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ABSTRACT: Klebsiella aerogenesrease uses a dinuclear nickel active site to catalyze the hydrolysis of
urea. Here, we describe the steady-state and pre-steady-state kinetics of urease inhibition by fluoride.
Urease is slowly inhibited by fluoride in both the presence and absence of substrate. Steady-state rate
studies yield parallel double-reciprocal plots; however, we show that fluoride interaction with urease is
not compatible with classical uncompetitive inhibition. Rather, we propose that fluoride binds to an enzyme
state (E*) that is in equilibrium with resting enzyme (E) and produced during catalysis. Fluoride binding
rates are directly proportional to inhibitor concentration. Substrate reduces both the rate of fluoride binding
to urease and the rate of fluoride dissociation from the complex, consistent with urea binding to E* and
E*-F in addition to E. Fluoride inhibition is pH-dependent due to a protonation event linked to fluoride
dissociation. Fluoride binding is pH-independent, suggesting that fluoride anion, not HF, is the actual
inhibitor. We assess the kinetic results in terms of the known protein crystal structure and evaluate possible
molecular interpretations for the structure of the E* state, the site of fluoride binding, and the factors
associated with fluoride release. Finally, we note that the apparent uncompetitive inhibition by fluoride
as reported for several other metalloenzymes may need to be reinterpreted in terms of fluoride interaction
with the corresponding E* states.

Urease (urea amidohydrolase, E.C. 3.5.1.5) catalyzes the(reviewed in refl) and Bacillus pasteurii(7). Crystal-
hydrolysis of urea to form ammonia and carbama)e The lographic analyses of th€. aerogenegnzyme first revealed
latter product spontaneously decomposes to yield a secondhe dinuclear nickel active site with the two metals (separated
molecule of ammonia and carbon dioxide. High concentra- by 3.6 A) being bridged by a carbamylated lysine and a
tions of ammonia arising from these reactions, as well as hydroxide (WB) 8, 9). The five-coordinate Ni-1 also
the accompanying pH elevation, have important implications possesses two histidyl ligands and a terminally coordinated
in medicine and agriculture. For example, urease serves asyater molecule (W1). Ni-2 is six-coordinate, including two
a virulence factor in pathogens that are responsible for the histidyl groups, one aspartyl group, and a terminally coor-
development of kidney stones, pyelonephritis, peptic ulcers, dinated water (W2) ligand. An analogous active-site structure
and other medical complications (reviewed in rey. is present irB. pasteuriiurease 7). Comparison of the two
Furthermore, soil-derived urease activity rapidly degrades structures shows that a protein flap covers the active site in
urea-based fertilizerscontributing to phytopathic effects and  the K. aerogenegrotein but is extended into solution in the
loss of volatilized nitrogend). The enzyme also plays a B. pasteuriiurease structure. This lid is suggested to move
critical role in the nitrogen metabolism of many microorgan- during the catalytic cycle, with an open structure being
isms and plants 2 4). Even before the medical and needed for substrate entry or product release while a closed
agricultural importance of urease was appreciated, theflap is required for catalysis. Two distinct structurally based
enzyme had a rich history. In 1926, the protein from jack mechanisms have been proposed for urease (Figure 1). These
bean seeds was the first enzyme to be crystallizZedNearly  mechanismsi( 7) differ in the binding mode for urea, the
50 years later, this plant protein was the first enzyme jgentity of the attacking hydroxide, and the role of the nearby
demonstrated to possess nick®). (Although interest in the catalytic histidine group (His 320 in th&. aerogenes
plant enzyme has continued, most recent urease-relatechympering). Current efforts are focused on testing these
studies have focused on analysis of the bacterial genes angyechanistic hypotheses, including the analysis of urease

enzymes %). , , inhibitors.
The structure and mechanism of urease is best character-

ized for the enzymes derived fromlebsiella aerogenes Fluoride ion was first demonstrated to inhibit bovine rumen

urease in 194310), yet the detailed mechanism of inhibition
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Ficure 1: Alternative mechanisms proposed for urease. (A) The
mechanistic proposal developed from studieK cdierogenesirease

OH (W2)

