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Urease catalyzes the decomposition of urea to ammonium
and carbamate ions using an active site that requires two nickel-
(II) atoms per protein subunit.! A variety of spectroscopic data
has been obtained in order to elucidate the structure of the urease
enzyme.? More recently an X-ray structure of urease shows
that the two Ni ions are linked by a bridging carbamate and
that two imidazole nitrogen atoms are bound to each nickel.
Another carboxylate and a bound solvent fill the remaining
coordination sites of the Ni.> Variable temperature magnetic
susceptibility data and MCD spectra have provided conflicting
results for magnetic exchange interactions.* Magnetic suscep-
tibility and variable temperature MCD data of the competitive
inhibitor S-mercaptoethanol bound to urease show that the Ni
ions are strongly antiferromagnetically exchange coupled.** The
enzyme is also inhibited by hydroxamic acids.’ In particular,
biphasic inhibition has been observed with acetohydroxamic
acid, and a model for a structural conversion, shown as Scheme
1, has been proposed to explain this observation.® We provide
here the crystal structure and variable temperature magnetic
susceptibility of a nickel dimer which reveals an alternative
description for the mechanism of inhibition of urease by
hydroxamic acids.
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0002-7863/95/1517-6368$09.00/0

1995, 117, 6368—6369

Figure 1. ORTEP diagram of [Niy(Hshi)(H,shi)(pyr)s(OAc)] with
thermal ellipsoids shown at 50% probability. Selected bond distances
(A): Nil—02 2.092(3), Ni1l—03 2.039(3), Nil—06 2.055(3), Nil —
07 2.045(3), Ni2—03 2.110(3), Ni2—05 2.114(3), Ni2—06 2.023(3),
Ni2—08 2.055(3). Selected bond angles (deg): O3—Ni1—07 91.0(1),
03—-Nil—-06 85.6(1), 06—Nil—07 83.1(1), 95.2(1), O2—Nil—-07
171.3(1), O6—Nil—N3 88.8(1), 02—Nil—03 80.4(1), O3—Nil—N3
172.0(1), O6—Nil—N4 174.1(1), O3—Nil—N4 91.7(1), 02—Nil —-06,
02—-Nil—N3 94.5(1), 0O2—Nil—N4 89.5(1), O7—Nil—N3 94.0(1),
O7—Nil—N4 91.7(1), O3—Ni2—05 97.2(1), 0O3—Ni2—06 84.6(1),
03—-Ni2—08 83.2(1), O3—Ni2—N5 86.3(1), O3—Ni2—N6 171.6(1),
05—Ni2—-06 80.7(1), O5—Ni2—08 168.2(1), O5—Ni2—N5 95.4(1),
05—Ni2—N6 90.3(1), O6—Ni2—08 87.6(1), O6—Ni2—N5 169.5(1),
06—Ni2—N6 92.9(1), O8—Ni2—N5 96.4(1), O8—Ni2—N6 88.7(1),
N3—-Nil—N4 94.4(1), N5—Ni2—N6 96.9(1), Nil—03—Ni2 93.2(1),
Nil—06—Ni2 95.4(1).
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The nickel dimer [Ni(Hshi)(H,shi)(pyr)s(OAc)], 1, was
synthesized by the reaction of 1.24 g (Smmol) of nickel(II)
acetate tetrahydrate with 0.77 g (5§ mmol) of salicylhydroxamic
acid in 50 mL of methanol followed by the addition of 4 mL of
pyridine. The solution was stirred for 2 h and then filtered. A
73% yield of green-blue crystals of 1 suitable for X-ray analysis
formed after the solution was left to stand at low temperature
for several days.”® An ORTEP diagram of 1 is shown as Figure
1. Similar to the native urease, this structure has two nitrogen
atoms (from pyridine molecules) bound to each nickel and a
bridging acetate. In addition there are two bridging, bidentate
salicylhydroxamate molecules. The average Ni—N/O distance
is 2.07(3) A, which is similar to the 2.06 A average distance
found by EXAFS in native urease.® The Ni—Ni distance for
the hydroxamate-inhibited urease is unknown; however, S-mer-
captoethanol-inhibited urease has the metals separated by 3.26
A according to EXAFS studies.!® The Ni—Ni distance in 1 is
3.016 A. This exceptionally short distance is a result of a triply
bridging system which has two single-atom bridges (hydrox-
amate oxygens, O3 and O6) and one acetate bridge. Since
urease is inhibited stoichiometrically by hydroxamates, we
suggest that the inhibited urease would only have one bridging
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hydroxamate, which would lead to a greater Ni—Ni separation.
Longer Ni—Ni separations are found with models!!-'2 that have
one single-atom bridge.

