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Silver(I), Mercury(II), Cadmium(II), and Zinc(II) Target Exposed
Enzymic Iron-Sulfur Clusters when They Toxify Escherichia coli

Fang Fang Xu®® and James A. Imlay®

College of Environmental Science and Engineering, Donghua University, Shanghai, China, and Department of Microbiology, University of lllinois, Urbana, lllinois, USA®

The toxicity of soft metals is of broad interest to microbiologists, both because such metals influence the community structures
in natural environments and because several metals are used as antimicrobial agents. Their potency roughly parallels their thio-
philicity, suggesting that their primary biological targets are likely to be enzymes that contain key sulfhydryl moieties. A recent
study determined that copper poisons Escherichia coli in part by attacking the exposed [4Fe-4S] clusters of dehydratases. The
present investigation sought to test whether other soft metals also target these enzymes. In vitro experiments revealed that low-
micromolar concentrations of Ag(I) and Hg(II) directly inactivated purified fumarase A, a member of the dehydratase family.
The enzyme was also poisoned by higher levels of Cd(II) and Zn(II), but it was unaffected by even millimolar concentrations of
Mn(II), Co(II), Ni(II), and Pb(II). Electron paramagnetic resonance analysis and measurements of released iron confirmed that
damage was associated with destruction of the [4Fe-4S] cluster, and indeed, the reconstruction of the cluster fully restored activ-
ity. Growth studies were then performed to test whether dehydratase damage might underlie toxicity in vivo. Barely toxic doses
of Ag(I), Hg(II), Cd(II), and Zn(II) inactivated all tested members of the [4Fe-4S] dehydratase family. Again, activity was recov-
ered when the clusters were rebuilt. The metals did not diminish the activities of other sampled enzymes, including NADH dehy-

drogenase I, an iron-sulfur protein whose clusters are shielded by polypeptide. Thus, the data indicate that dehydratases are
damaged by the concentrations of metals that initiate bacteriostasis.

oft metals are functionally defined by their polarizability,

which enables them to associate tightly with sulfthydryl groups.
Broadly speaking, mercury(II), silver(I), copper(I), lead(II), cad-
mium(II), nickel(II), zinc(II), and cobalt(II) all have substantial
affinities for protein thiols, and they are toxic to bacteria roughly
in proportion to their affinities for sulfur (31). The use of silver
and copper for drinking vessels of the classical period exploited
the observation that these metals suppress spoilage. In the 20th
century, silver and mercury in particular were applied as antibiot-
ics to prevent or treat a variety of human infections. Today, mer-
cury is still used in parts of the world as a preservative for vaccines
and seeds (3), silver tips have been developed for catheters to resist
biofilms (5), and both silver and copper coatings have been ap-
plied to frequently touched surfaces in hospitals in order to sup-
press nosocomial disease (14, 33).

Given this long history, it is somewhat surprising that the mo-
lecular basis of soft-metal toxicity toward microbes remains un-
clear (33, 39). Three general models have been considered. First, in
vitro studies show that the divalent soft metals can compete for the
metal-binding sites of proteins that normally contain divalent cat-
ions; the ensuing mismetallation may, for example, undermine
the function of zinc-finger proteins (26, 32). However, such a
mechanism seems less likely to pertain to the monovalent ions
Ag(I) and Cu(I), which should bind poorly to divalent-metal sites
but are nevertheless among the most toxic soft metals. Second,
given their predilection for binding sulfur atoms, soft metals are
potential inhibitors of enzymes that require active-site thiols for
activity (7, 34). Finally, a variety of studies have linked soft-metal
overloading with signs of oxidative stress (19, 40, 42, 43), includ-
ing the accumulation of oxidized DNA and lipid hydroperoxides.
Yet most of these metals are not redox active, so that an underlying
mechanism of oxidative activity is not immediately apparent.

In a recent study, we investigated the mechanism by which
copper poisons Escherichia coli. It was found that copper(I) ex-
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erted toxicity by destroying the iron-sulfur clusters of dehydra-
tase-family enzymes (27). These [4Fe-4S] clusters are directly in-
volved in catalysis, as they bind substrate and serve as Lewis acids
to promote the dehydration reaction. To do so, the clusters must
be openly exposed to solvent, a trait not shared by the more famil-
iar clusters that operate in electron-transfer enzymes. A conse-
quence is that copper(I) has access to the sulfur atoms of the clus-
ter, and upon binding them it displaces the catalytic iron atoms.
Activity is thereby abolished. Enzymes of this type are involved in
key metabolic pathways, and their inactivation can arrest growth.

Thus, it is plausible that other soft metals might have the same
destructive effect upon this unusual enzyme family. In this study,
we first determined which soft metals can damage purified dehy-
dratases in vitro. We then tested whether dehydratase activities are
lost at the point when such metals poison E. coli. The data indicate
that dehydratases are damaged by the concentrations of metals
that initiate bacteriostasis.

