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Genes for all metals—a bacterial view of the Periodic Table
The 1996 Thom Award Lecture

S Silver

Department of Microbiology and Immunology, University of Illinois, Chicago, IL 60612-7344, USA

Bacterial chromosomes have genes for transport proteins for inorganic nutrient cations and oxyanions, such as

NHj, K*, Mg?*, Co?*, Fe®*, Mn?*, Zn?* and other trace cations, and PO %7, SO3™ and less abundant oxyanions. Together
these account for perhaps a few hundred genes in many bacteria. Bacterial plasmids encode resistance systems

for toxic metal and metalloid ions including Ag *, AsQO3, AsOZ%", Cd?*, Co?*, CrO%, Cu?*, Hg?*, Ni?*, Pb?*, TeO%, TI* and
Zn?*. Most resistance systems function by energy-dependent efflux of toxic ions. A few involve enzymatic (mostly
redox) transformations. Some of the efflux resistance systems are ATPases and others are chemiosmotic ion/proton
exchangers. The Cd 2*-resistance cation pump of Gram-positive bacteria is membrane P-type ATPase, which has
been labeled with 2P from [ y-*2P]JATP and drives ATP-dependent Cd 2* (and Zn?*) transport by membrane vesicles.
The genes defective in the human hereditary diseases of copper metabolism, Menkes syndrome and Wilson’s dis-
ease, encode P-type ATPases that are similar to bacterial cadmium ATPases. The arsenic resistance system trans-
ports arsenite [As(ll)], alternatively with the ArsB polypeptide functioning as a chemiosmotic efflux transporter or

with two polypeptides, ArsB and ArsA, functioning as an ATPase. The third protein of the arsenic resistance system

is an enzyme that reduces intracellular arsenate [As(V)] to arsenite [As(IIl)], the substrate of the efflux system. In
Gram-negative cells, a three polypeptide complex functions as a chemiosmotic cation/protein exchanger to efflux

Cd?*, Zn?* and Co2*. This pump consists of an inner membrane (CzcA), an outer membrane (CzcC) and a membrane-
spanning (CzcB) protein that function together.
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Charles Thom standard into the 1940s. Although he remained a mycol-

Charles Thom, whose achievements we honor in this Iecc-)gISt with strong appl|e:d ant_:i_ _theoretlcal Interests, the
ture series, was the first President of the Society of Indusl-JSDA .used Dr Thom's abilities for quite different
X enterprises. He helped develop the pure food and drug stan-

trial Microbiology, from 1949-1951. He had been earlier ; ;
President of the Society of American Bacteriologists (Iaterfjards that became the basis for the Food and Drug Admin-

renamed the American Society for Microbiology) and wasIStratIcm (FDA), which grew out from the USDA. Dr Thom

a member of the National Academy of Sciences. Charleggffsa%? twecf%%ré h?gégsgs?ﬁ Iaiyggg s?roerL é) rv(\)/?outgtlgﬂ :;ar?'
Thom was born and raised on a farm near Peoria, lllinois P 9 Y y

and after bachelors and masters degrees from a small co tandard text on food microbiology. Next he helped to place

: ; . oil microbiology on a solid scientific footing. With a col-
lege north of Chicago, he obtained the first PhD awarde S o . . .
at the University of Missouri (in 1899). Dr Thom worked (feague, he developed the first industrial fermentation of cit-

essentially his entire professional career with the USriC acid (byAspergillus nigey. This led to the establishment

. T of a Fermentation Division and Fungal Culture Collection
Department of Agriculture (USDA), from 1902 until retire- . ; . ;
meFr)lt in 1942 mgstly in W:Elshingt)on DC. but he then con-2t the NRRL in Peoria. When during World War I, a Brit-

tinued to work with the penicillin development program at ish delegation trying to involve the American fermentation

. - industry in developing penicillin ran into disinterest and
the USDA Northern Regional Research Laboratorie ! o . !
(NRRL) at Peoria for another 10 years. Sack of understanding, they visited Dr Thom in Washington

During this long service, Dr Thom had several major DC with their problems. The USDA NRRL played a major

: - S . Iole in the history of penicillin production. He maintained
achievements—more than most scientists expect. His f'r‘Jiﬁterests in fungal applications until his death at age 84
assignment was to bring a quality mold-ripened chees?n

¢ . ; 1956.
industry from France to the USA. This required fungal tax- L
onomy and he identified and namBenicillium camerberti Although he worked within government, Charles Thom

and Penicillium roqueforti Dr Thom became the major \ggcsti\cl)vrfl\:vle(lrs]ov\\l/vr?tt?r: ﬁgﬁ?%g&'ﬂgly(ﬁuhqg%reg?_%%rvl\(/ﬁr?ur-]rig'rs
mycologist/taxonomist of his time and wrote (with J

collaborators) monographs on the gen®enicillium and assistant’, Kenneth B Raper [58,59], who was associated

