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Abstract The structure of [B-mercaptoethanol-inhi-
bited urease from Bacillus pasteurii, a highly ureolytic
soil micro-organism, was solved at 1.65 A using syn-
chrotron X-ray cryogenic diffraction data. The struc-
ture clearly shows the unexpected binding mode of B-
mercaptoethanol, which bridges the two nickel ions in
the active site through the sulfur atom and chelates one
Ni through the OH functionality. Another molecule of
inhibitor forms a mixed disulfide with a Cys residue,
thus sealing the entrance to the active site cavity by
steric hindrance. The possible implications of the re-
sults on structure-based molecular design of new urease
inhibitors are discussed.
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Introduction

The enzymatic hydrolysis of urea by the Ni-containing
enzyme urease (urea amidohydrolase E.C. 3.5.1.5) oc-
curs at a rate 10'* times faster than the rate of the un-
catalysed reaction, eventually yielding ammonia and
carbon dioxide [1-4]. The reaction causes an abrupt in-
crease of pH because of the balanced hydrolysis of the
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reaction products. This pH increase is the major cause
of the negative side effects of the action of urease in
both medical and agricultural applications. Urease
serves as a virulence factor in human and animal infec-
tions of the urinary and gastrointestinal tracts [2, 4, 5],
while high urease activity during soil nitrogen fertilisa-
tion with urea (the most used fertiliser world-wide)
causes loss of ammonia by volatilisation, inducing plant
damage by ammonia toxicity and soil pH increase [2, 6,
7]. Therefore, control of the rate of urea hydrolysis
through urease inhibitors would lead both to enhanced
efficiency of urea nitrogen uptake by plants and to im-
proved therapeutic strategies for treatment of infec-
tions by ureolytic bacteria. Di-phenols, quinones, hy-
droxamic acids, phosphoramides and thiols have been
tested as urease inhibitors in both medicine [2, 4, 8] and
agriculture [2, 7, 9, 10]. However, the efficiency of the
presently available inhibitors is low, and they cause ne-
gative side effects both to humans [2, 4, 11, 12] and to
the environment [2, 13]. The discovery of new and
more efficient inhibitors has so far relied upon ex-
tended screen tests [14]. The present report provides
new and detailed structural information on both the
binuclear Ni centre in the enzyme active site and the
mode of thiol inhibition, vital for structure-based ra-
tional design of urease-related drugs.

The report of the X-ray structure of native urease
from Klebsiella aerogenes at 2.2-A resolution (R fac-
tor=17.3%) (PDB code: 1IFWJ) [15, 16], together with
the structure of the apoenzyme and several mutants
[16-19], provided the first 3-D structural model of the
enzyme. In native K. aerogenes urease, the two Ni(II)
ions in the active site are held at a distance of 3.6 A by
the single bridging carboxylate group of a carbamylated
Lys residue. Both Ni(1) and Ni(2) ions are further
coordinated by two His residues, while Ni(2) is also
bound to an Asp residue. In the most recent model, the
additional electron density found in the neighbourhood
of the Ni ions, and indeed bridging them, has been in-
terpreted as water molecules, making Ni(1) penta-coor-
dinated and Ni(2) hexa-coordinated in pseudo-octahe-



dral environments [19]. The structure of a K. aerogenes
C319A mutant urease complexed with the competitive
inhibitor acetohydroxamic acid (AHA) (2.0-A resolu-
tion, 92% completeness, R factor=20.4%) has also
been reported [19]. In the proposed model, the hydrox-
amate oxygen asymmetrically bridges the two Ni ions
[Ni(1) —O0=2.6 A; N1(2) O=1.8 A], while the carbo-
nyl oxygen of AHA is further bound to Ni(1) at 2.0 A,
in a chelate mode. The Ni-Ni distance is 3.7 A, suggest-
ing that this separation does not vary substantially
upon inhibitor binding. The coordination mode of
AHA to the active site of K. aerogenes urease is analo-
gous to the structure of a synthetic model compound
[20].

