DHO), and
Klebsiella aerogenes urease large subunit (K.aer. Ure). Crystal structures have been reported for the D-specific hydantoinases from Thermus (2) and
G. stearothermophilus (8) (Protein DataBank accession no. 1GKP and 1K1D), the L-specific hydantoinase from A. aurescens (1) (accession no.
1GKR), E. coli dihydroorotase (47) (accession no. 1J79), and K. aerogenes urease (20) (accession no. 1FJW). The metallocenter ligands in these
proteins are underlined with carbamylated lysines bridging the two metals.
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mixed. The room temperature reaction was followed by taking spectra at various
times or by continuous monitoring at a wavelength of 220 nm.

RESULTS

Effects of metal ions on recombinant allantoinase activity in
cell cultures. Using the genomic DNA sequence of E. coli,
primers were designed to PCR amplify the segment containing
the allantoinase gene and incorporate restriction sites for op-
timal placement in the T7 polymerase-controlled expression
plasmid pET11a. The resulting construct, designated pEA14,
was used for all subsequent experiments. When cultures were
grown and induced by IPTG at 37°C, SDS-PAGE analysis of
cell extracts revealed the production of some soluble allanto-
inase along with a larger fraction of insoluble enzyme (data not
shown). Yields of total allantoinase were examined at IPTG
concentrations of 0 to 0.5 mM with optimal amounts of protein
observed at 50 �M inducer. Growth at lower temperatures
resulted in a larger fraction of soluble enzyme.

The TB medium used for cell growth contains metal-binding
components that reduce the available concentrations of metal
ions suspected to be required for allantoinase activity; thus, the
effects of added metal ions were examined. At metal ion concen-
trations of 1 mM, only zinc, cobalt, and nickel provided activities
(28, 35, and 6 U ml�1, respectively) that were significantly above
that of the no-supplemental-metal control (1.3 U/ml). Specific
activities of cultures grown in a range of zinc concentrations from
0 to 5 mM revealed maximal activity levels at 2.5 mM metal ion.
Zinc concentrations above 2.5 mM and cobalt or nickel concen-
trations above 1 mM were inhibitory to cell growth. The condi-
tions selected for routine purification of allantoinase from zinc-
amended media used 2.5 mM zinc acetate. Similarly, 1 mM cobalt
chloride or nickel chloride was added to cultures to obtain the
cobalt or nickel forms of the enzyme. In all cases, cells were grown
at 30°C until they reached an A600 of 0.1 to 0.2, at which time,
IPTG was added to a final concentration of 50 �M, and growth
continued at room temperature overnight (22 to 25°C). Under
these conditions, typical cultures contained 34,000 to 83,000 U
(zinc supplemented), 35,000 to 90,000 U (cobalt supplemented),
or 2,800 to 7,300 U (nickel supplemented) of allantoinase per
liter.

Nonrecombinant E. coli allantoinase was previously re-
ported to be synthesized only when cells were grown under
anaerobic conditions (10), suggesting that the enzyme may be
oxygen labile or that its regulation is controlled by the oxida-
tion state of the cells. To test the effects of oxygen and added
ferrous ions on recombinant allantoinase activity, extracts were
prepared from cells grown anaerobically with various concen-
trations of ferrous ions and assays performed under anaerobic
conditions. No significant activity was detected for any of these
samples. In contrast, control experiments with cells grown in
2.5 mM zinc acetate under aerobic conditions and lysed by the
anaerobic lysozyme method gave an activity of 21 U ml�1,
while a parallel sample of cells disrupted by sonication yielded
34 U ml�1.

