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a b s t r a c t

Allantoinases (allantoin amidohydrolase, E.C. 3.5.2.5) catalyze the hydrolysis of the amide bond of
allantoin to form allantoic acid, in those organisms where allantoin is not the final product of uric acid
degradation. Despite their importance in the purine catabolic pathway, sequences of microbial allan-
toinases with proven activity are scarce, and only the enzyme from Escherichia coli (AllEco) has been
studied in detail in the genomic era. In this work, we report the cloning, purification and characterization
of the recombinant allantoinase from Bacillus licheniformis CECT 20T (AllBali). The enzyme was a
homotetramer with an apparent Tm of 62 � 1 �C. Optimal parameters for the enzyme activity were pH 7.5
and 50 �C, showing apparent Km and kcat values of 17.7 � 2.7 mM and 24.4 � 1.5 s�1, respectively. Co2þ

proved to be the most effective cofactor, inverting the enantioselectivity of AllBali when compared to
that previously reported for other allantoinases. The common ability of different cyclic amidohydrolases
to hydrolyze distinct substrates to the natural one also proved true for AllBali. The enzyme was able to
hydrolyze hydantoin, dihydrouracil and 5-ethyl-hydantoin, although at relative rates 3e4 orders of
magnitude lower than with allantoin. Mutagenesis experiments suggest that S292 is likely implicated in
the binding of the allantoin ring through the carbonyl group of the polypeptide main chain, which is the
common mechanism observed in other members of the amidohydrolase family. In addition, our results
suggest an allosteric effect of H2O2 toward allantoinase.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

The purine catabolic pathway has been the subject of compar-
ative biochemical studies since the early 20th century [1,2], most
probably due to the interest generated by the different end prod-
ucts of this breakdown process, which differs among species [3, and
references therein]. In fact, after a century of investigations, new
outcomes appear which change established hypothesis assumed
for decades [3e6]. Allantoin appears as a final/intermediate com-
pound during purine degradation for those organisms inwhich uric
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acid is further catabolized by the action of urate oxidase. Although
during decades it has been thought that allantoin was produced by
direct action of urate oxidase,1 the appearance of only S-
(þ)-allantoin in living cells [7e9] was taken as proof of the
requirement of additional enzymes for the biological conversion of
uric acid [9,10]. This assumption has been recently confirmed by
Ramazzina et al. [5], who have completed this catabolic pathway,
explaining finally the longstanding question of how living organ-
isms produce a single enantiomer of allantoin [6].

Allantoinases (allantoin amidohydrolase, E.C. 3.5.2.5) catalyze
the hydrolysis of the amide bond of allantoin to form allantoic acid,
in those organisms where allantoin is not the final product of uric
1 As highlighted by Tipton [6], most biochemistry textbooks continue to present
this suggestion as an established fact.
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acid degradation. They have been widely described in plants [11e
21], where allantoin has been reported to play a significant role
in nitrogen metabolism for plant growth and development [21].
They have also been identified in insects [22,23], marine worms
[24], amphibians [18,19,25e27] and fishes [18,19]. A comparative
genomic study seems to indicate the presence of allantoinases also
in non-placental mammals [4].

Allantoin degradation has also been reported in many micro-
organisms (see seminal work by Vogels and van der Drift [8 and
references therein]). Most of the biochemical information known to
date about microbial enzymes arose from studies carried out
mostly during the pre-genomic era [8,9,12,15,18,19,28]. Without
bioinformatic-sequence techniques, different groups of allantoin-
degrading enzymes were identified based on their biochemical
properties [19]. The first allantoinase sequence to be identified was
that from Saccharomyces cerevisiae (DAL1 [29]). However, it was not
till recently that Ramazzina et al. [30] described that several mi-
croorganisms able to use allantoin as a nitrogen source, lacked of
any DAL1 allantoinase gene after genome sequencing; this fact
drove this group to identify an alternative allantoinase gene by
means of computational methods (puuE, namely metal-
independent allantoinase), recruited from polysaccharide deace-
tylases. They confirmed the allantoinase activity of this enzyme,
which does not have either significant similarity at sequence or at
structural level to the DAL1 enyzme [30], and thus, they must be
considered analogous enzymes.

At the structural level, DAL1 allantoinases belong to the ami-
dohydrolase superfamily [31,32]. They present a common topology,
consisting in most cases of two domains: 1) a TIM barrel, where a
highly conserved bimetallic center appears; and 2) a smaller beta-
sandwich, which is not present in all the members of the family
[33]. Several enzymes of this superfamily are known to present
broad substrate promiscuity, such as imidases [34e36], hydantoi-
nases [33,37,38] or D-aminoacylases [39]. They are also known by a
marked enantioselectivity toward their substrates [33,37e39],
making them interesting candidates by their biotechnological ap-
plications [40e43]. Both the substrate promiscuity [18,19,44] and
the enantioselectivity have been shown for allantoinases; although
several allantoinases have been described as aspecific [12,18], the
preference for the S-(þ)-enantiomer has been demonstrated for
several enzymes [9,12,13,18,32,45e48].

Since the electronic notation of DAL1-allantoinase sequences,
low attention has been paid to microbial allantoinases. In fact,
allantoinase sequences from microbial enzymes with proven ac-
tivity are scarce and only that belonging to Escherichia coli (AllEco)
has been studied in detail in the genomic era [32,44,46,49]. Strik-
ingly, whereas the sequence similarity of the studied E. coli en-
zymes is higher than 98%, the enzymatic parameters and
biophysical features reported for AllEco vary greatly among the
different studied species (Table 1). Trying to provide additional data
on the mechanism and enzymatic features of allantoinases, the
present study reports the cloning, purification and profound char-
acterization of the recombinant allantoinase from Bacillus lichen-
iformis CECT 20T (AllBali). Based on a homology-based model and
sequence analysis, we specifically altered four amino acids in the
catalytic center to investigate their biochemical role in catalysis.
2. Material and methods

2.1. Materials

All chemicals were of analytical grade, and were used without
further purification. TALON� metal affinity resin was purchased
from Clontech Laboratories, Inc. Allantoin and hydantoinwere from
Sigma, R- and S-ethylhydantoin and dihydrouracil were synthe-
sized as described previously [33].