SO ' ith Dr Thom from college graduation through the remain-
Aspergillusin the 1920s that were updated and remalnedcljver of Dr Thom's time in the laboratory.
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metal elements. Required inorganic nutrients include thes Cé*, Cw?*, Ni2* and Zr#* are essential nutrients at low
cations NH, K*, Mg?*, Co?*, Cw?*, Fe**, Mn?*, Ni?*, Zn?*  levels, but toxic at higher levels. For these cations there
and other trace cations [67], and the oxyanionsexist separate transport systems for uptake and for efflux
PCi, SG and less abundant anions. Figure 1 presents & order to maintain cellular cation homeostasis [67,69].
current summary of inorganic nutrient transport systems Cations of related elements are often associated in pairs,
and Figure 2 a listing of inorganic ion resistance systemsvith one needed for nutrition such as the Group la element
and their biochemical mechanisms. Toxic inorganics withK (with several parallel uptake transporters) and the other
genetically-defined resistances include*AgsG;, AsC;, Na not used intracellularly, but frequently coupled for co-
Ct#, Co*, CrO, Cw', Hg*, Ni?*, PI?*, Sb**, TeG%, TI*  transport or cellular signaling, and needing a specific efflux
and Zrt*. The first theme for this review is that for almost mechanism. A similar situation occurs with the Group IIA
each and every inorganic cation or anion that is encounteredig as an intracellular nutrient and Ca maintained at low
in normal environments, there are corresponding genes aridtracellular levels). For some higher atomic number
proteins that govern every movement [67]. For requiredelements of the Periodic Table (the lanthanides and actin-
nutrients there are highly specific membrane transport sysees, including uranium and trans-uranium elements), there
tems that concentrate needed nutrients from dilute mediappear to be no specific genes or proteins for metal ion
Once inside the cell, some inorganic nutrients are sequesesistances, presumedly as these were not encountered in
tered (for example with the protein metallothionein) or natural environments at levels that were toxic. Similarly, |
enzymatically incorporated into specific proteins (foram unaware of genes or proteins specific fof*Akince
example using the enzyme ferrochelatase). Excess ions aatthough Al is abundant in nature, the low solubility and
either stored (for example iron in ferritin) or excreted (againlow toxicity of aluminum cations does not require specific
by highly specific membrane transporters). resistance systems. There also are no resistance genes for
A similar situation occurs with regard to most toxic halides, although halides are abundant in the environment
heavy metals and metalloids, as microbes have beeand toxic in higher concentrations.
exposed to these cations and oxyanions periodically since A long-time hypothesis of this laboratory is that toxic
the origin of cellular life [68,72]. Most frequently, toxic metal resistance systems arose shortly after life started, in
metal resistance systems are found on plasmids, whichn already metal-polluted world. As with nutrient organic
facilitates movement from cell to cell. However, related compounds, whatever was available in the environment
systems are frequently determined by chromosomal gengwovided selection for transport and metabolism. Recent
in other organisms (for example, arsenic, mercury and cadactivities of humans create local polluted environments of
mium resistance iBacillus cadmium resistance in methi- high selection for resistance, but toxic heavy metal resist-
cillin-resistant Staphylococcus aurepusnd arsenic resist- ance determinants predate these. For industrial and environ-
ance with chromosomdt. coli genes). Some cations such mental microbiologists, inorganic cations and anions must

e 1) K™*. Four separate systems in E. coli. Three chemiosmotic and one ATPase.

92) Mg?*. Three separate systems in S. typhimurium. One chemiosmotic and two ATPase.
e 3) Fe®*. At least five separate systems in E. coli. Specificities for different siderophores.
e 4) Mn?*. Found in Gram positive and Gram negative bacteria. Chemiosmotic and ATPases,
e 5 Zn?*. Newly reported ATPase in E. colli.

e 6) Ni**. ABC ATPasein E. coli.

o 7)) PO43'. Separate Pit (chemiosmotic) and Pst (ABC ATPase) systems in £. coli and

Bacillus.

e 8) 3042'. Five component ABC-ATPase in S. typhimurium.

Figure 1 Nutrient cation and anion transport systems.
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® 1. Hg’*. mer. Hg* and organomercurials are enzymatically detoxified.

® 2. ASO43', AsO,, SbO™. ars. Arsenate is enzymatically reduced to arsenite by ArsC

Arsenite and antimonite are "pumped" out by the membrane protein ArsB that functions
chemiosmotically alone or with the additional ArsA protein as an ATPase.

@ 3. Cd®**. cadA. Cd&** (and Zn**) are pumped from Gram positive bacteria by a P-type
ATPase with a phospho-aspartate intermediate.

® . Cd**, Zn’*, Co**, and Ni**. cz. Cd?**, Zn**, Co**, and Ni** are pumped from

Gram negative bacteria by a three polypeptide membrane complex that functions as a divalent cation/2
H* antiporter. The complex consists of an inner membrane protein (CzcA), an outer membrane
protein (CzcC) and a protein associated with both membranes (CzcB).

® s. Ag+ . sil. Ag" resistance results from pumping from bacteria by three polypeptide
chemiosmotic exchanger plus a P-type ATPase.

@ 6. Cu**. cop. Plasmid Cu** resistance results from a four polypeptide complex, consisting of

an inner membrane protein, an outer membrane protein, and two periplasmic copper-binding
proteins. In Pseudomonas, Cop results in periplasmic sequestration of Cu’*. In addition,
chromosomally-encoded P-type ATPases provide partial resistance by effluxing Cu®** or Cu*.

® . CrO,”. chr. Chromate resistance results from a single membrane polypeptide that causes
reduced net cellular uptake, but efflux has not been demonstrated.

® . TeO,”. tel. Tellurite resistance results from any of several genetically-unrelated plasmid

systems. Although reduction to metallic Te® frequently occurs, this does not seem to be the primary
resistance mechanism.

® 9. Pb**, pum. Lead resistance appears to be due to an efflux ATPase in Gram negative and
accumulation of intracellular Pb;(PO,), in Gram positive bacteria.

Resistance systems await understanding for bismuth (Bi), boron (B), thallium (T1) and tin (Sn).

