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ABSTRACT

The biocoordination chemistry of antimony and bismuth has been
extensively investigated due to the historical use of these metals
in medicine. Structures of bismuth antiulcer agents and interactions
of Bi3* with proteins and enzymes, such as transferrin and
lactoferrin, the histidine-rich protein Hpn, and urease, have been
characterized. Sb>* is a prodrug and is bioreduced or activated to
its active form Sb3* intracellularly. Antimony binds to biomolecules,
such as glutathione, trypanothione, and nucleotides, and forms
binary and ternary complexes, which may allow it to be trafficked
in cells. These studies have improved our understanding of the
mechanism of action of bismuth and antimony drugs, which in
turn allows the future design of drugs.

1. Introduction

Both antimony and bismuth belong to the same group in
the periodic table, together with nitrogen, phosphorus,
and arsenic. Bismuth compounds have been used in
medicine for more than two centuries for the treatment
of Helicobacter pylori infection and other gastrointestinal
disorders.? Antimony-containing compounds are com-
monly used to treat parasitic infections such as leishma-
niasis, but drug resistance and side effects associated with
the use of these antimony compounds have aroused
concern.? This Account briefly summarizes recent progress
on the structures of group 15 metallodrugs and their
interactions with proteins and enzymes, which are of
fundamental importance in understanding their biological
activities at the molecular level.

2. Structure

Structures of Bismuth Subsalicylate (BSS) and Bismuth
Citrate. Bi3* is highly acidic in water (pKy; of ca. 1.5) and
has a strong tendency to form stable hydroxo- and oxo-
bridged clusters. Dimeric and polymeric structures are
commonly observed for bismuth complexes resulting from
the ligand engaging more than one Bi*" center and
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FIGURE 1. Structures of bismuth and antimony drugs: (A) the
octahedral arrangement of the Bi atoms in [BigO7(Hsal);3(Me;CO0)s]
with seven octahedral faces capped by an oxygen atom; (B)
structure of the dodecanuclear oxo-citrato bismuth cluster unit
[Bi120g(cit)g]'—; (C) the polyanionic chain of [Bilcit);Bil;*~ aggregated
from dimers | and Il under acidic conditions; (D) dimeric structure
of Sb3* tartrate. Color code: Bi, yellow; O, red; C, green; Sh, sky
blue.

behaving as a bridging ligand (e.g., O%", citrate), Figure
1A—C. The coordination number of Bi" is highly variable
(from 3 to 10), and the coordination geometry is often
irregular.*

Although bismuth subsalicylate (BSS), colloidal bismuth
citrate (CBS), and ranitidine bismuth citrate (RBC) have
been used as antiulcer drugs for decades, their structures
have only recently been reported. Several bismuth sub-
salicylate complexes have been synthesized and structur-
ally characterized by X-ray crystallography very recently.®
Salicylate ligands are coordinated to all bismuth atoms
via chelation, with extraordinary variations in binding
modes. The Big clusters in both [BigO-(Hsal);3(Me,CO)s]-
(MBQCO)Ls (Figure IA) and [BiggO44(HSﬁl)25(M€2CO) 15~
(H20),]:(Me,CO)s comprise a central Big octahedron
([BigOs]?*), a common building block of bismuth-oxo
compounds. Very short bonds in the oxide core (2.06—
2.09 A) and medium and long bonds resulting from
asymmetric coordination of the carboxylate groups are
found in these structures, with the coordination numbers
for bismuth being either six, seven, or eight.* The Big
cluster may aggregate to form Bisg clusters. Although stable
in organic solvents, these complexes may slowly hydrolyze
in aqueous solution to form a mixture of clusters, which
accounts for the poor solubility of BSS.

In contrast to BSS, both CBS and RBC are highly water
soluble, and their solubilities are dependent on pH and
ionic strength, ranging from around 1 g/mL in pure water
to 1 mg/mL at acidic pH and high ionic strength (e.g.,
in the stomach). They have been commonly used for the
treatment of peptic ulcers and H. pylori infections,
together with antibiotics, which has stimulated extensive
structural studies of bismuth complexes with (sub)citrate.
The empirical formula of CBS was previously reported as
K5(NH,)2[BigO3(OH)5(Hcit)4] in the Merck Index but has

* To whom correspondence should be addressed. Tel: (852) 2859-8974.
Fax: (852) 2857-1586, E-mail: hsun@hkucc.hku.hk.