2.2. Microbes and culture conditions

B. licheniformis CECT 20T was used as possible donor of the
allantoinase gene (AllBali). It was grown at 37 �C for 24 h on
nutrient broth/agar I plates (1% peptone, 0.5% beef extract, 0.5%
NaCl, pH 7.2, 1.5% Agar). E. coli DH5a was used to clone the AllBali
gene, and E. coli BL21 (DE3) to overexpress the protein.

2.3. Cloning and sequence analysis of AllBali

A single-colony isolate of B. licheniformis CECT 20T was chosen
for DNA extraction by a boiling procedure. A sample of the super-
natant containing genomic DNA (5 ml) was used to amplify the gene
encoding the allantoinase by PCR. The primers used were designed
based on GenBank sequence accession number NC_006270, gene
“pucH” (locus tag BL01094). These were AllBali5 (50-CATA-
TGAATTTTGATTCAATTATCA-30) and AllBali3 (50-CTCGAGGGATC-
CACGCGGAACCAGAGGAATAAATCTTCCTACTTT-30), including NdeI
and XhoI restriction sites, respectively. The latter also included a
thrombin recognition site. The PCR fragment obtained was purified
from agarose gel using QIAquick (Qiagen) and subcloned using a
StrataClone� PCR Cloning Kit (Stratagene). The isolated sub-
cloning plasmid was purified using QIAprep Spin miniprep kit
(Qiagen), and then digested using NdeI and XhoI. The digested
fragment was purified from agarose gel using QIAquick (Qiagen)
and then ligated into pET22b þ plasmid (Novagen) cut with the
same enzymes to create plasmid pAMG31. The resulting construc-
tion allows the production of the recombinant AllBali with a C-
terminal polyhistidine tag (His6-tag), which can be removed by
thrombin cleavage.

Once the fragment had been cloned, it was sequenced using the
dye dideoxy nucleotide sequencing method in an ABI 377 DNA
Sequencer (Applied Biosystems). The sequence was aligned and
compared with all the available amino acid sequences using the
Basic Local Alignment Search Tool (BLAST [50]). Clustal W-XXL [51]
was used for alignment and TREEVIEW [52] program was used to
produce an unrooted phylogenetic tree.

2.4. Expression of AllBali

The E. coli BL21 (DE3) strain containing pAMG31 was grown in
LB medium supplemented with 100 mg ml�1 of ampicillin. A single
colony was transferred into 10 ml of LB medium with ampicillin at
the above-mentioned concentration in a 100 ml flask. This culture
was incubated overnight at 37 �C with shaking. 500 ml of LB sup-
plemented with 100 mg ml�1 of ampicillin were inoculated with
5 ml of the overnight culture in a 2 l flask. After 2 h of incubation at
37 �C with vigorous shaking, the OD600 of the resulting culture was
0.3e0.5. For expression induction of the AllBali gene, isopropyl-b-
thio-D-galactopyranoside (IPTG) was added to a final concentration
of 0.2 mM and the culture was continued at 34 �C for a further 6 h.
In those cases where divalent cations were added during induction,
a final concentration of 0.2 mM for each metal was added. The cells
were collected by centrifugation (Beckman JA2-21, 7000 g, 4 �C,
20 min), and stored at �20 �C until use.

2.5. Purification of AllBali

E. coli BL21 (DE3) pAMG31 cells were resuspended in 30 ml
wash buffer (300 mM NaCl, 0.02% NaN3, 50 mM sodium phosphate
pH 7.0). The cell walls were disrupted in ice by sonication using a UP
200 S Ultrasonic Processor (Dr. Hielscher GmbH) for 6 periods of



Table 1
Biochemical parameters of different allantoinases: (a) bacterial enzymes; (b) eukaryotic enzymes.

Organism Opt. pH Opt. Ta Thermal
stability

Mol. Mass. Km (mM) Vmax/kcat Stereospecificity
/stereoselectivity

Substrates Ref.

Bacterial enzymes
Saccharomyces

cerevisiae
7e8. <40 �C <55 �C

(pH 7,
20 min)

30 Only one optical isomer
of racemic All served
as a substrate

[12]

Streptococcus
allantoicus

7e8 <55 �C
(5 min,
z50% r.a.)

4.9 Degradation (þ)/
(�)-All forms ¼ 1;
aspecific

Met-All,
A-Hyd

[18] a

Arthrobacter
allantoicus

8e8.5 <55 �C
(5 min,
z20% r.a.)

14 Degradation (þ)/
(�)-All forms ¼ 1;
aspecific

Met-All,
A-Hyd

[18] a

Escherichia
coli

8e8.5 <55 �C
(5 min,
z20% r.a.)

22 Degradation (þ)/
(�)-All forms ¼ 1;
aspecific

Met-All [18] a

Escherichia
coli K-12 der.

7.5e8.0 40e45 �C 52 kDa
(SDS-PAGE)
200e230
kDa (GF)

4.2 6.7 mmol
min�1 mg�1

Ip-Hyd,
Hyd

[44]

Escherichia
coli K-12
strain W3110

7.0e8.0 (Zn2þ,
Co2þ, Ni2þ-forms)

17.0 (Zn2þ)
19.5 (Co2þ)
80 (Ni2þ)

5000 min�1

(Zn2þ),
28200 min�1

(Co2þ)
200 min�1 (Ni2þ)

Zn2þ-form consumed
only half of All:
enantioselective
for the (þ) or S-All.
Co2þ-form consumed
both isomers, but
10 times faster for
(þ) or S-All.

No activity
with Hyd
or Ac-Hyd

[46]

Escherichia coli
BL21

8 (Mn2þ-form) 40 �C
(Mn2þ-form)

<50 �C
(30 min,
Mn2þ-form)

49.6 kDa
(aa seq);
57, 94 and
190 kDa (GF)

6.2 (Mn2þ)
5.5 (Co2þ)
9.6 (Zn2þ)
7.3 (Ni2þ)

Racemic All totally
consumed, reaction
progress curves
linear, suggesting
non-stereospecificity

No activity
with Hyd,
DHU,PHT,
dHyd,
3-imo
(Mn
/Co-forms)

[49]

Rhizobium sp. 7.5 166 kDa
(PAGE)

4.16 [15]

Pseudomonas
fluorescensb

8e8.5 <55 �C
(5 min,
z40% r.a.)

