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Abstract The viability of different mechanisms of
catalysis and inhibition of the nickel-containing
enzyme urease was explored using the available high-
resolution structures of the enzyme isolated from
Bacillus pasteurii in the native form and inhibited with
several substrates. The structures and charge distrib-
ution of urea, its catalytic transition state, and three
enzyme inhibitors were calculated using ab initio and
density functional theory methods. The DOCK pro-
gram suite was employed to determine families of
structures of urease complexes characterized by dock-
ing energy scores indicative of their relative stability
according to steric and electrostatic criteria. Adjust-
ment of the parameters used by DOCK, in order to
account for the presence of the metal ion in the active
site, resulted in the calculation of best energy struc-
tures for the nickel-bound inhibitors f-mercaptoetha-
nol, acetohydroxamic acid, and diamidophosphoric
acid. These calculated structures are in good agree-
ment with the experimentally determined structures,
and provide hints on the reactivity and mobility of the
inhibitors in the active site. The same docking proto-
col was applied to the substrate urea and its catalytic
transition state, in order to shed light onto the possi-
ble catalytic steps occurring at the binuclear nickel
active site. These calculations suggest that the most
viable pathway for urea hydrolysis involve a nucleo-
philic attack by the bridging, and not the terminal,
nickel-bound hydroxide onto a urea molecule, with
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active site residues playing important roles in orient-
ing and activating the substrate, and stabilizing the
catalytic transition state.
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Introduction

The rapid hydrolysis of urea catalyzed by the nickel-
containing enzyme urease (urea amidohydrolase, E.C.
3.5.1.5) in algae, fungi, and bacteria [1] causes an
abrupt increase of pH and, consequently, negative
side effects in agriculture [2, 3, 4] and health [2, 5, 6].
The full understanding of the catalytic mechanism of
enzymatic urea hydrolysis, as well as the capability to
control the rate of this reaction using structure-based
designed urease inhibitors, are important goals to pur-
sue. The presence, in urease, of a catalytic binuclear
metal center, constituted by two nickel atoms, renders
this endeavor particularly challenging. In fact, the
influence of the stereoelectronic properties of the
open-shell Ni(IT) d® ions on the reactivity of the reac-
tion site is not easy to predict accurately. We present
here a novel approach to the solution of this problem,
which involves the use of relatively simple and fast
calculations that are capable of reproducing the crys-
tallographically determined structures of urease, there-
fore providing reliable predictions of the reactivity of
substrate and transition state in the active site.

The structures of urease from Klebsiella aerogenes
(KAU) [7] and Bacillus pasteurii (BPU) [8] have been
determined, revealing an analogous a;f;); quaternary
structure and very similar active site geometry [9]. In
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Fig. 1 Solid surface representation of the electrostatic potential
of B. pasteurii urease. The molecular surface and electrostatic
mapping were generated by the program GRASP [35], using a
probe radius of 1.4 A. The electrostatic potential was calculated
using a simple version of a Poisson-Boltzmann solver, with the
GRASP full charge set. Dielectric constants of 80 and 2 were
used for the solvent and protein interior, respectively. All histid-
ines were considered neutral. The surface is colored according
to the calculated electrostatic potential contoured from
-27.5 kTle (intense red) to +25.8 kT/e (intense blue). The right
panel shows the coordination geometry of the active site nickel
ions. Atoms are colored according to the following scheme:
nickel, magenta; carbon, grey; nitrogen, blue; oxygen, red

the structure of native BPU (PDB code 2UBP, res-
olution 2.0 A), the active site is found in the a-sub-
unit, at the bottom of a ca. 15 A deep channel charac-
terized by the presence of a negative electrostatic
surface (Fig. 1) and by a flexible helix-turn-helix flap.
In the structure of native BPU the flap is found in an
open conformation, while in native KAU the flap is
closed [7], indicating a relative flexibility of this struc-
tural motif.

The two nickel ions in the active site of BPU are
bridged by the carbamylated Lys*??"" as well as by a
hydroxide ion. One Ni ion (Ni(1)) is further coordi-
nated by His?* N§ and His””® Ne, while Ni(2) is

bound to His*'37 Ne, His*'*° Ne, and Asp*® O§1. The
coordination geometry of each Ni ion is completed by
one water molecule (see Fig. 1, and Table 1 for metal-
ligand distances).

In the case of BPU, the structural details of the
binding of inhibitors such as f-mercaptoethanol
(BME) [10], acetohydroxamic acid (AHA) [11], and
phenylphosphorodiamidate (PPD) [8] were also elu-
cidated. In BPU inhibited with BME (PDB code
1UBP, resolution 1.65 A, Fig. 2A) the sulfur atom of
BME symmetrically bridges the binuclear Ni center.
BME further chelates Ni(1) using its terminal OH
[10], resulting in both Ni ions being pentacoordinate
(Table 1). Another molecule of BME forms a mixed
disulfide with Cys*??, and its terminal OH group is
H-bound to the carbonyl group of Ala*¥, fixing the
flexible active site flap in the open conformation, as
well as sealing, by steric hindrance, the active site
entrance.