The highly conserved amino acid sequences of all
known ureases [4,17] and the constant presence of two
Ni ions and of their ligands in the active sites [3] imply
a common catalytic pathway. Therefore, detailed struc-
tures of ureases isolated from different sources will al-
low a comparison of their molecular features, essential
in establishing common properties useful in designing
inhibitors effective on a broad range of microbial ur-
eases. The primary structure of the three subunits con-
stituting K. aerogenes urease [21] is homologous [iden-
tity 63% («), 46% (B) and 61% (vy), respectively] with
that of urease isolated from the alkaliphilic and highly
ureolytic soil bacterium Bacillus pasteurii [22-24], and
the amino acid residues ligating the two Ni ions in the
active site are conserved [25]. Ni-edge X-ray absorption
spectroscopy data of native B. pasteurii urease indi-
cated that the average coordination environment of the
two Ni ions is represented by five or six N/O ligands
arranged in a pseudo-octahedral geometry, with two of
the ligands being histidine imidazole side chains [26].
The crystallisation and cryogenic synchrotron X-ray
data collection of B. pasteurii urease inhibited with S-
mercaptoethanol (8-ME), known to act as a competi-
tive inhibitor of urease [27], have been recently re-
ported together with the description of the structure so-
lution by molecular replacement using the native K.
aerogenes urease as search model [28]. We describe
here the structure of S-ME-inhibited urease from B.
pasteurii refined at high resolution (1.65 A, 98.7% com-
pleteness, R factor=15.8%), and discuss the possible
implications of its features on the catalytic and inhibi-
tion mechanisms.

Materials and methods

Protein isolation and crystallization

B. pasteurii urease was isolated and purified to a specific activity
of ca. 2500 units/mg as previously reported [24]. The enzyme is
heteropolymeric and consists of three subunits (M,(a) =61.4 kDa;
M. (B)=14.0 kDa; M,(y)=11.1 kDa [25]). B-ME-inhibited urease
was crystallised at 20 °C from an 11-mg/mL enzyme solution in 20
mM sodium citrate at pH 6.3 using the hanging drop method as
reported [28]. Rice-shaped crystals of about 0.4x0.4x0.7 mm
formed in few days when the above solution was equilibrated
against a precipitant solution containing 53% of saturated amon-
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ium sulfate solution, 1.2 M LiCl and 4 mM B-ME in the same
buffer.

Data collection and reduction

Diffraction data were collected on a single crystal of the protein
using synchrotron radiation at 100 K from the BW7B wiggler line
[29] (A=0.8855 A) of the DORIS storage ring at the EMBL out-
station at the Deutsches Elektronen Synchrotron (DESY) in
Hamburg (Germany), using a 30-cm MarResearch imaging plate
scanner. The data were processed using the program DENZO
and merged with SCALEPACK [30]. The data set used for the
structure determination and refinement consisted of 114679 re-
flections merged from 1172081 measured intensities to 1.65-A re-
solution (R-merge =0.076). The data set is 98.7% complete in_the
14-1.65 A range. The highest shell between 1.68 and 1.65 A is
97.8% complete with R-merge =0.59. The space group was deter-
mined to be P6522, with unit cell parameters a=5b=131.343 A,
¢=190.013 A. Assuming one aBy fragment (86.5 kDa) per asym-
metric unit, the volume-to-mass ratio, Vi, is 2.7 A3/Da, giving a
solvent content of 54%. These values are in the normal range
found for proteins [31], indicating that four urease a;fB3;y; mole-
cules lie on the special positions of point symmetry 3 present in
the cell, as confirmed by the structure solution and refinement.

Structure solution and refinement

The structure was solved by the molecular replacement technique
as implemented in the program AMoRe [32], using the structure
of K. aerogenes urease [15] as a search model. The highest peak in
the rotation function gave a correlation coefficient of 12.2%, and
the translation search gave the correct solution of the structure
with a correlation coefficient of 47.4%. The model obtained after
rigid-body refinement of the solution was used to phase reflec-
tions. The high quality of the initial electron density maps ob-
tained allowed an almost complete manual rebuilding of the mod-
el on the B. pasteurii primary sequence [25] using the program O
[33]. The model was refined using a sequence of PROLSQ [34,
35] and REFMAC [36] cycles. Ideal geometric parameters were
those of Engh and Huber [37]. Water molecules were inserted
and refined using the program ARP, keeping only those water
molecules having sigma better than 1.3 in the electron density
map [38]. No restraints were used in refining the nickel-ligand dis-
tances. The structure refined to an R factor (= Y /Fo—F.|/ ¥ F,)
of 15.8% for data between 14 and 1.65 A and rms deviations from
ideal distances and ‘angle distances’ of 0.008 and 0.023 A, respec-
tively. The final model consists of 6056 protein atoms, 2 Ni ions, 2
B-ME molecules and 1013 water molecules. By the PROCHECK
criteria the model has 89.7% of the main-chain torsion angles
within the ‘allowed regions’ of the Ramachandran plot and 9.2%
within the ‘additional allowed regions’. The refined crystallogra-
phic coordinates have been deposited in the Brookhaven Data
Bank under the accession code 1UBP.