(WB)

suggests that urea displaces W1 from the resting state of the enzyme

and coordinates via its carbonyl oxygen to Ni-1. The hydroxide
form of W2 (K, ~ 9 for protonation to water) attacks the urea
carbonyl, forming a tetrahedral intermediate. Protonated His 320
(pKa ~ 6.5) donates a proton to one urea amine that is released a
ammonia, and carbamate dissociates into solution where it spon-
taneously decomposes. Because the group with a hidhempst

be deprotonated while the group with the lowdf;pmust be
protonated, this is termed the “reverse-protonation” mechariigm (
(B) An alternative mechanism developed from studies of Bhe
pasteuriienzyme suggests that the urea carbonyl binds to Ni-1 and
one of its amine groups binds to Ni-2. WB in its hydroxy state
(pKa ~ 9 for deprotonation to the oxydianion) attacks the carbonyl
as it donates a proton to the second amine (stabilized by deproto-
nated His 320). Finally, carbamate and ammonia products are
released ).

steady-state values that were consistent with uncompetitive
inhibition. The authors proposed that a ternary enzyme
urea—fluoride complex was formed. The discrepancies in
the reported mechanism of fluoride inhibition, coupled with
the fact that uncompetitive inhibition is rarely reported for
single-substrate enzymes (ey-19), stimulated our efforts

to characterize the action of this inhibitor &h aerogenes
urease.

We demonstrate that fluoride is a pseudo-uncompetitive,
slow-binding inhibitor ofK. aerogenesirease. We propose
a novel mechanism for inhibition in which fluoride anion
binds to a form of the enzyme (E*) that is in equilibrium
with the resting state (E) and transiently generated during
catalysis. Furthermore, we suggest that substrate binds to E
E*, and the E*F complex. We show that the effects of
fluoride, urea, and pH on the rates of fluoride binding and
dissociation are consistent with the proposed model. On the

basis of the known urease crystal structures, we evaluate

possible molecular models to account for E*, the site of
fluoride binding, and the pH dependence of fluoride dis-
sociation. Finally, we suggest that a model involving E and
E* states may have wider applicability to explain the apparent
uncompetitive inhibition results for other metalloenzymes.

EXPERIMENTAL PROCEDURES

Urease Purification and Assa¥ . aerogenesirease was
purified as previously describe@@) from recombinank.
aerogenesCG253 (pKAU19) cells 21), after growth in
MOPS medium supplemented with 1 mM NjCThese cells
contained two copies of th&. aerogenesurease gene
cluster: the original genomic copy and an IPTG-inducible

S
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the ability to degrade lumol of urea min?’. Protein
concentrations were determined according to Lowry et al.
(23) with bovine serum albumin as the standard.

Inhibitor Binding and Dissociation RatesNonlinear
progress curves (plots of product accumulation with time,
Pw] were fit to an exponential decay function (eq 1) by using
KaleidaGraph software to obtain the initial rate of urea
hydrolysis ¢;), the final steady-state rateys], and the
observed binding (or dissociation) ratgps

1)

Alternatively, kops for inhibitor binding was derived from the
slopes of plots that compared the natural logarithms of the

Py =Pyt ot + (v —v) (1 — exp )

instantaneous rates versus time.

Dissociation rates of fluoride-inhibited urease were mea-
sured by diluting ¢ 100-fold) preformed inhibited complex
into buffer plus various concentrations of substrate. Inhibited
complex was formed by incubating urease with 1 mM
fluoride and 1 mM urea for 1 min at pH 6, where steady-
state fluoride inhibition studies showed<g ~ 10 uM (see
Results).

Fluoride inhibition of urease was unrelated to trace
contamination by aluminum ion giving rise to the well-known
inhibitory effects of aluminofluoride on many enzymegiy.
Added AF* had no effect on the steady-sta€eor on the
rate of inhibition. Similarly, the presence of added ammonia
affected neither the inhibition constant nor the rate of
inhibition. Finally, control experiments demonstrated that
fluoride had no effect on the reaction of ammonia to form
indophenol during the assay.