The structure of BPU inhibited with AHA (PDB
code 4UBP, resolution 1.55 A, Fig. 2B) reveals the
binding mode of the inhibitor, symmetrically bridging
the two Ni ions in the active site through the hydroxa-
mate oxygen, and chelating Ni(1) through the car-
bonyl oxygen (Table 1) [11]. The flexible flap flanking
the active site cavity is in the open conformation.

Table 1 Summary of the

relovant distances (A) in the  Protein Native BPU DAP-BPU  BME-BPU  AHA-BPU

e e o] PDB code 2UBP 3UBP 1UBP 4UBP

inhibited BPU Ni(1)-Ni(2) 37 38 3.1 35
His®* N5-Ni(1) 22 2.0 22 20
His?5 Ne-Ni(1) 22 21 22 2.0
Lys2" 001-Ni(1) 21 21 21 20
AHA Op(Ws, Sg)-Ni(1) 21 23 23 2.0
AHA O(W,)-Ni(1) 22 22 23 22
His*¥ Ne-Ni(2) 22 21 21 20
His'® Ne-Ni(2) 22 22 21 2.0
Lys2" 002-Ni(2) 21 19 21 20
Asp® 051-Ni(2) 22 21 21 21
AHA Og(Wg, Sp)-Ni(2) 22 23 23 2.0
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Fig. 2 Crystal structure of A BME-, B AHA-, and C DAP-in-
hibited BPU (color scheme: nickel, magenta; carbon, grey;
nitrogen, blue; oxygen, red; sulfur, yellow; phosphorus, orange).
The proposed H-bonds are colored according to the donor-ac-
ceptor scheme

A molecule of diamidophosphoric acid (DAP) is
found in the active site of urease crystallized in the
presence of the slow, tight-binding inhibitor PPD
(PDB code 3UBP, resolution 2.0 A, Fig. 2C). DAP is
the product of the enzymatic hydrolysis of PPD [12]
and binds the bimetallic center using three of the four
potentially coordinating atoms, in an unprecedented
mode. One oxygen atom of DAP replaces the Ni-
bridging hydroxide observed in native BPU, one

C

oxygen and one nitrogen atoms bind to Ni(1) and
Ni(2), respectively, while the second nitrogen atom of
DAP points away, towards the cavity opening [8].

DAP is a transition state analogue, and its mode of
binding to the Ni ions suggested a mechanism for
enzymatic urea hydrolysis which reconciled the avail-
able structural and biochemical data [8, 9]. This mech-
anism involves a direct role of the Ni bridging hydrox-
ide (shown to be labile by the several cases where it
was substituted by an incoming ligand) as the nucleo-
phile in the process of urea hydrolysis. An alternative
proposal suggests a hydroxide ion bound to Ni(2) as
the nucleophile [13]. These two possible mechanisms
are shown in Scheme 1.

In DAP-inhibited BPU the active site flap is found
in a closed conformation. Changes in the flap confor-
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mation, besides determining the accessibility of the
active site channel, directly affect the position of
important residues such as His**?* and Ala**%® (Fig. 2).
His**?3, shown to be responsible for the lower pK,
(6.5) of the bell-shaped pH/activity profile [14, 15], is
shifted away from the Ni ions when the flap is open.
Furthermore, Ala*% points its carbonyl group toward
or away from the Ni ions when the flap is closed or
open, respectively. Only when the flap is closed can
both these residues be involved in the H-bond net-
work that stabilizes the binding of DAP (and puta-
tively also of the catalytic transition state) to the binu-
clear Ni center (Fig. 2C) [8, 9].

This report describes how the viability of the two
proposed reaction mechanisms for urease, shown in
Scheme 1, can be tested using docking algorithms. In
particular, the study is aimed at testing the viability of
the two proposed mechanisms as far as the substrate
binding mode and the nucleophilic attack are con-
cerned. Other steps in the mechanism, such as, for
example, the proton transfer to a urea amide group to
yield ammonia, will not be addressed.

The docking calculations adopted in this work yield
favorable orientations of ligands in a receptor using
optimization of steric and electrostatic interactions. In
the case of urease, the receptor is constituted by the
nickel-containing active site, while the ligands can be
substrates, inhibitors, or even short-lived transition
states, whose geometric and charge distribution
parameters are calculated using ab initio and density
functional theory (DFT) methods [16, 17]. In fact, the
novelty of the present approach is the docking of tran-
sient chemical moieties that cannot be determined
otherwise, shedding light on the reaction mechanism.
The present study was performed using the program
DOCK [18], software utilized to perform docking cal-
culations of small molecules into macromolecular sys-
tems. DOCK is more generally used to design possible
inhibitors that can be tested as new drugs [19, 20].
Here we want to propose a new use of this algorithm,
that is, the exploration of possible reaction paths.

