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Abstract The structure of Bacillus pasteurii urease in-
hibited with acetohydroxamic acid was solved and re-
fined anisotropically using synchrotron X-ray cryogenic
diffraction data (1.55 A resolution, 99.5% complete-
ness, data redundancy = 26, R-factor = 15.1%, PDB
code 4UBP). The two Ni ions in the active site are sep-
arated by a distance of 3.53 A. The structure clearly
shows the binding mode of the inhibitor anion, symme-
trically bridging the two Ni ions in the active site
through the hydroxamate oxygen and chelating one Ni
ion through the carbonyl oxygen. The flexible flap
flanking the active site cavity is in the open conforma-
tion. The possible implications of the results on struc-
ture-based molecular design of new urease inhibitors
are discussed.
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Introduction

The abrupt increase of pH, caused by the rapid hydro-
lysis of urea catalyzed by the Ni-containing enzyme ur-
ease (urea amidohydrolase, E.C. 3.5.1.5), is the major
cause of the negative side-effects of urease activity both
on human and animal health [1-3] and in agriculture [1,
4, 5]. The use of urease inhibitors has been proposed to
counteract these drawbacks, but their efficiency is low,
and they result in major side effects in humans [1, 3, 6,
7] and cause problems in the environment [1, 8]. Ra-
tional, structure-based molecular design of new and ef-
ficient urease inhibitors requires detailed information
on the enzyme active site and catalytic mechanism [9].

The structures of Bacillus pasteurii urease (BPU),
both in the native form [10] and inhibited with phenyl
phosphorodiamidate (PPD) [10] and B-mercaptoetha-
nol (BME) [11], have recently been reported. In native
BPU (PDB code 2UBP) the two Ni ions are bridged by
the carboxylate group of the carbamylated Lys“*"",
bound to Ni(1) through O61 and to Ni(2) through O82.
Ni(1) is further coordinated by His“*** N§ and His**”
N , while Ni(2) is bound to His*'*” N , His*"* N , and
Asp®® 081 (Fig. 1A). The Ni-Ni distance is 3.7 A. The
coordination geometry is pseudo square pyramidal for
the pentacoordinated Ni(1) and pseudo octahedral for
the hexacoordinated Ni(2), consistent with extended X-
ray absorption fine structure (EXAFS) data on native
BPU [12]. Four well-ordered water/hydroxide mole-
cules constitute a tetrahedral cluster in the vicinity of
the Ni ions: one of these (Wg) symmetrically bridges
the two Ni ions, and was suggested to be in the hydroxo
form, while two water molecules, W; and W,, complete
the coordination polyhedron around the Ni ions. The
fourth water (W3) is bound to the first three solvent
molecules by H-bonds, and is not involved in any coor-
dination bonds with the Ni ions [9, 10].

In crystals of BPU obtained from solutions contain-
ing the slow, tight-binding inhibitor PPD (PDB code
3UBP), a molecule of diamidophosphoric acid (DAP),
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Fig. 1 Schemes for the active site Ni coordination of A native, B
DAP-inhibited, and C BME-inhibited BPU

the product of the enzymatic hydrolysis of PPD [13], is
coordinated to Ni(1) and to Ni(2) using three of the
four atoms potentially available for coordination
(Fig. 1B): one oxygen atom, identified as an OH group,
bridges the two Ni ions, while one oxygen and one ni-
trogen atom bind to Ni(1) and Ni(2), respectively. The
second nitrogen atom points away towards the cavity
opening [9, 10]. The Ni-Ni distance is 3.8 A. The tetra-
hedral DAP exactly replaces the cluster of solvent mol-
ecules found in native BPU, and its binding does not
change the coordination geometry of the Ni ions with
respect to the native enzyme. This latter observation is
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consistent with EXAFS studies reported for PPD-inhi-
bited BPU [12].

DAP is a transition state analogue, and its mode of
binding to the Ni ions, together with a comparison be-
tween native and DAP-inhibited urease structures,
prompted us to propose a novel mechanism for enzy-
matic urea hydrolysis, which reconciled the available
structural and biochemical data [9, 10]. This mechanism
involves a direct role of both Ni ions in binding and
activating the substrate, and of the Ni bridging hydrox-
ide as the nucleophile in the process of urea hydrolysis.
Comparison of the structures of native and DAP-inhi-
bited BPU reveals two distinct conformations of the
flap lining the active site cavity, and suggests a role for
this motif in stabilizing the catalytic transition state and
accelerating the reaction [9, 10].