Allantoinase purification. Recombinant allantoinase was
purified from sonicated extracts of cells grown in the presence
of added zinc, cobalt, or nickel and from cultures with no metal
supplementation. Each sample was purified by successive
DEAE-Sepharose and Mono-Q chromatography steps. Typical

purifications of allantoinases from zinc- and cobalt-amended
cultures are shown in Table 1. Purifications were performed
with buffers containing 50 mM HEPES (pH 8.1), and the pure
enzyme samples were stored as pooled fractions directly off the
Mono-Q column (estimated KCl concentration of 250 mM in
50 mM HEPES [pH 8.1]) or in 100 mM KCl–50 mM HEPES
(pH 8.1). The allantoinase purified from zinc-amended cul-
tures could be frozen and thawed at least four times without
significant reduction of specific activity. The enzyme purified
from cobalt-supplemented cultures was labile to freezing and
lost about 50% of the initial activity within 1 week when stored
at 4 to 8°C, with subsequent losses occurring at a somewhat
slower rate. Purified allantoinase from either source was rou-
tinely stored on ice. In this way, the zinc form has been stored
as long as 5 months and the cobalt form has been stored as long
as 1 month without significant loss of activity. Short-term in-
cubation with metal chelators, such as EDTA and dipicolinic
acid, had negligible effects on either form of allantoinase ac-
tivity at the pH of the storage buffer. Furthermore, long-term
incubation of the enzyme isolated from zinc-amended cultures
with 10 �M cobalt did not lead to any increase in activity.

Allantoinase purified from cultures grown without added metal
ions had a final specific activity of 0.7 �mol min�1 mg of pro-
tein�1 (9.4 mg from a 250-ml culture). This form of the enzyme
showed small, gradual increases in activity when incubated in
buffers containing 2 or 20 mM cobalt, yielding enzyme with 3.9
and 8.1 �mol min�1 mg of protein�1, respectively, after 10 days
at room temperature. No increase in activity was detected in
samples incubated with 100 �M zinc, even in the presence of mild
concentrations of urea. Concentrations of zinc above 100 �M
could not be tested in this experiment due to precipitation of the
protein. Inclusion of 10 mM bicarbonate to test the possible
requirement that lysine carbamylation is required for enzyme
activation as in urease (36) (and likely to be needed for dihydroo-
rotase and hydantoinase) (1, 2, 8, 47) did not affect the allantoi-
nase activity. For comparison, the activities of allantoinases puri-
fied from zinc- or cobalt-supplemented cultures were unaffected
by incubation with these additives.

Metal content. The metal contents of representative allan-
toinase preparations are illustrated in Table 2. Growth condi-

TABLE 1. Purification of E. coli allantoinase from cultures
supplemented with zinc and cobalt

Purification step

Allantoinase

Protein
(mg)a Total Ub Sp act

(U mg�1)
Recovery

(%)

Zinc-amended culture
Sonicated cells 985 21,600 22.0 100
Streptomycin SO4 643 23,300 36.1 100
DEAE-Sepharose 323 11,600 35.9 53.6
Mono-Q 53.7 4,090 76.1c 18.9

Cobalt-amended culture
Sonicated cells 670 44,300 66.0 100
Streptomycin SO4 330 46,500 142 100
DEAE-Sepharose 127 14,300 113 32.3
Mono-Q 20.0 8,200 410c 18.5

a From 250 ml of culture.
b Measured at 50 mM allantoin.
c Concentration of final protein determined by A280 with a calculated extinc-

tion coefficient of 35,700 M�1 cm�1.
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tions had a large impact on the metal content of the enzyme,
with zinc, cobalt, nickel, and iron being the only metals found
in significant quantities. Allantoinase prepared from cells
grown in excess zinc contained 0.62 to 1.45 mol of metal per
mol of monomer, as well as significant amounts of iron. No
cobalt or nickel was detected in this form of the enzyme.
Enzyme purified from cells grown in cobalt-supplemented me-
dium contained approximately stoichiometric amounts of this
metal (ranging from 0.81 to 1.0 mol per mol of monomer), but
also had small amounts of zinc and iron. Unexpectedly, en-
zyme prepared from nickel-amended cultures contained only
small amounts of this metal (0.13 mol of metal per mol of
monomer) and larger amounts of iron (0.62 mol). Similarly,
allantoinase purified from cultures grown without added met-
als had more than stoichiometric levels of iron and only trace
amounts of zinc.