Materials and methods
Computational methods

The DOCK 4.0.1 program suite [18, 21, 22, 23] was used. The
general computational strategy involves several steps. First, the
possible location of positions for ligand atoms within the active
site region are calculated as the centers of overlapping spheres
of variable radii, which fill up the site. In this way, the shape
properties of the active site cavity are determined. Second, an
electrostatic potential grid is computed, within the volume
defined as above, by taking into account net and partial charges
on protein atoms located within a certain cut-off distance from
the active site. Finally, the possible orientations of a ligand
inside the reaction site, and their relative ligand-receptor inter-
action energies, are calculated.
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Active site characterization

The molecular surface of the urease receptor cavity was built
using Connolly’s MS algorithm (QCPE version) [24, 25], using a
probe atom with a radius of 1.0 A [26] and a dot density of
8 points/A. A radius of 0.83 A was used for the nickel ions [27].
The program SPHGEN [18] was used to fill the calculated cavity
with spheres having variable radii (1.0-4.0 A). The cavity sur-
face was calculated considering the active site flexible flap in the
open conformation (as in PDB files 1UBP, 2UBP, and 4UBP)
and closed conformation (as in 3UBP).

Grid computation

The program GRID 4.0 [21, 22] was used to calculate the lig-
and-receptor interaction energy as described by Eq. 1:

lig rec

EZZ

i=1 j=1

Aij By qi9;j
+ 332 D”i/} (1)

In this equation, the atoms of the ligands are indicated as i, and
those of the receptor as j. The first two terms of this equation
describe a Lennard-Jones 12-6 potential, while the last term is
the Coulomb potential. D is the dielectric value modelled as a
function of the distance (D=Nr), and 332 is a factor to convert
the electrostatic energy in kcal/mol. The van der Waals repulsive
and attractive parameters (A; and By, respectively) are approx-

imated as described in Eq. 2: ”

Aj = \/Z;\/‘LT/J (2)
Bj= VBi-\/Bj

The single -atom type parameters (A A Bj;, and Bj) are calcu-
lated as in Eq. 3, in which R is the atomic van der V(’aals radius,
and ¢ is the well depth:

c2R)"?
2¢(2R)°

A=

B_ ©)

Using this approximation, the overall ligand-receptor interaction
energy can be written as in Eq. 4:

lig rec rec rec

E=)|Vas J_uZ

=1 i Tij

)

It is then possible to consider three values for every grid point
(k), Ajeer Breer and Q... (Eq. 5), each a sum over receptor atoms
that are within a user-defined cut-off distance of the point:

rec
A
Arec = Z \/7

Brec = % \/—B_H (5)

Orec = 3321)(17,,,\]

These three values are finally multiplied by the appropriate lig-
and values to give the interaction energy as in Eq. 6:

5 [Arce Vi = Bree /B + i 0| (6)

i=1

For the present calculation, a box (8 A edge) centered between
the Ni atoms was considered for the grid calculation (points
spacing of 0.3 A), the cut-off distance for the interaction energy
was 12 A, and the dielectric factor was N=4.

All the receptor parameters used by GRID (atomic van der
Waals radii, well depths, and partial charges) were those
included in the all-atom AMBER 5 (Cornell) force field [28].
Histidine residues were considered neutral, while the Ni-bound
Asp™% was considered deprotonated. Partial charges over the
non-standard residues (carbamylated lysine and Cys-S-S-BME)
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Fig. 3 Partial atomic charges
calculated using the RESP
procedure over non-standard
amino acids found in the reac-
tion site (carbamylated lysine
and Cys-S-S-BME), inhibitors,
urea, and reaction transition
state
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were calculated using GAUSSIAN 94 [29] at the HF/6-31G(d)
level, and refined with RESP (restrained electrostatic potential)
[30, 31], according to the procedure used to assign atomic
charges in AMBER 5 (Fig. 3). The radius (1.170 A), charge (2+

Table 2 B3LYP/6-31+G(d) optimized geometry of urea and of
the catalytic transition state. All distances are in A and angles
are in degrees

), and van der Waals well depth (0.100 kcal/mol) for Ni were Urea B3LYP/6-31+ Exp® [Urea.OH] B3LYP/6-31+
taken as the DOCK default values for closed-shell ions. Differ- G(d) transition state  G(d)
i?lte I\lltaallu:tsr liléi:lllc:zg higher RMSD between calculated and exper -0 1.226 1200 C-Og? 1.959
C-N 1.383 1370 C-O 1.246
N-H:>  1.009 0.999 Og-Hg! 0.969
N-Hef 1011 0.998 C-N 1.449
Ligands characterization N-C-N 1152 1146 N-Hp 1.019
H-N-C 1213 118.7 N-Hc 1.015
The geometry of water, hydroxide, and urea, as well as the cata- gcéNI;IC B;; Sg% 8'8131{ %?gg
lytic transition state, were calculated using ab initio methods I N-C-N 1 1'3
(GAUSSIAN 94) based on the DFT [16, 17] at the i :
B3LYP/6-31+G(d) level. In the case of urea, the optimized agge [32]

geometry was in excellent agreement with the crystallographic
data (Table 2) [32]. The geometries of BME, AHA, and DAP
were taken from the available PDB files 1TUBP, 4UBP, and
3UBP, respectively. Hydrogen positions, not available from the
crystal structures, were calculated using the ab initio and DFT
methods described above. Table 2 reports the calculated geo-
metric parameters for urea and the reaction transition state.

