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Abstract

Bismuth compounds are widely used for the treatment of peptic ulcers and Helicobacter pylori infections. It
has been suggested that enzyme inhibition plays an important role in the antibacterial activity of bismuth
towards this bacterium. Urease, an enzyme that converts urea into ammonia and carbonic acid, is crucial
for colonization of the acidic environment of the stomach by H. pylori. Here, we show that three bismuth
complexes exhibit distinct mechanisms of urease inhibition, with some differences dependent on the source
of the enzyme. Bi(EDTA) and Bi(Cys)3 are competitive inhibitors of jack bean urease with Ki values of
1.74±0.14 and 1.84±0.15 mM, while the anti-ulcer drug, ranitidine bismuth citrate (RBC) is a non-
competitive inhibitor with a Ki value of 1.17±0.09 mM. A 13C NMR study showed that Bi(Cys)3 reacts
with jack bean urease during a 30 min incubation, releasing free cysteines from the metal complex. Upon
incubation with Bi(EDTA) and RBC, the number of accessible cysteine residues in the homohexameric
plant enzyme decreased by 5.80±0.17 and 11.94±0.13, respectively, after 3 h of reaction with dithi-
obis(2-nitrobenzoic acid). Kinetic analysis showed that Bi(EDTA) is both a competitive inhibitor and a
time-dependent inactivator of the recombinant Klebsiella aerogenes urease. The active C319A mutant of the
bacterial enzyme displays a significantly reduced sensitivity toward inactivation by Bi(EDTA) compared
with the wild-type enzyme, consistent with binding of Bi3+ to the active site cysteine (Cys319) as the
mechanism of enzyme inactivation.

Introduction

Urease (urea amidohydrolase, EC 3.5.1.5) is a
nickel-containing enzyme found in a wide variety
of plants and a broad range of bacterial species
where it catalyzes the hydrolysis of urea to form
carbonic acid and two molecules of ammonia
(Mobley et al. 1995; Sirko & Brodzik 2000; Hau-
singer & Karplus 2001). Jack bean urease exists as
a homo-hexamer, with each subunit (�91 kDa)
containing two nickel ions (Riddles et al. 1991;

Sheridan et al. 2002), whereas bacterial ureases are
heteropolymers with subunits that resemble por-
tions of the eukaryotic sequence. For example,
Klebsiella aerogenes and Bacillus pasteurii ureases
are comprised of three distinct subunits (abc) and
form a heterotrimer ((abc)3) with three-fold sym-
metry (Jabri et al. 1995; Pearson et al. 1997;
Benini et al. 1999). In contrast, Helicobacter pylori
urease contains only two types of subunits (ab),
with the heterodimer forming a trimer ((ab)3)
which further assembles to form a supramolecular
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dodecameric assembly ((ab)3)4 (Ha et al. 2001).
The X-ray crystal structures of urease from
K. aerogenes (Jabri et al. 1995; Sheridan et al.
2002), B. pasteurii (Pearson et al. 1997), H. pylori
(Ha et al. 2001) and jack bean (Sheridan et al.
2002) reveal a conserved coordination of Ni2+ in
the dinuclear nickel centers; thus, insights derived
from studies of urease from one source are gen-
erally applicable to those of other sources. The
detailed mechanism of urea hydrolysis (Suarez
et al. 2003) involves urea coordination to the me-
tallocenter and either hydrolysis by a metal-bound
hydroxide with release of ammonia and carbamate
or elimination to form cyanate followed by
hydrolysis.

H. pylori, a Gram-negative pathogenic bacte-
rium which specifically colonizes the human gas-
tric mucosa, has been regarded as a primary
causative agent of chronic gastritis and peptic ul-
cer diseases including mucosa-associated lymphoid
tissue lymphoma (Wotherspoon et al. 1991; Blaser
1993). AlthoughH. pylori is acid sensitive and only
replicates at pH of 7–8, it survives in the stomach
under highly acidic conditions (Stingl et al. 2001,
2002a, b; Stingl & De Reuse 2005). Urease activity
is believed to be essential for the colonization of
the gastric mucus by H. pylori (Lee 1996) and for
the survival of H. pylori at very acidic pH (Mobley
et al. 1991; Bauerfeind et al. 1997). It is required
for acid survival in vitro and for infection of the
normal acid-secreting stomach (Eaton et al. 1991;
Perez-Perez et al. 1992; Akada et al. 2000; Scott
et al. 2002). The enzyme leads to the production of
ammonia, which maintains the periplasmic pH
value at 6.2 (Rektorschek et al. 1998). Synthesis of
this enzyme accounts for as much as 10% of the
total protein in H. pylori (Bauerfeind et al. 1997;
Davis & Mobley 2005).