RESULTS

Slow-Binding Urease Inhibition by FluorideProgress
curves showing the amount of product formed over time for
K. aerogenesirease in the presence and absence of fluoride
are shown in Figure 2. The rates of urea hydrolysis in the
absence of fluoride (traces A and B) were constant during
the time course of these experiments. In the presence of
fluoride (traces €G), however, the rate decreased from that
observed initially ¢;) to reach new, steady-state valueg.(
Fluoride concentration had a significant effect on the
observed inhibitor binding ratek.¢9 (e.g., the onset of
inhibition was more rapid at greater inhibitor concentrations)
and on the steady-state level of inhibitiar) (compare trace
C to trace E and trace D to trace F in Figure 2). All data
were fit to eq 1 (see Experimental Procedures) to obtain
estimates fow;, vr, andkyps (Table 1).

Order-of-addition experiments showed that reactions initi-
ated by adding enzyme to mixtures of urea plus fluoride had
values ofy; that were indistinguishable from rates observed
in the absence of fluoride (Figure 2, traces A, C, and E). In
contrast, incubating urease with fluoride for 5 min (traces D
and F) or 60 min (trace G) prior to addition of substrate led
to decreases ip; followed by further decreases in rate. For
any particular concentration of fluoride, the valueskgf;

plasmid-borne copy. The purified enzyme possessed aandus were statistically identical whether enzyme was first

specific activity of 250«mol-min~*-(mg of proteiny* when
assayed under standard conditions:°@4n 50 mM HEPES
buffer (pH 7.75) containing 1 mM EDTA and 50 mM urea.

incubated with fluoride (Table 1). Further experiments were
designed to assess the effects of fluoride concentration, urea
concentration, and pH on each of these kinetic parameters.

The released ammonia was measured after its conversion to Steady-State Rate Analysis of Fluoride Inhibitidnalyses

indophenol 22). One unit of urease activity is defined as

of steady-state reaction rates (i.e., values;pas functions
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Ficure 2: Slow-binding inhibition of K. aerogenes urease by
fluoride. Urease (final concentration of 0.72 nM) was incubated ;
for 0 min (trace A) or 60 min (trace B) at 3T in standard assay <
buffer (50 mM HEPES, pH 7.75, and 1 mM EDTA) prior to 2
addition of urea (25 mM final concentration), leading to linear -
increases in product formation (assayed every 0.2 min). Linear
regression analyses yielded the rates shown in Table 1. Inclusion
of 2.5 mM NaF (traces C and D) or 10 mM NaF (traces®) led
to progressive decreases in the observed rates of urease activity.
Samples were incubated with fluoride for 0 min (traces C and E), 5 6 7 8 9
5 min (traces D and F), or 60 min (trace G) prior to addition of pH

substrate. Raw data are plotted as thin lines; the dashed, thick lines - S .
represent the best fit to eq 1 with valuespky,s andeyr as provided Ficure 3: Pseudo-uncompetitive steady-state inhibition by fluoride.
in Table 1. (A) Steady-state rates for urea hydrolysis were obtained at the
indicated concentrations of urea by measuring the amount of
ammonia produced after 20, 40, 60, and 80 min of reaction in 100
mM HEPES and 5 mM EDTA, pH 7.0 (37C) plus 0 @), 100

Table 1: Kinetic Analysis of Fluoride Binding to Uredse

[fluoride] incubation v (uM- Kobs (@), or 200uM (M) NaF. Assays were designed so that substrate

trace (mM) time (min) minTY) (min™) o (uM-min~1) depletion was insignificant in all cases. (B) Inhibition constants

A 0 0 0.38+ 0.01 were determined at the indicated pH values in 100 mM HEPES

B 0 60 0.35+ 0.01 (pH 6.5-8.6) or 100 MM MES (pH 57), plus 5 mM EDTA, and

c 25 0 0.38+ 0.01 0.26+ 0.02 0.03% 0.005 varying concentrations of urea and fluoride. Steady-state inhibition

D 25 5 0.20+ 0.01 0.22+ 0.02 0.027+ 0.004 constants were determined by standard formulas. Linear regression

F 10 5  0.11+0.01 0.78+0.09 0.008t 0001  0.035.