35 Degradation (þ)/
(�)-All forms ¼ 6.3

Met-All [18] a

Pseudomonas
acidovoransb

8e8.5 <55 �C
(5 min,
z20% r.a.)

45 Degradation (þ)/
(�)-All forms ¼ 21.5

Met-All [18] a

Pseudomonas
aeruginosab

8.4 <50 �C 38 kDa
(SDS-PAGE)
140e150
(PAGE, GF)

5 mM S(þ)-All. 1 mmol min�1 mg�1 [28]

Organism Opt. pH Opt. Ta Thermal stability Mol. Mass. Km (mM) Stereospecificity/stereoselectivity Substrates Ref.

Eukaryotic enzymes
Frog 7e9 <55 �C

(5 min, z20% r.a.)
52 kDa
(SDS-PAGE)

6 Degradation (þ)/
(�)-All forms ¼ 4.9

Met-All, A-Hyd [[18] a [25]]

Goldfish 7e8.5 <55 �C
(5 min, z70% r.a.)

8.4 [18] a

Phaseolus
hysterinus

6.5e8.0 <55 �C
(5 min, >90% r.a.)

46 Degradation (þ)/
(�)-All forms ¼ 13.5

Met-All, A-Hyd [18] a

Glycine
hispida

7e8.5 <55 �C
(5 min, >90% r.a.)

14 Degradation (þ)/
(�)-All forms ¼ 4.4

Met-All, A-Hyd [18] a

Glycine
max

6.5e7.5 <85 �C 70 �C
(1 h, 100% r.a.)

30 kDa
(SDS-PAGE)

17.3 (seed)
24.4 (nodule)

Only one optical
isomer of D,L-All
served as a substrate.
Specific for D-(þ)-All

[11,12,20]

Arachis
hypogaea

6.0 (nodule)
7.2 (root)

8.7 (nodule)
25 (root)

[14]

Phaseolus
vulgaris

7.8 (IsoI)
8.1 (IsoII)

60 (IsoI)
70 (IsoII)

<70 �C (30 min
50% r.a.) 60 �C
(30 min, 100% r.a.)

45 kDa (IsoI,
SDS-PAGE)
53 kDa (IsoI,
SDS-PAGE)
42 kDa (IsoII,
PAGE)
42e110 kDa
(IsoII, PAGE)

59 (IsoI)
66 (IsoII)

[16]

Lathyrus
sativus

7.5 2.56 Less than 5% activity
towards (�)-All.

[13]

Vigna
radiata

7.5 (root)
7.5 (nodule)

20.7 (root)
20.8 (nodule)

[17]

Abbreviations: All: allantoin; Met-All: methylol-allantoin; A-Hyd: 5-aminohydantoin; Hyd: Hydantoin; DHU: dihydrouracil, PHT: phthalimide, dHyd, dihydroorotate; 3-imo,
3-imonoisoindolinone, Ac-Hyd: hydantoin-5-acetic acid; Ip-Hyd: Isopropylhydantoin. r.a.: remaining activity; GF: Gel filtration.

a The data shown in this reference should be carefully taken into account since pUEE allantoinases could not be distinguished.
b These enzymes might be pUUE-allantoinases.
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30 s, pulse mode 0.5 and sonic power 60%. The pellet was precip-
itated by centrifugation (Beckman JA2-21, 10,000 g, 4 �C, 20 min)
and discarded. The supernatant was applied to a column packed
with cobalt metal affinity resin and then washed three times with
wash buffer (see above). AllBali enzyme was eluted with elution
buffer (100 mMNaCl, 0.02% NaN3, 50 mM imidazole, 2 mM Tris, pH
8.0). Protein purity was determined at different stages of the pu-
rification by SDS-PAGE electrophoresis. An additional gel filtration
chromatography step was carried out by using a Superdex 200 gel
filtration column (GE Healthcare) in a BioLogic DuoFlow FPLC sys-
tem (BioRad) to eliminate any DNA co-eluting with the protein,
with observation at 280 nm. The purified enzymewas concentrated
using an Amicon ultrafiltration system with Amicon YM-3 mem-
branes, dialyzed against 100 mM sodium phosphate pH 7.5 and
stored at 4 �C. Protein concentrations were determined from the
absorbance of coefficient extinction (ε ¼ 37,360 M�1 cm�1) of
tyrosine residues [53]. Except otherwise indicated, all experiments
were conducted with cobalt-amended enzymes.

2.6. Mutation of AllBali T155, S292, D319, and K150, and
purification of the resulting mutants

Mutagenesis was performed using QuikChange II Site-directed
mutagenesis kit from Stratagene following the manufacturer’s
protocol, using the plasmid pAMG31 as template. Mutations were
confirmed by using the dye dideoxy nucleotide sequencing method
in an ABI 377 DNA Sequencer (Applied Biosytems). The plasmids
containing the mutations (pAMG49 (T155A), pAMG50 (S292A),
pAMG51 (D319N), pAMG52 (D319A), pAMG56 (K150R), and
pAMG57 (T155Y)) were transformed into E. coli BL21 (DE3) and
protein overexpression and purification were carried out as
described above for the wild-type enzyme (induced in the presence
of 0.2 mM CoCl2).

2.7. Molecular mass analysis

Size exclusion chromatography-HPLC (SEC-HPLC) analysis was
performed to calculate the molecular mass of the cobalt-amended
wild-type and mutated AllBali enzymes using a non-denatured
protein Gel Filtration Standard (BioRad). The biocompatible HPLC
System (Finnigan SpectraSYSTEM HPLC; Thermo) equipped with a
BioSep-SEC-S2000 (Phenomenex) was equilibrated and elutedwith
100mMbuffers from pH 6.0 to 8.0 at a flow rate of 0.5mlmin�1 and
measured at 280 nm. The molecular mass of the monomeric form
was estimated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) by using a lowmolecular weightmarker kit
(GE Healthcare).