The atomic partial charges were calculated at the HF/
6-31G(d) level (GAUSSIAN 94) and fitted using the RESP pro-

" Hy: hydrogen in trans position, referred to urea carbonyl group
¢ Hc: hydrogen in cis position, referred to urea carbonyl group
4 O and Hg: oxygen and hydrogen from reacting hydroxide



cedure, consistent with the procedure used to calculate charges
on the receptor atoms. Figure 3 shows the results of such calcu-
lations for a representative set of ligands.

The present work makes the assumption that the molecular
geometry and charge distribution calculated with such procedure
(in the gas phase) is comparable to the geometry of the same
molecule in solution or in the enzyme active site. Even though
this approximation does not include other effects, such as those
derived by the presence of solvent molecules, the calculated
structures of docked ligands correspond largely to the structures
of urease complexes determined by X-ray crystallography (see
below). Therefore it was considered acceptable for the purposes
of the present work.

Docking

Molecular recognition was performed using DOCK 4.0.1 [18,
23]. This program performs an orientation search by comparing
the distances between the spheres, calculated using SPHGEN,
with the distances of the atoms of a rigid molecule (the all-atom
model was used here). If d;; is the distance between atoms i and
j of the ligand, and d; is tljle distance between sphere centers k
and /, the orientation is accepted when:

‘di/* — dkz‘ll‘; € (7)

where ¢ represents an arbitrary small convergence limit (a value
of 0.3 A was used here for all calculations). In this way, the pro-
gram generates a large number of clusters containing pairs of
atoms/spheres for which Eq. 7 is true. It is also possible to dock
a flexible molecule using a procedure called “fragmentation”.
With this option, the ligand molecule is divided into different
fragments characterized by the absence of conformational free-
dom. The first orientation search is performed on a rigid frag-
ment called the “anchor”. When the anchor has been docked,
the program attaches the second fragment on it, performing a
conformational search on a set of possible torsion angles defined
by the bond features. This procedure is repeated until the mole-
cule is fully reconstructed. The conformation search follows a
tree search: the program studies first the orientation of the frag-
ment near to the anchor, pruning the orientations that give high
energies or contact violations with the spheres of the receptor,
and then docks the following fragments. The final orientations
and conformations are refined using a rigid-body energy minimi-
zation, and are finally listed in order of increasing interaction
energy (decreasing score), which includes both inter- and intra-
molecular van der Waals and electrostatic factors.

If the crystallographic structure of the ligand inside the reac-
tion site is available, it is possible to check the reliability of the
simulation by computing the root mean square deviation
(RMSD) from the experimental data (Eq. 8):

®)

where x; is the coordinate vector of the simulated structure, x; is
the coordinate vector of the experimental structure, and N is the
number of atoms. On the other hand, if the structure is not
available, the RMSD* parameter is defined here as the devia-
tion (calculated according to Eq. 8) of each orientation from the

structure having the lowest energy.

Results

The calculations performed and described in the
present report can be divided into two sequential sec-
tions: (1) optimization of the docking parameters by
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comparing the experimental and calculated best struc-
tures of BME-, AHA-, and DAP-inhibited BPU, and
(2) utilization of these parameters to dock the sub-
strate and the catalytic transition state in order to
probe the two proposed catalytic mechanisms for urea
hydrolysis.

Docking of BME

Figure 4A (top panel) shows a plot of RMSD versus
energy score for the docking of BME into the active
site of BME-inhibited BPU (PDB code 1UBP), char-
acterized by the flap in the open conformation. All
accepted solutions constitute a family of structures
featuring the thiolate sulfur atom of the inhibitor in a
Ni-bridging position, while the rest of the inhibitor
assumes different conformations, suggesting a rel-
atively high flexibility of the ligand tail within the
active site. The calculated lowest energy structure
(Fig. 4A, bottom panel) differs significantly from the
crystallographic result (compare with Fig. 2A). The
sulfur atom is found to bridge the two Ni ions as
observed in 1UBP, but the terminal OH group does
not chelate Ni(1), preferring instead to form an
H-bond with the carbonyl oxygen of Ala*'”’. This cal-
culation was performed without considering the sec-
ond molecule of BME, found to make a disulfide
bond with Cys***? in the X-ray structure (see Fig. 2A).

When the non-standard amino acid Cys*??-S-S-
BME was included in the receptor structure, a differ-
ent distribution of RMSD versus energy score was
obtained (Fig. 4B, top panel). The best 12 calculated
structures constitute a conformationally homogenous
ensemble. The lowest energy simulation (Fig. 4B, bot-
tom panel) shows a BME molecule in a bridging che-
lating Ni-binding mode very similar to the experimen-
tally determined structure (RMSD=0.2 A) This
structure further shows the OH proton of BME mak—
ing an H-bond with the carbonyl oxygen of Gly*?*, a
also suggested by the crystal structure [10].