Absorbance spectroscopy. As described in the Discussion
section, several cobalt-containing enzymes possess character-
istic absorbance bands in the 500- to 700-nm-wavelength range.
When examined by UV-visible spectroscopy, the cobalt-con-
taining allantoinase showed a similar absorption band centered
at 570 nm with an ε570 of 209 M�1 cm�1 (Fig. 3).

Kinetic parameters. Allantoinases purified from zinc-, co-
balt-, and nickel-supplemented cultures were found to have
significant differences in their kinetics, as shown in Table 2.
The kcat values were 5,000 
 250, 28,200 
 540, and 200 
 5
�mol min�1 for the three species, respectively, while the cor-
responding Km values were 17.0, 19.5, and 80 mM. Because the
enzyme isolated from nonsupplemented medium exhibited
only very low levels of activity, detailed kinetic analyses were
not performed. Tests of the pH stability of the metal-supple-
mented allantoinase samples showed that the cobalt form of
the enzyme (Fig. 4A, open symbols) is less stable at acidic pH
than the zinc (Fig. 4A, closed symbols) or nickel (data not
shown) forms. Each of the enzymes exhibited optimal activity
at pH 7 to 8, with the high-pH end of the plots fitting nicely to
theoretical curves yielding pKa values of 8.8 
 0.1 for the zinc
form and 9.0 
 0.1 for the cobalt form (Fig. 4B).

Alternative substrates and potential inhibitors of allantoin-
ase activity were examined. No hydrolytic activity was observed
with hydantoin or hydantoin-5-acetic acid, and no significant
inhibition of allantoin hydrolysis was detected when assays
were performed under standard conditions plus 20 mM hydan-
toin. The thiols �-mercaptoethanol and DTT were identified as
inhibitors during tests to determine whether additives would
alter allantoinase stability and activity. Since �-mercaptoetha-
nol inhibited only weakly, inhibition of the zinc and cobalt
forms of allantoinase by DTT was examined in detail. This
compound exhibited competitive inhibition of both allantoin-
ases with Ki values of 237 �M for the zinc form and 795 �M for
the cobalt form (Fig. 5).

Enantioselectivity of allantoinase. When reaction progress
curves were determined with the zinc form of allantoinase,
only half of the allantoin was consumed, suggesting hydrolysis
of a single isomer. The enantiomeric selectivity of the zinc- and
cobalt-containing allantoinases was examined by CD spec-
tropolarimetry, monitoring changes in the spectral range of
200 to 400 nm (data not shown) and at a fixed wavelength of
220 nm (Fig. 6). The reaction progress curves clearly show that
the zinc form of allantoinase is enantioselective for the (�) or
S allantoin. In contrast, the cobalt form of allantoinase con-
sumes both isomers, but with the (�) or R enantiomer hydro-
lyzed at about 10% the rate of the (�) enantiomer.

DISCUSSION

Allantoinase has been proposed to belong to a superfam-
ily of metal-containing amidohydrolases related by evolution
and predicted to have a common three-dimensional fold (17).

FIG. 3. Absorbance spectra of allantoinases prepared from cobalt
(solid line), or zinc (dashed-dotted line)-amended cultures. (Inset)
Expanded absorbance scale of the 400- to 750-nm region. The concen-
tration of enzymes were 20 �M for the zinc form and 15 �M for the
cobalt form in 50 mM HEPES (pH 7.8) buffer. The concentrations of
enzymes in the inset were 400 �M for the zinc form and 300 �M for
the cobalt form.