Figure 2 Plasmid toxic metal resistance systems and mechanisms (modified from Ref. [68]).

be understood and controlled in the same way as organics as those for antibiotic resistances, or sugar or amino acid
and gases are controlled. metabolism. There is no general mechanism for resistance
From the time when it was shown that mercury-resistanto all heavy metal ions. (i) Metal-ion resistance systems
bacteria volatilize mercury as mono-atomic elementat Hg have been found on plasmids of every eubacterial group
[79], the mechanisms of bacterial plasmid-determinedested, fromEscherichia colito Streptomyces(iii) The
resistances to many toxic inorganic cations and anions hawaechanisms of resistance are generally efflux ‘pumping’
been studied. Initially the production of mercury ‘gas’ as (removing toxic ions that entered the cell by means of trans-
a resistance mechanism seemed strange. Now it is acceptgubrt systems evolved for nutrient cations or anions) and
Here, one can only overview the range of mechanisms andnzymatic detoxification (generally redox chemistry) con-
a few newer aspects. However, many reviews appeared werting a more toxic to a less toxic or less available metal-
a 1995 issue adournal of Industrial Microbiologyvol 14),  ion species. It would seem easier to keep toxic ions out
and in separately published reviews that are cited below(with highly specific uptake transport systems), rather than
In addition to mercury-resistance determinants, there arto expend metabolic energy bringing in toxic ions and then
highly specific resistance systems for arsenic (andnore energy pumping them out. Apparently, the metabolic
antimony), copper, cadmium (and zinc in Gram-positivepenalty for having uptake pumps more specific is greater
bacteria, but a different system shared with cobalt, nickethan the genetic cost of having plasmid genes in the popu-
and zinc in plasmids of Gram-negative bacteria), tellurite lation that can spread when needed. The efflux pumps that
silver and other toxic metal and metalloid ions (Figure 2).are the major groups of plasmid resistance systems can be
Three generalizations may be made: (i) Plasmid-detereither ATPases (as the EdATPase of Gram-positive and
mined metal resistance systems are very specific, as mudhe arsenite ATPase of Gram-negative bacteria) or chemios-
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motic (as the divalent cation efflux system of saltalig-  homolog to themerR mercury regulatory gene. The first
enesand the arsenite efflux system of the chromosome opoint to be made is that any newly sequenced genome is
Bacillus and E. coli and of plasmids in Gram-positive likely to include a sizeable number of open reading frames
bacteria). The mechanisms are not precisely the same in allhose predicted protein products are closer in sequence
bacterial types: while the mercury-resistance and arseniawith proteins for heavy metal resistances than for any other
resistance systems are highly homologous in all bacteriknown functions. The next point to be made is that some
studied, cadmium resistance involves ATPases in Gramef these initial assignments are likely to be incorrect, and
positive bacteria and unrelated chemiosmotic antiporters iwill be corrected when analyzed in more sophisticated
Gram-negative bacteria. These systems appear to be wfays, including consideration of key amino acid residues
independent evolutionary origin. There is also a well-involved in function and of neighboring genes organized
described bacterial metallothionein, found so far only ininto operons. For example, the predicted mercuric reductase
cyanobacteria, and conferring resistances to**Cahd  sequence oBSynechocystiBas the closest percent identity
Zn?* [85]. overall to the mercuric reductase of Gram-positive bacteria,
but when the sequence is analyzed carefully, the carboxyl-
terminal mercury-binding region that is tightly conserved
in all mercuric reductases is missing in tBgnechocystis
While we and others have been cloning and sequencing theequence. In the carboxyl region, the n&ynechocystis
specific genes for heavy metal resistances in bacteria f@equence is more like that Bf colilipoamide dehydrogen-
over a decade, total genome sequencing projects hawse—perhaps a better candidate now for the enzymatic role
recently uncovered related systems, sometimes functionallgf the gene product.
equivalent or sometimes merely homologous in sequence. No one has reported resistance mechanisms such as
Consideration of these new untested genes provides atescribed here with Archaea. Whether this reflects a differ-
additional view of the generality of metal resistance sys-ence in biology or a lack of research effort is hard to tell.
tems and their ancient origin. For example, the 1.8-megaArchaea grow in environments with high levels of toxic
base total genome éfaemophilus influenzag23] includes  heavy metal ions and therefore are expected to have the
predicted genes for arsenate reductass( and mercury same or alternative mechanisms of metal resistances. A step
transport ferT and merP) homologous to those we had in this direction was the publication [6] of the 1.66-mega-
earlier sequenced from bacterial plasmids. We do not knowwase genome of the methanogktethanococcus jannas-
as yet whether these genes are functional, as are thehii, which contains only two open reading frames that are
chromosomaérs operons ofe. coli [7,8,20,74] andBacil-  reported as homologous to those we earlier reported. These
lus [80]. However, our best guess is that such MerP homoencode homologs for ArsA (the ATPase subunit of the
logs are not periplasmic mercury-binding proteins, butarsenite effluxing membrane transport system) and ChrA
rather intracellular sensors for detecting and regulating levfthe membrane protein required for chromate resistance).
els of other (non-mercury) thiol-binding cations. The basiswhy there are so few such recognizable genes in a deep
for predicting beyond mere sequence homologies is tosea vent-dwelling organism (expected to have been exposed
uncertain to merit discussion. However, Clay&tral [14]  to a range of toxic heavy metals), compared with the larger
recently summarized homologous transport systems in bactumber for the human pathogétaemophilus influenzais
terial, Archae and yeast genomes, trying to draw conunclear. AnarsAhomolog has also been identified with the
clusions for a wide range of cation and oxyanion trans-sequencing project for the leprosy microlycobacterium
porters. leprae (DR Smith, GenBank listing MSGB577CQOS) listed
The custom has developed for the initial attribution ofin [35] and in sequenced human genes (see below).
open reading frames of newly sequenced genomes of nam-
ing the single closest related protein sequence in availabl
libraries [6,23,32]. It seems likely that these first assign-
ments, although reasonable will be sometimes incorreciClosely related systems for resistance to inorganic mercury
For example, the first cyanobacterial genome, the 3.6have been found on plasmids of Gram-negative and Gram-
megabase sequence $fnechocystigncludes many open positive bacteria. In the collection of some 800 antibiotic-
reading frames listed as homologous [32] to ones that weesistance plasmids that had been mobilized from various
initially sequenced as part of resistance systems, includin@ram-negative bacteria intg. coli, 25% carried mercury
slr1849 listed as mercuric reductase, sll1957 listed as ‘ArsAesistance [66]. In most cases, the order and approximate
arsenical resistance operon repressor’ (already a mistakemimber and functions of the genes are the same [39,72,73].
since ArsA is the ATPase protein and the transcriptionalThe sequences are similar enough that almost all crossreact
repressor is ArsR), slr0946 listed as ‘ArsC arsenatdoy DNA/DNA hybridization [39]. Mostmer systems start
reductase’ (note that thersA andarsC homologs are 600 with a regulatory genemerR whose product is a unique
kb apart and not linked as with all knowars operons), positively-acting activator protein that in the presence of
sll0142 listed as the cation efflux pump CzcZ, and slr145MHg?* twists and bends the operator DNA region, allowing
as the chromate resistance protein ChrA. slr0798 an@&®NA polymerase to synthesize mRNA [54,72,78]. In the
sll0789 are divergently transcribed closely located homomersystems of Gram-negative bactengerRis transcribed
logs of the CadA cadmium resistance ATPase, with a singleeparately from the remaininger genes, allowing tighter
gene for a histidine kinase component of a two-componentontrol of themeroperon than possible with Gram-positive
signal transduction complex in between, and sIr0701 is dacteria, with whichmerRis the first gene on the multi-

