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ABSTRACT

Kan-Jen Tsai, Ching-Mei Hsu and Barry P. Rosen (1997) Efflux mechanisms of resistance to cadmium, arsenic
and antimony in prokaryotes and eukaryotes. Zoological Studies 36(1): 1-16. Resistance to toxic metals is
ubiquitously found in prokaryotes, both gram positive and gram negative, and in all types of eukaryotes,
including fungi, plants, protozoans, and animals. In both prokaryotes and eukaryotes, toxic metals are ex­
truded from cells through efflux transport systems to confer this resistance. Although the chemical sub­
strates recognized by each transport system vary considerably, many heavy metal and metalloid translocating
ATPases have been identified by evolutionarily unrelated pumps that have evolved the same function. Among
these efflux mechanisms of resistance to heavy metals and metalloids, bacterial cadmium resistance is
mediated by a primary transporter while the thiol-linked efflux systems have developed for cadmium re­
sistance in eukaryotes. In contrast, bacterial resistance to arsenicals and antimonials is mediated by a
primary ATP-coupled pump in association with a catalytic subunit, whereas an ATP-coupled As-thiol pump
has evolved to confer the resistance in eukaryotic systems. The biochemical aspects of the efflux mechanisms
related to cadmium, arsenic, and antimony resistance in prokaryotes and eukaryotes are discussed in detail
in the present review.
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INTRODUCTION

Fig. 1. Prokaryotic and eukaryotic pumps for metals and
metalloids. Bacteria and eukaryotes have convergently evolv­
ed different resistance pumps for the ATP-coupled extrusion
of cadmium, arsenicals, and antimonials from cells. (A) In
bacteria, ArsA and ArsB form a membrane-bound oxyanion­
translocating ATPase for extrusion of arsenite and antimonite.
The 63-kDa ArsA ATPase is the catalytic subunit. The 45.5-kDa
ArsB subunit, an integral membrane protein located in the
inner membrane of E. coli, has conductivity for arsenite or
antimonite. ArsC is an arsenate reductase that expands the
range of resistance by reducing arsenate (As(V» to arsenite
(As(III». Electrons are transferred from glutaredoxin, which
is re-reduced by glutathione. (B) Resistance to arsenite and
antimonite in eukaryotic cells occurs by the ATP-coupled ex­
trusion of a soft metal-thiol complex, where As(lIl) or Sb(lll)
are postulated to react with a physiological thiol such as
glutathione in mammalian cells or trypanothione in Leishmania.
Although arsenate and antimonite are slowly reduced nonenzy­
matically by glutathione and other thiols, arsenate and the
antileishmanial drug Pentostam, which contains Sb(V), may
require a reductase to convert them to the trivalent form at
physiologically significant rates. Sb(lIl) and As(lIl) also react
spontaneously with thiols, but enzymatic conjugation may be
required for reaction to produce resistance. The metalloid-thiol
complex is proposed to be the substrate of a transport system
that extrudes the conjugate, thus producing resistance. Similar
eukaryotic pumps exist for the transport of Cd(II)-thiol con­
jugates. (C) Resistance to Cd(lI) in prokaryotes is catalyzed
by the CadA P-type ATPase. The domains in this 727-residue
protein are postulated from their position in homologues (Silver
and Walderhaug 1992).
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In both prokaryotes and eukaryotes there are
transport systems that produce resistance to drugs
and toxic metals by extrusion from the cell, re­
ducing the intracellular concentration to subtoxic
levels (Dey and Rosen 1995a). To treat clinical
drug resistance we must first know the molecular
mechanisms by which resistance occurs. This
chapter will briefly review biochemical aspects of
resistance to the toxic metals cadmium, arsenic,
and antimony.

Arsenicals and antimonials were among the
1st chemotherapeutic agents used to treat infec­
tious diseases; nearly a century ago Paul Ehrlich
introduced into clinical use his so-called "silver
bullet", Salvarsan, for the treatment of syphilis
and trypanosomal diseases. For his development
of this organic arsenical drug Ehrlich was awarded
the Nobel Prize in 1908. He noted that Salvarsan
resistance rapidly arose in previously arsenic sen­
sitive cells. Ehrlich hypothesized that arsenicals
must be taken up by cells via a cell surface ar­
senical receptor in order to be effective. He postu­
lated that resistant organisms might no longer take
up the toxic arsenical, surviving the drug. In our
respective laboratories we are investigating the
mechanisms of resistance to cadmium, arsenic,
and antimony in prokaryotes and eukaryotes. Inter­
estingly, although both kingdoms have evolved
efflux pumps for toxic metals, the specific mech­
anisms and the proteins that produce them appear
to be the results of independent, convergent evolu­
tion (Fig. 1).

Bacterial metal resistances evolved originally
from exposure to natural sources, and only more
recently from our use of drugs (Hughs and Datta
1983). Toxic metal ions are ubiquitously found in
the environment (Foye 1977, Knowles et al. 1983).
In eubacteria, plasmid-mediated resistances to
inorganic salts, such as arsenate, arsenite, anti­
mony, lead, cadmium, zinc, bismuth, and mercury
have been previously reported (Novick et al. 1968,
Foster 1983). Bacterial cells bearing these re­
sistance determinants can evade metal toxicity,
suggesting that there might be specific mechanisms
encoded by these genetic elements to exclude
metal ions. Of these, two have been characterized
in sufficient biochemical detail to warrant review:
the CadA ATPase that produces cadmium re­
sistance in Staphyloccocus aureus (Nucifora et al.
1989), and the arsenite-translocating ATPase that
provides resistance to arsenicals and antimonials
in Escherichia coli (for recent reviews, see Kaur



Tsai et al. - Mechanisms of Metal Resistance 3

et al. 1992, Dey and Rosen 1995a). In addition,
the bacterial arsenical resistance will be com­
pared with evolutionarily unrelated eukaryotic
pumps that have evolved the same function.