TABLE 2. Properties of allantoinase purified from zinc-, cobalt-, and nickel-amended cultures and nonamended cultures

Culture Allantoin Km
(mM)

kcat
(min�1)

DTT Ki
(�M)

No. of mol of metal/mol of monomera
Isomer

preferenceZn Co Fe Ni

Zinc amended 17.0 
 2.7 5,000 
 250 237 1.44 0.00 0.38 0.00 S
Cobalt amended 19.5 
 1.3 28,200 
 540 795 0.12 1.00 0.17 0.00 S (fast), R (slow)
Nickel amended 79.9 
 5.5 200 
 5 NDb 0.00 0.00 0.62 0.13 ND
Nonamended ND 34.7c ND 0.03 0.00 1.08 0.00 ND

a Values are shown for representative samples.
b ND, not determined.
c Measured at 50 mM allantoin.
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More specifically, sequence comparisons versus crystallo-
graphically characterized proteins (Fig. 2) allow us to predict
that allantoinase contains a dinuclear metal site bridged by a
carbamylated lysine residue. To date, no report has appeared
on the metal content of any purified allantoinase; however,
stimulation of partially or completely purified allantoinases by

incubation with various metal ions has been reported (24, 53).
Below, we discuss the effect of supplementing the cultures with
various metal ions on the activity and metal content of recom-
binant E. coli allantoinase.

Our results confirm that E. coli allantoinase is a metalloen-
zyme. The highest levels of allantoinase activities are observed
in cell extracts from cultures supplemented with zinc or cobalt
to concentrations slightly below those found to be toxic to the
cells. Of other added metals examined, only nickel yields ac-
tivities above those of cells grown in medium without metal
supplementation. Notably, supplementation of the medium
with ferrous ions, even for anaerobically grown cultures, fails
to enhance cellular allantoinase activity. Metal quantitation
results for allantoinase species purified under the various cul-
ture conditions are consistent with the presence of a dinuclear
metal active site in fully active enzyme. For example, protein
purified from zinc-amended cultures typically contains more
than stoichiometric levels of zinc, as well as significant amounts
of iron. The high level of production of recombinant allanto-
inase (up to 1,000 mg liter�1 or 29% of the soluble protein) is
likely to result in enzyme with a low stoichiometry of bound
metal, especially as we observed in protein isolated from the
cobalt- and nickel-supplemented cultures and the nonsupple-
mented sample. This low stoichiometry may be due to factors
such as limiting metal ion transport or the requirement for an
accessory protein that is present in low abundance (described
below). Thus, our purified allantoinase species likely represent
populations of enzyme with dinuclear centers and populations
with less than a full complement of active site metal ions.

The identity of the metal in nonrecombinant allantoinase is
most likely to be zinc ions. Both the zinc and cobalt forms of
the enzyme are active, with the cobalt form exhibiting nearly
sixfold higher activity, but it is unlikely that cobalt has a bio-
logical role in vivo. For example, Walker and Bradshaw (54)
have argued that yeast methionine aminopeptidase is a zinc-
dependent enzyme, rather than cobalt dependent as previously
reported, on the basis of the predicted low bioavailability of
cobalt ions resulting in cytoplasmic concentrations that are
1,000-fold lower than that of zinc. Cobalt’s ability to substitute

FIG. 4. Effects of pH on allantoinase stability and activity. Open
symbols represent results for the cobalt form of the enzyme (corre-
sponding to the right axis), and solid symbols represent those for the
zinc form (corresponding to the left axis). The buffers used were MES
(circles), HEPES (squares), CHES (triangles), and CAPS (inverted
triangles). (A) Stability of allantoinases for 1 h at room temperature as
a function of pH. (B) Activity as a function of pH. The curves are fit
to the data in the range of pH 7.3 to 10.5 yielding pKa values of 9.0 for
the cobalt form of allantoinase (dashed line) and 8.8 for the zinc form
(solid line).