VOL. 40, NO. 4, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 261



Bioinorganic Chemistry of Bismuth and Antimony Ge and Sun

been revised to a less precise formula in the latest edition
to reflect its complicated polymeric nature.

By variation of the pH and the ratios of Bi** and citrate,
about ten different bismuth citrate complexes have been
obtained and characterized by X-ray crystallography. The
majority of these contain a complex of Bi** with a
tridendate citrate, which forms a stable dinuclear unit
[Bi(cit),Bi]?~, with additional OH~, O?>~, and H,O ligands.
These complexes are also characterized by a short Bi—O
(alkoxide) bond (ca. 2.2 A) and stereochemically lone pairs
of electrons from the Bi**. At neutral pH, both multi-
nuclear clusters and linear polymers are present through
citrate and oxo bridging. The dodecanuclear oxo-citrato
bismuth cluster [Bi;»Og(cit)g]'?~ unit (Figure 1B), which has
a symmetry of inversion, is composed of two [BigO4(cit)4]%~
cluster units.” The structure of [BigO4(cit)4]®~ is comparable
to that of [BisO4(OH)4]%", in which the four hydroxides are
substituted by the hydroxyl oxygen from each citrate. Both
clusters have almost an identical BigOg core, a common
basic building block found in bismuth-oxo compounds.
The Bi), cluster can further aggregate to form a mixture
of (Biin), (n =1, 2, ...) species in concentrated solutions
and upon dilution may dissociate or undergo hydro-
lytic decomposition to form smaller clusters such as
[BigO4(cit)4]%~ with the release of some citrate.

Structural studies of bismuth citrate under acidic
conditions (e.g., pH ~ 3) were made to understand the
possible pharmacokinetics as well as the composition of
the CBS and RBC species that may be present in the
stomach. These revealed that only linear polyanionic
complexes were obtained (Figure 1C).2° Interestingly,
three types of bismuth citrate dinuclear unit [Bi(cit),Bi]?~
were present with Bi---Bi distances ranging from 5.74 to
6.08 A. In these dimers, each Bi** is coordinated to three
oxygens from one citrate in a tridentate mode as well as
a doubly bridged terminal carboxylate group from another
citrate in the form of a four-membered chelate. The
coordination of each bismuth in one dimer (I) is comple-
mented by a monodentate oxygen from a citrate belonging
to the adjacent dimer (II) (Bi—O, 2.79 A) and one water
molecule (Bi—0, 2.45 A). The coordination numbers for
the Bi** centers in these dimers are seven and eight,
respectively. Unlike the arrangement found in other Bi®*-
citrate complexes, dimer II is vertically inserted between
two adjacent structural units (I). The assembly formed by
dimers I and II leads to the formation of not only a
“tetrameric unit” and subsequently a “linear polyanionic
chain” but also a two-dimensional network (sheet) and
3D structures, forming a large mesh with channels via
further cross-linking. In solution, the interconversion of
different bismuth citrate species can be observed by NMR.
Ligand exchange rates are relatively slow on the NMR time
scale at pH > 6.2 but become much faster at pH < 5.
When the pH is varied from neutral to acidic pH values,
CBS may rearrange from clusters such as [BigOg(cit)4]%~
and [Bi;;Og(cit)g]'>~ and linear polymer anions [Bi-
(cit),Bi]«?"", to sheets and 3D polymers (e.g., [Bi(cit),Bi]«>"~
or [Bi(cit),(Hcit)Bi]»>"") due to rapid ligand exchange. RBC
may adopt a similar bismuth citrate skeleton ([Bi(cit),-
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Bi]..>"") based on their similarities in chemical composi-
tions (Bi/cit= 1:1) and crystallization conditions (pH
3—4).9 These polymeric anions formed by sheets and
chains could be the potential “active species” of the
antiulcer drugs in the stomach and may be selectively
deposited on the ulcerous craters to form a “protective
coating”. Cleavage of the doubly bridged carboxylates
between the dimers by either citrate or water would lead
to singly bridged polyanionic species and to other low
molecular weight bismuth citrate species, which would
allow the metal to be taken-up by bacteria. The interaction
of these polymers with membrane surfaces may be
important to their bioactivity and bioavailability.