BACTERIAL CADMIUM RESISTANCE AND
REGULATION

As a consequence of antibiotic usage, bacterial
cadmium resistance has been prevalently found
in clinical isolates (Udo et al. 1994 1995). In most
cases, cadmium resistance is associated with other
genes conferring resistance to 1 or more anti­
biotics. For example, chromosomally-encoded
cadmium resistance was found in 5 methicillin­
resistant S. aureus strains along with resistance
genes to mercury (Witte et al. 1986). Strains with
the chromosomally-encoded cadmium resistance
determinants exhibit resistance to cadmium only
and not to zinc, and they actively extrude cadmium.
However, cadmium-resistant genetic elements ac­
quired through transposition and transformation
processes are also frequently found as well (Lebrun
et al. 1994a,b). One such cadmium resistance
determinant was found in the staphylococcal plasmid
pl258 (Novick 1963 1968). This penicillinase­
producing plasmid, originally isolated from a clinical
specimen, also carries resistance to erythromycin,
mercury, lead, bismuth, cadmium, zinc, arsenic,
and antimony. Cadmium resistance produced by
pl258 was shown to be composed of 2 separated
loci, cadA and cadB. The cadA resistance deter­
minant confers approximately 100-fold resistance.
However, cadB gave only a low-level resistance
to cadmium (Smith et al. 1972). The cadB re­
sistance determinant is found only on some, but
not all, penicillinase plasmids in S. aureus har­
boring cadA. The mechanism of cadB-mediated
cadmium resistance has not been determined, but
it does not produce cadmium efflux (Perry et al.
1982).

Plasmid-mediated cadA cadmium resistance
determinant confers resistance to both cadmium
and zinc and shows no homology to the chromo­
somally-encoded cadmium efflux system described
above (Witte et al. 1986). Initial reports indicated
that cadA-mediated cadmium resistance correlated
with decreased cadmium uptake in cells (Chopra
1970, Tynecka 1975, Weiss et al. 1978, Tynecka
et al. 1981a,b). The effects of energy sources and
inhibitors suggested that Cd(lI) transport was
mediated by an electroneutral 2H +ICd(lI) antiporter
coupled to the electrochemical proton gradient

(Tynecka et al. 1981b). As will be discussed in
more detail below, more recently several lines of
evidence have suggested that cadA cadmium efflux
is catalyzed by a primary pump and not a secondary
transporter. First, from the amino acid sequence
deduced from the DNA sequence of the cad operon,
the CadA protein is a member for the P-type
ATPase family of cation pumps (Nucifora 1989).
Second, the protein has been characterized bio­
chemically, and shown to be an ATP-dependent
Cd(ll) pump (Tsai et al. 1992).

The cadA resistance determinant from S. aureus
plasmid pl258 has been cloned and expressed in
Bacillus subtilis (Nucifora 1989). A 3.5-kb nu­
cleotide fragment was demonstrated to contain
all the genetic elements required for conferring
full resistance to cadmium and zinc in B. subtilis
(Fig. 2A). Two open reading frames (ORFs) were
identified. The 1st, cadC, encodes a polypeptide
of 122 amino acids, which, as discussed below,
is the repressor protein of the cad operon. The
2nd ORF, cadA, encodes a protein of 727 amino
acid residues, which, as described below, is the
Cd(II)-translocating ATPase.

CadA

As mentioned above, from its predicted amino
acid sequence, CadA is a member of the family
of P-type cation-translocating ATPases. Members
of this group of enzymes include eukaryotic pro­
teins such as the Na+/K+-ATPase of animal cells,
the Ca2+ -ATPase from sarcoplasmic reticulum
(Maclennan et al. 1985, Shull et al. 1985, Brandl
et al. 1986), and the H+-ATPase of Neurospora
(Addison 1986, Hager et al. 1986, Serrano et al.
1986). Bacterial members of this family include
the Cu2 +-ATPase of Enterococcus hirae (formerly
Streptococcus faecalis) (Solioz et al. 1987, Walder­
haug et al. 1987, Odermatt et al. 1993), the
Ca2+ -ATPase of Flavobacterium odoratum (Gambel
et al. 1992), the K+-translocating ATPase of E. coli
(Hesse et al. 1984, Walderhaug et al. 1987), and
the Mg2 +-ATPase of Salmonella typhimurium
(Snavely et al. 1991). Based on the generalized
structure of P-type ATPases, a model of CadA
protein with 6 transmembrane a-helices was pro­
posed (Fig. 1C) (Silver et a1.1989, Silver and
Walderhaug 1992). Putative domains include the
ATP-binding domain and the 7-residue phosphory­
lation site (DKTGTlT) from residues 415 to 421,
which are conserved in all P-type ATPases. D415
corresponds to the residue phosphorylated in P-type
ATPases (Puppe et al. 1992). In support of this
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model, CadA, which was identified as a Cd(II)­
inducible membrane protein on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (Tsai
et al. 1992), was shown to form a phosphorylated
intermediate during the catalytic cycle (Tsai and
Linet 1993). The phosphoenzyme intermediate
formed in the presence of cadmium and 'Y-e2Pl­
ATP was hydroxylamine sensitive, consistent with
an acylphosphate bond.