Dynamic Light Scattering (DLS) measurements were carried out
with Co-AllBali samples (25e70 mM in 100 mM phosphate buffer
pH 7.5) on a Zetasizer nano ZS (Malvern) at 25 �C. The signal/noise
was automatically optimized. The integrated control software was
run to collect, process, and store light scattering data. The control
softwarewas directly used to estimate themolecular mass from the
hydrodynamic radius (Rh) value.

2.8. Circular dichroism experiments

The secondary structures of Co-AllBali mutants K150R, T155A,
T155Y, S292A, D319A and D319N were compared to the wild-type
Co-AllBali using far-UV circular dichroism (CD) spectra, recorded
with a Jasco J850 CD spectrometer (Jasco Inc.) equipped with a
JASCO PTC-423S/15 Peltier accessory. Experiments were acquired
with a response time of 8 s, a bandwidth of 1 and a step resolution
of 0.2 nm. Protein concentrations were 2e6 mM in 10 mM sodium
phosphate buffer pH 7.5. CD measurements were taken at 25 �C
using a 1-mm path-length cuvette. Spectra were acquired from 250
to 190 nm at a scan rate of 50 nmmin�1, and averaged over 5 scans.

For thermal denaturations, CD spectraweremeasured in 100mM
sodiumphosphate buffer at pH7.5 at a protein concentrationof 5mM
in a 0.1 cm cuvette. Thermal denaturation measurements were
monitored by measuring the changes in the ellipticity at 222 nm.
Denaturation data were collected at a scan rate of 0.2 �C min�1 and
the temperature was increased from 25 to 95 �C.

The thermal transitions of wild-type and Co-AllBali mutants
were analyzed using a two-state model [54]. The spectral param-
eters were fitted directly to the following equation by non-linear
least square analysis:

Sobs ¼
SN þ SU exp

�
� DHVH

R

�
1
T � 1

Tm

��

1þ exp
�
� DHVH

R

�
1
T � 1

Tm

��

where Sobs is the ellipticity at 222 nm, and SN ¼ AN þ BNT and
SU ¼ AU þ BUT refer to the linear dependence of the native (N) and
unfolded (U) states, which have the slopes BN and BU, respectively.
DHVH is the apparent change in van’t Hoff enthalpy, R is the uni-
versal gas constant, T is the temperature in Kelvin and Tm is the
melting temperature or the transition midpoint at which 50% of the
protein is unfolded. Fitting of the data was carried out with
Kaleidagraph.

2.9. Enzyme assay and protein characterization

Standard enzymatic reaction was carried out with the different
forms of AllBali (cation-amended or not) (50 nMe5 mM), together
with allantoin (10 mM) as substrate, in 100 mM sodium phosphate
buffer (pH 7.5) in 500 ml reaction volume. The reaction mixture was
incubated at 50 �C for 30 min and the reaction was stopped by
retrieving an aliquot of 50 ml followed by addition of 450 ml of 1%
H3PO4. After centrifugation, the supernatant was analyzed in a HPLC
system equipped with a Luna C18(2) column (250 � 4,6 mm, 100Ǻ,
5 mm, Phenomenex) to detect allantoin and allantoic acid. Themobile
phase was 100% NaH2PO4 20 mM pH 4.5, pumped at a flow rate of
0.5mlmin�1 andmonitored at 200e210 nm. The same enzyme assay
was used to determine optimum temperature and pH. The temper-
ature rangewas 20e75 �C and the buffers usedwere 100mMsodium
citrate (pH 4.0e6.0), 100 mM sodium phosphate (pH 6.0e8.0), Trise
HCl (pH 7.5e9.0) and 100 mM glycine-NaOH (pH 8.5e10.5). Thermal
stabilityof the enzymewasdeterminedafter60-minpreincubationat
different temperatures from 20 to 75 �C, in 100 mM sodium phos-
phate buffer pH 7.5, followed by the standard activity assay.

Enantioselectivity of Co-AllBali toward allantoin enantiomers
was assayed using CD spectroscopy, recorded with a Jasco J815 CD
spectrometer (Jasco Inc.) equipped with a JASCO PTC-423S/15
Peltier accessory. Substrate specificity of the enzyme was tested
with substrate analogs hydantoin, R- and S-5-ethylhydantoin and
dihydrouracil using the standard activity assay described above,
and increasing enzyme concentration up to 200 mM. Detection of
the substrate and products of the reaction was carried out as
described previously [33]. Kinetic studies of Co-AllBali were con-
ducted using allantoin as substrate following the standard assay,
with concentrations of allantoin up to 50 mM. The activity of Co-
AllBali mutants was measured using the standard activity assay
described above, increasing enzyme concentration up to 200 mM in
those mutants where activity could not be measured.

2.10. Inhibition assays

To analyze the effect of different compounds (HQSA, acetohy-
droxamic acid, DTT and L-cysteine; 10 and 100 mM) on enzyme
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activity, samples of Co-AllBali (45 nM) were incubated with these
compounds in 100 mM sodium phosphate buffer pH 7.5 (final
volume 250 ml) at 4 �C for 60 min, followed by the standard enzyme
assay.

Binding experiments were carried out by intrinsic fluorescence
emission. Spectra were measured at 25 �C using an FP-6500 spec-
trofluorimeter (Jasco Inc.) equipped with an ETC 273T Peltier
accessory. All measurements were carried out at a protein con-
centration in the range of 0.8e1 mM in a 10 mm cuvette. Samples
were excited at 280 nm.

2.11. Modeling and docking studies

Two different models of AllBali were obtained by Swiss-Model
server [55], using the structures of allantoinase from E. coli
(AllEco, PDB ID. 3E74), solved at 2.10 �A [32] and that from Bacillus
halodurans C-125 (AllBha, PDB ID. 3HM7), solved at 2.60 �A [un-
published results]. The stereochemical geometry of the final
models was validated by QMean Server [56]. Docking studies of R-
and S-allantoin with AllBali models were carried out with Molegro
Virtual Docker.