Using the linear polymeric [Bi(cit),Bi].>*~ chain as a
template, bismuth subcarbonate nanotubes with a diam-
eter of 4.0 + 0.5 nm have been prepared. Notably, these
nanotubes exhibited slightly higher antibacterial activities
(ICsp = 10 ug/mL) against H. pylori than CBS'° and may
provide a structural basis for the design and development
of future bismuth nanomedicines.

Antimony Structures. Sb®"-containing compounds,
such as sodium stibogluconate (Pentostam) and meglu-
mine antimonate (Glucantime), have been used clinically
against different forms of leishmaniasis. They are more
effective and 10-fold less toxic than their trivalent ana-
logues, although Sb°* is generally regarded as a pro-
drug, which is reduced or activated into Sb3* in vivo.!!
The precise molecular structures of stibogluconate and
meglumine antimonate have not been unambiguously
determined. It is commonly believed that the former is a
mixture of Sb>" and carbohydrate with apparent molecular
masses ranging from 746 (probably corresponding to a
dimer) to 4 kDa (polymeric species). The major species
of meglumine antimonate in aqueous solution is
Sb(NMG), (where NMG = N-methyl-p-glucamine) with a
formula mass of 507. However, a series of oligomers of
Sb>* and N-methyl-p-glucamine have also been observed
with the general formula Sb,(NMG),+; or Sb,(NMG), (n
= 1—4),'2 which exist in equilibrium in solution.

The clinically used trivalent antimony agent, potassium
antimony(Ill) tartrate, is a dimer.!® Each antimony coor-
dinates in a bidendate mode to four oxygens from each
of the two tartrate ligands (Figure 1D). The coordination
geometry of Sb3* is distorted pseudo-trigonal bipyramidal.
In solution, both monomers and dimers exist in equilib-
rium with monomers being the major species at higher
pH values.

3. Interactions of Antimony and Bismuth
Compounds with Biomolecules

Bismuth Binding to Proteins. Transferrin comprises a
family of large (~80 kDa) non-heme glycoproteins with
the principal biological function of ferric iron binding and
transportation (with the exception of melanotransferrin).!
Serum transferrin has the role of carrying Fe3* from the
site of intake into the blood plasma and tissues by
endocytosis of the diferric protein in association with
transferrin receptor. It is also likely to be involved in the



Bioinorganic Chemistry of Bismuth and Antimony Ge and Sun

) Bound co}-
\

YAV

180 170 160
13C/ ppm

FIGURE 2. (A) 125 MHz C NMR spectra of hLF (1.2 mM, 50% H,0,
pH* 7.4) in the presence of 10 mM H™®CO;~ with the addition of 0,
1, or 2 molar equiv of Bi(NTA) (from bottom to top), (B) X-ray structure
of the Fe,—hLF (PDBID, 1BOL) with the two lobes labeled as N- and
C-lobes and the Fe®" ions (as balls) highlighted, and (C) the Fe®"
binding site in the N-lobe of lactoferrin. Adapted from ref 17.

delivery of other metal ions including therapeutic, radio-
diagnostic, and toxic ions.!® The strength of metal binding
to transferrin was found to simply correlate with the metal
acidity. A related protein, lactoferrin, is believed to serve
mainly as a bacteriostat by chelating iron, a metal es-
sentially required for the growth of microorganisms.
Lactoferrin binds Fe3* with an affinity 100-fold higher than
that of transferrin.'® However the rates of uptake and
release of the metal by lactoferrin are much lower than
for those of transferrin.!*