Bismuth compounds have been used as thera-
peutic agents for more than two centuries. Bismuth
subsalicylate (Pepto-Bismol�), colloidal bismuth
subcitrate (De-Nol�) and ranitidine bismuth cit-
rate (RBC, Pylorid�) have been widely used for the
treatment of diarrhea, dyspepsia and peptic ulcers
all over the world (Lambert &Midolo 1997; Briand
& Burford 1999; Sun et al. 2004). Various studies
have shown that the effectiveness of bismuth-con-
taining drugs is due to their bactericidal action
against H. pylori, although the detailed mechanism
of action remains unclear (Butcher et al. 1992;
Prewett et al. 1992). Enzyme inhibition has long

been thought to play an important role in the
effectiveness of bismuth drugs. A brief report
indicated that urease inhibition by a bismuth
b-mercaptoethanol complex was ca. 1000-fold
more effective than b-mercaptoethanol alone
(Asato et al. 1997). Given both the importance of
urease for infection by H. pylori and the enhanced
inhibition of the bismuth b-mercaptoethanol
complex, we hypothesized that bismuth drugs may
exert their antibacterial action through the inhibi-
tion of urease.

In the present study, the inhibitory effects of
several bismuth complexes on urease were exam-
ined. Because urease is very highly conserved in
sequence and three-dimensional structure, we ex-
pected that the source of enzyme to study would
not be critical; nevertheless, we chose to examine
both plant and bacterial enzyme representatives by
focusing on jack bean and K. aerogenes ureases.
Three different bismuth complexes were charac-
terized for their mechanisms of reversible inhibi-
tion of jack bean urease. NMR and chemical
modification studies were used to provide evidence
that urease Cys residues bind bismuth. By using
the recombinant K. aerogenes urease and its
Cys319A variant, we demonstrated for the first
time that binding of Bi3+ to an active site cysteine
residue (Cys319) contributes to bismuth inhibition
of urease.

Materials and methods

Materials

Jack bean urease samples, with specific activities of
928 and 21.3 units per mg protein, were purchased
from Sigma (Catalogue No: U-0251 and U1500,
respectively). One unit of the plant enzyme activity
liberates 1.0 lmol of NH3 from urea per min at
pH 7.0 and 25 �C. Urea (Sigma, ultrapure),
phenol red, 5,5¢-dithiobis-(2-nitrobenzoic acid)
(DTNB, Sigma), 2-[4-(2-hydroxyethyl)-1-piperazi-
no]-ethanesulphonic acid (HEPES, Acros), 2-(N-
morpholino) ethanesulphonic acid (MES, Acros),
bismuth subnitrate (Bi(NO3)3, Aldrich), sodium
hypochlorite (13% active chlorine, Acros), sodium
nitroprusside (ABCR), 13C-labeled-L-cysteine
(13C, >98%, Cambridge Isotope Laboratories)
were all used as received. RBC (Batch No.
AWS347B) was kindly provided by GlaxoWell-
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come China Ltd. (Hong Kong). All reagents were
of analytical grade. Bi(Cys)3 was prepared by
addition of 3 mol equivalents of reduced cysteine
to Bi(NO3)3, followed by the adjustment of pH to
�5.0. Crystalline Bi(EDTA) was synthesized as
described previously (Summers et al. 1994).