Using everted membrane vesicles prepared
from cells of B. subtilis expressing the cad operon,
CadA was shown to catalyze ATP-dependent
109Cd(lI) transport (Tsai et al. 1992). No uptake
was observed in the presence of NADH or reduced
phenazine methosulfate, both of which generate
a pH gradient (Tsai et al. 1992). These results
indicate that ATP, but not the proton motive force,
is the energy source utilized to drive cadmium
transport. Therefore, the transporter is clearly a
primary pump and not a secondary proton ex­
changer. However, the possibility that CadA cata­
lyzes ATP-coupled Cd(II)/H+ exchange cannot be
excluded.

CadA has recently been functionally expressed
in E. coli under control of the T7 phage promoter

(Tsai and Linet, unpublished data). Since E. coli
is intrinsically cadmium resistant, this property
could not be examined in vivo. However, in vitro
assays demonstrated its function. First, CadA
could be visualized as an inducible band on sodium
dodecyl sulfate polyacrylamide gel electrophoresis.
Second, intact cells extruded 109Cd(II). Third,
everted membrane vesicles had ATP-dependent
109Cd(ll) transport. Site-directed mutagenesis of
the cadA gene was performed using E. coli ex­
pression, focusing on the 2 cysteine residues,
Cys23 and Cys26, found at the amino terminus of
CadA (Fig. 1C). These 2 cysteine residues have
been postulated to be the Cd(lI) recognition site
(Silver and Walderhaug 1992). This domain of
CadA shows sequence similarity with mercuric
reductases and with the R100 periplasmic mercury
binding protein (Nucifora et al. 1989, Silver et al.
1989). Recently 2 human Cu(II)-ATPases, the
Menkes and the Wilson gene products include
the similar amino terminal sequences. The se­
quences shown in these 2 gene products are
believed to playa parallel role to the initial binding
of metal ions (Bull et al. 1993, Silver et al. 1993).
However, the latter 2 proteins repeat the cysteine
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Fig. 2. Bacterial operons and their gene products that produce resistance to Cd(II)/Zn(lI) or As(III)/Sb(III). (A) The S. aureus
plasmid pl258 cad operon. (8) The E. coli plasmid R773 ars operon. (C) Comparison of bacterial ars operons.
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motif 6 times, compared with the single one in
CadA. The homologous regions in mercury re­
sistance proteins are believed to be sites of initial
recognition and chelation of mercuric ions.

To elucidate the roles of these cysteine res­
idues in CadA, the site-directed mutants C23S,
C23G, C26S, and C26G were constructed (Tsai and
Linet, unpublished data). Although these cysteine
mutants had reduced cadmium transport activity
in vivo, they still retained efflux activity. In vitro
assays of cadmium uptake in everted membrane
vesicles showed a more drastic effect of the muta­
tions, but, again, some activity remained. These
results suggest that these 2 cysteines participate
in but are not individually essential for Cd(lI) re­
cognition. A more detailed genetic analysis will be
necessary to elucidate the phenomena.

CadC

CadC, a 122 residue protein (Fig 2A), amino
acids was identified as a 13.8-kDa [35S]-methionine­

labeled band by sodium dodecyl sulfate polyacryl­
amide gel electrophoresis (Yoon and' Silver 1991).
From the deduced amino acid sequence, CadC is
a member of the ArsR family of metalloregulatory
proteins (San Francisco et al. 1990, Shi et al. 1994)
(Fig. 3). As discussed below, ArsR is the As(III)­
responsive repressor of the arsenical resistance
operon. This information strongly suggested that
CadC protein is the Cd(II)-responsive repressor
of the cad operon (Nucifora et al. 1989). Initial

studies did not show an involvement of CadC in in
vivo regulation (Yoon et al. 1991). More recently,
using gel shift assays and DNase I footprinting,
Endo and Silver (1995) have shown. that purified
CadC binds to cad DNA. CadC was dissociated
from the cad operator DNA region by the inducers
Cd(II), Bi(III), and Pb(II). Furthermore, CadC inhib­
ited in vitro transcription. These results strongly
indicate that CadC is the transcriptional regulator
of the cad operon.

BACTERIAL RESISTANCE TO ARSENICALS
AND ANTIMONIALS

Perhaps due to the wide use of arsenic com­
pounds as antimicrobials, feed supplements, and
herbicides, plasmid-mediated resistance to toxic
anion arsenite and arsenate has been found in
both gram-positive and gram-negative bacteria
(Silver et al. 1981, Kaur and Rosen 1992a). The
1st report on plasmid-mediated arsenical resistance
was the pl258 isolated from the gram-positive
bacterium Staphylococcus aureus (Novick and Roth
1968). Similarly the Escherichia coli plasmid R773
confers high-level resistance against arsenite and
arsenate (Hedges and Baumberg 1973). Resis­
tance results from the active extrusion of oxyanions
(Mobley and Rosen 1982, Silver and Keach 1982).

Genetic and molecular biological analyses of
the arsenical resistance genes on plasmids of
gram-negative and gram-positive bacteria revealed
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Fig. 3. The ArsR family of metalloregulatory proteins. The primary sequences of 4 As(III)/Sb(lIl) repressors are aligned with 2
Cd(II)/Zn(lI) repressors. In the shaded box is the metal binding domain, including Cys32 and Cys34 of the R773 ArsR. Other cy­
steine residues are identified. The open box shows the location of the DNA binding helix-tum-helix domain.
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that a single cluster of genes, designated the ars
operon, was responsible for the resistance pheno­
type. The arsoperon of plasmids R773 and R46
each have 5 genes: arsR, arsD, arsA, arsB, and
arsC (Chen et al. 1986, Bruhn et al. 1996) (Fig.
2B). Recently a chromosomal ars operon of E.
coli has been identified (Sofia et al. 1994) and
shown to confer a low level of arsenical resistance
in E. coli (Carlin et al. 1995). The chromosomal
ars operon encodes only 3 proteins, ArsR, ArsB,
and ArsC. Two ars operons on staphylococcal
plasm ids pl258 (Ji and Silver 1992) and pSX267
(Rosenstein et al. 1992) have also been sequenc­
ed, and those also have only 3 genes, arsR, arsB,
and arsC. The physical maps of these operons are
illustrated in Fig. 2C.