If the BME docking simulation is performed using
an active site cavity characterized by a closed confor-
mation for the flap (as in PDB code 3UBP), the plot
of RMSD* versus energy score shown in Fig. 4C (top
panel) is obtained. The values for the calculated ener-
gies of the docked structures are much higher than
those observed when an open flap is considered (see
Fig. 4A and B, top panels). The calculated best 16
structures constitute a conformationally homogeneous
family, characterized by a thiolate sulfur atom consis-
tently bridging the two Ni ions, while the tail of the
molecule is directed away from the metal ions, toward
the active site opening. The lowest energy structure,
shown in Fig. 4C, reveals that the inhibitor bridges the
two Ni ions with the anionic sulfur atom. However, its
terminal OH group does not chelate Ni(1), rather
making a charge-assisted H-bond with Arg”* and an
H-bond with His**?* (not shown in Fig. 4C for the
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Fig. 4A-C BME docking simulations. RMSD versus energy
score (fop panels) and best score structure (bottom panels). A
Dock of BME molecule in the open flap active site devoid of
Cys-S-S-BME disulfide; B dock of BME molecule in the open
flap active site containing the Cys-S-S-BME disulfide; C dock of
BME molecule in the closed flap active site devoid of Cys-S-S-
BME disulfide (color scheme: nickel, black; carbon, white;
nitrogen, light grey; oxygen, grey; sulfur, dark grey; hydrogen,
black). H-bonds are shown as thin lines

sake of clarity). All other structures feature the inhibi-
tor thiolate atom in the Ni-bridging position and dif-
ferent conformations for the rest of the molecule.

Docking of AHA

The simulation of neutral AHA inserted into the reac-
tion site of AHA-inhibited BPU (PDB code 4UBP)
yields a plot of RMSD versus energy score (Fig. 5A,
top panel) featuring the presence of a single family of
six structures characterized by a very consistent posi-
tion of all inhibitor atoms. The structure having the
best score, shown in Fig. SA (bottom panel), reveals a
calculated position of AHA that is quite different
from the experimental data (Fig. 2B). The calculation
suggests that the inhibitor in the neutral form would
bridge the two Ni ions using the hydroxamic oxygen
atom, consistent with the crystallographic observation.
However, the carbonyl group chelates Ni(2) rather
than Ni(1), therefore imposing a completely different
coordination geometry to the metal ions (pseudo-tet-

rahedral versus trigonal bipyramidal for Ni(1), and
pseudo-octahedral versus trigonal bipyramidal for
Ni(2))'. In addition, the bridging Ni-O distances (2.1
and 2.4 A) are larger than those observed in the crys-
tal structure (1.9 and 2.0 A).

Docking the anionic form of AHA into the same
reaction site yields several structures having a much
lower energy than for neutral AHA (see Fig. 5B, top
panel). A well-defined single family of structures can
be identified, and the best score structure, shown in
Fig. 5B, displays features very similar to those
observed experimentally (compare with Fig. 2B). The
H-bonding network stabilizing the inhibitor in the
active site is well reproduced by the simulation.

It has been proposed that AHA binds as the neu-
tral form to the active site of BPU in an initial weak
complex featuring the AHA carbonyl group bound to
Ni(1) and the AHA-OH group H-bonded to the
bridging hydroxide [11]. In order to test this proposal,
a calculation was carried out by docking a molecule of
neutral AHA into the active site of native BPU (PDB
code 2UBP) from which all water molecules, except
for the bridging hydroxide, had been removed. The

! The present work makes the assumption that, even though the
docking calculation does not consider bond stabilization energies
or orbital rearrangements, a coordination bond is formed when
the distance between a donor atom and a metal ion is analogous
to the usual bond distances observed in coordination com-
pounds. This certainly represents a simplification, albeit useful
in order to better describe the calculated structures
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Fig. SA-C AHA docking simulations. RMSD versus energy
score (top panels) and best score simulation (bottom panels). A
Dock of neutral AHA in the open flap active site; B dock of
anionic AHA in the open flap active site; C dock of neutral
AHA in the open flap reaction site containing the bridged
hydroxide found in the experimental native BPU structure. The
color scheme is identical to that used in Fig. 4. H-bonds are
shown as thin lines

best score structure, shown in Fig. 5C, fully supports
the above proposal, showing a molecule of AHA
forming a strong H-bond between the terminal OH
and the Ni-bridging hydroxide, while another H-bond
is formed between His*?!® N¢H and the Ni(1)-bound
AHA carbonyl group.

Docking of DAP

Figure 6 shows the results of simulations performed
using DAP in three possible protonation states: neu-
tral, zwitterionic, and anionic. In this case, the struc-
ture of the receptor active site found in D AP-inhibited
BPU (PDB code 3UBP), featuring a closed flap, was
used.