Genomics: a view from the top

Blasmid mercury resistance
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genemer operon. There then follows one to three geneshave been identified at the N-terminus of mercuric
whose products are involved in transport of toxic?Hg reductases, at the N-teminus of soft-metal translocating P-
across the cell membrane to the intracellular detoxifyingtype ATPases, and as a periplasmic mercury-binding pro-
enzyme mercuric reductase, the product of the loregA  tein (MerP) in mercuric resistance systems of Gram-nega-
gene. In somener operonsmerAis followed immediately tive bacteria [71-73]. An NMR-based structure for MerP
by merB which encodes the enzyme organomercurial lyasewith and without bound H§ [77] has been determined as
which breaks the carbon-mercury bond in highly toxic a BaBBag folded polypeptide with H§ bound by cysteine
organomercurials such as phenyl- and methyl-mercury. Ithiols in a conserved GMTCXXC motif.
is clear that more variability in mercury resistance systems Two conclusions concerning mercury resistance genes in
is to be found. In one example froseudomonasthe the environment come from recent experience with mer-
merBgene is found betweemerRandmerT, together with  cury-resistantBacillus isolates from the methylmercury-
an extra operator/promoter site. Bacillus meroperons, polluted area at Minamata Bay, Japan [44] and mercuric
there was a 1.1-kb gap in the published sequence betweeasistance genes from Gram-negative bacteria from North
merAandmerB which we sequenced and where we foundAmerican mercury-polluted sites [61]: (&) The genetic
a second transcriptional start site, a second gene homolaleterminants that have been extensively studied in the lab-
gous tomerR and a secondnerB gene (Figure 3). The oratory are representative of what is found in Nature; and
MerR2 amino acid sequence is sufficiently different from(b) what occurs in Nature is moderately complex, so that
that of MerR1 as to make it questionable as to whetheunderstanding from laboratory studies is useful for under-
it functions to activate transcription in the same mannerstanding heavy metal resistance genes in real environments.
However, the two organomercurial lyase gene productsQther recent developments on bacterial mercury resistance
MerB1 and MerB2, appear functional. The DNA sequencehave been covered elsewhere [31,68,72,73].
of the mercurial resistance region of the first well-studied
mercury resistant strairfseudomona&-62, was recentl : .
comple)t/ed [34; M Kiyono and H Pan-Hou, personal Cgm_Arsemc resistance
munication] and also contains twoerBgenes determining Understanding of bacterial arsenic resistance systems is
two organomercurial lyase enzymes. more recent than that of mercury resistance. Fundamentally
The structure of theBacillus mercuric reductase was the same genes (and encoded biochemical mechanism) are
solved by X-ray diffraction [65]. As anticipated from their found on plasmids in Gram-negative and Gram-positive
related biochemical mechanisms, the structure is very simibacteria [29,31,63,72] (Figure 4). However, the number of
lar to that of glutathione reductase from humans, and is @enes can vary and the details of their functions can differ.
homo-dimer, with each subunit containing a highly con-Sevenars operons have been sequenced and are shown in
served active site with two critical cysteine residues. FADFigure 4. The twdtaphylococcusequences are 96% ident-
is bound to each subunit, and an NADPH-binding site isical at the DNA level. The two Gram-negative plasmid sys-
found for electron transfer from NADPH to FAD to the tems (from plasmids R773 and R46) are also very similar.
substrate H§. The active site includes the redox-active This is important since the Gram-negative plasmid systems
disulfide region on one subunit and the substrate-bindings shown in Figure 4 contain two extra genassA and
site at the C-terminal (including conserved vicinal CysarsD, that are missing from the Gram-positive plasmids and
residues) of the other subunit [21]. The crystallographicthe chromosomal systems recently identified during gen-
solution for mercuric reductase starts, however, after th@me sequencing dt. coli [74] andBacillus subtilis [80]
first 160 amino acids [65], which appear to lack a fixed(Figure 4). The ArsD protein is a secondary regulator of
position in the crystals. This N-terminal region Bécillus  ars operon transcription [13], so its presence or absence
mercuric reductase contains a duplication and fusion of twanight have little effect on resistance.
‘metal-binding domains’ for which homologous sequences The ArsA protein, by contrast, is a membrane-associated
ATPase [33] attached to the ArsB inner-membrane protein
[81,91] and energizing the arsenite efflux pump by ATP
hydrolysis [18,72]. That an essential energy-coupling pro-
tein might be missing is puzzling. The answer is that the