G 10 60 0.012 0.9& 0.13 0.009+ 0.001

2 Raw data were obtained from Figure 2 under conditions described CONCentrationkapp decreased. These data suggest that urea
in the figure legend and under Experimental Procedures. Data were fit inhibits fluoride binding. The data in Figure 4B were fit to
to eq 1. a standard hyperbolic equation to determine the maximum

Kapp (7.7 M1 s71) and theK; for urea inhibition of fluoride

of urea and fluoride ion concentrations were consistent with binding (12.5 mM).
uncompetitive inhibition; i.e., fluoride led to decreased values  Dissociation of the UreaseFluoride Complex The re-
of Vimax increased values &, and a series of parallel lines activation of fluoride-urease complex was also a slow
in double-reciprocal plots (Figure 3A). When these analyses process, occurring over several minutes. Fluoride-inhibited
were extended over a range of pH values, fluoride inhibition urease was generated in the presence of substrate at low pH,
continued to appear uncompetitive (data not shown), but thewhere theKy for fluoride dissociation is~10 uM (Figure
apparenk; exhibited a dramatic pH dependence (Figure 3B). 3B). Following a large dilution, dissociation was measured
A plot of log (Ki) versus pH (Figure 3B) yielded a slope of in the absence or presence of substrate (Figure 5, panels A
1, linking fluoride inhibition to a protonation event. and B, respectively). When the fluoride-inhibited urease

Rate of Fluoride Binding to Ureas®rogress curves such complex was diluted into buffer that lacked substrate (Figure
as those shown in Figure 2 were generated for a variety of 5A), aliquots were shown to increase in specific activity and
inhibitor/substrate concentrations. Values lgfs (derived approached the value observed for uninhibited enzyme [2500
from fits to eq 1) were found to be directly proportional to units(mg of protein)?]. Data yielded a first-order dissocia-
inhibitor concentration (Figure 4A), as expected for a second- tion constant K¢) of 0.0133 s*. Alternatively, when the
order reaction. The observed rate constants were divided byinhibited complex was diluted into buffer containing sub-
the fluoride concentrations to provide apparent second-orderstrate, reactivation of inhibited enzyme was much slower
binding constantskfyy. Figure 4A reveals that substrate (Figure 5B). Data were fit to eq 1 with; = 0 to obtain
concentration had a pronounced effectkgg, and in Figure apparent first-order dissociation constants. These values of
4B this effect is illustrated more clearly by comparikg, kobs are plotted vs substrate concentration in Figure 5C and
as a function of urea concentration. With increasing substratewere fit to a standard hyperbolic equation to yi&lgof 1.8
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Ficure 4: Apparent second-order rate constants for fluoride
binding. (A) Observed rates of fluoride binding{) were measured
as described in Figure 2 for samples containing 2.5 mM utga (
or 50 mM urea M) in the presence of the indicated concentrations
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of fluoride. Regression of the data gave apparent second-order rate$icure 5: First-order fluoride dissociation rate constants. (A)

(kapp for fluoride binding. (B) Analogous values dd,,, were

Dissociation of the fluorideurease complex in the absence of urea

collected for the indicated concentrations of urea. Data (averagewas measured by diluting preformed complex 200-fold into buffer

of 3—5 determinations) were fit to the hyperbolic equatiqg, =
Kappmax) { Ks,ured(Ks,urea + [urea]} to give the second-order rate
constantKappmay= 7.7 M1 st andKs yea= 12.5 mM.

mM for substrate inhibition of the reactivation of urease
fluoride complex.

Effect of pH on Binding and Dissociation Rate&n
equilibrium K; can be expressed as the ratio of the micro-
scopic binding and dissociation rat&b). Given the marked
effect of pH on the equilibrium values df; (Figure 3B),

lacking urea, then adding substrate (to 100 mM) at the indicated
times, and determining activity over 1 min. During this time, little
additional complex dissociated (since high substrate concentration
inhibits the dissociation ratee.g., panel B). (B) Dissociation of
the fluoride-urease complex in the presence of urea was measured
by dilution (>2100 fold) into 50 mM urea in standard assay buffer
(open symbols). A second sample, treated similarly but in the
absence of fluoride, was also assayed as a control (closed symbols).
Activity in the control was linear, whereas preformed enzyme
fluoride complex increased in activity over time. Data were fit to
eq 1 withy; = 0. The final rate compared favorably to uninhibited
control, since the large dilution resulted in noninhibitory fluoride