Figure 6A (top panel), showing the docking results
for neutral DAP, displays three low-energy families.
The family having the lowest energy overall is consti-
tuted by six structures, the most stable one rep-
resented in Fig. 6A (bottom panel). In this structure,
the overall position of DAP is in good agreement with
the crystallographic results (see Fig. 2C), but features

the DAP hydroxide moiety H-bonded to Gly* (at
2.6 A) instead of bridging the nickel ions, as proposed
for the X-ray structure [8]. This is the reason for the
relatively high RMSD (2.3 A) for this structure. The
Ni-ligand distances (Ni-Og=2.2 A, Ni-O/N=2.3 A) are
very similar to those found in the X-ray structure
(22-2.3 A). A strong H-bond network, holding in
place the inhibitor molecule, is also observed (Fig. 6A,
bottom panel). The additional two low-energy families
(RMSD ca. 0.6 and 1.8 A) observed in Fig. 6A (top
panel) feature the same overall position of the inhibi-
tor, but the positions of some atoms are swapped (i.e.
the bridging atom is the hydroxide or the amide moi-
ety, respectively). It is noteworthy that these three
structural ensembles are separated by only few kcal/
mol.

Simulations carried out using DAP in the zwitter-
ionic protonation state produce a predominant family
of docked structures (Fig. 6B, top panel). The lowest
energy structure, shown in Fig. 6B (bottom panel),
reveals that one oxygen atom bridges the Ni ions
(Ni-Og distances=2.1-2.2 A) and another oxygen atom
binds to Ni(1) (at 2.3 A). In these structures the DAP-
NH, group is bound to Ni(2) (at 2.3 A), while the
DAP-NH; group points away from the Ni ions and
makes two H-bonds with His®? Ne, and Ala®% O.
One H-atom is positioned between Gly?¥ O (at
29 A) and Asp®® 062 (at 2.3 A). The docking
energy score of zwitterionic DAP is higher (i.e. less
stable) than in the case of neutral DAP.

The last simulation was carried out using anionic
DAP. Figure 6C (top panel) shows that, in this case,
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there is one largely predominant family of docked
structures featuring a very small RMSD (0.5 A) and
the lowest energy score observed for this set of simu-
lations (-68 kcal/mol). The corresponding lowest
energy structure (Fig. 6C, bottom panel) features
atomic positions remarkably similar to the crystallo-
graphic structure (Ni-O=2.2 A, Ni-O/N=2.3-24 A).
These results suggest the presence of anionic DAP in
the inhibited urease reaction site, while the analysis of
the X-ray structure had previously suggested the pres-
ence of the neutral form of the inhibitor [8].

Urease reaction mechanism; urea binding

Following the reaction path models presented in
Scheme 1, and adopting the same parameters used to
successfully simulate the structure of urease com-
plexed with inhibitors as described above, a set of cal-
culations was performed in order to explore two key
steps of the enzymatic reaction mechanism of urea
hydrolysis, that is (1) the urea binding and (2) the
nucleophilic attack by a hydroxide molecule. The

docking calculations enabled us to take “snapshots” of
the reaction profile by looking at the conformations
adopted by the ligands (substrate and transition state)
in the active site.

Figure 7 shows the results of calculations involving
the interaction of urea with the urease active site fea-
turing the flap in the open conformation (as in 2UBP),
presumably the first step of the reaction. The calcula-
tions entailed (1) an active site featuring the Ni-bridg-
ing hydroxide but completely devoid of water mole-
cules (as proposed in mechanism A of Scheme 1) or
(2) a site containing both the bridging and a Ni(2)-
bound terminal hydroxide (as proposed in mechanism
B of Scheme 1). In the second case, the position of
the terminal hydroxide was taken as that of the crys-
tallographically determined Ni(2)-bound water mole-
cule in 2UBP. The results of the calculations are
shown in Fig. 7A and B, respectively.

Figure 7A (top panel) reveals a family of structures
featuring very similar atomic positions, while Fig. 7A
(bottom panel) shows the corresponding lowest energy
structure. The latter is characterized by the urea O
atom at 2.6 A from Ni(1), H-bonded to His*??2. The
urea C atom is in a favorable position for a nucleo-
philic attack by the bridging hydroxide (Op-C=3.2 A,
Ni-Op-C angles=102.3°/126.0°). On the other hand,
Fig. 7B (top panel) reveals the presence of a family of
simulated structures more scattered but more stable
(lower energy) than that observed in Fig. 7A. The
lowest energy structure, representative of the first 25
best structures (Fig. 7B, bottom panel), reveals the
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presence of a urea molecule non-coordinated to the
metal ions and stabilized by several H-bonds, formed
between Arg”* and the urea O atom, between a urea
NH, group and Ala*'”® O, and between the second
urea NH, group and the Ni(2)-bound OH moiety.
Figure 8 shows the results of docking calculations
performed as described above for Fig. 7, but now
involving the interaction of urea with an active site
featuring the flap in the closed conformation (as in
3UBP). When a site containing only the bridging
hydroxide is considered (according to mechanism A of
Scheme 1) the calculations reveal the absence of a
well-defined family of structures, with two isolated
low-energy positions for urea (Fig. 8A, top panel).
The lowest score structure, representative of the best
eight energy scores and shown in Fig. 8A (bottom
panel), reveals that urea does not form any coordina-
tion bonds with the Ni ions, while its NH, groups
form H-bonds with His*? Ne¢ and Asp®® 0§2. On
the other hand, the docking of urea to a site contain-
ing a Ni(2)-bound hydroxide (following mechanism B
of Scheme 1) produces several structures, with lower
energies than in the previous case (Fig. 8B, top panel)
and not constituting a homogenous family. The lowest
energy structure (Fig. 8B, bottom panel), representa-
tive of the best 10 scores, reveals a molecule of urea
involved in a strong H-bonding network with both
bridging and terminal hydroxide ions, as well as with
Gly*?® O and Ala*% O, but, again, the absence of
coordination bonds between urea and the Ni ions.