FIG. 5. DTT inhibition of allantoinase. (A) Zinc form of allantoinase. Allantoin concentrations were 50 mM (F), 30 mM (■ ), 15 mM (Œ), and
7 mM (�). (B) Cobalt form of allantoinase. The allantoin concentrations were 80 mM (F), 50 mM (■ ), 25 mM (Œ), and 10 mM (�).
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for zinc and produce hyperactive enzymes is well known. For
example, reconstitution of the apoenzyme form of hydantoin-
ase with cobalt results in a 1.5-fold increase in activity com-
pared to the level in the native zinc enzyme (28). Similarly,
replacement of zinc with cobalt in untreated or N-ethylmale-
imide-treated dihydroorotase results in an �50% increase in
hydrolytic activity (6, 18). In the case of adenosine deaminase,
however, the activity of the cobalt-substituted enzyme is the
same as that of the native zinc enzyme (9). Although not a
member of the amidohydrolase superfamily, it is worth noting
that cobalt-substituted alcohol dehydrogenase from Saccharo-
myces cerevisiae has 100-fold more activity than the native zinc
enzyme (49). We conclude that cobalt substitutes for the native
zinc in allantoinase to provide hyperactive enzyme when pro-
vided in the medium at high concentrations. If zinc and cobalt
are not abundant, the allantoinase apoprotein appears to ex-
hibit high affinity for iron, as shown by both the presence of
stoichiometric amounts of this metal in enzyme purified from
cultures grown in the absence of added metal ions and the
detectable iron levels in other preparations. If not displaced or
competed against by zinc or cobalt, this metal becomes locked
into the enzyme. Perhaps related to this finding, E. coli cyto-
sine deaminase is an iron-containing enzyme (19). Similarly,
ferrous ions are found at the active sites of methionine ami-
nopeptidase (12, 30) and peptide deformylase (38), whereas a
zinc(II)/iron(III) dinuclear site is found in purple acid phos-
phatase (45), calcineurin (58), or serine/threonine phospha-
tase-1 (13). Thus, we cannot exclude the possibility that iron
may play a significant role in allantoinase; however, we find

that protein containing only iron is inactive or possesses very
low levels of activity and could not be activated by incubation
under any conditions we could identify.

The UV/visible absorbance spectrum of the cobalt form of
allantoinase provides insight into the coordination geometry of
at least one of the metal sites. An absorption band centered at
570 nm with a shoulder at 520 nm resembles the absorption
bands in cobalt-substituted dihydroorotase (6, 18), car-
boxypeptidase A (32), alcohol dehydrogenase, and sorbitol de-
hydrogenase (26). Such spectra, with ε � 50 to 250 M�1 cm�1

as observed for allantoinase, are indicative of cobalt(II) d-d
transitions associated with a pentacoordinate site (5). In con-
trast, no distinct �350-nm transition, as found in the thiolate-
liganded cobalt sites of �-lactamase II (11) or alcohol and
sorbitol dehydrogenases (26), is observed in the cobalt form of
allantoinase. We suggest that cobalt in the allantoinase active
site is coordinated in a five-coordinate environment lacking
cysteine ligation.