Results and discussion

The structure of B. pasteurii urease reveals an w3837y
quaternary structure with three crystallographically re-
lated active sites, one in each « subunit. This arrange-
ment is analogous to the K. aerogenes enzyme, and the
analysis of tertiary and secondary structural elements
indicates indeed a high degree of similarity. Only the
active site will be described here, while the full descrip-
tion of the structure will be the subject of a subsequent
report.

The electron density superimposed onto the refined
atomic model of the active site is shown in Fig. 1. The
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spatial arrangement of the protein ligands to the metal
ions in B. pasteurii urease complexed with B-ME is sim-
ilar to that observed in K. aerogenes urease both in the
native state [16] (PDB code: 1FWIJ) and inhibited with
AHA [19] (PDB code: 1IFWE), resulting in low RMSDs
(0.170 A and 0.173 A, respectively). Figure 2 shows that
two Ni ions are bridged by the carbamylated Lys*****
residue. Ni(1) is further bound to His***’ through the
N§ atom and to His**”> through Neg, while Ni(2) is
bound to His**” and His*'* through Neg, and to
Asp“?® through O81. Both Ni ions are well ordered (B
factors of 14.4 and 12.3 A2 for Ni(1) and Ni(2), respec-
tively). The position of conserved amino acid residues
not involved in Ni binding but thought to be important
in the catalytic mechanism (Ala®'”, His***?, Glu***,
ASpa224, Glya280’ Hisa323’ Ala“366, Meta367) [15’ 39]’ is
essentially invariant with respect to the K. aerogenes
structures, except for His «323 proposed to act as the ca-
talytic base in the urea hydrolysis mechanism [39],
which shows a large deviation (5 A) of the imidazole
ring atoms farther away from the Ni centre. No density
1nterpreted as water molecules lies within 5 A from the
Ni ions.

The presence of a bridging atom between the two Ni
ions, identified as the sulfur of B-ME (final B factor
14.3 A?), is evident in the electron density map (Fig. 1).
The bridging atom was identified in (3F,—2F.) maps
when the R factor was ca. 40%, while the whole 8-ME
molecule was completely evident when the R factor
was ca. 30%. The refined model of the inhibitor mole-
cule indicates a chelate binding mode through the ter-
minal OH group, coordinated to Ni(1). The torsional
angle of the B-ME molecule is 53°. Charge-transfer
transitions observed in the near-UV [40], CD [41], and

Fig.1 The atomic model of the ac-
tive site of B-ME-inhibited B. pas-
teurii urease, showing the Ni coor-
dination environment superim-
posed on the final 2F,—F. electron
density map contoured at 1o

MCD [42] spectra of urease in the presence of thiolate
competitive inhibitors have been interpreted in the past
as indicating direct binding to the Ni(II) ions. Magnetic
susceptibility, and variable temperature MCD spectra
of B-ME-inhibited urease have shown that the Ni cen-
tres are strongly antiferromagnetically exchange-cou-
pled [42, 43], suggesting the presence of a thiolate
bridging ligand. This observation was further supported
by EXAFS [44, 45]. The present crystallographic study
is in agreement with the spectroscopic results, directly
revealing the presence of a thiolate ligand bridging the
two Ni ions. The only other structurally determined u-
thiolato-bridged cluster in proteins containing Ni ions
in the active site is in [Ni Fe] -hydrogenase, in which the
pseudo-tetrahedral Ni ion in the (Cys),Ni(Cys),Fe clus-
ter core has Ni-S distances of 2.2-2.3 A and an Ni-S-Fe
angle of 67° [46]. The determination of the crystal struc-
ture of B-ME-inhibited B. pasteurii urease at high reso-
lution further shows the unexpected chelating coordi-
nation mode of B-ME to the Ni ions. The ROH-Ni(1)
interaction is assisted and stabilised by a strong hydro-
gen bond donated to the carbonyl oxygen of the con-
served Gly**® (at 2.4 A). B-ME is a poor chelating
agent because of the low Lewis base character of its
OH group, but the hydrogen bond with Gly***® en-
hances the basicity of the hydroxyl oxygen and facili-
tates binding to Ni(1). These observations provide an
enlightening example of how interactions with the pro-
tein matrix can modify the chemical behaviour of a
molecule, further revealing Gly**® as a plausible target
for structure-based design of urease inhibitors.

Both Ni ions in the inhibited B. pasteurii urease ap-
pear to be pentacoordinated (Fig. 3). The coordination
geometry around Ni(1) is distorted square-pyramidal,



Fig. 2 Refined model of the active-site structure of S-ME-inhi-
bited B. pasteurii urease. Hydrogen bonds are shown as red
lines.