one of these two microscopic rate constants must also beconcentrations. A second experiment (inset) shows much faster

pH-dependent. The apparent binding rédig, (e.g., Figure
4B), was determined as a function of pH and is plotted in
Figure 6 @). This rate was nearly pH-independent, increas-

ing ~3-fold as the pH decreased from 9 to 6. The dissociation
rate was also examined as a function of pH, both in the

absence of urea (yieldinky; as in Figure 5A) and in the
presence of urea (givinigysas in Figure 5B). In the absence
of urea, the reactivation rate decreasestfold from pH 9

to 6 (Figure 60). In the presence of urea, however, a much

larger pH dependence on the reactivation rate was ob-
served: kops changed several orders of magnitude over this

pH range (Figure 600).
DISCUSSION

Steady-State Kinetic Analysis of Urease Inhibition by
Fluoride. The set of parallel lines seen in the double-
reciprocal plot of Figure 3A suggests either of two inter-
pretations. (1) Classical uncompetitive inhibition (Scheme
1), as described in many kinetics tex2%), occurs when an
inhibitor binds to an enzymesubstrate complex. This type

reactivation when assayed with 2.5 mM urea. (C) Observed rates
for dissociation of the ureasdluoride complex ko9 were
determined (as in panel B, above) for a range of urea concentrations.
The line represents the best fit of the datdkdg = kot{ KJ/(Ks +
[urea]}, yielding kot = 0.013 st and Ksgreay= 1.8 mM.

Scheme 1
[S]
E E-S E-P——— E+P
N (1 &
E-S-1

of inhibition is typically observed with multisubstrate
enzymes; however, uncompetitive inhibitors could reasonably
interact with a hydrolytic enzyme at a site normally occupied
by the catalytic water. (2) Parallel double-reciprocal plots
also may arise for inhibitors that bind to a form of the enzyme
(E*) generated from the active enzyme species (E) during
catalysis, as illustrated in Scheme2b); According to this
underappreciated model, the two enzyme forms are in
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FIGURE 6: pH dependence déy, for fluoride binding andk.s or
kops for fluoride dissociation. The second-order rate of fluoride
binding kip A) was measured at the indicated pH values, as

described under Experimental Procedures and in Figure 4B.
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inhibitor in the presence of substrate. Fluoride binding in
the absence of substrate is inconsistent with the model shown
in Scheme 1 but can be accommodated by that in Scheme
2. In the absence of substrate, the low equilibrium concentra-
tion of E* results in only a small portion of enzyme being

Reactivation of inhibited complex was measured in the absence of apable of binding fluoride. Equilibrium is not established

urea O, with ko as obtained in Figure 5A) or in the presence of

rapidly (in <20 s) but requires several minutes 90%

substratel, with kepsas in Figure 5B, 50 mM urea) at the indicated  complete in 5 min), allowing a rough estimate of the binding
pH values. The log of the rate constants is plotted as a function of (510 of 0.2 51 > k., > 0.01sL

pH. Regression analysis gave a slope of G£10.03 ¢ = 0.86) in
the absence of urea and 0.690.08 ¢ = 0.88) in the presence of
urea.

Scheme 2
[S]k,
i, E —TES
/ = \
K.y
* * k3 *
E E-P — E +P
ksl (1] ks
E™

equilibrium in the absence of substrate, but E is highly
favored over E* (i.e.k; > k-;). The steady-state rate equation
for this model has been calculate2by:

VI[Eq] = k1k2k3[S]/[ (ky + k) k[S] +
K_g
ra

where Ki = k_s/ks. In its reciprocal form, this equation
rearranges to

koks[I][S] okt k)
_ —1\K2 T K3

(1]
Tk K]

Ky(k_, -+ ky) (1 + <

MREDR [ UL 1o e
[Edl . ! ° Ki n - ® ky Kiky
v KoKy kok[S]