In BPU inhibited with BME (PDB code 1UBP) the
sulfur atom of BME symmetrically bridges the binu-
clear Ni center, with a Ni-Ni distance of 3.1 A. BME
further chelates Ni(1) using its terminal OH [9, 11]
(Fig. 1C), resulting in both Ni ions being pentacoordi-
nated.

Urease inhibition by hydroxamic acid derivatives,
first shown to occur as early as 1962 [14], has been stud-
ied on enzymes isolated from plants (jack bean [15,
16]), from bacteria (reviewed in [1, 3]), and from soil
[17]. Electron spectroscopy [16] and magnetism [18]
studies indicated that inhibitors of this class bind to the
Ni ions in the active site. The most studied of such der-
ivatives is acetohydroxamic acid (AHA, Scheme 1),
shown to behave as a slow binding (hours) competitive
inhibitor [15, 16, 19].

0 o°
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H H
A B

Scheme 1

The room temperature structure of a recombinant
mutant form of Klebsiella aerogenes urease (KAU)
complexed with AHA has been reported (PDB code
1FWE) [20]. The inhibitor was shown to bridge and
chelate the Ni ions with the amidohydroxyl and the car-
bonyl groups of the inhibitor, respectively, with a pro-
nounced asymmetry for the Ni-bridging atom [Ni(1)-
Op=2.6 A; Ni(2)-Op=1.8 A].

The present report provides new and detailed struc-
tural information on the mode of BPU inhibition with
AHA, integrating the results reported for KAU, and
providing further insights that are potentially useful for
structure-based rational design of urease-related drugs.
Furthermore, a comparative analysis of the amino acid
sidechains involved in Ni binding, among all structures
available so far, reveals possible movements crucial for
the enzymatic hydrolysis and support our recently pro-
posed urease mechanism [9, 10].
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Materials and methods

Protein isolation and crystallization

BPU was isolated and purified to a specific activity of ca.
2500 units/mg as previously reported [21]. Crystallization of
AHA-inhibited urease was achieved at 20°C using the hanging
drop method. A solution containing 11 mg/mL of urease in
50 mM sodium phosphate at pH 7.5, containing 50 mM Na,SOs,
was exchanged with a solution of 20 mM Tris-HCl (pH 8.0) con-
taining 4 mM AHA. The resulting solution (3 pL) was diluted
with 3 pL of precipitant (a saturated ammonium sulfate solution
containing 1.2 M LiCl, diluted to 50% with 100 mM sodium ci-
trate, pH 6.3, and 4 mM AHA), and equilibrated against 500 pL
of precipitant. Rice-shaped single crystals, of about 0.4 X 0.4 X
0.7 mm on average, formed in few days.

Data collection and evaluation

Diffraction data were collected on a single crystal of the AHA-
inhibited BPU at 100 K using synchrotron radiation from the
BW?7B wiggler line of the DORIS storage ring at the EMBL out-
station at DESY, Hamburg (Germany). The detector was a 30-cm
MarResearch imaging plate scanner. For cryoprotection, a single
crystal of AHA-inhibited BPU, of dimensions 0.3 X 0.3 X 0.5 mm,
was transferred from the crystallization drop into 500 wL of the
precipitant solution. The concentration of the cryoprotectant was
gradually increased from 0 to 15% by adding 100 L portions of
20% ethylene glycol, at 1 min intervals. The crystal was trans-
ferred to a solution containing 20% ethylene glycol, scooped up
in a cryo-loop, and rapidly exposed to a cold nitrogen stream.

The data were processed using the program DENZO and
merged with SCALEPACK [22]. Table 1 reports a summary of
data statistics for AHA-inhibited BPU. The high-resolution limit
was chosen by keeping reflections in the highest resolution bin if
at least 50% had I/o>2 [23]. The cell is almost isomorphous with
that of the native enzyme (Table 1) and contains four urease mol-
ecules lying in the special positions of point symmetry 3. There-
fore the asymmetric unit consists of one third (one «By moiety
[10]) of the urease molecule.