Bi** binds strongly to the iron binding sites of human
transferrin (hTF) and lactoferrin (hLF), both in the N- and
C-lobes, along with either carbonate or oxalate as the
synergistic anion.'”'® Qur NMR data suggest that binding
of Bi** occurs preferentially in the C-lobe of transferrin.
In contrast, there is no site preference for the binding of
Bi** to human lactoferrin, as demonstrated by the simul-
taneous increase in the intensity of the bound carbonate
signals at 165.9 and 165.2 ppm, Figure 2. The relatively
large difference in chemical shifts indicates that the two
bound carbonates in lactoferrin are in slightly different
environments in each of the two lobes, in contrast to what
is found in human transferrin. Similar to Fe®*, the binding
of Bi** to human lactoferrin is reversible with a half-
dissociation pH (pHi/,) of 5.2. Significantly, the Bi,—hLF
complex blocks the uptake of *Fe,—hLF into rat IEC-6
cells, indicating that Bi**-loaded lactoferrin is recognized
by the protein receptor and can be taken-up into the cells
via a “receptor-mediated endocytosis” process.!” Since
lactoferrin is known to be present in significant amounts
in the stomach secretions of patients with gastritis, Bi**
may therefore interfere with iron metabolism in bacteria.
The accumulated intracellular Bi** may then interact with
proteins and enzymes in bacteria.

The neurotoxicity associated with the use of bismuth
drugs is generally diagnosed by the detection of bismuth
in blood, plasma, or serum.!? In blood, bismuth is thought
to be primarily present in the red blood cells, with the
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FIGURE 3. Distribution of Bi** among components of normal human
serum (bottom) and human serum in the presence of elevated
transferrin (top). The solid line and dotted lines represent the
chromatogram of human serum separation by an anion-exchange
column and bismuth profile (%). Adapted from ref 21.

remaining portion found in serum and plasma.?® The
binding of Bi** to serum transferrin in the presence of a
large excess of albumin and even in blood plasma itself
can be directly monitored by NMR using isotopically
labeled protein. Bi** binds to transferrin even in the
presence of a 10-fold excess of serum albumin. This occurs
despite the presence of a free thiolate group at Cys34,
which would be expected to have a higher affinity for Bi®*
than oxygen and nitrogen ligands.!® This clearly suggests
that the accessibility of the potential target site(s) for
metallodrugs (e.g., Bi**) is of key importance. The Bi3*-
induced changes in shifts of the 'H/!3C resonances of the
labeled transferrin are similar to those induced by Ga®*
and Fe®*, suggesting that there are similar conformational
changes.

In agreement with the NMR study, competitive binding
studies between Bi** and human albumin and transferrin
monitored by fast protein liquid chromatography (FPLC)
and inductively coupled plasma mass spectrometry (ICP-
MS) showed that >70% of bismuth is associated with
transferrin even in the presence of 13 molar equiv of
albumin (Figure 3).2! Bismuth was found to bind to
albumin only when iron-saturated transferrin was used.
Therefore, transferrin is probably the major transporter
of Bi** in blood plasma, indicating that it plays an
important role in the pharmacology of bismuth.

Bi®" Inhibition of Enzymes. Pathogenic microorgan-
isms such as H. pylori produce large amounts of enzymes,
and enzyme inhibition has long been thought to play a
critical role in the activities of bismuth antiulcer drugs. It
has previously been demonstrated that bismuth drugs
inhibit several enzymes from H. pylori, for example,
cytosolic alcohol degydrogenase (ADH),?? ATPase, and
urease.?® The zinc-containing enzyme ADH is responsible
for the oxidation of alcohols to acetaldehydes, which are
toxic to mucosal cells. Kinetic analyses have shown that
Bi3* (as CBS) acts as a noncompetitive inhibitor of yeast
alcohol dehydrogenase. Bi3* binds to thiolate groups on
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FIGURE 4. K. aerogenes urease inhibition by Bi(EDTA): (A) double
reciprocal plots of wild-type K. aerogenes urease inhibition by
Bi(EDTA); (B) kinetics of the inhibition of the wild-type and active
C319A mutant K. aerogenes urease by 2 mM Bi(EDTA) in 50 mM
Hepes at pH 7.0; (C) the active site of the enzyme with the cysteine
highlighted. Adapted from ref 26.