Double-reciprocal plots will show parallel lines when

The rate of fluoride binding and the rate of enzyme
fluoride dissociation were both shown to be inhibited by
substrate (Figures 4 and 5). This behavior again is incon-
sistent with classical uncompetitive inhibition (Scheme 1),
where the association rate should be enhanced by substrate
and the dissociation rate should be substrate-independent.
However, substrate inhibition of fluoride binding and dis-
sociation is also inconsistent with the model shown in
Scheme 2. To accommodate these results the latter model
was modified as shown in Scheme 3. This model includes a
complex between urea and the E* form of the enzyme, as
well as the ternary complex formed by urea binding to E*

I. Urea inhibition of the apparent fluoride binding rate (Figure
4B) may occur because substrate decreases the concentration
of E* (forming E*-S and ES). Likewise, urea may inhibit
the dissociation of fluoride (Figure 5) by stabilizing the
ternary complex (E4-S). Significantly, the ternary complex
described here is distinct in its order of formation from the
enzyme-substrate-inhibitor complex associated with classic
uncompetitive inhibition. Structural similarity between E, E*,
and E*I is suggested by the finding that tikg, of urea for
uninhibited enzyme (2.5 mM27) is similar to theKs of urea

for inhibition of fluoride binding (~10 mM, Figure 4B,
involving k-4/ks) and for inhibition of fluoride dissociation
(~2 mM, Figure 5C, involvink—¢/ks). Whereas the Et-S
species would be catalytically inactive, we expect that the
E*-S state may transform to the & state since we observe
no substrate inhibition for this enzyme.

pH Dependence on;Kkapp and ks Since the equilibrium
binding constantK;, is the ratio of two microscopic rate
constantsi; = k_s/ks, Scheme 3), the dramatic pH effects
on this value (Figure 3B) could be explained by either of

[Nk-1/(kiKi) < 1 or whenk_/k; < 1. two distinct processes: pH-dependent binding or pH-
To distinguish whether urease interaction with fluoride is dependent dissociation. In the first case, tighter binding at
best modeled by Scheme 1 for classical uncompetitive low pH is caused by an increased rateasociationupon
inhibition or Scheme 2 involving a two-state model for the protonation of either the inhibitor (where the actual inhibitor
enzyme (or by another scheme), it is necessary to consideiis HF) or the protein. In the latter case, an increased rate of
results from pre-steady-state kinetic analyses. dissociationat elevated pH is responsible for the reduced
Pre-Steady-State Kinetics for Urease Inhibition by Fluo- affinity. Since the association rate appears to be nearly pH-
ride. As illustrated in Figure 2, fluoride inhibits a portion of independent (Figure 6), the protonation state must be
urease activity in the absence of urea but is a far more potentassociated with fluorid@issociation thus eliminating HF
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Chart 1 On the basis of accessibility arguments, we suggest that
Wh  (W2) W2 is also unlikely to be the site of fluoride binding.
OH,  OH, OH,  OH, According to the model shown in Scheme 3, only a small
| | | proportion of resting-state enzyme is capable of binding
NN N AN fluoride to form inhibited enzyme, indicating either that the
H active site is inaccessible to the inhibitor or that the bound
(WB) solvent molecule displaced by fluoride is predominantly
E E'-F deprotonated and thus unreactive. Because the metallocenter

must be accessible to urea, we favor the second interpretation.
as the actual inhibitor. This was confirmed in Figure 6, where Terminally coordinated water such as W2 likely possesses
the reactivation rate (measured in the presence of urea)a pK, of 9—10 (29); thus, W2 would be in the protonated
showed strong pH dependence. No inflection was seen instate at neutral pH. If this were the site of fluoride inhibition,
the dissociation rate as a function of pH (from 6QH < the enzyme should be nearly completely inhibited under
8.5); therefore thelf, affecting dissociation must lie outside normal pH conditions; however, we have shown this does
this range. Two cases would be consistent with such not occur. A further argument against W2 as the fluoride-
behavior: (1) fluoride dissociation is enhanced upon depro- binding site is based on the assumption that diamidophos-
tonation of some group withKy > 8.5 or (2) fluoride phate-inhibitedB. pasteuriiurease 1), where the inhibitor
dissociation is inhibited by protonating some group wikap  oxygen coordinates to Ni-1 and an amide coordinates to Ni-
< 6. Currently, we have no experimental data to distinguish 2, mimics the substrate-bound structure. Since we have