Mercury Resistance Genes of Bacillus sp. RC607

4875 nts Hldnts 1040nts  ArsB protein can function alone as a chemiosmotic
|7 | | | (membrane-potential driven) arsenite efflux transporter or
oIp orp together with ArsA as an ATP-driven primary membrane
> pump [3,18,37]. Such alternative energy coupling is unique
among known bacterial uptake or efflux transport systems.
‘H-D— ﬂ' —” I —  Other systems are either chemiosmotic or ATP-driven

transportersarsA homologs have recently been found in

merR1 merT ORF3 ORF4  merA merR2 merB2 merB1 Mycobacterium lepragGenBank listing MSGB577COS,

listed in Ref. [35]) and even in the human genome [36].

aa 132 90 99 115 631 129 195 218 Additional arsA homolog genes have been identified in the

. . o . . nematodeC. elegans [35] and in yeast. For each of these
Figure 3 Genetic organization of the mercury resistance systeBamil-

lus sp RC607. Nts, nucleotides previously or newly sequenced. Two pro_hypothe5|zed eukaryotic gene products, no function is

moters are shown. The lengths of gene products in amino acids are showf1OWN. Diﬁerences in lengths ?md amino _aCid sequences
(from A Guptaet al, in preparation). between the bacterial ArsA and its eukaryotic homologs are
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Bacillus subtilis chromosome

>
—IO/P I arsR H ORF 2 H arsB arsC
VN105aa © 146aa 7 346 aa / 139 aa
N 35% N\ 84% // 61% /
. , / // /
Staphylococcus xylosus [\)SX267 \ / . >/
—l O/P| arsR arsB — arsC -
104 aa 429 aa 131 aa
i 87% | 97 % 1 95% |
Staphylococcus aureus pI258 I | )I
—| O/P| arsR —I arsB H arsC I—
~ 104aa- ~  ~ 429 aa TN 131aa -~
o7 3N%. - S 58% TN 17T% o
ESCheriChia coti R773/ ~ ~ \\\\ ~ ~ >
—| O/P| arsR I arsD — arsA — arsB — arsC —
117 aa 120 aa 583 aa 429 aa 141 aa
| Regulation | | Regulation I ATPase subunit Il Membrane | | Arsenate |
| 86% 11 85% |I 86% I subunit | reductase
RS 93% 92%
Escherichia coli R46 I I I I
>
—FO/PI arsRJ—l arsD H arsA H arsB H arsC I—
T ~117aa ~120aa 583 aa P 429aa ..~  14laa
SN % 7 8% 77 9%
Escherichia coli chromosome P pydd P
~ S > > >
—IO/P arsR H arsB m arsC —
117 aa 429 aa 141 aa
L. . | 56% || 90% Il 85% |
Yersinia Yop plasmid
-€ >
| arsH HO/PI arsR H arsB H arsC }—
232 aa 117 aa 429 aa 141 aa

Figure 4 Genes and products for arsenic resistance in bacteria. Alignment and functions (below) of arsenic resistance genes (boxes) with aa sizes of
predicted products (above and below genes) and percent identities between amino acid products.

such that it seems unlikely that the plant and animal profor the ArsB transport protein. It seems illogical to convert
ducts are actually components of arsenite transport systema. less toxic compound to a more toxic form, but ArsC
More likely, they are involved in alternative oxyanion activity is closely coupled with efflux from the cells [30]
metabolism involving an ATP-dependent process, and it iso that intracellular arsenite never accumulates. Arsenate
only a temporary situation where their closest availablereductases from plasmids pl258 [28] and R773 [25] both
homolog for which a physiological or biochemical function reduce arsenate and both confer arsenate resistance. How-
is known is the bacterial ArsA transport ATPase. The pointever, theirin vitro measured Ks differ by 1000 times and
is clear, however: what we study in depth in bacterial cellsgheir energy coupling is different. Arsenate reductase of
with regard to inorganic ion metabolism will lead the way pl258 derives reducing power from thioredoxin
sometimes and be of use for research in higher organism{glutaredoxin will not work), presumedly by recycling oxi-
including man. That has been a gratuitous bonus of thislized dithiol to two reduced cysteine residues (of the four
work. found in the sequence). In contrast arsenate reductase of
The final gene product common to alts operons is plasmid R773 uses glutaredoxin (but not thioredoxin) and
ArsC, the enzyme that reduces less toxic arsenate [As(V)probably only one of the two cysteines found in the protein
to more toxic arsenite [As(Ill)] [25,28,30], the substrate sequence is required. The arsenic resistance system is suf-
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ficiently novel that we expect radical changes of under-be labeled by an auto-kinase activity at a specific conserved
standing in the future. It seems clear, however, that basihistidine residue witt#?P from [y-*2P]JATP (Figure 5). The
cally the samars operon conferring resistances to As(lll), DNA-binding responder protein PcoR is probably trans-
As(V) and Sb(lll) occurs widely in Gram-negative and phosphorylated on a specific aspartate residué?Bylab-
Gram-positive bacteria [9,20,70]. The nefersiniaplas- eled PcoS [4,5,17]. The four structural proteins determin-
mid ars operon (Figure 4) includes an additional gene,ing copper resistance iRseudomonadave been charac-
arsH, which is not found on the other known systems, butterized and are the inner membrane protein CopD, the outer
which is required for arsenic resistance [45]. This genemembrane protein CopB, and two periplasmic blue copper
is transcribed separately and in the opposite direction, androteins CopA and CopC [11,16,17] (Figure 5). It is
although the function of ArsH is unknown, it is postulated thought that storage of excess copper in the periplasmic
to be involved in regulation of the other three genes. space protects the cell from toxic copper. How CopD and