the enzyme as evidenced by the increase in absorbance
at 350 nm upon addition of Bi**.?* The interaction between
Bi3* and the enzyme exhibits biphasic behavior, and only
one of the two Zn?" ions can be substituted by Bi**. Since
the inhibition is noncompetitive, it likely replaces the Zn?*
at the structural site, which is coordinated to four cysteine
residues. Interestingly, the binding of Bi** to the enzyme
gradually promotes enzyme multimer dissociation, favor-
ing the formation of a dimer, rather than its native
tetrameric arrangement.?*

Urease in H. pylori is essentially required for coloniza-
tion of the gastric mucus and for the survival of the
bacterium under highly acidic conditions. It catalyzes the
hydrolysis of urea to ammonia and carbon dioxide, which
helps to maintain the periplasmic pH value at ca. 6.2.
Urease has long been regarded as a potential target for
antiulcer drug design. Bismuth complexes are found to
efficiently inhibit the enzyme.?® Since ureases have highly
conserved sequences, the three-dimensional structures
and the active site (dinuclear nickel center), the inhibition
of Jack bean urease by various bismuth complexes has
been investigated. RBC has been shown to act as a
noncompetitive inhibitor with a K value of 1.17 mM, while
Bi(EDTA) and Bi(Cys); are competitive inhibitors with
similar K; values to RBC.26 The decrease in free thiolates
by 12 and 6 per hexamer (i.e., 2 and 1 per monomer) upon
incubation of Jack bean urease with RBC and Bi(EDTA),
respectively, suggested that Bi** ions are possibly bound
to exposed cysteine residues on the enzyme. Bi3* (as
Bi(EDTA)) reversibly inhibited the urease from Klebsiella
aerogenes. Incubation of the wild-type enzyme with Bi®*
led to a first-order decrease in enzyme activity (Figure 4).
The significant decrease in the rate of inactivation of the
catalytically active C319A mutant of the bacterial enzyme
(5.04 x 107* min™!) under identical conditions, as com-
pared with the wild type (9.95 x 1073 min™!), clearly
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FIGURE 5. Hpn, a nickel-storage protein in H. pylorii (A) amino
acid sequence of Hpn with the histidine residues and cysteine pairs
highlighted; (B) Hpn binds to Cu%*, Ni?*, Zn?*, and Bi¥*; (C) Hpn
protects E. coli cells from the extracellular Bi** ions.

indicated that urease inactivation is mainly due to the
interaction of Bi** with Cys319 (Figure 4B,C). This residue
is conserved in ureases from several species and is located
on a flap at the entrance to the active site. Binding of Bi3*
to this residue may seal the entrance to the active cavity.

Nickel is important for the survival of H. pylori, and a
constant supply of nickel ions is required for the synthesis
and activity of the urease and hydrogenase. However, high
concentrations of nickel ions are toxic. H. pylori synthe-
sizes an unusual histidine-rich cytoplasmic protein (28
histidines out of 60 aa), Hpn, which may play a role in
the storage of nickel ions and shares some similarities to
the Zn?*/Cu™ storage protein metallothionein. The tran-
scriptional synthesis of Hpn is upregulated by the nickel
regulatory protein (NikR) in the presence of excess of
nickel. H. pylori strains containing an hpn knock-out gene
are 4-fold more susceptible to Ni?* and Bi** than the wild-
type strain, indicating a potential role of the protein in
alleviating the toxicity by sequestering excess intracellular
metals. Hpn exists as a multimer, with a 20-mer being the
predominant species in solution. It binds around 4.8 +
0.2 Ni*?* and 3.8 £ 0.2 Bi*" ions per monomer with
moderate strength (Ky of 7.1 and 11.1 uM, respectively),
Figure 5.7 Importantly, Ni** binding is reversible: the
metal being released from the protein either in the
presence of a chelating ligand such as EDTA or at a slightly
acidic pH (pH,,» ~ 6.3). At [Bi**] > 30 uM, Escherichia coli
BL21 cells with the hpn gene on a pET plasmid were found
to grow slightly better upon addition of isopropyl-f5-D-
thiogalactopyranoside (IPTG) than those without, and cells
without the hpn gene grew much slowly than those with
hpn, Figure 5C. Strains with and without hpn similarly
exhibited different growth rates in the presence of Ni**.
In contrast, comparable cell growth was observed in the
presence of Cu?" and Zn?*. This suggests that Hpn may
be involved in nickel storage and homeostasis.