Key distances: Ni(1)-Lys®®"061=2.1 A; Ni(1)-His***’N6=2.2
A; Ni(1)- His**”Ne=2.2 A; Ni(2)- Lys“220 oR=21 A; Ni(2)-
H1s“139N£ 2.1 A; Ni(2)- Hls“mNs 2.1 A; Ni(2)-Asp @33 0 5] =
214 Ni(1)-O(- ME) 23 A; Ni(1)-S(B- ME) 23 A; N1(2) S(B-
ME)=2.3 A; Ni(1)-Ni(2)=3.1 A.

Key angles: His**”*N&-Ni(1)-S(8-ME)=151° His**”*N&-Ni(1)-
O(B-ME)=81°%  His**’N&Ni(1)-His***N§=91°  His**"*Ne-
Ni(1)-Lys*?**** 001 =100 O(B-ME)-Ni(1)-S(8-ME)=75% S(8-
ME)-Ni(1)-Lys*****00=99°, Lys*****001-Ni(1)-His***’N6=95°,
His*?**N§-Ni(1)-O(8-ME)=100%  His****N&§-Ni(1)-S(8-ME) =
109 Lys**?" 061-Ni(1)-O(8-ME) =164°; Lys*?*" O 62-
Ni(2)-His*"*"Ne=93° Lys“*°" O 62-Ni(2)-His ***Ne=89°;
Lys“*°"062-Ni(2)-S(8-ME)=84°%  Asp***04§1-Ni(2)-His*"*’N¢
=84° Asp*** 081-Ni(2)-His***Ne=83° Asp***>*081-Ni(2)-S(5-
ME) =105°% His*"*"Ne-Ni(2)-His*"*’Ne=111° His*"**N&-Ni(2)-
S(B-ME)= 106° S(B-ME)-Ni(2)-His*'*’Ne=143° Lys***" O62-
Ni(2)-Asp**** 081 =170° Ni(1)-S(B8-ME)-Ni(2) =83°

with the equatorial plane constituted by the S and O
atoms of B-mercaptoethanol, by the Of1 atom of the
bridging carbamylated Lys****, and by the Ng of
His*?’>, the apical ligand being the N§ of His“**°. In
contrast, the coordination geometry of Ni(2) is best de-
scribed as distorted trigonal-bipyramidal, with the
equatorial plane constituted by the bridging S atom of
B-ME and by the N¢ atoms of His*'*” and His*'*, the
opposite apical ligands being the O62 atom of the
bridging carbamylated lysine and Asp®*® O&1. The
equatorial planes of the square and trigonal pyramids
are joined through the bridging S atom of S-ME, with a
dihedral angle between the two average equatorial
planes of 63°. The coordination distances between the
Ni ions and their protein ligands are, within experimen-
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N(Lys“22°*)
C
(His“275) NE(His®'%7)
N
(His“249)N® / N<(His®%)
061 ( Aspa363)

Fig. 3 Schematic idealised representation of the geometry of the
Ni centres in B-ME-inhibited B. pasteurii urease. Deviations (A)
from least-square plane formed by S(B-ME)-Lys***"061-
His**”’Ne-O(B-ME)-Ni(1) are (respectively): +0.092, +0.053,
+0.101, 4+0.010, —0.257 (RMSD =0.132 A); deviations (A) from
least-square plane formed by S(B-ME)-His*'*’Ne-His*'**Ne-
Ni(2) are (respectively): —0.014, —0.016, —0.010, +0.041
(RMSD =0.024 A). The dihedral angle between the two planes is
63°

tal error, the same as those obtained from EXAFS data
on native B. pasteurii urease (2.03 A on average) [26].
This observation suggests substantial rigidity of the Ni
coordination spheres in this enzyme.