The arsenical resistance carried on plasmid
R773 is the best characterized and will be de­
scribed in detail. In the ars operon of plasmid
R773, the arsR and arsD genes encode regulatory
proteins (Tisa and Rosen 1991, Wu and Rosen
1991 1993a). The arsA and arsB gene products
form an ATP-driven oxyanion pump (Dey et al.

. 1994). A model of the oxyanion pump is shown
in Fig. 1A. ArsA is the catalytic subunit of the
pump (Hsu and Rosen 1989a), while ArsB is the
membrane anchor for ArsA and forms the anion­
conducting pathway (Tisa and Rosen 1990a, Dey
et al. 1994). Arsenate resistance requires the
product of the arsC gene to reduce arsenate to
arsenite, which is then extruded by the pump (Glad­
ysheva et al. 1994, Oden et al. 1994).

ArsA

Analysis of the predicted amino acid sequence
of ArsA indicated that the N-terminal A1 half of
the protein exhibits similarity to the C-terminal
A2 half (Chen et al. 1986) (Fig. 4A). Each half of
the ArsA protein contains the nucleotide-binding
consensus sequence termed the A1 and A2 sites
(Walker et al. 1992). As predicted from the in vivo
energetics and the protein sequence, the purified
ArsA protein is an oxyanion-stimulated ATPase
(Rosen et al. 1988). Characterization of the activity
of purified ArsA protein (Hsu and Rosen 1989a)
suggested that the oxyanion pump is evolutionarily
unrelated to any known classes of ion-translocating
ATPases (Pedersen and Carafoli 1987).

The role of the 2 similar but not identical nu­
cleotide binding sites has been investigated by
several approaches. Using a fluorescent ATP
analogue, TNP-ATP, it was shown that both sites
are true ATP binding sites (Karkaria et al. 1991).

However, binding of ATP to both sites can be dif­
ferentiated by their ability to form a photoadduct
with a-[32P1ATP upon UV radiation (Rosen et al.
1988). Although both sites are functional for ATP
binding, only the A1 site can be photolabeled.
Subsequently, the A1 and A2 sites have been
cloned and expressed as separate polypeptides,
the A1 peptide forms a photoadduct but the A2
peptide does not. These results reflect differences
in the local environment of the 2 ATP binding sites,
and the functions of the 2 sites may differ (Kaur
and Rosen 1994).

Mutational analysis demonstrated that both
nucleotide binding sequences are required for
the catalytic activity of the ArsA protein and re­
sistance (Karkaria et al. 1990, Kaur and Rosen
1992b). However, genetic complementation assays
showed that the 2 functional ATP binding sites
need not be contained in the same polypeptide
(Kaur and Rosen 1993). Thus 2 defective ArsA
proteins, one with the altered A1 site and the other
with the altered A2 site together can form a func­
tional ArsA complex. This suggests that the A1 and
A2 sites of ArsA are independent to each other in
fulfilling their functions. Recently in vivo reconstitu­
tions were performed with peptides containing
portions of the A1 and A2 half of ArsA (Kaur and
Rosen 1994). The reconstituted complexes exhibit
ATPase activity. These results are consistent with
the observation that ArsA is a functional dimer (Hsu
and Rosen 1989b, Hsu et al. 1991). It is proposed
that there are 2 catalytic sites in the dimer, each
composed of interacting A1 and A2 sites from
opposing ArsA monomers. Although ATP is bound
to both sites in a monomer (Karkaria and Rosen
1991), it is not known whether both sites are ca­
talytic or one is regulatory.

What is the mechanism of activation of the
ArsA ATPase activity by the effectors arsenite
or antimonite? Dimerization of ArsA could be
demonstrated by chemical crosslinking and light
scattering methods (Hsu et al. 1991). The results
suggest that in the absence of substrate, the ArsA
protein is mostly monomer, while in the presence
of the metalloids arsenite or antimonite, the protein
is primarily dimer. A model of the monomer-dimer
equilibrium has been proposed (Fig. 4B). ArsA
exists in a monomer and dimer equilibrium. Bind­
ing of the effector shifts the equilibrium toward
the catalytically competent dimer. If the role of
the metalloid is to induce dimer formation, the
dimer would have higher affinity for ATP than the
monomer. More recently, increased affinity of
the A1 site for ATP in the presence of antimonite
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has been demonstrated by photolabeling with
a_[32P]ATP (Kaur and Rosen, unpublished data).
Thus the metalloids are the allosteric activators
of the ATPase activity. Although the primary se­
quence of ArsA did not reveal the presence of any
conserved metal binding motifs, the inhibition of
ATPase activity by maleimides suggests involve­
ment of cysteines in catalysis (Ksenzenko et al.
1993). The ArsA protein contains 4 cysteines:
Cys26, Cys113, Cys172, and Cys422 (Chen et
al. 1986). To investigate the role of cysteines in
the activation of the ArsA protein, each of the 4
cysteinyl residues was altered to a seryl residue
(Bhattacharjee et al. 1995). Cells expressing the
mutants altered at Cys113, Cys172, or Cys422

lost arsenite resistance, and all the ArsAc113S,
ArsAc172S' and ArsAc422S proteins exhibited re­
duced antimonite-stimulated ATPase activity due
to a decreased affinity for the metalloid. The re­
sults suggest that Cys113, Cys172, and Cys422
are involved in the metalloactivation of the ArsA
ATPase. The activator interacts not as an oxyanion
but as a soft metal through formation of a 3 coor­
dinate complex with Cys113, Cys172, and Cys422,
forming a novel As(III)- or Sb(III)-thiol cage (Fig.
4C).