Two lines of evidence address the mechanism of assembly of
the allantoinase metal center. Activity is not affected at pH 8.1
by incubation with EDTA or dipicolinic acid, suggesting that
the metal is inaccessible to these metal chelators and deeply
buried in the protein. Second, efforts to activate protein iso-
lated from cultures not amended with metal ions proved un-
successful, even in the presence of added bicarbonate (needed
for lysine carbamylation) or mild concentrations of denaturant.
This situation differs from those of several amidohydrolase
family members, including hydantoinase (28), dihydroorotase
(6, 18, 37), and adenosine deaminase (9). Bound metals are
readily removed from and restored to these enzymes at neutral
pH, consistent with an accessible active site. Our results also
contrast with those from earlier studies of allantoinase in
which chelators and metal additions exhibited a larger effect on
activity (24, 52, 53). On the other hand, the properties of the
apparently buried metallocenter of allantoinase somewhat re-
semble those of urease. Nickel ions bound at the urease active
site cannot be removed by dialysis against various chelators,
and formation of this buried metallocenter is a complex pro-
cess requiring accessory proteins that appear to act as protein
chaperones (15) and a metallochaperone (44). Thus, we spec-
ulate that allantoinase activation may also require the partic-
ipation of an accessory protein. A requirement for an accessory
protein may explain the observed low levels of activation in the
overproducing recombinant, where the single-copy accessory
gene is expressed at insufficient levels. Possible functions of
such a protein include action in metal delivery or in the incor-
poration of CO2/bicarbonate, which is suspected to occur as
part of the activation step. The E. coli gene cluster containing
the allantoinase gene does not include obvious candidates for
such an accessory gene (10); however, it may be encoded else-
where on the chromosome. Further efforts to identify an al-
lantoinase accessory protein are warranted; however, the ex-
perimental observations noted above are also compatible with
metal incorporation occurring during the protein folding pro-
cess.

The kinetic parameters for E. coli allantoinase reported here
differ from previously reported values. Working with partially
purified allantoinase from E. coli, Vogels et al. (52) reported a
specific activity of 6 �mol min�1 mg of protein�1. More re-
cently, Kim et al. (24, 25) examined purified recombinant E.

FIG. 6. Allantoinase assays monitored by CD spectropolarimetry.
(A) Allantoinase prepared from zinc-amended cultures. (B) Allantoi-
nase from cobalt-amended cultures.
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coli allantoinase and found specific activities of 5.7 to 19.9
�mol min�1 mg of protein�1. These values are significantly
lower than the Vmax of 101 �mol min�1 mg of protein�1 pre-
sented here for the zinc form of the enzyme. In addition, the
Km of 17.0 mM for zinc allantoinase in this study is higher than
the 4.2 and 7.4 mM values reported by Kim et al. (24, 25). Two
possible explanations for the disparate kinetic parameters be-
tween our results and those reported earlier for purified E. coli
enzyme relate to differences in enzyme metal content and assay
conditions. No metal content of the purified enzyme was re-
ported in the earlier studies and, perhaps significantly, no
metal ions were added to the LB medium used for cell growth.
Thus, the lower activity observed in the prior studies may be
due to a large proportion of inactive enzyme arising from low
levels of metal ions in their growth medium. In addition, the
earlier assays were performed in the presence of 0.5 mM DTT,
which we have shown to be a competitive inhibitor. The pres-
ence of a competitive inhibitor also would be expected to lead
to a reduction in activity.

The most intriguing finding in this study was the observed
difference in substrate stereospecificities between the zinc and
cobalt allantoinases when examined by CD spectropolarimetry.
The zinc enzyme utilized only the (�) S isomer, resulting in an
initial negative phase (Fig. 6). A short upward phase at the end
of the progress curve most likely results from spontaneous
racemization, a process that occurs at neutral pH with a half-
life of 10 h at room temperature (23). The cobalt enzyme
reaction profile initially proceeded in the same direction, but
faster because of the greater kcat. The change in optical activity
then reversed direction almost until the baseline was reached.
This result clearly indicates that both isomers are utilized, but
at rates that differ by about 10-fold. Precise kinetic parameters
were not derived from these reaction profiles, since the spec-
tropolarimeter response was unknown and the reactions were
run at 1 mM allantoin, far below the Km. Our results imply that
cobalt allantoinase can hydrolyze both isomers of allantoin;
however, the possibility exists that only one isomer is hydro-
lyzed and the enzyme possesses a slow racemase activity. Pre-
vious studies have suggested that crude preparations or par-
tially isolated allantoinases from various sources are aspecific
or favor the (�) isomer (14, 34, 50, 52). Care must be taken
when interpreting these earlier studies, because allantoin is a
substrate for D-hydantoinase (unpublished observations), a not
surprising result considering that hydantoinases can hydrolyze
a wide variety of 5-substituted hydantoins (46). Thus, contam-
ination of partially purified allantoinases with hydantoinase
could lead to incorrect conclusions about stereospecificity. The
ability to affect the stereospecificity of allantoinase by simply
replacing the metal cofactor could have important biotechnol-
ogy implications. Illustrating this potential, studies have been
undertaken to change the enantiomeric preference of hydan-
toinase by using directed evolution (27). The findings pre-
sented here indicate that metal substitution may be an alter-
native method to achieve this desired result.
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45. Sträter, N., T. Klabunde, P. Tucker, H. Witzel, and B. Krebs. 1995. Crystal
structure of a purple acid phosphatase containing a dinuclear Fe(III)-Zn(II)
active site. Science 268:1489–1492.