Sb5* Binding to Nucleotides. Both Sb5* and Sb3* have
been shown to form complexes with the ribose moiety of
nucleotides.?**° Combined with the fact that Sb>" under-
goes a relatively slow reduction in parasites, this indicates
that the formation of antimony—nucleotide complexes is
possible in vivo. Sb5" forms relatively stable 1:1, 1:2, and
1:3 complexes with nucleotides containing vicinal cis-
hydroxyl groups (e.g., adenosine, cytidine, guanosine,
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uridine, and AMP) under physiological conditions.?! Stable
mono- and bisadducts of Sb>* are formed with guanosine
5'-monophosphate (5'-GMP) and guanosine 5'-diphospho-
D-mannose through binding to the deprotonated hydroxyl
group (—0O") of the ribose moiety, with the monoadduct
kinetically and thermodynamically favored.?? Oxygen at-
oms from water molecules may be involved in complex
formation. The rate of formation of the monoadducts
(Sb(5'-GMP) and Sb(5'-GDP-mannose) is 10-fold faster
than that of the bisadducts (Sb(5'-GMP), and Sb(5'-GDP-
mannose),). The preferential formation of monoadducts
suggests that the nucleotides may act as carriers mediating
the transport of Sb>" into parasites, for example, via the
lipophosphoglycan (LPG) transporter.

Reduction or Activation of Pentavalent Antimony. As
noted above, it has long been thought that Sb®" is a
prodrug and is bioreduced to Sb3*, the active form of the
drug.?® Reduction occurs preferentially in amastigotes,
which are more sensitive to stibogluconate than promas-
tigotes.

Low molecular weight (LMW) thiols such as gluta-
thione have been shown to reduce Sb°*.3* However, this
process is too slow to be biologically significant. Rather
than glutathione, trypanothione (T(SH),) is the most
important LMW thiol inside Leishmania species and is
involved in the maintenance of cellular redox homeostasis
together with trypanothione reductase.?® Surprisingly,
T(SH), has been found to rapidly reduce Sb>* to SbT,
particularly under acidic conditions and at slightly el-
evated temperature (k = 4.42 M~! min~! at pH 6.4, 310
K).3637 Because amastigotes have a lower intracellular pH
and a higher temperature, the rapid reduction of Sb>* by
the T(SH), is more favorable in amastigotes compared
with promastigotes. However, the physiological relevance
of this observation required further analysis because
promastigotes contain higher intracellular concentrations
of T(SH), and GSH than amastigotes;* intracellular pH
values are maintained at pH values close to neutral and
are independent of external pH during both stages.*® Both
can take up Sb®" and Sb3*.40

To date, two enzymes have been found to be able to
catalyze the reduction of Sb®" to Sb**. LmACR2, from
Leishmania major, is the first identified metalloid reduc-
tase with a physiological role in drug activation.*! It is able
to reduce both arsenate (As°") and antimonate (Sb>") but
is more efficient at reducing antimonate, with a reduction
rate of around 33 and 10 nmol-mg~!*min~! for Sb®" and
As5t, respectively, in the presence of glutaredoxin and
GSH.

Another enzyme that is possibly involved in Sb°*"
reduction is a thiol-dependent reductase (TDR1) that uses
glutathione as the reductant.?? The reduction rates for
stibogluconate and meglumine antimonite are 6.3 and 1.4
uM-min~!, respectively. Expression of TDR1 in amastigotes
is around 10-fold higher than that in promastigotes, which
may explain the higher sensitivity of amastigotes to Sb°*-
based antimonials compared with promastigotes. How-
ever, this does not exclude additional reductions by the
host macrophage.

(A)

FIGURE 6. (A) Solution structure of SbhT(S), with a bound water
molecule noted, (B) overall structure of the ArsA ATPase with the
novel trinuclear Sb3* cluster highlighted (PDBID, 1F48), and (C)
coordination of Sh3* at the active site. Each metal is bound to two
residues from the protein and one chloride—C172 and H453, H148
and S420, and C113 and C422. Adapted from refs 44 and 45. The sky
blue and purple balls represent Sb3* and CI-, respectively.