2.12. Nucleotide and protein sequence accession number

The nucleotide and protein sequences of allantoinase gene of
B. licheniformis CECT 20T have been deposited in the GenBank
database under the accession numbers KC109790 and AGA19457,
respectively.

3. Results and discussion

3.1. Sequence analysis of AllBali

A BLASTn search with the nucleotide sequence of the allantoi-
nase from B. licheniformis CECT 20T (AllBali) reveals 100% identity
with the locus tags BLi01126 and BL01094 from B. licheniformisDSM
13 and ATCC 14580, respectively (GenBank acc. Nos AE017333.1 and
CP000002.3). When using the translated sequence of AllBali to
carry out a BLASTp search, the highest identity found with an
allantoinase of known activity is that from E. coli (AllEco, GenBank
acc. No, P77671, 55% similarity). Sequence and phylogenetic anal-
ysis confirms the existence of two totally different groups of
allantoinases (Fig. 1 SD). Allantoinase sequences of proven (or
inferred) activity [11,21e23,25,29,30,44,49,57e59] were used for
Fig. 1. Effect of different divalent cations added during the induction of AllBali (gray)
or after the purification of the non-amended enzyme (black). All the values are
referred to the activity found in the purified non-amended enzyme (100%).
this analysis. A first group (DAL1 clan) is represented by the de-
rivatives of DAL1, containing AllBali (Fig. 1 SD). Three branches can
be distinguished, where prokaryotic (branches 1 and 2) and
eukaryotic (branch 3) allantoinases are grouped, although in the
latter, also microbial enzymes appear. The second group (puuE
clan) is formed bymembers of a large family named polysaccharide
deacetylase (according to protein family PFAM PF01522) containing
chitooligosaccharide deacetylases, polysaccharide deacetylases,
chitin deacetylases and endoxylanases; the similarity between the
groups is lower than 10%. AllBali also presents a high sequence
similarity (aprox. 40%) with other members of the amidohydrolase
family, i.e. dihydropyrimidinases/hydantoinases or dihydroorotases
[33,38,60]. Based on the sequence similarity found within this su-
perfamily and in their known substrate promiscuity, we could
argue that some allantoin-degrading enzymes characterized in the
pre-genomic era might be different amidohydrolases.

3.2. Expression and purification of AllBali: effect of cation addition
during induction of the enzyme

Based on the previous results for AllEco showing differences in
its activity depending on the addition of divalent cations during the
induction or after enzyme purification [32,46], we decided to
initially confirm whether the activity of AllBali was dependent on
the moment of the addition of different cations (Fig. 1). Addition of
0.2 mM of the chloride salts of cobalt, manganese, zinc and nickel
during the induction of AllBali increased enzyme activity approxi-
mately 14.2, 4.3, 1.6 and 1.3, respectively, compared to the non-
amended enzyme (Fig. 1).

On the other hand, addition of the different cations after puri-
fication of non-amended AllBali resulted in partial loss of its ac-
tivity, as reported for purified or partially purified allantoinases
from different sources [19,44]. Far-UV CD experiments showed that
the secondary structure of purified non-amended AllBali was
altered after addition of Co2þ, Zn2þ (Fig. 2A and B SD, respectively),
Mn2þand Ni2þ chloride salts. As no significant changes were
detected in the far-UV spectra of non-amended and cation-
amended AllBali (Fig. 2C SD), we could argue that the different
cations bind directly to the purified enzyme leading to secondary
structure changes which, in turn, result in loss of activity. Similar
results have been observed in another TIM-barrel protein (a-iso-
propylmalate synthase [61]), where cations interact directly with
the enzyme and induce unfolding, accompanied of the loss of its
functional activity. All data together suggest that the incorporation
of the cation into the enzyme occurs preferentially during protein
folding.

Taking into account these results, enzyme characterization was
carried out with the cobalt-amended enzyme (Co-AllBali), whose
purification yielded approximately 20 mg of protein per liter of the
recombinant E. coli culture. SDS-PAGE analysis indicated that Co-
AllBali was over 95% pure after elution of the affinity column
(Fig. 2A), with an estimated molecular mass of 51 kDa (the deduced
mass from the amino acid sequence, including the His6-tag, is
51163 Da). Similar values were obtained for DAL1-clan members
[16,25,29,44,49], although lower molecular masses have also been
reported [11,20,28] (Table 1). The relative molecular mass of non-
amended and Co-AllBali in the range of pHs 6.0e8.0 was esti-
mated to be 170e215 kDa by size exclusion chromatography in a
BioSep-SEC-S2000 column, suggesting that the native form of All-
Bali is a tetramer (Fig. 2B). We also detected dimeric species of
AllBali at very low protein concentrations (<1 mM; data not shown).
DLS measurements of Co-AllBali yielded an Rh value of 5.7� 1.6 nm
at pH 7.5, with an estimated molecular mass of 196 � 55 kDa, thus
further supporting the tetrameric species. The protein from E. coli
K-12 also showed a homotetrameric oligomerization state [32,44]



Fig. 2. A) SDS-PAGE analysis of each purification step of the recombinant allantoinase
from Bacillus licheniformis CECT 20T (AllBali). Lanes 1 and 2, pellet and supernatant of
the resuspended crude extract after cell sonication, respectively; lane 3, eluate after
adding the sonicated supernatant to the metal affinity column; lane 4, low molecular
weight marker; lanes 5, 6 and 7, flow-through after washing the metal affinity column
with buffer; lanes 8e10, purified AllBali. B) Size Exclusion Chromatography of purified
Co-AllBali at 1 mg ml�1 (solid line) and of the Gel Filtration Standard (BioRad, dashed
line). Gel Filtration Standard: Thyroglobulin, 670 kDa; Bovine gamma-globulin,
158 kDa; Chicken ovalbumin, 44 kDa; Equine myoglobin, 17 kDa. The inset repre-
sents the fit of the retention time (Rt) versus the logarithm of the molecular masses of
the protein standards (black circles), and that obtained for Co-AllBali (white circle),
suggesting a homotetrameric native structure.
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whereas that from BL21 exists as a mixture of monomers, dimers,
and tetramers, in which the dimeric form is predominant [49]
(Table 1). Monomeric species have been detected for Phaseous
vulgaris enzymes [16].
Fig. 3. CD-Thermal denaturation of Co-AllBali followed by the changes in ellipticity at
222 nm (solid line, right axis) and remaining relative activity of Co-AllBali after 30-min
preincubation at the corresponding temperature (black circles, left axis). The results
showing the remaining activity of Co-AllBali are the mean of three experiments, and
the error bars indicate the standard deviation of the mean.
3.3. Effect of pH and temperature on activity