Functionally ArsA forms a complex with ArsB
in the inner membrane of E. coli (Tisa and Rosen
1990b). Using membranes from cells expressing
only the arsB gene, reconstitution of purified ArsA

P-site C26 C113 C172
'f~ 'f 'f

Al ~~==j---------~===~=-

A2=---COOH

0( ~)

ATP

Fig. 4. Metalloregulation of the ArsA ATPase. (A) ArsA has 2 homologous halves, A1 and A2. The boxes in the 2 halves in­
dicate the regions of greatest sequence similarity. Each half has a consensus sequence for the binding site of phosphoryl groups
of ATP (P-site). The A-site is the region that interacts with adenine of ATP bound to the A1 half. The location of the 4 cysteine
residues of the ArsA protein are indicated. (8) ArsA ATPase activity is allosterically regulated by binding of As(llI) or Sb(III). The
63-kDa ArsA has independent binding sites for metalloids and ATP. In the absence of either a nucleotide or metalloid the monomer
exists in an inactive T1 state. Binding of either ATP or a semi-metal each produces a unique and different conformational change
in the protein to inactive forms R1 and T2. In solution, the monomer (T form) exists in equilibrium with the dimer (R form). Sb(llI)
binds as soft metals to the thiolates of Cys113 and Cys172 in the A1 half and to Cys422 in the A2 half of each monomer, pro­
ducing a more compact structure that favors the subunit interactions that stabilize the catalytically active R2 state. When the ArsA
protein is membrane-bound as a subunit of the pump, it is postulated to be at all times a dimer, and the effect of substrate binding
is to produce the conformational change from the inactive T state to the active R conformation, promoting catalysis. (C) The struc­
ture of the Sb(lll)-thiol cage in the ArsA protein is postulated from the bond angles and distances found by crystallographic analysis
of small molecules containing Sb-S bonds. An As(III)-thiol cage would have a similar structure with slightly different bond angles
and distances.
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onto the membrane was demonstrated. The re­
constituted membrane complex exhibited Sb(III)­
stimulated ATPase activity. It is clear that ArsB
is the membrane anchor of ArsA. Although ArsA
is found as a monomer in cytosol, it functions as
a dimer. It is unlikely that ArsA dissociates from
the membrane during the catalytic cycle. First,
ArsA is so tightly bound to the membrane complex
that can only be removed by chaotropic agents
(Tisa and Rosen 1990b). Second, binding of ArsA
to the membrane exhibits a sigmoidal dependence
on the amount of ArsA, suggesting that only the
dimer binds to the ArsB protein (Dey and Rosen
1994). Moreover, the sigmoidal binding of ArsA
changes to hyperbolic under conditions that favor
dimer formation. These results again suggest
the effect of the metalloid is to increase the affinity
for ATP and to produce a tighter binding between
ArsA and ArsB.

ArsB

From its hydropathic profile, ArsB was predicted
to be an inner membrane protein that presumably
forms the anion-conducting pathway (Chen et al.
1986). The topological arrangement of ArsB within
the membrane was determined using a series of
gene fusions to phoA, blaM, and lacZ genes (Wu
et al. 1992). By analyzing 26 fusions, a topological
model was proposed in which the ArsB protein
has 12 membrane-spanning a-helices, with the N­
and C-termini located in the cytosol, a structure
more similar to that of secondary transporters than
primary pumps (Maloney 1990).

The mechanism of resistance produced by
the 5-gene operons can be compared with that
of the 3-gene operons. The ars operons of the
E. coli chromosome and the 2 staphylococcal
plasmids do not contain an arsA gene, yet they
confer arsenite resistance and active extrusion
of arsenite, suggesting that ArsB can transport
arsenite in the absence of the ArsA protein. Re­
cently cells producing only the R773 ArsB protein
were shown to confer an intermediate level of
arsenite resistance compared with cells expressing
both the arsA and arsB genes (Dey and Rosen
1995). Resistance in both types of cells was cor­
related with the exclusion of 73As02-. The in vivo
energetics of arsenite transport from both types
of cells were characterized. The results suggest
that ArsB alone can extrude arsenite coupled to
electrochemical energy (Fig. 5). When ArsA is
present, the ArsA-ArsB complex functions as an
obligatory ATP-driven pump, and an inactive ArsA

blocked the resistance conferred by ArsB (Dey and
Rosen 1995). The Fof1 H+ -translocating ATPase
also has dual energy coupling (Futai and Kanazawa
1983). As a complex, FoF 1 is an ATP-dependent
proton pump. In the absence of F1, Fo functions
as a electrophoretic proton conducting pathway.
Similarly the proton conductivity through Fo is
blocked by binding of an inactive F1. The differ­
ence between the 2 types of pumps is that FoF1
is always a complex; Fo is never found alone in
nature. In contrast, of the 5 ars operons identified
to date, two have arsA and arsB, and three have
arsB alone - a nearly random distribution.