In order to assess the magnetic exchange in this dimer, the
solid state, variable temperature magnetic susceptibility of
complex 1 was measured in an applied field of 0.5 T. The
Heisenberg—Dirac—VanVleck Hamiltonian describing the ex-
change interaction between two octahedral Ni(Il) (S; = S, =
1) centers is given by % = —2J8;'S;, The energies of the
corresponding states in the coupled representation, |St,Ms),
(where St assumes values ranging from S; + S to |§) — §3f
are given by Eg, = —J[St(ST + 1) — 4]. This results in a singlet
state at Eg=9 = 0, a triplet at Eg.=; = —2J, and a quintet at
Es=» = —6J. Zero-field splitting within each individual total
spin multiplet was accommodated'? by operating on the |St,Ms)
basis with the following Hamiltonian:

1
Hgrs = Ds_ S12 - §ST(ST +1

The magnetic susceptibility and effective magnetic moment
were fitted independently of one another and gave the following
results for the spin Hamiltonian parameters: g (2.23 to 2.26),
J (+4.68 to +3.87 cm™ " and Dnigry (+0.30 to +0.45 cm™).
The best fitted g values are consistent with g values reported
for most nickel ions in an octahedral geometry (g = 2.1—2.3).
The exchange interaction between Ni ions is found to be weakly
ferromagnetic, resulting in an St = 2 ground state which is zero-
field split with the }2,0) state lying lowest in energy. It is this
zero-field splitting which causes the reduction of pes at
temperatures below 6 K. The room-temperature magnetic
moment of 3.26 ug per nickel atom is consistent with the 3.39
=+ 0.12 up per nickel for the acetohydroxamic acid inhibited
urease.*s

Complex 1 is the only crystallographically characterized
example of a hydroxamate bound to nickel in a bidentate fashion
through the hydroxamate and carbonyl oxygens. The structure
of bis(glycinohydroxamato)nickel(II) has been published,!* yet
it involved coordination of the nitrogen, not the hydroxamate
oxygen. The five-membered chelate involving the two oxygen
atoms is much more common, having especially high binding
constants to Fe™3.!3 Structure 1 is also unique in that the
hydroxamate oxygen bridges the two nickel atoms. While
dimeric oxime complexes have been known for some time,'6
this type of bidentate bridging to transition metals through the
hydroxamate oxygen has only recently been seen.!” Cognizant
of this alternative mode of binding for hydroxamates, one may
reevaluate the mechanism of urease inhibition by acetohydrox-
amic acid.

The most recently suggested model for the inhibition of urease
involves the bidentate coordination of a hydroxamate followed
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by a second, more stable complex, which involves the nucleo-
philic attack of hydroxyl ion bound to the second nickel atom.5
Scheme 1 incorporates the four histidine nitrogen donors, a
bridging carbamate, a monodentate carboxylate from an aspar-
tate residue, and a bound water (or hydroxide).> The aceto-
hydroxamic acid binds to one of the nickel atoms and then forms
a tetrahedral intermediate analogous to the intermediate proposed
for the decomposition of urea to carbonic acid and ammonia.
With the recognition of the bridging mode found in complex 1,
an alternative series of inhibited states may be envisioned. The
first, more weakly and more reversibly bound form would be
that of the liganded monodentate carbonyl oxygen that is
analogous to the model recently published by Lippard!! for urea
bound to nickel. The second, base dependent step would involve
the hydroxamate being further deprotonated to allow the oxime
oxygen to bind as the bidentate chelate and simultaneously
bridge to the second nickel, atom shown in Scheme 2. With
the exception of the second bridging hydroxamate oxygen atom,
1 has a nearly identical structure to this proposed enzyme form.
Furthermore, the magnetic moment of the inhibited urease is
consistent with the later structure shown in Scheme 2. Two
crystal structures of enolase inhibited by phosphonoaceto-
hydroxamate show differing binding modes of the hydroxam-
ate.'® This diversity, coupled with the absence of a phosphono
oxygen donor atom to orient the inhibitor, suggests that the
binding of a simple hydroxamate has a third possible mode of
binding, namely, the bridging, bidentate coordination found in
complex 1.

In conclusion, the structure of a nickel hydroxamate complex
is presented which gives new insight for the mechanism of
hydroxamate-based inhibition of dinuclear hydrolytic enzymes.
These results show that the possibility of a hydroxamate bridging
the two nickel atoms in urease is reasonable and that the
properties of such an inhibited form are consistent with the
accumulated physical data. Furthermore, as illustrated by
enolase and aminopeptidases,'® inhibition of enzymes with
dinuclear active centers by hydroxamates may generally rely
on such bridging structures.
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