Table 1 X-ray data collection statistics and data reduction for
AHA-inhibited BPU

Wavelength (A) 0.8342

Resolution range (A) 32.50-1.55
merge 0.071

Raw measurements 3,612,270

Unique reflections 138,830

Redundancy 26.02

% completeness 99.5

% completeness [high-resolution bin (A)]

99.5 (1.58-1.35)
% Greater than 30 65

I/ in high-resolution bin 22

Space group P6522

a=b (A) 130.88

c(A) 189.00

? Rmerge = L | [;— <I>1/ E <[>, where [; is an individual intensity

measurement and </> is the average intensity for this reflection
with summation over all the data

Structure determination and refinement

Initial phases for AHA-inhibited BPU were obtained from the
refined model of the native enzyme (PDB code 2UBP [10]), from
which the active site residues, the metal ions, the sulfate anion,
the flexible loop region, and all water molecules were omitted.

The protein regions displaying different conformations were man-
ually rebuilt with the program O [24]. The structure of AHA-
inhibited BPU was refined using REFMAC cycles [25] with estab-
lished geometric targets [26]. Randomly selected reflections (2%
of the total) were used as an Ry set for cross validation. No re-
straints were used for the Ni-ligand distances. Automatic solvent
building was performed using the program ARP, keeping only
those water molecules having density greater than 1.5¢ in the
2F,—F. electron density map [27]. Omit maps were calculated
after several refinement cycles of a model from which the AHA
atoms were excluded. Using isotropic temperature factors the re-
finement converged to R and Ry.. of 18.8 and 21.2, respectively.
At this point the high redundancy of the data allowed us to per-
form an anisotropic refinement of the structure with anisotropic
temperature factors for each atom in the model using REFMAC
[28], in order to improve R and Ry... as well as the fit to geometric
targets. The stereochemistry of the final model was checked using
the programs WHATIF [29] and PROCHECK [30]. Table 2 re-
ports a summary of the crystallographic analysis and refinement.
The refined crystallographic coordinates for AHA-inhibited BPU
have been deposited in the Brookhaven Data Bank under the ac-
cession code 4UBP.

Table 2 Summary of the crystallographic analysis and refinement
for AHA-inhibited BPU

Protein atoms 6056
Solvent atoms 746
Bound metal ions 2 Ni

Bound AHA atoms 5

Temperature factors for protein atoms (AZ) 24.38
Temperature factors for solvent (A?) 41.01
Temperature factors for Ni(1), Ni(2) (A?) 22.15, 20.54
Average temperature factors for AHA atoms (A% 2651
R.m.s. bond length deviation (OA) 0.013
R.m.s. bond angle deviation (A) 0.030
R.m.s. planes deviation (A) 0.038
R.m.s. on atomic positions from ¢A plots (A) 0.063
R.ms. on final 2F,-F, electron density map

(electrons/A?) 0.35
Ramachandran most favored region (%) 90.1
Ramachandran additional allowed region (%) 8.7
Ramachandran generously allowed region (%) 1.1
R-factor (R-free)* (%) 15.1 (19.0)

# R-factor= Y |F,| — | F /'Y | F,|; R-factor and R-free are calcu-
lated by using the working and free reflection sets, respectively;
the free reflections (2% of the total) were held aside throughout
the refinement

Results
Overall structure of AHA-inhibited BPU

The AHA-inhibited BPU structure closely matches
that of native BPU with an overall r.m.s.d. of only
0.156 A between the two structures, based on superpo-
sition of the complete set of Ca atoms of the three sub-
units. Therefore, the binding of AHA does not affect
the azB5ys; quaternary structure of BPU. The residue-
averaged B-factors of the crystallographically equival-
ent a-, B-, and y-subunits for native BPU, and BPU in-
hibited with DAP, BME, and AHA, are shown in
Fig. 2. It is evident from this figure that the residues in
the ranges 315-336 and 388-398 in the a-subunit of all
these structures have average B-factors 3-5 times high-
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Fig. 2 Residue-averaged main chain B-factors for the three
chains (A « subunit, B B subunit, C y subunit) of native (2UPB),
BME (1UPB), DAP (3UPB), and AHA (4UPB) inhibited BPU