What is the chemistry of arsenite extrusion
by ArsB? ArsA is allosterically activated by soft
metal-thiol interactions between As(lIl) and cysteine
thiolates. In contrast, the mechanism of ArsB
catalysis does not involve thiol chemistry. ArsB
contains only a single cysteine residue. The codon
for this cysteine was mutated to several other
codons with no effect on arsenite resistance or
transport (Chen et al. 1996). Recently everted
membrane vesicles containing ArsB in the absence
of ArsA have been shown to accumulate 73As02-1
with energy supplied in the form of a membrane
potential (M. Kuroda, D. Dey, B.P. Rosen, unpubl­
ished data). Thus the oxyanion transport system
is either an obligatory ATP-driven pump or a se­
condary transporter coupled to the electrochemical
proton gradient, depending on the subunit composi­
tion of the permease (Fig. 5).

If the ArsB protein is sufficient for arsenite
resistance, why does the arsA gene exist? One
possibility is the ArsA-ArsB complex is a more
efficient system. If ArsB functions as an electro­
phoretic anion transporter, it is limited to extruding
substrate only to the equilibrium potential (Rosen
and Kashket 1978). Thus, an uniporter would put
the cell at the mercy of its environment. In con­
trast, an ATP-coupled pump can pump out far in
excess of the proton equilibrium, maintaining low
ion concentration in the cytosol independent of
the external concentration.

ArsC

Genetic evidence suggested that resistance to
arsenate is conferred by the product of the arsC
gene (Rosen and Borbolla 1984, Chen et al. 1985).
ArsC has been purified and crystallized (Rosen et
al. 1991), but little is known about the biochemical
mechanism of ArsC function until recently.

Although the sequences of the gram-positive
and gram-negative ArsC proteins exhibit less than
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20% sequence similarity, both confer resistance
to arsenate. Resistant cells of S. aureus reduced
arsenate to arsenite (Ji and Silver 1992b), which
was then extruded from cells by the staphylococcal
ArsB protein alone. Subsequently in vitro purified
ArsC of pl258 was shown to be an arsenate re­
ductase coupled to thioredoxin. In contrast, R773
ArsC exhibited glutathione-coupled arsenate reduc­
tion activity (Oden et al. 1994) (Fig. 1A).

If the ArsC proteins are reductases in vivo,
the mechanism of electron transfer is not obvious
from the protein sequences. The R773 Arso does
not contain any prosthetic group, molybdenum
cofactor, or iron-sulfur cage. However, inhibition
of reductase activity by N-ethylmaleimide sug­
gests that a redox-active sulfhydryl may participate
in the action of ArsC (Gladysheva et al. 1994).
The R773 ArsC protein contains 2 cysteines,
Cys12 and Cys106 (Chen et al. 1986). Mutational
analysis demonstrated that Cys106 is not re-

quired for resistance or reductase activity, while
an alteration at Cys12 resulted in loss of both
(Liu et al. 1995). This suggests that a single thiol
group may be sufficient for reductase activity.
Those results suggest that an enzyme-substrate
complex forms by arsenylating Cys12, with the
complex interacting with glutaredoxin with transfer
electrons to reduce As(V) to As(III). The resulting
arsenite dissociates from the complex, and re­
duced glutaredoxin is regenerated by the action
of glutathione reductase.

Since arsenite is considerably more toxic than
arsenate (Knowles and Benson 1983), the reduction
within the cytosol is undesirable. It is possible
that ArsC is a part of a membrane-bound complex
with ArsA and ArsB and catalyzes the reduction of
arsenate on the membrane, where it is immediately
extruded from the cells. However, there is no data
indicating that ArsC interacts with the membrane­
bound arsenical pump in E. coli.
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Fig. 5. Dual modes of energy coupling of ion translocating systems. The components of ion transport systems such as the
arsenite transporter (A and B) or the H+-translocating FoF1 (C and 0) function either as secondary porters (A and C) or primary
ATP-driven pumps (B and 0), depending on association of the catalytic subunits (ArsA or F1) with the intrinsic membrane subunits
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Regulation of the ars operon

Expression of the ars operon on plasmid R773
is metalloregulated by salts of arsenic, antimony,
and bismuth (Silver et al. 1981, San Francisco et
al. 1990). The region in the operon required for
regulatory activity has been shown to contain a
single promoter sequence and 2 regulatory genes,
arsR and arsO rNu and Rosen 1991). ArsR is a
trans-acting repressor that binds as a dimer to an
operator and represses operon transcription (Wu
and Rosen 1993b). Inducibility results from the
release of the repressor from the operator upon
binding of As(lIl) or Sb(llI) (Wu and Rosen 1991).
Gel retardation assays demonstrated the formation
of DNA-ArsR protein complexes (Wu and Rosen
1993b). To identify the inducer binding domain in
ArsR, mutants with a noninducible phenotype were
isolated (Shi et al. 1994). The mutations affecting
inducibility altered the residues Cys32 and Cys34,
located just in front of the putative DNA binding
domain (Fig. 3). Additional mutations in this region
were introduced by site-directed mutagenesis (Shi
et al. 1996). Most of the altered ArsRs still bound
to the ars operator and repressed transcription,
but those with substitutions of Cys32 or Cys34 had

reduced or absent response to the inducer, both in
vivo and in vitro. Mutations in the DNA binding
domain produced ArsRs that no longer repressed
in vivo nor bound to DNA in vitro. However, while
only the 2 cysteines seemed to be required for
induction, As(lIl) and Sb(llI) are normally 3 coor­
dinate, suggesting that a 3rd residue might be
involved in metal binding in ArsR. The 3rd ligand
could potentially be another thiol or the hydroxyl
group of a serine or threonine. X-ray absorption
spectroscopy of the As(III)-ArsR complex demon­
strated that As(llI) is coordinated to 3 sulfur atoms
and no oxygens; thus serine or threonine cannot
be the 3rd ligand. The remaining cysteines were
altered by mutagenesis. While none were required
for induction, Cys37 was shown to be required for
binding. In other words, it is dispensable for func­
tion but participates in binding when present. A
model for induction is that As(llI) or Sb(llI) are
bound in a metal-thiol cage similar in geometry to
that in ArsA. Binding of the semimetal triggers a
conformational change within the DNA binding
domain, resulting in dissociation of the repressor
from DNA (Fig. 6).