46. Syldatk, C., O. May, J. Altenbuchner, R. Mattes, and M. Siemann. 1999.
Microbial hydantoinases—industrial enzymes from the origin of life? Appl.
Microbiol. Biotechnol. 51:293–309.

47. Thoden, J. B., G. N. Phillips, T. M. Neal, F. M. Raushel, and H. M. Holden.
2001. Molecular structure of dihydroorotase: a paradigm for catalysis
through the use of a binuclear metal center. Biochemistry 40:6989–6997.

48. Thomas, R. J., and L. E. Schrader. 1981. The assimilation of ureides in shoot
tissues of soybeans. 1. Changes in allantoinase activity and ureide contents of
leaves and fruits. Plant Physiol. 67:973–976.

49. Vanni, A., E. Pessione, L. Anfossi, C. Baggiani, M. Cavaletto, M. Gulmini,
and C. Giunta. 2000. Properties of a cobalt-reactivated form of yeast alcohol
dehydrogenase. J. Mol. Catal. B Enzym. 9:283–291.

50. Vogels, G. D. 1969. Stereospecificity in the allantoin metabolism. Antonie
Leeuwenhoek 35:236–238.

51. Vogels, G. D., F. E. de Windt, and W. Bassie. 1969. Hydrolysis and racemi-
zation of allantoin. Recl. Trav. Chim. 88:940–950.

52. Vogels, G. D., F. Trijbels, and A. Uffink. 1966. Allantoinases from bacterial,
plant and animal sources. I. Purification and enzymatic properties. Biochim.
Biophys. Acta 122:482–496.

53. Vogels, G. D., and C. van der Drift. 1966. Allantoinase from bacterial, plant
and animal sources. II. Effect of bivalent cations and reducing substances on
the enzymatic activity. Biochim. Biophys. Acta 122:497–509.

54. Walker, K. W., and R. A. Bradshaw. 1999. Yeast methionine aminopepti-
dase. I. Alteration of substrate specificity by site-directed mutagenesis.
J. Biol. Chem. 274:13403–13409.

55. Webb, M. A., and J. S. Lindell. 1993. Purification of allantoinase from
soybean seeds and production and characterization of anti-allantoinase
antibodies. Plant Physiol. 103:1235–1241.

56. Wilson, D. K., and F. A. Quiocho. 1993. A pre-transition-state mimic of
an enzyme. X-ray structure of adenosine deaminase with bound 1-deaza-
adenosine and zinc-activated water. Biochemistry 32:1689–1694.

57. Yang, C., D. Carlow, R. Wolfenden, and S. A. Short. 1992. Cloning and
nucleotide sequence of the Escherichia coli cytidine deaminase (ccd) gene.
Biochemistry 31:4168–4174.

58. Yu, L., A. Haddy, and F. Rusnak. 1995. Evidence that calcineurin accom-
modates an active site binuclear metal center. J. Am. Chem. Soc. 117:10147–
10148.

134 MULROONEY AND HAUSINGER J. BACTERIOL.