er than in the other residues of the subunit. However,
the electron density from 2F,—F. maps at the 0.5¢ level
is sufficiently clear to allow us to build a model for the
loops. The 315-336 region is part of the flexible helix-
loop-helix motif constituting the flap cover of the active
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Fig. 3 Ribbon diagram of the active site loop region in AHA-
inhibited BPU, colored according to the B-factors (from blue to
red the B-factors increase). The Ni ions are shown as red
spheres

site cavity [9-11, 31]. This flap has been proposed to act
as a gate for the entrance of the substrate to the active
site [10, 31], but could also take part in the assembly of
the dinickel center from apo-urease [9]. In this region
the average B-factor for AHA-inhibited BPU is
64.3 A2, Figure 3 shows a ribbon drawing of the active
site loop region in AHA-inhibited BPU, color-coded
according to the average B-factors of each residue. The
second region of high mobility (average B-factor
72.8 A?) consists of residues 388-398, which constitute
the loop linking the last helix of the (ab)s barrel (helix
8) with a helix (H5) not belonging to the barrel motif
(the secondary structure nomenclature follows [32]),
and is far from the active site. The flexible flap in
AHA-inhibited BPU mainly adopts the “open” confor-
mation, as observed in native BPU [10]. The lower mo-
bility in native BPU (see Fig. 2) can be attributed to the
presence of a sulfate ion bound in the cavity, linking
Arg®®¥ to the flap residue His***® through strong
charge-assisted H-bonds, which stabilize the flap in the
open conformation [10]. In the present structure a sim-
ilar adduct is not present despite the fact that the crys-
tals were obtained from the same sulfate-rich crystalli-
zation solution. Among all BPU structures so far avail-
able, the BME-bound complex possesses the most or-
dered flap (see Fig. 2), again in the “open” conforma-
tion [11]. This is explained by the presence of a second
molecule of BME, forming a mixed disulfide bond with
the flap residue Cys®*** and involved in an H-bond be-
tween its a-hydroxyl group and the carbonyl oxygen
atom of the inner residue Ala®**®, positioned on a
neighboring loop. The flexibility of the flap is thereby
reduced, and the entrance to the active site is sealed by
steric hindrance. Finally, a “closed” flap is found in
DAP-inhibited BPU, where two H-bonds between the
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distal NH, group of the Ni-bound inhibitor, and His***
and Ala®*®, stabilize this conformation [10].

The active site structure of AHA-inhibited BPU

The electron density from a 2F,—F. difference map con-
toured at 1.00, superimposed on the refined atomic
model of the active site of the complex, is shown in
Fig. 4A. The final omit map contoured at 4.00, showing
the inhibitor electron density, is reported in Fig. 4B.
One AHA molecule is complexed to the Ni ions in the
active site, while no other inhibitor molecules are pres-
ent either in the cavity or in any other part of the ur-
ease structure. Figure SA shows the refined atomic
model of AHA bound to the dinickel center. The ar-
rangement of the protein ligands bound to the Ni ions
in the AHA-BPU adduct is essentially identical to that
in native BPU [10] (see Fig. 5B) and Table 3 compares
relevant distances observed in the active sites of all
available BPU structures.

Both Ni ions are well ordered [B-factors of 22.1 and
20.5 A2 for Ni(1) and Ni(2), respectively] and five-coor-
dinated. The structural index parameter
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introduced by Addison et al. [33] can be used to better
define the geometry around five-coordinate metal ions
(see Scheme 2): according to this criterion, a and S
(B=«) are the two largest angles around the central
atom, so that r=1 for perfectly trigonal bipyramidal
(TB) geometry whereas 7=0 for square pyramidal
(SPY) geometry. For five-coordinate structures, the in-
dex 7 can be used to describe the structural continuum
between ideal SPY and TB geometries.