The product of the 2nd regulatory gene arsO
is also a trans-acting repressor (Wu and Rosen
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Fig. 6. Metalloregulation by the ArsR repressor. The ArsR homodimer binds to the operator/promoter region through a helix­
turn-helix domain in each monomer, repressing transcription of the ars operon. As(llI) or Sb(llI) binds to Cys32 and Cys34 through
soft metal-sulfur bonds (solid lines), producing a conformational change in the DNA binding domain such that the repressor dis­
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As(III) is 3 coordinate in a pyramidal cage with the 3 sulfur thiols as the base.
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1993a). ArsD is inducer independent. To elucidate
the function of the ArsD protein, a frameshift muta­
tion was introduced into the arsD gene. The muta­
tion in arsD resulted in increased expression of 3
downstream ars genes. Introducing a wild-type
arsD gene in trans reduced the expression of
downstream genes to wild-type levels. It appears
that the down-regulation of the ars operon depends
on the amount of the ArsD protein present. In­
terestingly, cells expressing the ars operon with
the mutated arsD gene were arsenite sensitive,
even though the arsA, arsB, and arsC genes were
transcribed. This result suggests that the arsD
gene is required for resistance when the arsA,
arsB, and arsC genes are controlled by the ars
promoter. Thus a regulatory circuit is formed by
the action of ArsR and ArsD (Rosen et al. 1993).
In the absence of an inducer, constitutively ex­
pressed ArsR repressor dimerizes and binds to the
ars operator, preventing transcription. Upon induc­
tion, the ArsR repressor is inactivated and the ars
operon is derepressed. ArsD is produced along
with ArsA, ArsB, and ArsC. When the amount
of ArsD reaches a critical level; it presumably
binds to a site within the promoter region and
prevents further ars expression. However interac­
tion between ArsD and the promoter has not been
observed in gel retardation assays or in DNase I
footprinting assays, suggesting weak affinity of
ArsD for the promoter. With its high affinity for the
ars operator, the inducer-dependent ArsR repressor
controls the basal level of operon expression. ArsD
controls the upper level of ars expression. A likely
function for this regulatory circuit is to prevent the
overproduction of ArsB, which is toxic in high
amounts (San Francisco et al. 1989, Wu and Rosen
1993a).

EUKARYOTIC ARSENITE AND CADMIUM
RESISTANCE SYSTEMS

Mammalian arsenite efflux

Tumors rapidly become resistant to the drugs
used in cancer chemotherapy, and efflux systems
form a major group of such resistances (Gottesman
and Pastan 1993). Mammalian cell lines have been
selected for arsenic resistance in several labor­
atories (Lo et al. 1992, Wang and Rossman 1993).
Expression of the enzyme glutathione S-transferase
7f is increased in some arsenite-resistant Chinese
hamster cell lines (Lo et al. 1992). Resistance
has been shown to involve active extrusion of

As(llI) (Wang and Lee 1993, Wang et al. 1996).
One possibility is that arsenite is conjugated to
glutathione by the transferase, followed by ex­
trusion of the conjugate by a transport system
(Fig. 1B). We hypothesize that As(lIl) is conjugated
to glutathione by a transferase enzyme, followed by
extrusion of the conjugate by a thiol-Iinked efflux
pump (Fig. 1B). Efflux of glutathione S-conjugants
has been observed in vesicles from rat heart and
liver (Ishikawa 1992). This system is a transport
ATPase whose physiological role may be extrusion
of xenobiotics such as aflatoxin B1 and release
of substances such as leukotrienes. Arsenite and
arsenate can react nonenzymatically with glu­
tathione has been characterized (Delnomdedieu
et al. 1993 1994). Arsenate is reduced by glu­
tathione to arsenite, and the arsenite reacts further
with glutathione to form (GShAs. Although these
reactions occur spontaneously, the reaction is slow,
and it is not unreasonable to consider the existence
of an eukaryotic arsenate reductase to produce
arsenite, which would then be enzymatically con­
jugated to glutathione. The pump would then
extrude the As(III)-thiol conjugate.

Leishmania arsenite efflux

The organic arsenicals Paul Ehrlich synthe­
sized a century ago are related to drugs still used
for the treatment of trypanosomal diseases such
as the Sb(V)-containing drug sodium stibogluconate
(Pentostam). Pentostam is the treatment of choice
for the trypanosomatid protozoan parasite Leish­
mania, the causative agent of kala azar and other
forms of leishmaniasis. Pentostam resistance
occurs in 5% of patients, and resistance rates as
high as 70% are found in some endemic areas. In
strains of L. tarento/ae selected in vitro for resist­
ance to trivalent arsenicals and antimonials and
cross resistant to Pentostam, we have shown that
high-level resistance is related to efflux (Dey et
al. 1994c). We have recently identified an ATP­
dependent As(III)-thiol pump in plasma membranes
(Dey et al. 1996). It is likely that in vivo the As(III)­
thiol adduct is extruded. We have recently demon­
strated that arsenite-resistant cells have increased
levels of intracellular thiols (Mukhopadhyay et al.
1996). The glutathione derivative trypanothione
was elevated 40-fold in resistant cells, and the
As(III)-trypanothione was transported by the As­
thiol pump. We propose that arsenite resistance
in eukaryotes has a common theme of As(lIl) con­
jugation to a thiol, either glutathione in mammalian
cells or trypanothione in parasites, followed by
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extrusion of the xenobiotic by the As-thiol pump
(Fig. 7).