Interaction of Sb3" with T(SH), and ArsA. Both arsenic
and antimony are classified as semimetals. The trivalent
antimony is a borderline metal ion and has a high affinity
toward thiolate sulfur-, oxygen- and nitrogen-containing
ligands. Its antileishmanial action is likely to be related
to its interaction with thiolate- and nitrogen-containing
proteins and enzymes. Sb** forms stable complexes with
glutathione and trypanothione with a stoichiometry of
Sb(TS,;) and Sb(GS)3.** Spin—echo NMR studies have
shown that the uptake of Sb®" (as potassium antimony
tartrate) into red cells and its complexation with the
intracellular glutathione occurs rapidly (¢, of minutes).
Due to the presence of two isotopes with similar natural
abundance ('?'Sb/'?3Sb = 57.25:42.75), characteristic peaks
can be observed in electrospray ionization (ESI)-MS
spectra upon antimony binding to biomolecules (Figure
7). Strong binding of Sb3* to trypanothione was examined
by NMR and ESI-MS, together with FPLC. Surprisingly, a
Sb(TS,) complex was formed with the Sb3* binding affinity
being 100-fold higher than that in Sb(GS); (pM = 24.5 and
22.1 respectively), probably due to the chelation and a
slightly lower pK, value (~7.4).* In contrast to the
glutathione complex, Sb3* coordinates to only the two
thiolates groups of the cysteine residues and to one oxygen
from a water molecule (Figure 6A). Strong H-bonding
between the bound water molecule and the carboxyl
oxygen stabilizes the Sb(TS,) structure. Similar to the
coordination of Sb3t/As®*" in the ArsA ATPase, the Sb(TS,)
complex can be regarded as an intermediate, and the
coordination of a non-protein/peptide ligand may allow
it to be more readily replaced by other donor atoms (e.g.,
thiols). Indeed, both NMR and ESI-MS experiments have
confirmed that a ternary complex is formed upon addition
of N-acetyl-cysteine and glutathione, suggesting that the
initial (H,0)Sb(TS,) complex changes to (L)Sb(TS,), where
L is glutathione or possibly even an enzyme.

VOL. 40, NO. 4, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 211



Bioinorganic Chemistry of Bismuth and Antimony Ge and Sun

100 7 (GS)Sb'(TS,) ( A)
'; a3 o
N .
i .. -
Elﬁ
L. i
100 ~
- § 842.3
2 Sb(TS,) 8443
— /
2 ]l ‘ 155?.2

600 1000 1400 1800
miZ

(B)

PGPA

Enzyme-

Sb(Ts;) ?
Trypanothione Inhibition
reductase ADP r

ATP Thiol-Sb(TS,)

5/_1\'\3 s
T(SH -
(SH), T(S-5) T(sH),
b5 —w——s Sh3* -
Activation Complexation

Sh(TS,)

SES+ Efflux

FIGURE 7. (A) ESI-MS spectra of Sh(TS;) (bottom) and Sh(TS,) after
addition of glutathione (top) and (B) the proposed molecular
mechanism of action of antimonial compounds against Leishma-
nia: uptake of Sb® into parasites; intracellular reduction or
activation of Sb%" to Sb3*; binding of Sb®" to T(SH), followed by
enzyme targeting or being pumped out by an ATP-coupled trans-
porter. Adapted from ref 36.