In addition to plasmid arsenic resistance that is wellCopB are involved in movement of copper across the mem-
understood and for which clusters of genes have been isdwanes is not understood. However, a mutemp operon
lated and sequenced, there is bacterial arsenic metabolisoontainingcopD but lacking one or more of the other genes
that involves oxidation of arsenite to arsenic (eg Ref. [2]),confers hyper-sensitivity and hyper-accumulation of cellu-
reduction of arsenate to arsenite as part of an oxyaniorlar copper [12], indicating a role for CopD in copper
coupled anaerobic respiration [1,41] or the coupled cleavuptake by the cell. A major source of confusion in the
age of carbon-arsenic bonds with oxidation to arsenatenderstanding of copper resistance is that colonies of the
[57]. These systems are of major environmental concern icopper-resistanPseudomonagurn blue when grown in
arsenic-containing settings, where they may be involved irhigh copper-containing media, while thoseXanthomonas
mobilization or immobilization of environmental arsenic. and E. coli turn brown, and show no sign of periplasmic
These additional systems have not as yet been studied lmppper storage [4,5]. Furthermore, there is preliminary evi-
molecular genetics. dence for copper efflux (not uptake) associated \Eittzoli
copper resistance [5]. Resolution of this problem awaits
further work. TheE. coli plasmid system [4,5] includes an
additional gengocoE the product of which is a periplasmic
copper-binding protein, that is highly produced and separ-
Copper resistance has been described with plasmids of seately regulated [64]. Models for these gene functions have
eral Gram-negative bacteria [4,5,16,17]. These systems amhanged from year to year (eg Ref. [4] and earlier papers
homologous [4,16,17] and contain the same genes, but thguoted there) and more experimental work is needed. How-
genetic basis for plasmid copper resistance in Gram-posiver, all models of copper homeostasis and resistance
tive bacteria remains to be determined. Thecoli struc-  involve the control of cellular uptake and efflux of copper
tural genes arpcoABCDEand the regulatory genggoR by chromosomal genes, as well as plasmid systems for
andpcosS [4,5] (Figure 5). FoiPseudomonaghe compara- additional resistance in high copper environments [17,22].
ble genes are callecbpABCDandcopR, copSThere is no
pcoE homolog in the pseudomonad system. The . .
CopR/PcoR and CopS/PcoS proteins were the first know%ir;;c;mosomal copper resistance in - Enterococcus
metal resistance systems with transcriptional regulation by
a classical two-component regulatory system. (The secontlhe best understood copper transport and resistance system
and third examples will be described below.) The sensois that of the Gram-positivé&Enterococcus hirae[51,76].
protein PcoS is found in the membrane and probably caRemarkably, the two genesppAandcopB that determine
respectively uptake and efflux P-type ATPases, are found
in a single operon [51]. The system is regulated in response
to both copper-starvation (when the CopA uptake ATPase
is needed) and copper-excess (when the CopB efflux
ATPase is needed) [53EnterococcusCopA and CopB
have the same names but different structures and functions
from the Pseudomonaplasmid genes for copper resistance
[17]. E. hirae mutants lacking the CopA uptake ATPase
become somewhat copper-resistant and require higher lev-
els of medium copper for growth. Bacterial mutants lacking
the CopB efflux ATPase become copper-hypersensitive
[12].

Regulation of theecopoperon is governed by the products
of the first two genes in the operargpY(which determines
a repressor protein) antbpZ (which determines an ‘anti-
repressor’ [53], a currently unique regulatory protein pair.
The CopY apo-repressor is thought to be inactive and fails
to bind to the operator/promoter DNA in the absence of
Figure 5 Plasmid copper resistance. The proposed locations and funcintracellular Cu. A moderate level of intracellular Cu
tions of thepcogene products frori. coli (see Refs [4,5,16] for specifics). binds to CopY converting it to a DNA-binding repressor