Urease reaction mechanism; transition state binding

The second snapshot of the mechanism involved dock-
ing the reaction transition state according to the two
reaction models proposed in Scheme 1. The first set of
calculations (Fig. 9) considered an active site flap in
the open conformation (as in 2UBP). The transition
state was docked in the active site devoid of all water/
hydroxide molecules (Fig. 9A) as well as containing
the nickel-bridging hydroxide (Fig. 9B), in order to
probe mechanisms A and B in Scheme 1. In the first
case, a highly populated low-energy family was deter-
mined (Fig. 9A, top panel), and the best score struc-
ture is shown in Fig. 9A (bottom left panel). In this
structure, the reacting nucleophilic hydroxide is placed
between the nickel ions, with Ni-Op distances of 2.1
and 2.2 A with Ni(1) and Ni(2), respectively. Ni(1)
interacts with a transition state N atom at 2.4 A, while
the distance between Ni(2) and the second O atom of
the transition state is 3.2 A. The hydrogen atom
located on the hydroxide group on the transition state
forms an H-bond with Ala*’® O, while the two amino
groups in the transition state are H-bound to Gly*?*
O and Asp®% 042, respectively.

In the case of the transition state docked to an
active site containing the bridging hydroxide, the
results are ambiguous. Figure 9B (top panel) shows
two structural families. The structure with the lowest
energy, shown in the central-bottom panel of Fig. 9B,
features the transition state bound to Ni(1) with an
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oxygen atom at 2.5 A, while the reacting hydroxide,
H-bound to Arg®¥®, points toward a region of the
reaction site far from the metal ions. The second best
score structure (bottom right panel of Fig. 9B) belongs
to a different, more populated ensemble, and is char-
acterized by a reacting hydroxide bound to Ni(1) at a
distance of 2.1 A, while the urea oxygen atom forms
an H-bond with Arg“339

An additional set of calculations was performed by
docking the transition state to an active site featuring
the flap in the closed conformation (as in 3UBP). The
results are shown in Fig. 10. Only two well-resolved
families are determined in the case of a transition
state docked to an active site devoid of water/hydrox-
ide molecules, according to mechanism A of Scheme 1
(Fig. 10A, top panel). The best score structure
(Fig. 10A, bottom panel) is representative of the best
17 structures and reveals a transition state positioned
in the active site with the nucleophilic OH group sym-
metrically bridging the Ni ions (Ni-Og=2.1 A). The Ni
ions coordination shells are completed by the anionic
oxygen (Ni(1)-O=2.3 A) and one NH, group (Ni(2)-
N=2.5 A). This structure features atomic positions
largely coincident with those determined in the crystal
structure of DAP-inhibited urease (see Fig. 2C). Also,
the H-bonding network is essentially identical to that
found stabilizing the DAP molecule in inhibited
urease (see Fig. 2C). Therefore, this result supports
the hypothesis that DAP is a good representative of
the transition state of the reaction [8]. The second
family of structures observed in the top panel of

Fig. 10A differs from the most stable ensemble only
because of swapped O and OH groups.

The results of calculations carried out using a
receptor active site which includes the bridging
hydroxide (according to mechanism B in Scheme 1)
are shown in Fig. 10B. In this case the docking energy
is ca. 30 kcal/mol higher than in the case of mech-
anism A, while it is very difficult to identify well-de-
fined structural families. Figure 10B shows the lowest
energy structure for this case, representative of the
first seven best scores. In this structure, no transition
state atom forms any bonds with the nickel ions, pre-
ferring to build an H-bonding network with neigh-
bouring residues (Ala*!”%, His??2, Gly**%0, Asp®%,
Arg?”¥ and Ala®%®). In this structure, the reacting
hydroxide is located closer to Ni(1) (42 A) than to
Ni(2) (6.0 A).

Discussion
Inhibitor binding

The procedure devised to perform simulations of
known urease-ligand complexes resulted in success-
fully reproducing the related crystal structures, with
the additional caveat that the conformation of the
active site flap is critical. In fact, the active site cavi-
ties calculated by considering both the open and
closed flap conformations reveal a distinct reduction
of the volume available for a putative ligand in the
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Fig. 11 Negative image of the
reaction site as calculated by
the program SPHGEN in the
closed (left panel) and open
(right panel) flap confor-
mation. The color scheme is
identical to that used in Fig. 2,
while the reaction site cavity is
shown in violet

active site upon flap closure (Fig. 11). Such an obser-
vation highlights the critical role of the position of this
motif on the catalytic reactivity of urease.