Kinetic study of jack bean urease

The concentration of jack bean urease was deter-
mined spectrophotometrically from the absorbance
at 280 nm by using an extinction coefficient for a
1% solution (e1%) of 6.2 cm)1 (Dixon et al. 1980).
All UV–visible spectroscopic experiments were
performed with 1-cm cuvettes on a computer-con-
trolled HP8453 spectrometer at room temperature.
Urease activity was measured spectrophotometri-
cally at 560 nm as described previously (Mobley
et al. 1988). Briefly, jack bean urease was added to
3 mM sodium phosphate buffer containing 7 lg/ml
phenol red and 3� 24 mM urea at pH 7.0. Reac-
tions were carried out at room temperature and
rates of urea hydrolysis were calculated from linear
portions of the curves. The effects of fixed con-
centrations of bismuth complexes were examined
as described previously (Houimel et al. 1999).

Time-dependent inhibition of jack bean urease by
bismuth complexes

Jack bean urease (U-0251) was incubated with
appropriate amounts of bismuth complexes in
3 mM phosphate buffer, pH 7.0, at 25 �C. At
different time intervals, aliquots were removed and
added to a solution containing 7 lg/ml phenol red
and 24 mM urea in 3 mM phosphate buffer,
pH 7.0. The initial rates were calculated from the
maximum linear portions of the curves obtained
by monitoring the reaction spectrophotometrically
at 560 nm.

Thiolate group analysis of jack bean urease

The reactive thiolate content (–SH) of urease was
measured by using the colorimetric reagent dithi-
obis(2-nitrobenzoic acid) (DTNB) (Ellman 1959).
Urease (0.39 mg/ml) was added to a 50 mM Tris–
HCl buffer at pH 7.5 in the presence of 0.02 mM
DTNB, and the reaction was monitored at 412 nm
for 3 h (e412=1.36 � 104 M)1cm)1, pH 7.5). Sim-
ilar experiments were carried out for the enzyme

that had been incubated with an inhibitor (bis-
muth complex) at room temperature. Excess low
molecular mass ligands including the inhibitor
were removed by using a Centricon YM-50 and
the reaction was initiated via addition of DTNB.

Release of cysteine from Bi(Cys)3 during
incubation with jack bean urease

Bi(Cys)3 prepared with 13C-labeled cysteine was
incubated with various molar ratios of urease
(U1500, �0.1 mM hexamer) in 3 mM phosphate
buffer at pH 7.0 in D2O. NMR spectra were ac-
quired on a Bruker 500 spectrometer for 20,000–
30,000 transients using a 45� pulse width (5 ls), a
relaxation delay of 2 s, and 16 K data points. The
spectra were processed using an exponential func-
tion (8� 10 Hz) before Fourier transformation.

Purification and assay of K. aerogenes urease

Wild-type K. aerogenes urease and its C319A
mutant were expressed in E. coli DH5 using either
pKAU17 or the site-directed mutant of pKAU17,
and purified to >95% purity by a method de-
scribed previously (Martin & Hausinger 1992).
Urease was identified in column fractions by so-
dium dodecyl sulfate-polyacrylamide gel electro-
phoresis using 12% polyacrylamide gels (Laemmli
1970). Protein concentrations were assayed by the
method of Lowry et al. (Lowry et al. 1951) or by
using the BioRad protein assay. The enzyme was
assayed at 37 �C in 50 mM HEPES, pH 7.8, in the
presence of 50 mM urea. The C319A mutant,
previously shown to exhibit a lower pH optimum
(Martin & Hausinger 1992), was assayed at 37 �C
in 50 mM MES buffer, pH 6.5, in the presence of
50 mM urea. The amount of released ammonia
was assessed in aliquots sampled at time intervals
by conversion to indophenol (Weatherburn 1967),
and the rates were determined by linear regression
analysis.

Time-dependence of K. aerogenes urease inhibition
by Bi(EDTA)

Two millimolar Bi(EDTA) was incubated with
purified wild-type and variant ureases in 50 mM
HEPES buffer at pH 7.0, 37 �C. Aliquots were ta-
ken at different time intervals and assayed for ure-
ase activity as described previously (Todd &
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Hausinger 1991). Initial velocities were determined
in the presence of different inhibitor concentrations.
The Ki value was determined from re-plots of the
slopes or apparent Km values obtained in double-
reciprocal plots versus inhibitor concentration
(Dixon & Webb 1979).