In the case of AHA-inhibited BPU, the value of
7=0.363 for Ni(1) can be compared with those ob-
tained from the structures of DAP-inhibited BPU
(7=0.067), native BPU (7=0.157), and BME-inhibited
BPU (7=0.223), indicating a marked increase of the
TB character. The value of 7=0.365 for Ni(2) in AHA-

/ “

\/( ‘e,
0
'’

o

Scheme 2

BPU can be compared with that obtained from the
structure of BME-inhibited BPU (7=0.443) [in native
and DAP-BPU the Ni(2) ion is hexacoordinate], indi-
cating a smaller TB character in AHA-BPU. As a gen-
eral consideration, the values of the parameter 7 for all
the coordination geometries of the Ni(1) ion in the ac-
tive site of the four BPU derivatives so far character-
ized indicate a preference for five-coordinate SPY
geometry with various degrees of distorsion towards a
TB arrangement. On the other hand, Ni(2) could be
penta- or hexacoordinate: in the former case the geom-
etry is predominantly SPY, slightly distorted towards
TB, while in the latter case the geometry is distorted
octahedral.

The binding of AHA to the active site of BPU pro-
vides a bridge between Ni(1) and Ni(2) through the hy-
droxamate oxygen (Og), in addition to the ubiquitous
presence of the bridging carbamate group of the post-
transcriptionally modified Lys***°". The hydroxamate
O atom of AHA replaces the bridging hydroxide mol-
ecule (Wp) present in the structure of native BPU [10],
and the resulting bridge is symmetric (Ni-Og=2.0 A).
The binding of AHA causes shortening of the Ni(1)-
Ni(2) distance by about 0.2 A with respect to the native
enzyme (see Table 3). This effect, although significant,
is far less pronounced than that in the BME-inhibited
enzyme, for which a decrease of 0.6 A was observed
[11].

The second AHA oxygen (Or) is bound to Ni(1),
completing a chelating binding mode of the inhibitor.
The coordination of Ot to N(1) is assisted by an H-
bond donated by the His“***> N proton; this arrange-
ment is analogous to that in the native enzyme around

Table 3 Relevant distances (A) in the active site of native and inhibited ureases (BPU consensus sequence numbering)

Protein Native UBP DAP-BPU BME-BPU AHA-BPU AHA-KAU
PDB codes 2UBP 3UBP 1UBP 4UBP IFWE
Ni(1)-Ni(2) 37 38 3.1 35 3.7
His*>* N&-Ni(1) 22 2.0 22 2.0 22
His*?” N -Ni(1) 22 2.1 22 2.0 2.3
Lys*22°* 041-Ni(1) 2.1 2.1 2.1 2.0 2.1
AHA Og(Wsg, Sp)-Ni(1) 2.1 23 23 2.0 2.6
AHA O(W,)-Ni(1) 22 22 23 22 2.0
His*'¥ N -Ni(2) 22 2.1 2.1 2.0 2.3
His“'* N -Ni(2) 22 22 2.1 2.0 22
Lys*22"* 062-Ni(2) 2.1 1.9 2.1 2.0 2.1
Asp=3% 051-Ni(2) 22 2.1 2.1 2.1 22
AHA Oy(Ws, Sp)-Ni(2) 22 23 23 2.0 1.8




Fig. 4 A Atomic model of the
active site of AHA-inhibited
BPU, showing the Ni coordi-
nation environment superim-
posed on the final 2F,-F, elec-
tron density map contoured at
1.00. B Omit map of the
AHA molecule calculated
with Fourier coefficients F,—F,
and phases derived from the
final model from which the
AHA atoms had been re-
moved (purple map, con-
toured at 4.00)

Gly «280

Arg 0339

His 0249 |

Gly 0280

Arg u339

the water molecule (W ) bound to Ni(1) [10], the only
difference being that in the present structure this H-
bond is ca. 0.2 A shorter (2.73 A). The AHA O atom
is in van der Waals contact with the Ala®’’® O atom
(3.3 A) and a water molecule (Ws79, 3.4 A) in the active
site cavity, but the configurations of these contacts indi-
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Asp 0363

Ala 0366

cate that they are not H-bonds. The binding of AHA
displaces all four water/hydroxyde molecules crystallo-
graphically detected in the active site of native BPU.
The Asp**® carboxylate group is rotated about the
CpB-Cy bond by 35° with respect to its conformation in
native BPU to receive an H-bond from the AHA-NH
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Fig. 5 A Refined model of the active site structure of AHA-inhi-
bited BPU. The two Ni ions are shown as purple spheres. Hydrog-
en bonds are colored according to the donor-acceptor CPK color
code. B Least-squares fit of the metal-bound active site residues
in native (orange) and AHA-inhibited BPU (blue). C Refined
model of the active site structure of AHA-inhibited KAU colored
asin A

group (AHA NH-Asp®® 082=2.6 A), further stabil-
izing the inhibitor binding (Fig. 5B). The consequence
of this movement is an increase of the Asp*** 082-Og
distance (3.0 A) with respect to the corresponding
Asp*®* O82-Wy distance in native BPU (2.5 A), sug-
gesting the presence of repulsive electrostatic interac-
tions between Og and Asp®*®®* 082. This observation

suggests that Og is deprotonated and that AHA binds
in the anionic hydroxamate form.