This is clearly the case of BME docking, which sug-
gests that the first incoming inhibitor molecule places
the sulfur atom in the bridging position between the
two Ni ions, substituting the Ni-bridging hydroxide ion
(Fig. 4). In this case, the inhibitor tail would be flexi-
ble and free to adopt several conformations in the
active site, stabilized by H-bonding interactions with
different active site residues. The latter behavior
would be independent of the flap conformation (com-
pare Fig. 4A and C, bottom panels), even though the
formation of the inhibitor complex would induce a
flap opening (as inferred by the lower energy
observed in Fig. 4A and C, top panels). The hydroxy-
lated tail adopts the chelate conformation found in
the crystal structure only subsequent to the formation
of a disulfide bond between a second molecule of
BME and a nearby Cys residue (Fig. 4B). The second
molecule of BME must therefore significantly modify
both the steric and electrostatic environment of the
active site. It is important to notice that the Cys-S-S-
BME covalent disulfide bond observed in the 1TUBP
crystal structure could have been formed during the
prolonged exposure of the concentrated urease/BME
solution to oxygen.

The docking calculations have also provided hints
on the protonation state of the inhibitors in the active
site, as in the case of both AHA and DAP. In the first
case (Fig. 5), the anionic AHA was docked in the
active site with significantly lower energy than in the
case of the neutral inhibitor. Also, suggestions for the
inhibition mechanism by AHA were inferred. In the
case of DAP, the best energy simulations suggest that
DAP binds in the anionic form to the active site
(Fig. 6).

Analysis of the reaction mechanism

For any plausible enzymatic mechanism for Ni-medi-
ated urea hydrolysis, the atomic positions of the sub-
strate (in this case urea and hydroxide) and transition
state should fulfill the three following requirements:
1. Involve Ni-coordination of either urea or the
incoming nuclephilic hydroxide in the transition
state.
Adopt low energy conformations.
Be as conserved as possible throughout the cataly-
sis, in order to speed up the reaction.
According to these criteria, the dock of urea in the
open flap conformation of urease (Fig. 7) suggests
that the first step of the reaction is the formation of a
bond between the urea oxygen atom and Ni(1) in the
absence of a Ni(2)-bound solvent molecule, with the
flap in the open conformation. Closure of the flap
(Fig. 8) produces unfavorable steric and electrostatic
interactions of the substrate within the active site cavi-
ty, regardless of the presence or absence of a Ni(2)-
bound solvent molecule. Therefore, flap closure
should activate the urea molecule, initially bound as
shown in Fig. 7A, for further reactivity, which suppos-
edly entails the nucleophilic attack of an active site
hydroxide and the formation of the transition state in
the active site. The docking of the transition state in
the active site, when the flap is open (Fig. 9) or closed
(Fig. 10) reveals that the three requirements outlined
above are fulfilled only when the transition state is
docked to a closed active site devoid of both bridging
and Ni(2)-bound hydroxide. This result strongly sup-
ports the reaction mechanism A shown in Scheme 1,
involving a nucleophilic attack by the bridging hydrox-
ide, and not by the hydroxide terminally bound to
Ni(2). This conclusion is also in agreement with recent
kinetic studies on KAU fluoride inhibition [33] and
active site variants [34].

In addition to providing theoretical support for
mechanism A shown in Scheme 1, the docking calcu-
lations suggest a correction to this hypothesis

w
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(Scheme 2). Mechanism A in Scheme 1 entails the for-
mation of a coordination bond between the urea NH,
group and Ni(2) upon flap closure prior to the nucleo-
philic attack of the hydroxide on the urea carbon
atom. However, the results reported here suggest the
formation of the urea NH,-Ni(2) bond concomitant
with, or subsequent to, the formation of the C(urea)-
O(bridge) bond upon nucleophilic attack by the bridg-
ing hydroxide. The bond between the bridging OH
and Ni(1) could be weakened by substrate binding to
Ni(1), activating the OHg for nucleophilic attack. This
more concerted (and supposedly faster) mechanism
would allow the removal of the urea resonance energy
stabilization, at the same time increasing the Lewis
base character of the lone pair on the urea nitrogen
(as also evident from the DFT calculated charges on
urea and the transition state, shown in Fig. 3), favor-
ing the formation of the coordination bond between
the urea NH, group and Ni(2).

Conclusion

The docking calculations described in the present
paper have allowed us to discriminate, on the basis of
electrostatic and steric criteria, between the two main
proposals present in the literature for urea activation
through nucleophilic attack by a hydroxide molecule
(see Scheme 1). The calculations have suggested a
mechanism involving a concerted formation of (1) a
bond between the incoming Ni-bridging hydroxide
and the carbon atom of the Ni(1)-bound urea, and (2)
a bond between a urea amide nitrogen atom and Ni(2)
(see Scheme 2) to yield a stable Ni-bound transition
state.

The reported results do not resolve the question of
the most viable pathway for the proton transfer to a
urea NH, group. This process has been suggested to
involve either (1) a proton transfer from the C-OH
moiety of the catalytic intermediate, bridging the two
Ni ions through the oxygen [8, 9], or (2) a proton
transfer from the protonated catalytically competent
His**?3 residue, found in the vicinity of the active site
[13, 34]. Such questions are currently being addressed
in our laboratory using hybrid QM (Car-Parrinello)/
MM/MD calculations.
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