Results

Jack bean urease inhibition by bismuth compounds

Incubation of jack bean urease (U-0251, 0.95 lg/
ml) in the presence of 1.6 mM RBC, 1.6 mM
Bi(EDTA), or 4.0 mM Bi(Cys)3 led to the imme-
diate inhibition of urease activity, with no further
time-dependent changes in the reaction velocities.
This result suggested that each of these com-
pounds is a fast-binding, reversible inhibitor of the
plant enzyme.

The effects of varied concentrations of RBC,
Bi(EDTA), or Bi(Cys)3 on the kinetics of jack
bean urease were investigated (Figure 1). The ki-
netic parameters of the uninhibited reactions
yielded a urea Km of 4.85±0.26 mM and Vmax of
133.7±7.33 lmol NH3/min/mg. The addition of
RBC resulted in a decrease of the apparent Vmax

while the Km value remained almost unchanged,
indicative of non-competitive inhibition. A plot of
the inverse of the apparent maximal rates versus
the concentration of the inhibitor allowed esti-
mation of the inhibition constant (Ki) of
1.17±0.09 mM for this compound.

In contrast to the situation for RBC, Bi(EDTA)
and Bi(Cys)3 were shown to inhibit the plant urease
by a competitive mechanism (Figure 1), as shown
by the absence of any effect on Vmax while altering
the apparent Km values. On the basis of re-plots of
the apparent Km versus inhibitor concentrations
the Ki values were calculated to be 1.74±0.14 and
1.84±0.15 mM, respectively. EDTA and cysteine
were also studied as potential inhibitors at
concentrations of 1.6 mM and showed no appar-
ent inhibition to jack bean urease (data not
shown).

Protection of thiol groups of jack bean urease by
bismuth

In order to investigate whether thiolate groups
from cysteine residues of the enzyme are involved in
the binding of Bi3+, the number of free thiols (–SH)
of the high specific activity sample of jack bean
urease were assayed in the absence or presence of
bismuth complexes by using DTNB. The enzyme in
the absence of inhibitor was found to contain
17.79±0.17 mol of ‘accessible’ thiol groups per
mol of hexameric enzyme after 3 h of reaction with
DTNB. After incubating the enzyme (0.39 mg/ml)
with RBC (1.60 mM) or Bi(EDTA) (1.60 mM) in
50 mM Tris–HCl buffer at pH 7.5 for >45 min,
the thiol contents dramatically decreased to
5.85±0.09 and 11.99±0.13 mol of thiol per mol of
the hexamer, respectively. The decrease in the
number of free thiol groups suggested that bismuth
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Figure 1. Inhibition of jack bean urease by RBC, Bi(EDTA) or Bi(Cys)3. Double-reciprocal plots of 1/v0 versus 1/[S] for urea
hydrolysis in the presence of the indicated concentrations of (a) ranitidine bismuth citrate (RBC), (b) Bi(EDTA) and (c) Bi(Cys)3,
respectively.
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binds to thiol groups of the enzyme (Riddles et al.
1983; Sun et al. 1999; Busenlehner et al. 2002).

NMR studies of urease reactivity with Bi(Cys)3

13C NMR spectroscopy was used to further
investigate the mode of inhibition of Bi(Cys)3 on
jack bean urease. Figure 2 shows the aliphatic re-
gion and carboxyl region of 13C NMR spectra of
Bi(Cys)3 complex prepared from 13C-labeled cys-
teine in the presence of 0, 0.5, 1.0, 2.0, 3.0 and
4.0 mol equiv of urease (hexamer). In the absence
of urease, three broad signals were observed (31.1,
60.0 and 176.2 ppm) and assigned to the bound b,
a and carboxylate carbons of bismuth-bound cys-
teine, while three very weak signals (39.5, 55.0 and
173.9 ppm) were assigned to the corresponding
signals of the free amino acid. Upon the addition
of 0.5 mol equivalents of urease, the free cysteine
features increased at the expense of the bismuth-

bound cysteine signals. The free-Cys features in-
creased in intensity upon addition of 1 mol equiv
of urease and reached their maximum after the
addition of 2 mol equiv of urease. In contrast, the
broad signals corresponding to the bismuth-bound
13C-cysteine further decreased in intensity and al-
most disappeared upon further addition of urease.
No precipitation was observed after the reaction.