Yeast cadmium resistance pumps

The theme of drug and metal resistance being
associated with thiol-Iinked efflux systems is true
also of cadmium resistance in yeast. In mamma­
lian cells, the P-glycoprotein, the mdr gene product,
is responsible for resistance to chemotherapeutic
drugs (Gottesman and Pastan 1993). When am­
plified, this protein catalyzes extrusion of a large
number of structurally unrelated drugs. The super­
family of proteins that includes the P-glycoprotein
includes members found in every organism thus
far studied and is related to drug resistance in
many cases. One homologue is the YCF1 protein
that confers Cd(lI) resistance in Saccharomyces
cerevisiae (Wemmie et al. 1994). YCF1 transports
the metal-glutathione complex Cd(GSh, probably
into the vacuole rather than to the outside of the
cell, but this still reduces the cytosolic concentra-

tion of Cd(lI) (Li et al. 1996). Another member of
the same superfamily, the HMT1 protein of fission
yeast, is unrelated to YCF1 but also transports
Cd(ll) into the vacuole as a complex with a de­
rivative of glutathione or phytochelatin (Ortiz et al.
1995). Thus the model proposed for As(lll) and
Sb(llI) resistance shown in Fig. 7 most likely can be
expanded to include a family of similar resistance
pumps including those for Cd(II).

CONCLUSIONS

Whenever organisms are put under stress,
they develop compensatory mechanisms. All or­
ganisms, whether prokaryotic or eukaryotic, have
evolved resistance mechanisms to metals and
metalloids, including Cd(II)/Zn(ll) and As(III)/Sb(III).
The systems are similar in strategy, with evolution
of transport systems for the extrusion of the metals
and metalloids. However, at the mechanistic level
they are different, as would be expected con-
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Fig. 7. Model for arsenical/antimonial resistance in Leishmania. The 1st step is reduction of Sb(V)/As(V) to Sb(III)/As(llI) by
trypanothione. It is not known whether this process is enzymatic. The 2nd step is conjugation of the reduced semimetal to try­
panothione. While slow spontaneous formation of the As-trypanothione conjugate from arsenate and trypanothione has been ob­
served, it would not be unreasonable to postulate the existence of a trypanothione-conjugating enzyme. The final step in resistance
is active extrusion by the ATP-coupled As-thiol pump, lowering the intracellular concentration of the metalloid to subtoxic levels.
The rate limiting step in resistance is formation of the As-trypanothione conjugate. Selection for mutations that increases try­
panothione biosynthesis thus generates resistance. Inset: Proposed structure of the As(III)-trypanothione conjugate based on mass
spectroscopic analysis.
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sidering that they are the result of convergent
evolution. For As(III)/Sb(III), bacteria have evolved
a secondary AS021 transporter that can convert
to a primary ATP-coupled pump in association
with a catalytic subunit. In contrast, Leishmania
has evolved an ATP-coupled As-thiol pump. For
Cd(II)/Zn(lI), bacteria have a P-type ATPase,
whereas in eukaryotic cells, the cadmium pumps
are thiol-Iinked pumps. Thus the substrates of the
prokaryotic and eukaryotic systems are different,
but the results are the same: lowering of the intra­
cellular concentration of the toxic metal producing
resistance.

As we have discussed in this article, prokaryotic
or eukaryotic organisms ingeniously develop various
efflux pumps for their resistance to toxic metals or
metalloids. It would not be to our surprise that
similar efflux mechanisms of resistance to chemo­
therapeutic agents might be the most frequently
employed strategies by both prokaryotic and
eukaryotic pathogens each time an inappropriate
treatment is made. Thus, an understanding of
the molecular details of these transport systems
utilized by prokaryotes and eukaryotes is essential
to the rational design of drugs targeting the efflux
pumps for treating drug-resistant cells and micro­
organisms.
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原、核細胞與真核細胞之利用排出毒性物質方式之抗娟、石申、錦機理之探討

蔡j金仁1 許清玫2 BarrγP. Rosen 3

對有毒金屬的抗性，普遍在原核細胞中被發現，不但存在革蘭氏陽性菌株，也在革蘭氏陰性菌株中被發

現。同時各種的真核細胞，譬如徽菌、或是植物細胞，以至於原蟲頓生物及動物細胞等，也常可發現此種的抗

性存在。在原核細胞與真核細胞，此類有毒金屬的抗性，經常是藉由細胞主動的將有毒金屬排除體外所達成

的。雖然，這些抗有毒金屬系統的受質，具有不同的化學屬性 O 但是 ， 細胞卻可發展出不同進化來源 ， 但具相

似性質的運送有毒金屬，或是類金屬的 ATP 酵素 ， 而將毒性物質排出 。 在這些將有毒金屬排除體外 ， 來達成

抗有毒金屬，或是類金屬的機理中 O細菌對誦的抗性系統，是經由一種具ATP酵素特性的初級膜轉運蛋白所

執行的 o然而，真核細胞則發展出利用與硫基結合的方式，而將鋪排除的抗性系統。不同於誦的抗性系統，在

細菌對神、及錦的抗性方面，則是利用具有使用 ATP能力的嘲筒，與具催化能力的次蛋白單元連結，所形成

的一種抗性系統來執行的。而真核細胞也進化出需要ATP的特殊的神硫基抗性嘟筒，以達成排除這些有毒物

質的特性。在本文中，茲就原核細胞與真核細胞的鋪、神、及錦的一些抗性系統，在其生化機理方面做一比較

與探討 o

關鍵詞:抗性，誦，神，錦。
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