between these two cases. shown that urea binds to the fluoride-inhibited enzyme,
Relationship to Jack Bean Urease Fluoride Inhibition neither W1 nor W2 can participate in fluoride binding.
ResultsSome of our fluoride inhibition data fdt. aerogenes Our favored hypothesis is that fluoride binds to the WB

urease are consistent with the results reported earlier bysite that bridges the two Ni at the active site (Chart 1). This
Dixon et al. (L2, 28) for the jack bean enzyme; however, solvent molecule is associated with twdqvalues and three
our interpretations differ considerably from the prior work protonation states: the fully protonated species, hydroxide,
and we have characterized selected aspects of the inhibitiorand dianion. On the basis of studies of a dinuclear nickel
in much greater detail. The investigators working with plant model complex, WB may reasonably posselss mlues of
urease emphasized the interaction of fluoride with enzyme about 4.4 and 8.530). If fluoride binding requires dissocia-

in the absence of substrate and described the presence dion of bridging water, only a small proportion of the enzyme
competitive inhibition with & of about 1 mM at pH 712) will be reactive for fluoride exchange at neutral pH; little
or 7uM at pH 5.2 @8). Those authors also noted a time- fluoride binding would be expected, as we observe. Follow-
dependence of fluoride inhibition and used steady-state rateing turnover, however, the bridging water site may be vacant
data to generate a double-reciprocal plot that consisted of aor may have a weakly bound, fully protonated water molecule
series of parallel lines1@). Although the authors did not that could be displaced by fluoride. Thus, the equilibrium
use the term “uncompetitive inhibition”, they suggested the amount of fluoride-bound urease will increase, as is observed.
formation of a ureasesubstrate-fluoride complex or a  Once fluoride binds, the protein structure could easily
urease-carbamato (product)fluoride complex. Our data  accommodate binding of substrate, consistent with our data.
obtained with the microbial enzyme have many features that The resulting enzymefluoride—urea complex resembles that
are similar to the published jack bean urease inhibition formed by a classic uncompetitive mechanism but differing
results, but we interpret our data in terms of the model shown in the order of its formation. Steric constraints dictate that
in Scheme 3 that emphasizes formation offE&s the initial fluoride binds before urea. Also consistent with fluoride

inhibited species. binding to the WB site S-mercaptoethanol binds to the
Mechanistic Implications Based on the Urease Structure bridging position of the urease metallocenter according to
The crystal structures of urease frdfn aerogenesandB. X-ray absorption, variable-temperature magnetic circular

pasteurii (1, 7—9) allow us to speculate on the structural dichroism, and crystallographic studiexl{-33), and UV~
basis of fluoride inhibition, the identity of the E* state, and visible spectrophotometric studies of jack bean urease show
the pH dependence of fluoride dissociation. Fluoride almost competition between fluoride anf@-mercaptoethanol for
certainly binds to the urease metallocenter with displacementbinding (12). Furthermore, fluoride is known to bind at a
of a water molecule. Three water molecules associated withbridging position of several binuclear metal model complexes
the metallocenter (W1, W2, and WB) must be considered (34, 35) and has been suggested to insert into the bridging
as possible fluoride binding sites, with our favored binding position of the dinuclear core in manganese catal88g (
position shown in Chart 1. Finally, fluoride is suggested to occupy the di-iron bridging
W1, terminally coordinated to Ni-1, cannot be the site of site in purple acid phosphatase from porcine uterus (utero-
fluoride binding on the basis of our evidence that substrate ferrin) on the basis of X-ray absorption and resonance Raman
binds to the E*F state of the enzyme. Both current urease spectroscopic analyse$9); however, the opposite conclu-
mechanisms( 7) suggest that the urea carbonyl oxygen sion was reached by other investigators for a closely related
displaces W1 to bind to Ni-1, with additional stabilization enzyme (4).
provided by a hydrogen bond from His 219. Structures of The observed pH dependence of fluoride dissociation in
acetohydroxamic acid- and phosphorodiamidate-bound formsthe presence of urea can also be interpreted in terms of the
of the enzyme 7, 9) are also consistent with this mode of urease structure and the fluoride-binding mode shown in
urea binding; the oxygen atoms of the substrate analoguesChart 1. Deprotonation of W2 (if still present when substrate
coordinate at the W1 position. is bound) could lead to a decreased affinity for the bridging
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His 320-H* inhibition by fluoride reported for other dinuclear hydrolases.
For example, fluoride is a slow-binding inhibitor of bovine
( NH; spleen purple acid phosphatase (#'Fe** or F&tzZn2+
A wH enzyme) that, on the basis of careful spectroscopic charac-
4 pe terization of an enzymephosphate (productfluoride com-
Ni-1 / Ni-2 plex, was suggested to form an enzynselbstrate-fluoride
T wE inhibited complex 14). Fluoride was shown to be a