Inhibition of K. aerogenes urease by Bi(EDTA) and
identification of an inhibitory bismuth-binding site

To study whether a cysteine residue known to be
located at the entrance of the urease active site is
the binding site for Bi3+, the wild-type and C319A
mutant of the K. aerogenes enzyme were examined
(Figure 3). The Km and Vmax of uninhibited wild-
type K. aerogenes urease were determined to be
1.04±0.08 mM and 200.0±10.0 lmol NH3/min/
mg, respectively. During short time period assays
where the extent of enzyme inactivation was
insignificant (vide infra), nearly the same Vmax

values were obtained while the Km values increased
upon incubation of the enzyme with Bi(EDTA) (2
and 5 mM). These results suggest that Bi(EDTA)
inhibits K. aerogenes urease in a reversible, com-
petitive manner with a Ki of 2.46±0.59 mM.

In addition to the reversible inhibition de-
scribed above, incubation of the purified wild-type
urease with 2 mM Bi(EDTA) led to first-order
decreases in enzyme activity (Figure 3b). Signifi-
cantly, the apparent first-order rate constants for
inactivation of the C319A mutant and wild-type
enzymes are 5.04 � 10)4 and 9.95 � 10)3 min)1,
respectively. The 19-fold decrease in the rate of
inactivation of the C319A mutant compared to the
wild-type enzyme strongly suggests that Cys319 is
an inhibitory binding site for Bi3+.

Discussion

Despite the wide use of bismuth complexes as anti-
ulcer drugs, the mechanism of their antibacterial
actions against H. pylori remains unclear. Urease
has long been thought to play a crucial role for the
acid resistance of H. pylori, neutralizing the gastric
acidity and resulting in a neutral microenviron-
ment surrounding the bacterium within the gastric
lumen, and is regarded as a valid target for anti-

Figure 2. Bi(Cys)3 reacts with jack bean urease to release free
cysteine: 125 MHz 13C NMR spectra of Bi(Cys)3 after 30 min
incubation with different mole equivalents of jack bean urease.
The peaks labeled with upward arrows indicate the 13C signals
of free 13C-labeled cysteine, whereas those labeled with down-
ward arrows indicate the remaining Bi(Cys)3 inhibitor (shown
without addition of the enzyme in the lower panel).
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ulcer drug design. Thus, urease inhibition is a
reasonable mechanism to explain the bismuth
antibacterial activities.

We investigated the kinetics of inhibition of jack
bean urease by three bismuth compounds. No sig-
nificant time-dependent inactivation was detected,
whereas all three bismuth complexes were found to
be reversible inhibitors of the jack bean enzyme.
The clinically used anti-ulcer drug, RBC, is a non-
competitive inhibitor of the enzyme withKi value of
1.17 mM, while Bi(EDTA) and Bi(Cys)3 are com-
petitive inhibitors with Ki values of 1.74 and
1.84 mM, respectively. The enzyme inhibition is
clearly due to bismuth since our data show no
apparent inhibition from either EDTA or cysteine
at these concentrations. The non-competitive inhi-
bition mechanism for RBC is probably due to the
polymeric structure of this drug (Sun et al. 2004).
On the basis of the measuredKi values, the affinities
of jack bean urease for the bismuth complexes
range as follows (strong to weak): RBC>Bi(ED-
TA)‡Bi(Cys)3.

As a borderline metal ion, Bi(III) is known to
bind strongly to thiolate sulfur and to form stable
complexes with thiolate-containing biomolecules
such as the tripeptide glutathione or cysteine-rich
proteins such as metallothionein or Staphylococcus
aureus pI258 CadC (Sun et al. 1999; Busenlehner
et al. 2002). Titration of jack bean urease with
DTNB showed that there are around 18 ‘accessi-
ble’ thiolate groups present per molecule of
enzyme, consistent with values previously reported
(Blakeley & Zerner 1984; Srivastava & Kayastha
2000). After incubation of the jack bean urease
with RBC and Bi(EDTA), the DTNB-accessible