Among the conserved amino acid residues not in-
volved in Ni binding but thought to be important in the
catalytic mechanism (Ala*'”°, His**??, Glu****, Asp****,
Gly**%°, Cys®? 322 His*“*%3, Ala***®, Met***’) [10, 31],
only Met**’ has a different conformation with respect
to native BPU, with its sidechain methyl group pointing
in the opposite direction.

Discussion

The X-ray structure of AHA-inhibited BPU reveals
that inhibition occurs by direct binding of the inhibitor
to the Ni ions in the active site. As already observed for
the BME-BPU complex [11], the AHA molecule be-
haves as a bridging-chelating ligand. These two struc-
tures reveal a common feature of this dinuclear active
site: the more negatively charged donor atom of the in-
hibitor bridges the two Ni ions; if a second donor is
available, it will bind to Ni(1), which has an unsatu-
rated coordination sphere and therefore is the metal
site with the highest positive charge density. Another
general aspect which is revealed by the inhibitor bind-
ing studies on BPU is that the Ni(2)-bound Asp“*** si-
dechain is able to adopt different conformations in or-
der to optimize the inhibitor binding through an H-
bond involving its Q82 atom. Indeed, this residue’s car-
boxylate group can assist and stabilize both a bridging
OH group in native and DAP-inhibited BPU [9, 10]
and the AHA NH group in the present structure, by
changing its sidechain conformation while still main-
taining its coordination to Ni(2). The direct observation
of such conformational flexibility of Asp®*®® further
supports our recently proposed mechanism for urease,
which involves a proton transfer from the Ni-bridging
OH group to the distal NH, group of urea through
Asp®*® 082, a residue which is supposed to be able to
adopt different conformations in order to carry out
such a function [9, 10].

The presence of a well-ordered water molecule
(Woo, B=25.4 A?) in the AHA- and BME-inhibited ur-
ease at the same position where a sulfate ion is found in
native BPU suggests that this is a potential site for an-
ion binding, stabilized by H-bonds with Arg*** and
His**%3, residues thought to be involved in enzyme ca-
talysis. This feature is another important hint for struc-
ture-based molecular design.

A comparison of the structures of AHA-inhibited
BPU and KAU reveals important features (see Fig. SA
and C). First of all, in both structures the inhibitor
bridges and chelates the two Ni ions. However, in KAU
the bridging oxygen atom of AHA is asymmetrically
bound to Ni(1) (2.6 A) and Ni(2) (1.8 A), while the
structure of AHA bound to BPU features a symmetric
bridge (Ni-Og distance of 2.0 A). The latter observa-
tion is consistent with the structures of low molecular
weight compounds reproducing the binding of AHA to



the dinuclear Ni center of BPU [34, 35]. In all these
synthetic models the AHA molecule chelates and sym-
metrically bridges the two Ni ions with geometrical pa-
rameters essentially identical to AHA-inhibited BPU,
in slight contrast to the structure of AHA-bound KAU.
The high accuracy of the present structure of AHA-
complexed BPU, and the good quality of the electron
density map around the Ni ions, allow us to unambi-
guosly determine the position of the inhibitor in the ac-
tive site. Furthermore, the KAU structure is actually
that of the recombinant Cys“**’Ala mutant urease
(BPU consensus sequence numbering), while the struc-
ture of BPU is that of the native enzyme. Finally, the
helix-loop-helix motif flanking the active side cavity in
the low-temperature structure of AHA-inhibited BPU
is in the “open” conformation, while this flap was not
detected in the electron density map of AHA-inhibited
KAU, probably because of higher disorder at room
temperature. However, the conformation of Ala**%
(corresponding to Ala“*®® in BPU, see Fig. 5C), shown
to be an indicator of the flap position in BPU [10], sug-
gests that the flap preferentially adopts a closed confor-
mation in AHA-inhibited KAU. Such a conformation
of Ala**® in the AHA-KAU adduct allows the forma-
tion of an additional H-bond between the carbonyl
group of this residue and the AHA NH group, this H-
bond possibly being the cause of the asymmetric bridge
observed in AHA-inhibited KAU. The importance of
the conformation of this flap in the catalytic enzyme
mechanism [9, 10] indicates that it is an important de-
terminant for inhibitor binding to the active site.
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Kinetic studies have shown that AHA is a slow-
binding, competitive inhibitor for microbial urease
(KAU) [19]: AHA rapidly forms an initial weak en-
zyme-inhibitor complex (E-I) which slowly converts to
a more stable E-I* adduct with an overall dissociation
equilibrium constant K% =2.6 uM (Scheme 3) [19].