Plasmid copper resistance in Gram-negative
bacteria
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[53]. At higher intracellular Ctilevels, the CopZ antire- ases and related proteins. Earlier models [71,73] predicted
pressor binds Cy and CopZ-Cut binds CopY-Cug, for-  six transmembrane segments rather than eight. However,
ming an inactive (that is non-DNA-binding) complex. This Melcherset al [42] recently provided detailed data using
explains the simultaneous induction of synthesis of bottprotein fusions supporting the eight-segment model for a
ATPases by Cti [52]. presumed-copper effluxing ATPase frofdelicobacter
The CopB copper efflux ATPase &. hirae has been pylori. Whereas the bacterial potassium ATPase KdpB has
studied by ATP-labeling and transport experiments. Soliodeen modeled as having six membrane-spanning segments
and Odermatt [75] isolated inside-out, subcellular, mem-in the comparable region, the ¥fguptake ATPases and
brane vesicles fronk. hiraecells and the vesicles required (postulated) C# efflux ATPases have an additional four
ATP in order to accumulat&Cu® and*°"Ag*. Thein vitro ~ segments towards the carboxyl end for a total of 10 as
substrate for CopB is thought to be Crather than Ct,  shown in Figure 6b. Thus P-type ATPases differ in mem-
but whether copper is taken up initially as €wand sub- brane topology and length, depending more on cation speci-
sequently reduced to Cwr whether copper is reduced at ficity than on the difference between uptake and efflux
the cell surface (before or concomitant with transport) isdirections.
not known. However, this is similar to the situation with  Two intracellular domains shown in the model and com-
eukaryotic cells where monovalent Cis thought to be the mon to P-type ATPases are the aspartyl kinase domain
intracellular form [75]. (including the conserved DKTGT sequence which includes
the site of aspartyl-phosphorylation) and the phosphatase
domain (with TGES), involved in removing the phosphate
from the aspartate residue during the reaction and transport
Bacterial metallothioneins, functionally homologous to thecycle. This class of ATPases is called ‘P-type’ since they
approximately 60-amino acids long, thiol-rich (perhaps 20are the only transport ATPases that have a covalent phos-
of those 60 amino acids are cysteines) mammalian metapho-protein intermediate. The CadA cadmium ATPase is
binding proteins, have rarely been reported and have beesne of the few bacterial examples for which direct experi-
studied in detail only for the cyanobacteriuBynecho- mental data showing phosphorylation is available [82].
coccus [26,27,85]. The 58-amino acid polypeptide product Tsai et al [83] showed directly ATP-dependent transport
of thesmtAgene contains nine cysteine residues, which aref cadmium by vesicles containing the CadA ATPase.
clustered in groups of 4 and 5 respectively, as are the CadC, the product of the second gene of this operon, is
cysteines in animal metallothioneins. Metallothioneina DNA-binding transcriptional regulatory repressor [22]
cysteines in the two domains bind divalent cations indepenand is a member of a new sub-family of metal-binding
dently. The synthesis of metallothionein is regulated atepressor proteins, with the arsenic system repressor ArsR
three levels [85]. Firstly, the SmtB repressor protein bindg29,62,90,92] and the cyanobacterial metallothionein
divalent cations and dissociates from the target DNA. Secrepressor SmtB [72,84]. Recently the first structure for this
ondly, there is gene amplification so that tandem multiplefamily of regulatory proteins has been obtained for SmtB
copies of the metallothionein locus are produced in metal{15]. The structure shows the dimeric protein with a ‘helix-
stressed cells [26]; and thirdly, deletion between repeateturn-helix’ domain positioned so as to fit into the DNA
sequences on the DNA removes most of sh&@Bgene for  grove and also with two cations bond per monomer, one
the repressor protein [27]. in the helix-turn-helix region and the other at the interface
between subunits. SmtB is a ‘winged helix-turn-helix’ pro-
tein [15] in that antiparallel beta sheet sequences follow the
alpha-helix-turn-alpha-helix common to the larger group of
DNA-binding proteins of bacteria and eukaryotes.

Bacterial metallothionein in cyanobacteria

Cadmium resistance in Gram-positive bacteria
results from a P-type ATPase

The Cd&* efflux ATPase from staphylococcal plasmid pl258
fve bacteria_[71-73], maluding Soi bacili and clmcal C20TUM resistance in Gram-negative soi
Listeria(see Ref. [72] for references). The protein struct bacte_rla resylts frpm a three-protein
. - : o Proten StructUre 1 emiosmotic antiporter
as diagramed (Figure 6a) is typical of P-type ATPases: it
starts with a metal-binding motif, including a vicinal cyst- Large plasmids of the soil chemilithotrophic autotroph
eine pair. One or two such motifs are found with different Alcaligeneshave numerous heavy metal resistance determi-
CadA ATPases, while six metal-binding motifs occur in nants, including for mercury, chromate resistance, and three
the mammalian copper transporting efflux ATPases that areelated ones for divalent cations callegc (for Cc#*, Zn?*
defective in the hereditary diseases Menkes and Wilson'and Cd&* resistances),ncc (for Ni?*, C#* and Cg*
[71,73,87]. The remarkable similarity of these ATPasesresistances), andnr (for Cc** and NP* resistances). The
between animals and bacteria is a major recent findingDNA sequences ofzcand cnr have diverged sufficiently
There follows a membrane ATPase region closely homolothat Southern blot hybridization fails. Nevertheless, the pre-
gous to other P-type ATPases. This includes the eight predicted protein amino acid sequences [19,49,50] show
dicted membrane-spanning regions shown in Figure 6a foclosely related systems with basically the same three struc-
the heavy metal-translocating ATPases [76,87], the sixth ofural proteins [19,68,72]. Indeed, mutations of the Cnr sys-
which is thought to be involved in the cation translocationtem give additional Z#i resistance, showing that the two
pathway. It concludes a conserved proline residue (asystems are fundamentally the same. CzcCBA is an efflux
shown), between cysteines that are found in th& @dP-  pump [49] that functions as a chemiosmotic divalent
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Figure 6 (a) Heavy-metal cation (eg €9 and (b) nutrient cation (eg €aand Mg*) P-type ATPases. The predicted motifs (cation-binding, phospha-
tase, membrane channel, and aspartyl kinase) regions are shown. Modified after Ref. [76] and earlier models.

cation/proton antiporter [48,49]. The proteins involved is not clear whether chromate reduction that has been found
have become the paradigm for a new family of three-with several bacterial isolates confers resistance to3CrO
component chemiosmotic exporters [19], called CBA sys{56]. Plasmid-determined chromate resistance results from
tems for the order of transcription of the genes and to conreduced uptake of Ci by the resistant cells [55]. The
trast them with the ABC (‘ATP-binding cassette’ multi- DNA sequences of the. aeruginosa[10] andA. eutrophus
component ATPases). CzcC is thought to be an outejd7] chromate resistance systems share homologbu&
membrane protein [19]. CzcB appears to be a ‘membrangenes, which encode membrane proteins. A tbimdA gene
fusion protein’ that bridges the inner and outer cell mem-was found on a plasmid of a cyanobacterium [46], so more
brane of Gram-negative bacteria (References in Refsexamples of chromate resistance operons will probably
[19,31]). And CzcA is the basic inner membrane transporbe found.

protein of over 1000 amino acids in length. Several regulat-

ory genes are involved, but there is incomplete understand-

ing of their number or functions [19,50]. Two of these, Tellurite resistance in Gram-negative bacteria
czcRandczcSencode a pair of cation-sensing sensor kinase

(CzcS) and transphosphorylated responder (CzcR) proteinkhere are several well-studied and sequenced determinants
[86], homologous to PcoS and PcoR for plasmid coppeof plasmid-governed tellurite resistance, but in each case
resistance. the mechanism of tellurite resistance is unknown
[31,88,89]. Tellurite resistance does not involve reduction
to black metallic tellurium. This has been a surprise, since
tellurite reduction to metallic Te(0) is found, especially
when resistance allows cell growth [89]. However, sensi-
Resistance to chromate governed by bacterial plasmidsve cells when tested appear able to reduce tellurite to
appears not to involve chromate reduction. Furthermore, iTe(0) as well as resistant cells.