thiols decreased by about 12 and 6 per hexamer
(i.e., 2 and 1 per monomer), respectively, con-
firming the possible binding of bismuth to exposed
thiolate groups of jack bean urease. The decrease
in the bismuth-bound 13C-cysteine signals of the
13C-labeled Bi(Cys)3 complex together with the
increase in free cysteine signals (Figure 2), when
incubated with enzyme, implied that Bi(III) binds
to one or more cysteine residues of the enzyme via
thiolate exchange. Such a thiolate exchange for
metal trafficking between different molecules (e.g.,
proteins and enzymes) has been demonstrated for
Cu(I) and As(III)/Sb(III) (Wernimont et al. 2000;
Li et al. 2002; Yan et al. 2003).

In addition to the rapid-binding competitive
inhibition as seen with jack bean urease, Bi(ED-
TA) also is a slow-binding inactivator of K. aer-
ogenes urease. This difference is likely to arise from
substitutions of amino acids on the characteristic
flap at the entrance to the active site cavity
(Figure 4) (Takishima et al. 1988; Mulrooney &
Hausinger 1990; Labigne et al. 1991; Ha et al.
2001). The flexibility of this flap is consistent with
its distinct positions found in different ureases, as
observed in the X-ray crystal structures (Ha et al.
2001). Significantly, Cys319 is located on this flap
in the K. aerogenes enzyme.

In order to test whether Cys319 functions as the
bismuth-binding site for Bi(EDTA) in K. aerogenes
urease, the wild-type and C319A mutant enzymes
were compared for their rates of inactivation by
bismuth. Inactivation of the C319A enzyme oc-
curred approximately 19-fold slower than for the
wild-type urease under identical conditions, clearly
indicating that urease inactivation is mainly attrib-
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Figure 3. Inhibition of K. aerogenes urease by Bi(EDTA): (a) Double reciprocal plots of urea hydrolysis inhibition of the wild-type K.
aerogenes urease by Bi(EDTA). (b) Kinetics of urease inactivation upon addition of Bi(EDTA). The wild-type and the C319A mutant
urease were treated with 2 mM Bi(EDTA) in 50 mMHEPES buffer at pH 7.0. vt/v0 (where vt is the velocity at time t and v0 is the initial
velocity) is shown as a function of time for wild-type (m) and C319A (d) enzymes.
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uted to the interaction of bismuth with Cys319.
When comparing urease sequences from different
species, it was found that the critical cysteine residue
is conserved in several species (Figure 4a). Prior
studies have shown that chemicalmodification ofK.
aerogenes Cys319 or substitution of this residue by
larger amino acids leads to the reduction or elimi-
nationof enzymeactivity, although it is not essential
for catalysis as shown by the activity of the C319A
variant (Todd & Hausinger 1989; Martin & Hau-
singer 1992). Similarly, structural studies of urease
from B. pasteurii reveal that Cys322, equivalent to
the Cys319 in K. aerogenes urease, participates in
catalysis, but again is not essential (Benini et al.
1998, 1999). b-Mercaptoethanol was found to in-
hibit the plant enzyme directly by bridging the two
Ni(II) ions (via the sulfur atom of the inhibitor) in
the active site and indirectly through formation of a
disulfide bond with Cys322, hence sealing the en-
trance to the active site cavity (Figure 4c). Our ICP-
MS data (not provided) on the jack bean urease
after incubation with bismuth complexes showed
that nickel was retained by the bismuth-inhibited
enzyme, again indirectly confirming the targeting of
Bi(III) to Cys319 instead of replacing the metal.

In summary, bismuth complexes inhibit urease
activity effectively by several different inhibition
modes. Bismuth binds to a cysteine residue of the
enzyme (Cys319 inK. aerogenes and probably Cys592

in jack bean urease) at the entrance of the active site,
as shown by protection against the thiol-specific
reagent DTNB, the release of Cys from Bi(Cys)3

upon binding urease as monitored by 13C NMR,
and the decreased rate of inactivation observed in
the C319A mutant urease. Direct displacement of
nickel by bismuth was not observed. The observed
interactions with urease shed light on the mecha-
nism of antimicrobial effects of bismuth drugs.
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