The geometric features of the Ni-S-Ni moiety in -
ME-inhibited B. pasteurii urease (Ni-S distances of 2.3
A; Ni-S-Ni angle of 83°) are consistent with those de-
duced from EXAFS studies on g-ME-inhibited K. aero-
genes urease [45] (Ni-S distance of 2.23 A, Ni-S-Ni an-
gle of 94°), and are similar to those in synthetic model
compounds (Ni-S distance of 2.20-2.23 A, Ni-S-Ni an-
gle of 83.8°-95.2°) [47-50]. The Ni-Ni distance of 3.1 A,
observed in the crystal structure of B-ME-inhibited B.
pasteurii urease, is similar to the distance of 3.26 A de-
termined for B-ME-inhibited K. aerogenes urease using
EXAFS [45], but it is significantly shorter than that
found in native (3.6 A) [16] or AHA-inhibited C319A
(3.7 A) [19] K. aerogenes urease. Considering the rigid-
ity of the coordination bonds of the Ni ions with the
protein ligands in urease, such a decrease of the Ni-Ni
distance can only be explained by postulating some
flexibility of the whole active site, i.e. an ability to ad-
opt slightly different conformations dictated by the in-
trinsically distinct electronic properties of the bimetallic
core in the native (water-bridged Ni dimer) and in the
B-ME-bound (thiolate-bridged Ni dimer) forms. In or-
der to confirm this possibility, a structural comparison
with synthetic analogue models, for which protein-in-
duced effects are absent, is necessary. A screening of
the Cambridge Structural Database reveals that no syn-
thetic w-thiolato-mono-carboxylato Ni dimers have
been structurally characterised. Synthetic Ni dimers
featuring a u-aqua-bis-carboxylato bridge have Ni-Ni
distances of 3.48-3.68 A [51-58], while distances of 3.40
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A and 3.42 A are found in u-hydroxide-bis-carboxylato
[59] and wp-phenoxide-bis-carboxylato [60] Ni dimers,
respectively. Replacement of one of the carboxylato
bridges with an anionic single-atom bridge, as in model
compounds featuring either a bis-u-hydroxamato-
mono-acetato [20] or a bis-u-phenoxide-mono-carboxy-
lato [61] bridged Ni dimer, causes decrease of the Ni-Ni
distance to 3.016 and 3.043 A, respectively. The Ni-Ni
distance found in bis-u-thiolato dimers is 3.36 A in
[Niz(SCsz)é]zi [47] or3.27 Ain [Niz(S-p-C6H4C1)6]27
[50], while in [Ni,(ethane-1,2-dithiolate);]*~ it shortens
to 2.94 A [49] or 2.91 A [48], a decrease that has been
ascribed to a chelating effect and to the small dihedral
angle between the two planes formed by the bridging
thiolate sulfur atoms and the two Ni ions in the latter
complex [48, 49]. Therefore, in the absence of addition-
al bridging ligands, the short Ni-Ni distance in the u-
thiolato-mono-carboxylato bridged dinickel centre of
B-ME-inhibited B. pasteurii urease can be considered
an intrinsic property of this metallic core, resulting
from three additive effects: the presence of an anionic
thiolate bridge, the bridging-chelating mode of B-ME,
and the small dihedral angle between the equatorial
planes of the square- and trigonal-pyramidal coordina-
tion spheres of the two Ni ions.

Figure 4 shows that a second molecule of B-ME is
involved in a mixed disulfide bond with Cys***?, a resi-
due which is supposed to play a significant role in the
catalytic process [62, 63], even though it is not essential
[64, 65]. Cys**** resides on an a-helix that is part of a
conserved mobile flap in K. aerogenes native urease.
This flap has been proposed to act as a gate for the en-
trance of the substrate to the active site [16, 19] but
could also take part in the assembly of the dinickel cen-
tre from apo-urease. The B-ME molecule forming the
mixed disulfide with Cys***? in B. pasteurii-inhibited

Fig. 4 The atomic model of the ac-
tive site of B-ME-inhibited B. pas-
teuriii urease, showing the second
B-ME molecule bound to Cys***?
and hydrogen-bonded to Ala**®,
superimposed on the final 2F,—F,
electron density map contoured at
lo

urease is involved in a hydrogen bond between its a-
hydroxyl group and the carbonyl oxygen atom of
Ala**®®, positioned on a neighbouring loop (Figs. 2 and
4). This interaction reduces the flexibility of the flap,
and the resulting network seals the entrance to the ac-
tive site by steric hindrance.

In summary, the X-ray structure of B-ME-inhibited
B. pasteurii urease reveals that inhibition occurs by tar-
geting enzyme sites that are both directly (the metal
centres) and indirectly (the cysteine side chain) partici-
pating in substrate positioning and activation. This dou-
ble inhibition mode is likely to be involved in all cases
in which a thiol acts as a urease inhibitor [27, 62]. These
structural details, shedding light on the mechanism of
inhibition and providing hints for the rational design of
new potent urease inhibitors, could not be obtained
from the spectroscopic studies so far reported.

To further understand the catalytic and inhibition
mechanism of urease, high resolution diffraction data
for native B. pasteurii urease, as well as for the enzyme
inhibited with cysteamine, acetohydroxamic acid, and
phenylphosphoradiamidate have recently been col-
lected [28]. Details of these structures and, in particu-
lar, the precise location of water, inhibitors, and sub-
strate analogue molecules in the active site of urease,
must await the completion of the refinement.
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