Chromate resistance and chromate reduction in
Gram-negative bacteria
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Silver resistance in enteric bacteria biochemical basis for highly specific Agesistance should
Ee understood in some detail, and comparable systems may

used to treat drinking water and in hospitals as antiseptic gng\‘jgf' 'tr;];{tﬁzagéggﬁso?fsi(gegae-t;}li(I:S Eg)eia;dyn g:ear,
on burnt skin and in inplanted catheters. Bacteria Spedﬁinvolved’ 9

cally resistant to Aghave periodically been reported from '

such sources, as well as from mineral ores and the waste

water of film processing plants. The genetic basis of plas- _ _

mid-determined silver resistance is now actively underOther toxic metal resistances

study (K Matsui, A Gupta and S Silver, in preparation) andln addition to the specific resistances discussed above, other

Figure 7 represents a summary of current unders’tand'ng_resistances are listed in the Figure 2. These have been stud-

and the first presentation of as yet unpublished results. "4 joss and are material for future research. Lead
requires 14 kb of DNA to encode the eight genes apparentlpry) resistance on plasmids appears to have a different

involved in bacterial silver resistance and the functions o e : : . : iy
basis in soilAlcaligeneswhere still another cation-specific

seven of these are diagramed in Figure 7. Two of thesqp_,[y|oe ATPase has been found (D van der Lelie, personal

silS and silR encode another pair of cation-sensing SensoEommunication) and irStaphylococcyswhere a process

kinase (SilS) and transphosphorylated responder (SilR) Iorqhvolving precipitation in intracellular lead-phosphate gran-

teins (Figure 7), homologous to PcoS/PcoR for COIOpeEles has been proposed [38]. Plasmid resistance to tributyl-

resistance and CzcS/CzcR for cadmium, zinc and cobal . . .
resistances. As with thpco system,silRSis followed by rgp((;lr?sg a[s%zzl]ntl-foulmg compounds for ship hulls) has been

silE, the determinant of a periplasmic Adinding protein,
homologous to PcoE. However, the remainder of the silver

resistance determinant is transcribed in the opposite direc-

tion (unlike the situation irpco) and encodes both a three- A final comment
component CBA system, weakly homologous to CzcCBA
and a P-type ATPase that is generally speaking in the fa
ily of heavy metal-responding enzymes diagramed in Fi
ure 6a, except for the absence of a LCXmetal-binding
motif. In the same position, a series of histidine residue
may be functioning to recognize and function with “Ag
After cloning and sequencing the first such silver resistanc
determinant, gene-specific DNA probes were used to sho
that similar (but not identical) systems occur in a wide
range of enteric bacteria from clinical sources, including
burn patients, where silver salts were used as antiseptic
and metallic silver catheters (A Guptaal, in preparation).

Ag* cations are exceedingly toxic to bacteria and have bee

"This brief summary of how microbial cells cope with the
rTTnorganic cations and anions from elements of the Periodic
9Table is not directly applied microbiology. However,
Charles Thom frequently made the point that practical
sproblems were the only ones worth studying and that the
distinction between ‘basic science’ and applied science is
&rtificial and generally harmful to both sides of a continu-
us spectrum of understanding. The approach here has been
from the gene to the physiological process. Such an
approach reflects the success of microbial genetics in the
Rist generation: a genetic approach is usually the most
powerful. A quite different approach to understanding the

X\éhkl:g dsg\éirnr?ﬁéséaag%efc')sr ?neé?guftugr']%d;ggrl]'%igg:g?;if:s”biology of inorganic elements is called ‘bioinorganic chem-
y i ﬂy’ (eg Refs [24,40]) and is based more on chemical

earlier years, this resistance system is expected to b rinciples, minimizing the powers of microbiology and

!mdportant inhfilm p()jrocelssi_ng proceslses _and for t_he Lninin_ enetics. A middle ground is what is needed for fundamen-
industry, where developing metal-resistant microbes i : . : .

’ . . . al understanding of problems of universal and practical
becoming useful applied microbiology [60]. Charles Thom, 1o ce Loolging ar'?the absence of overlap betvf/)een bio-
would ha\_/e agreed that interesting topics have pra}ctlcq organic chemistry (eg Refs [24.40] and the approach to
uses. During the next few years, the molecular genetic anﬂnderstanding here, perhaps this article should be expanded

to a comparable monograph to be titled ‘Systems of Bio-

Silver Resistance Gene Functions inorganic Genetics!” The need shows how far we still have
to go before a satisfactory understanding of the physical
Agt  H Ag* principles that allow microbes (and higher living forms) to
Outer membrane N discriminate between closely related cations and anions,
Ve and then to harness specific inorganic ions to precise bio-
Periplasm SilB logical functions.
Ag® Silp
e/ D-%p
ATP ~— B - Ag' ATP ér Acknowledgements
app P \‘3212’ The research in our laboratory on these topics has involved
%im&D the participation of many colleagues and friends (listed as
authors below) for 30 years. The reference section is fre-
o— qguently limited to reviews or most recent articles, and

Figure 7 First model for proteins and functions of the new plasmid silver 2P0logies are given here_ for the inability to cite each pri-
resistance determinant (from S Silver al, in preparation). mary paper for these topics.
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