Co-AllBali showed maximum activity at pH 7.5 (Fig. 3A SD).
Similar values (7.5e8.0) have been detected for other allantoinases
(Table 1) [11 and references therein, 14e16,44,49]. Lower values
have been detected for allantoin degrading enzymes from peanut
nodules (6.0) [14] and soybean seeds and nodules (6.5e7.5) [11].
The optimum temperature for hydrolysis of allantoin was 50 �C
(Fig. 3B SD). Values ranging from 40 to 55 and 60e70 �C have been
reported for E. coli [44,49] and Phaseolus vulgaris [16] allantoinases,
respectively (Table 1). Thermal stability of Co-AllBali was studied by
means of two techniques: 1) pre-incubating the enzyme in 100mM
phosphate buffer (pH 7.5) at different temperatures, and subse-
quently measuring the residual activity with the standard assay;
and 2) following the denaturation curve by means of far-UV CD.
Activity was gradually lost when the enzyme was incubated at
temperatures over 50 �C for 60 min (Fig. 3). Although the thermal
denaturation followed by far-UV CD (Fig. 3) was irreversible, and
therefore it was not possible to estimate the thermodynamic pa-
rameters governing thermal unfolding (DHvH), we determined an
apparent Tm, as has been described for other proteins showing
irreversible thermal denaturations [62,63]. The Tm for Co-AllBali
was 62 � 1 �C (Table 2), which is in agreement with the results
obtained measuring the residual activity after preincubation
(Fig. 3). Similar results were obtained when thermal denaturation
was followed by fluorescence (67 � 1 �C, data not shown), con-
firming an apparent moderate thermostability of this cyclic ami-
dohydrolase member. Whereas this is the first time that an
apparent Tm has been experimentally determined for an allantoi-
nase enzyme, similar thermal stability has been found by using
other techniques for other allantoinases (Table 1) and several
members of the amidohydrolase superfamily [63e66].
3.4. Effect of residues T155, S292, D319, and K150 in the activity of
the enzyme

Residues K150 and D319weremutated in order to evaluate their
involvement in the bimetallic center of AllBali, since both residues
are totally conserved among different cyclic amidohydrolases [33].
On the other hand, S292 and T155 residues were mutated after
superposition of the modeled AllBali with the structure of Sino-
rhizobium meliloti dihydropyrimidinase (SmelDhp; PDB ID. 3DC8);
the counterpart serine residue in SmelDhp (S286) is known to be
involved in substrate binding, whereas T155 in the Allbali model
appears in the environment where SmelDhp Y152 is located. This
residue is known to assist in substrate hydrolysis [33].

Purity of the mutants was over 95% and a similar relative mo-
lecular mass to the wild-type AllBali at pH 7.5 (data not shown),
showing that their oligomerization state was not altered. Far-UV CD
spectra were collected to evaluate the native-like folding of the Co-
amended mutants. No significant differences were found in the far-
UV CD spectra of D319A and D319Nmutants when compared to Co-
AllBali, and then we can conclude that the secondary structure of



Table 2
Melting points (Tm) obtained for wild-type Co-AllBali and mutants and kinetic pa-
rameters toward allantoin.

Enzyme Tm (�C) Km (mM) kcat (s�1) kcat/Km (s�1 mM�1)

AllBali 62.5 � 1.0 17.7 � 2.7 24.4 � 1.5 1.4 � 0.3
T155A 61.2 � 0.5 20.9 � 6.3 10.1 � 1.5 0.5 � 0.2
T155Y 63.7 � 1.2 20.3 � 6.2 5.2 � 0.7 0.3 � 0.1
S292A 61.1 � 0.6 35.7 � 11.8 24.4 � 3.0 0.7 � 0.3
D319N 64.7 � 0.5 e e e

D319A 62.2 � 0.3 e e e
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both mutants was the same to that of wild-type Co-AllBali; slight
differences were observed for T155A, T155Y and S292A (Fig. 4 SD),
which could be a result on the variation in the environment of ar-
omatic residues according to near-UV CD spectra (data not shown).
On the other hand, K150R presented a completely different far-UV
spectrum (Fig. 4 SD), and therefore, we decided stop working with
it. Thermal denaturations were irreversible as for the wild-type
enzyme, but we determined the apparent Tm of mutants
(Table 2). Mutants S292A, D319N, D319A and T155Y showed a
somehowesimilar transition centered in 37 �C, not observed for the
wild-type enzyme nor for T155A mutant (data not shown), which
might be a result of oligomerization dissociation before denatur-
ation. Irreversibility and fitting errors did not allow obtaining
reliable conclusions on the small differences observed in the Tms
among the mutants, although these results, together with the
steady-state far-UV data, suggest that the mutations did not alter
significantly the native-like structure.