Both K; and k; are nearly unchanged in the pH
range 6.75-8.25, in the vicinity of the pK, of AHA
(8.7), while k, increases by lowering the pH down to
6.5, causing an overall increase of K% [19]. This result
suggested to the authors that both the initial E-I com-
plex, as well as the E-I to E-I* conversion, do not in-
volve the acetohydroxamate anion. A mechanism for
the formation of the E-I complex was then proposed,
by which the resonance form B of AHA (see Scheme 1)
is bound in a monodentate mode through the anionic O
atom to one Ni ion in the active site [19]. The conver-
sion from E-I to E-I* was proposed to involve either
(1) the action of a nucleophile, suggested to be a Ni-
bound hydroxide, needed for the formation of a tetra-
hedral AHA-derived gem-diolate, which would bridge
the two Ni ions in the dead-end complex, or (2) a bi-

Fig. 6 Proposed mechanism
for inhibition of BPU by NH (Lys) NH (Lys)
AHA /L
07 N0 AHA 3 HO 070
(HiIN,, N(His) (HisIN,, / wN(His)
N1 Ni(3). N1 Ni(3).
(HisN™"" {)‘OH/ I\(\)‘N(His) (His)N// i )~OH/ i )‘N(Hls)
HO  OMz Yoiaep) 3 O(Asp)
HQO I (g
c
. AN
Native HC™ N E-l
A
NH (Lys)
077 \Q HoO
(HiISIN,, / oN(His)
NI Ni(2).
HN= | )‘o/ B ris)
|
NH O(Asp)
O\T/
CH, E-I*
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dentate binding mode of AHA to the metallocenter
[19].

The present structure of AHA-inhibited BPU, as-
sumed to show the E-I* form of the complex because of
the long time (days) needed for protein crystallization,
rules out the first of the two mechanisms previously
proposed, while supporting the second hypothesis. Fur-
thermore, the structure is consistent with the presence
of an anionic form of the inhibitor bound to the Ni
ions, while showing the absence of the bridging hydrox-
ide. A putative mechanism that could explain both the
kinetic and structural evidence is shown in Fig. 6. Ac-
cording to this proposal, an initial E-I complex rapidly
forms when the neutral AHA enters the active site and
displaces W;, W5, and W3, making a coordination bond
between Ni(1) and the carbonyl oxygen of AHA (and
possibly also forming an H-bond donated to the bridg-
ing hydroxide by the AHA-OH group). A second,
slower step would involve the substitution of a Ni-
bridging water molecule (possibly formed following
proton transfer from the AHA OH group to the bridg-
ing hydroxide) by the newly formed hydroxamate oxy-
gen atom, thereby leading to the tight E-I* complex ob-
served crystallographically. This mechanism would be
facilitated if the pK, of AHA in the E-I form of the
complex is close to, or smaller than, the pK, of the
bridging water molecule. The pK, of AHA in the E-I
form could be significantly decreased from its value of
8.7 in water by the Ni-induced stabilization of the re-
sonance form B of AHA (see Scheme 1), which places
a formal positive charge on the nearby NH group. Fur-
ther studies are in progress to test the feasibility of this
mechanism using docking calculations of AHA to na-
tive BPU.

The structures of BPU complexed with cysteamine
and phosphate, currently under investigation in our la-
boratories, will provide further information on the cata-
lytic and inhibition mechanisms of urease.
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