significantly better inhibitor at lower pH for this enzyme.
As already mentioned, spectroscopic studies of the related
FiIGURE 7: Alternative proposal for the urease mechanism. On the €nzyme uteroferrin led to the proposal that fluoride replaces
basis of results related to urease inhibition by fluoride, we propose the bridging hydroxide of this enzymel9). Rat liver

that WB is the nucleophilic water molecule. The results of jnorganic pyrophosphatase (a zinc-dependent enzyme) is

mutational studies37 and unpublished results) provide strong . . .~ . - - e L
support for His 320 serving as the general acid. To explain the inhibited by fluoride with biphasic kinetics, resulting in a

observed pH dependence of catalysis, we suggest that the nucleof@pid initial decrease in activity followed by a slow inactiva-
phile has K, ~ 9 and the general acid possessés, p- 6.5, tion during catalysis15). The authors proposed a model in
compatible with a reversed protonation mechanism. Thegb9  which fluoride bound to the enzymesubstrate complex and
g;zgicéit%‘i "t"r']tg \rll\;?j:f»?;ggggfse&getri\glttgnrtrr:wein(gl(l(;d?c?cly(r)gir?gga%nt% this species subsequently underwent a slow isomerization
Ni-2 (formed upon substrate binding). Urea is shown in a chelate step_to form a more '”h'b,'tefj state. L'm'_ted, pH-dependence
binding mode, analogous to the O and N coordination to the two Studies of that enzyme indicated that inhibition was more
metals seen in diamidophosphate-inhibited ure@sd(t we cannot pronounced at lower pH values, and the authors suggested
exclude the possibility that only the carbonyl oxygen is bound to that HF is the actual inhibiting species. Aminopeptidases
Ni-1 and that Ni-2 may retain coordination to W2. from both Aeromonas proteolytic§16) and Streptomyces

: . . griseus(17) are inhibited by fluoride by apparent uncom-
ligand and restoration of activity. However, the pH-dependent petitive mechanisms, and in both cases the inhibition is pH-

dissociation is not observed in the absence of substrate.yenendent with increased inhibition occurring at lower pH.
Alternatively, protonation of His 320 or some other protein Recent studies of tha. proteolyticaenzyme showed no

side chalnfmay decrease t?e Latelof d|?|somat|c])cn In t.heevidence for time dependence in the fluoride inhibition (Rick
presence of urea. For example, the closed flap configurationy,, * hersonal communication). In each of the above

that is likely to exist _f_or the substrate- an_d f_Iu_o_ride-bognd examples, the observed results could also be interpreted in
enzyme may be stabilized at low pH, thus inhibiting fluoride o' of inhibitor interaction with an altered E* enzyme form
release. Higher pH may allow the protein flap to open, generated during catalysis.

substrate to .be released, and inhibitor to dissociate, in In conclusion, we suggest that Scheme 2 and its derivatives
agreement with the data. should be included in considerations of apparent uncom-

Our proposal that fluoride inhibits urease by replacing WB  petitive inhibition of metallohydrolases by anions. Steady-
leads to an important insight into the mechanism of catalysis. state kinetic data that exhibit parallel lines in double-
The mechanism shown in Figure 1A does not require 10ss reciprocal plots do not conclusively demonstrate the existence
of WB upon product dissociation, providing no opportunity of an enzyme-substrate-inhibitor species arising from

for b|nd|ng of fluoride. In Contrast, the nucleophilic nature classic uncompetitive inhibition as Common|y invoked.
of WB in the mechanism of Figure 1B ensures loss of this

group upon product dissociation, allowing fluoride to bind. ACKNOWLEDGMENT
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