The D319A and D319N mutants showed no detectable activity
up to 200 mM of enzyme (Table 2). These results are the same as
those observed previously for AllEco [32,49], confirming the role of
D319 in metal-binding and/or proton shuffling. The S292A mutant
showed the same kcat as the wild-type enzyme, although its affinity
by allantoin decreased two-fold (Table 2). Our kinetic results are in
accordance to those described previously for the counterpart AllEco
residue (S288 [32]). However, superposition of AllBali models and
the AllEco structures with the crystallographic structures of other
substrate-bound amidohydrolases (Saccharomyces kluyveri dihy-
dropyrimidinase, PDB ID. 2FVK [67]; E. coli dihydroorotase, PDB ID.
1J79 [68]) (Fig. 5 SD) suggests a different interplay of this residue
with allantoin to that suggested previously for AllEco by mean of
docking experiments [32]: S292 is more likely to be implicated in
the binding of the allantoin ring through the carbonyl group of the
polypeptidic main chain, which is the common mechanism
observed in other members of the amidohydrolase family (Fig. 5
SD) [33,67e71]. Docking studies carried out with the AllBali
models and S- and R-allantoin also support our hypothesis (Fig. 6
SD). Furthermore, close evaluation of the electronic maps in the
S288 environment of AllEco structure (PDB ID. E374, obtained
through the EDS server) suggests an alternative conformation of
this residue, which also supports this conclusion, since the carbonyl
group of S288 would be flipped and orientated towards the cata-
lytic center. This conclusion totally agrees with the suggestion on
the little effect of the side-chain of this residue in enzyme activity,
supported by the slight differences found in the kinetic parameters
of the mutants at this serine residue (Table 2 and [32]). T155A and
T155Y mutants, on the other hand, maintained approximately the
same Km as the wild-type enzyme, but decreased the kcat (Table 2).
Our docking results do not suggest this residue to be involved in
substrate binding, and thus, the slightly lower kcat might be the
result of small rearrangements in the loop where this residue is
placed. It is noteworthy to mention that the loop where Thr155 is
place might flap upon substrate binding as has been observed in
counterpart loops belonging to other members of this amidohy-
drolase family [70e72 and references therein].
3.5. Substrate specificity, kinetic assays and enantioselectivity of
AllBali

Kinetic parameters were obtained from hyperbolic saturation
curves by least-squares fit of the data to the MichaeliseMenten
equation. Reactions were carried out with allantoin at different
concentrations (1e50 mM) at 50 �C and pH 7.5. Under these con-
ditions, values for the apparent Km and kcat were 17.7� 2.7 mM and
24.4 � 1.5 s�1, respectively (Fig. 7 SD). Other reported Km values for
allantoinases toward allantoin vary in the range of 4.16e80 mM
[11,14,15,44,46,49]. The catalytic efficiency of AllBali resulted in
1.4 � 0.3 s�1 mM�1. The common ability of several cyclic amido-
hydrolases to hydrolyze different substrates [33,38,60] has also
been inferred in the past for different allantoinases (Table 1)
[18,44]. However, due to the difficulty in identifying whether other
allantoinases, described more than 40 years ago, were DAL-1 or
pUUE allantoinases [18,19], and the contradictory results found
with the AllEco enzyme [18,44,46,49], we further conducted ex-
periments to ascertain whether AllBali hydrolyzed substrates with
similar chemical structure to allantoin. Co-AllBali hydrolyzed
hydantoin, dihydrouracil and R- and S-5-ethyl-hydantoin (0.5� 0.0,
0.1 � 0.0, 1.0 � 0.1 and 0.1 � 0.0 min�1, respectively, Fig. 8 SD)
despite using concentrations 200 times higher than for allantoin,
and with relative activities 3e4 orders of magnitude lower than
with the natural substrate (514.2 � 11.2 min�1). Co-AllBali was 10-
fold more active for R-ethyl-hydantoin than for the S-isomer,
proving its enantioselectivity toward the R-enantiomer. Thus, our
results confirm that the common ability of different cyclic amido-
hydrolases to hydrolyze different substrates is also true for AllBali.

Studies conducted with different metal-amended forms of
AllEco showed that its enantioselectivity varied in the presence of
Zn2þ or Co2þ. Whereas the Zn2þ form was specific for S-(þ)-allan-
toin, the cobalt form hydrolyzed both isomers, but also showing a
clear preference for the (þ) enantiomer [46]. Crude extracts or
partially purified allantoinases from various sources are unspecific
or favor the (þ) isomer [9,12,13,18,32,45e48]. Whereas Co-AllBali
was also able to hydrolyze completely a racemic mixture of allan-
toin (Fig. 4), based on its enantioselectivity toward R-5-
ethylhydantoin, we wanted to unravel whether this enzyme pre-
sented an inverted enantioselectivity to that described for other
allantoinases. Although we could not separate the enantiomers of
allantoin by chiral-HPLC (data not shown), the appearance of a
positive peak in the CD spectra during the reaction (Fig. 4, inset)
proved that Co-AllBali hydrolyzed faster the R- [30,32] or (�) [7]
isomer of allantoin. Previous results with AllEco suggested that
the enantioselectivity of the enzyme depended on the cation
appearing in the bi-metallic center [46], but as far as we know, this
is the first allantoinase where a preference for the R-enantiomer
has been detected. It has been previously suggested that contami-
nation of AllEco samples with other amidohydrolase enzyme (such
as hydantoinase) might be responsible for the different enantio-
selectivity found with the Co- and Zn-amended forms of the
enzyme [46]. Thus, we wanted to unravel whether: a) the enan-
tioselectivity; and b) the substrate promiscuity found with AllBali
might be a result of the presence of a contamination with another
amidohydrolase. The Co-D319A AllBali mutant activity was assayed
with R- and S-5-ethyl-hydantoin using the same conditions as for
Co-AllBali, but no activitywas detected. These results confirm that a
contamination in enzyme sample cannot account for our results,
and proves the substrate promiscuity and the inverted enantiose-
lectivity of Co-AllBali.

Whereas this is the first time that an inverted enantioselectivity
of an allantoinase has been described, at least another member of
the amidohydrolase superfamily has shown a similar feature (L-
hydantoinase) [60]. The latter was found to be D- or L-



Fig. 4. Monitoring of the conversion (circles, solid line, left axis) and ellipticity
(210 nm; triangles, dashed line, right axis) progresses of a racemic mixture of allantoin
incubated with Co-AllBali. A 1 mM allantoin sample buffered in 100 mM phosphate
(pH 7.5) was incubated with Co-AllBali (172 nM; 8.8 mg/mL) at 25 �C (750 rpm).
Determination of the remaining allantoin concentration was carried out by HPLC. The
presence of a positive signal during the reaction progress in the CD spectra (inset)
indicates an excess of S-allantoin, showing the R-enantioselectivity of Co-AllBali.