The structure of Sb3* with ArsA ATPase has recently
been solved by X-ray crystallography.*® This has consider-
ably improved our understanding of the active extrusion
of metals, a common mechanism underlying detoxifica-
tion of heavy metals, drugs, and antibiotics in bacteria,
protozoa, and mammals. In E. coli, the ArsAB pump,
which consists of a soluble ATPase and a membrane
channel (ArsB), provides resistance to both arsenite (As*")
and antimonite (Sb®*). The ArsA ATPase is composed of
homologous N-terminal (A1) and C-terminal (A2) halves
(Figure 6B), both of which have nucleotide binding
domains (NBD). NBDs are located at the opposite end of
the molecule with respect to the allosteric site. One
interesting characteristic of the ATPase is that it is
activated upon the binding of Sb3* or As®**, the same ion(s)
transported by the ArsAB pump. Surprisingly, a novel
trinuclear Sb** cluster was found to be located at the
interface between the two halves of the protein complex
(Figure 6B,C). Each of the three Sb3* coordinates to three
donor atoms, two of them from the protein residues with
one donor atom (ligand) from each domain and one from
a nonprotein ligand (Cl7). Sb3" coordinates to either
thiolates or nitrogen groups, for example, Sb; to Cys113
(A1) and Cys422 (A2) and Sb, to Cys172 (Al) and His453
(A2), or nitrogen- and oxygen-containing groups, for
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example, His148 (A1) and Ser420 (A2). The binding of Sb3*
(or As®") brings together the two domains of the enzyme.
Similar to the (H,0)Sb(TS,) complex, the coordination of
the nonprotein ligand (e.g., CI") may allow the Sb3"/As3*
to be more readily replaced by other thiolates, facilitating
their transport.

Despite the fact that Sb3" binds strongly to thiolate
sulfurs, these complexes are kinetically labile toward
thiolate ligands such as glutathione and trypanothione.
The rate of exchange of trypanothione or glutathione with
Sb3* is pH dependent, being slower at lower pH values
(5—10 s~ ! at pH ~ 4) and considerably faster at pH 7 (>500
s™! at pH = 7.4), as demonstrated by NMR measure-
ments.?® Importantly, exchange between the free and
bound forms in the ternary complex (Cys)Sb(TS,) was also
observed. Similar types of metal ion exchange among
thiolate sulfurs have been noted for other low molecular
mass ligands and proteins. Therefore, trypanothione may
act as a chaperone, delivering Sb*" via thiolate exchange
to target proteins and enzymes within the cell.

Modes of Action of Antimonial Compounds. Upon
uptake into cells, Sb>"-containing compounds are reduced
or activated to Sb3* either enzymatically or nonenzymati-
cally. Sb*" interferes with trypanothione metabolism in
drug-sensitive Leishmania parasites and forms a complex
with either glutathione*? or trypanothione.’¢ It may even
form a ternary complex between Sb3*, T(SH),, and a
monothiol ligand, for example, GSH ((GS)Sb(TS),). Com-
plexed Sb3*" may then inhibit enzymes such as trypano-
thione reductase. Simultaneously, Sb3" may also be ex-
truded by the As pump, although direct evidence of
cotransport of antimony and thiols is needed to verify this
hypothesis (Figure 7B).

4. Concluding Remarks

Recent structural studies of bismuth complexes indicate
that Bi*" has a variable coordination number, has an
irregular coordination geometry, and is strongly acidic.
The polymeric species such as [Bi(cit),Bi]..>"~ appear to
be the predominant forms of the Bi®" citrate antiulcer
drugs. Possible target sites for bismuth in proteins and
enzymes are likely to include both ferric iron sites (e.g.,
both O and N ligands in transferrin or lactoferrin) and
zinc and nickel sites (e.g., metallothionein and Hpn).
Inhibition of (metallo)enzymes by bismuth may play an
important role in the antibactericidal activity of bismuth-
containing drugs, and the inhibition is mainly ascribed
to its binding to the key cysteine residue(s) within the
enzyme.

The relatively nontoxic Sb>" may act as a prodrug, being
activated or reduced at or near the site of action both
enzymatically and nonenzymatically. Both Sb"(TS;) and
Sb'—ArsA ATPase complexes could act as intracellular
intermediates, and labile water or chloride ligands can
readily be replaced by a thiolate sulfur (e.g., cysteine) from
another molecule, resulting in the formation of a ternary
complex. The facile exchange of Sb®*—thiolate bonds may
be crucial for its transport within parasites and, more
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importantly, could be a common feature for metal traf-
ficking among different molecules in cells. Newly devel-
oped techniques (e.g., metalloproteomics) should help to
establish the molecular mechanisms underlying the anti-
microbial activities of bismuth and antimony in a more
comprehensive and efficient way and will aid the design
of better metallodrugs and novel agents for other thera-
peutic purposes.
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