Fig. 5. Fluorescence titration of A) L-cysteine and B) H2O2 binding to Co-AllBali. Ti-
trations were performed in 100 mM sodium phosphate buffer pH 7.5 and 25 �C, with
enzyme concentrations of 0.8 mM. Stock ligand concentrations were 50 mM (L-
cysteine) and 58.2 mM (H2O2).
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enantioselective toward 5-methylthioethyl-hydantoin and 5-
indolylmethyl-hydantoin (IMH), respectively. Docking experi-
ments suggested that the enantioselectivity found toward L-IMH
was a result of specific hydrophobic interactions generated among
this specific compound with the side-chains of H62 and I95 resi-
dues [71], which are also located in the loops covering the substrate
entrance of L-hydantoinase. On the other hand, since the inverted
enantioselectivity of Co-AllBali arises from the presence of different
cations in the bimetallic center, it is clear that our results are due to
the different volume/polarizability of the Co2þ ion. Docking studies
conducted with AllBali model (Fig. 6 SD) suggest that Asn97 and
Ser321 are responsible for S-allantoin lateral chain binding as
previously described [32]. The same residues might be responsible
for the recognition of the ureido group of R-allantoin (Fig. 6 SD),
which would explain the absence of enantioselectivity of different
allantoinases. From the docking results, we can only speculate that
a lower distance of the N atom of ureido group of the side-chain of
S-allantoin to the metal center in the AllBali model, and to Asp319
residue (which, on the other hand, might support an enantiopre-
ference for the S-enantiomer) (Fig. 6 SD) may in the specific case of
Co-AllBali, decrease the efficiency toward the S-enantiomer due
steric clashes. These steric clashes would arise from changes in the
environment of the bimetallic center, thus resulting in a slight
preference for the R-enantiomer. On the other hand, and taking into
account the flaw of any modeling and docking experiments, we
cannot rule out that changes in the environment of His61 (one of
the residues conforming the bimetallic center), due to the presence
of different cations, might also account for the preference of the R-
enantiomer, since this residue is situated at only 3.2�A from the side
chain of the substrate in the model obtained from the docking
experiments (Fig. 6 SD). Furthermore, since His61 is followed by a
loop covering substrate entrance in AllBali (I62-E72) and counter-
part loops are known to determine the enantiospecificity of at least
D- and L-hydantoinase [70,71], we might argue that additional
residue (or residues) involved in the R-enantioselectivity of Co-
AllBali, not identified by the docking experiments, is (are) located
in this environment. Finally, during the review process of this pa-
per, a new work on dihydropyrimidinase from Tetraodon nigrovir-
idis (another amidohydrolase family member) has confirmed our
previous hypothesis on the movement of some loops covering
substrate entrance of dihydropyrimidinases [33], modulated by the
presence of cations in the catalytic center [72]. Thus, by analogy
with dihydropyrimidinases, the presence of different cations in the
bimetallic center of allantoinase might produce unlike conforma-
tions of the counterpart loops (I62-E72 and L153-N167), resulting
in the dissimilar enantioselectivity found with Co-AllBali.
3.6. Inhibition studies

The effect of different chelating and sulphydryl agents on the
activity of allantoinases from different sources has been studied
previously, showing very heterogeneous results (Table 1 SD). Ac-
tivity of the purified AllBali enzyme decreased drastically in the
presence of HQSA, acetohydroxamic acid, DTT and L-cysteine (0, 30,
0 and 0% residual activity, respectively). HQSA and acetohydrox-
amate inhibition is a clear result of their chelating properties, thus
retrieving the cobalt present in the catalytic center. The latter was
also proved to inhibit the allantoinases from Vigna radiata and from
Rizhobium sp. (Table 1 SD) [15,17]. Inhibition of DTT and L-cysteine
has been reported previously for other enzymes (Tables 1and 2 SD).
Whereas inhibition by DTT and L-cysteine in principle pointed to-
ward the reduction of some disulfide bridge, inspection of the
AllEco X-ray and the modeled AllBali structures did not show any
SeS bond or cysteine residues close enough to form a possible di-
sulfide bond. On the other hand, the structural information
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available only suggests several cysteine residues in the environ-
ment of the catalytic cleft and/or substrate entrance (Cys151, Cys
156, Cys271 and/or Cys291) which might be affected by these
reducing/oxidizing compounds. Further insights in the literature
revealed that both L-cysteine [73,74] and DTT [75] can produce
H2O2 in the reaction medium by different reactions. Therefore, we
assayed the activity of the enzyme in the presence of H2O2, showing
its ability to drastically decrease the activity of the enzyme at very
low concentrations (10�5%). To address whether the inhibition in
the presence of both compounds was an “artifact” as a result of
H2O2 side-production e as it has been detected in other cases [75e
77], we carried out the same reaction in the presence of an excess of
catalase as described [77]. Both DTT and L-cysteine inhibited simi-
larly in the presence and absence of catalase, showing that they are
inhibitors of AllBali.

Binding parameters of L-cysteine and H2O2 were calculated by
using fluorescence, yielding affinity constants of 432.3 M�1 and
716.7 M�1, respectively (Fig. 5). We also conducted kinetic experi-
ments in the presence of L-cysteine and H2O2, using allantoin as
substrate. Double-reciprocal plots showed an apparent Ki value of
0.84 mM for L-cysteine (Fig. 6A). On the other hand, kinetic plots
Fig. 6. Kinetics of Co-AllBali in the presence of L-cysteine and H2O2. A) Double recip-
rocal plots of the different experiments carried out in the presence of 0 mM (C),
0.5 mM (B), 1 mM (;), and 2.5 mM (6) of L-cysteine, respectively. Co-AllBali activity
was assayed at 50 �C and pH 7.5. The inset shows the plot of apparent Km/Vmax versus
inhibitor concentration. The apparent Ki value for L-cysteine was 0.84 mM. B) Kinetic
plot in the presence of H2O2 (0.0006%) showing the characteristic sigmoidal shape of
allosteric effects.
from experiments in the presence of H2O2 showed a sigmoidal
shape (Fig. 6B), which might indicate an allosteric effect. In fact, as
H2O2 is one of the products of the reaction of the preceding enzyme
in the degradation route (uricase), a negative allosteric modulation
might occur to allow for small intracellular concentrations of
allantoin.
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