MATERIALS AND METHODS

Reagents. D-Glucose and glycerol were purchased from Fisher Scientific;
mercury chloride, cadmium chloride, and lead chloride were purchased
from Acros Organics; and EDTA disodium salt dehydrate was purchased
from Fluka. Silver nitrate, zinc chloride, cobalt chloride, manganese sul-
fate, nickel sulfate hexahydrate, ferrous ammonium sulfate, L-(—)-malic
acid disodium salt, 2,2"-dipyridyl, L-amino acids, acid-hydrolyzed Casa-
mino Acids, D-gluconate, thiamine, chloramphenicol, kanamycin, o-ni-
trophenyl-B-p-galactopyranoside (ONPG), p,L-dithiothreitol, NADH,
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deamino-NADH, isopropyl-p-p-thiogalactopyranoside (IPTG), 3-mer-
captoethanol, ampicillin, citraconate, r-lactic dehydrogenase solution
from rabbit muscle, catalase from bovine liver, potassium D-gluconate,
6-phosphogluconic acid tri(cyclohexylammonium), oxalacetic acid, and
DEAE-Sepharose were obtained from Sigma. Metal stock solutions were
prepared in water at 100 mM for Ag(I), at 50 mM for Cd(II), Zn(II),
Mn(II), Ni(II), and Co(II) salts, and at 10 mM for Hg(II) and Pb(II) salts.

Fumarase A was overproduced and purified from a wild-type strain
containing pFUMA, following the protocols described previously (9, 18).
IscS protein was purified from an overproducer strain (17).

Strains and growth conditions. The strains used in this study are
derivatives of the wild-type K-12 strain MG1655. FX10 contains a
AzntA724::kan allele that eliminates the zinc efflux system (37); the mu-
tation was introduced into MG1655 by P1 transduction from JW3434-1
(E. coli Genetic Stock Center) with selection for kanamycin resistance.
Inheritance of the mutation was confirmed by PCR analysis. SJ32 is a
A(fumCl::cat)] mutant of the MG1655 descendant BW25113 (6); the
mutation eliminated the activity of the cluster-free fumarase C isozyme
(24). Plasmid pFUMA overexpresses fumA from a tac promoter (18). The
lac mutation and the promoter fusion were produced and integrated as
described previously (17). DW3110 is a copA::kan mutant of wild-type
strain W3110 lacking the proton motive force-driven copper efflux pro-
tein (36).

Luria broth (30) contained 10 g Bacto tryptone, 5 g yeast extract, and
10 g NaCl per liter. Standard minimal medium contained minimal A salts
(30), 0.2% glucose, 1 mM MgSO,, and 5 mg/liter thiamine. Where indi-
cated, minimal medium was supplemented with 0.2% Casamino Acids
and 0.5 mM tryptophan. Histidine (0.5 mM) was added to anaerobic
minimal medium cultures because MG1655 exhibits a histidine auxotro-
phy when oxygen is absent. In experiments that tested the abilities of
metals to poison intracellular 6-phosphogluconate dehydratase or 3-ga-
lactosidase, 0.2% gluconate or 0.2% lactose, respectively, was substituted
for glucose. Media were supplemented with 150 pg/ml chloramphenicol
or 100 pg/ml ampicillin when needed. Anaerobic cultures were grown at
37°C in an anaerobic chamber (Coy Laboratory Products). Aerobic cul-
tures were grown at 37°C with vigorous shaking.

All growth studies were performed with cells that were first established
in exponential phase. To do so, overnight cultures were diluted to an
optical density at 600 nm (ODyy,) 0of 0.005 and then grown to an ODy, of
~0.1. These cells were then diluted again into fresh medium containing
the indicated concentration of toxic metal. Overnight cultures, precul-
tures, and challenged cultures were all prepared in the same medium.

In vitro assays. Purified fumarase A (2 uM) in anaerobic 50 mM
Tris-Cl buffer (pH 7.65) was inactivated by the addition of freshly pre-
pared silver, mercury, cadmium, zinc, nickel, cobalt, manganese, or lead
at room temperature inside the anaerobic chamber. In tests of protection
by substrate, the indicated concentrations of L-malic acid were also pres-
ent. After exposure, the enzyme was diluted 200-fold and assayed by mon-
itoring the production of fumarate at 250 nm (18).

Reactivation of the inactivated enzymes was initiated by 1:2 dilution
and anaerobic incubation with 2.5 mM dithiothreitol (DTT) and 200 uM
Fe(NH,),(SO,), for 10 min at room temperature. By binding the soft
metals, DTT blocked further damage, and the combination of DTT and
ferrous iron allows the reactivation of clusters that have been degraded to
their [3Fe-4S] form (17). Where indicated, 2.5 mM cysteine and purified
IscS (0.16 mU) were included with the DTT-iron, and the mixture was
incubated at room temperature for 30 min in order to rebuild damaged
clusters that had lost bridging sulfur atoms. After these reactivation pro-
cedures, the enzyme was diluted 100-fold and immediately assayed.

Iron lost during enzyme damage was quantified by trapping with
dipyridyl (e, 8.65 mM ™' cm™" for the iron/dipyridyl complex at As,,)
(18). The reaction mixture included 6.7 wM purified fumarase and 1 mM
dipyridyl in 50 mM anaerobic HEPES buffer (pH 7.65). HEPES buffer was
used in this experiment to avoid spectroscopic interference from silver
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complexes with components of Tris-Cl buffer. Standard curves were de-
termined using Fe(NH,),(SO,),.

Electron paramagnetic resonance (EPR) analysis of cluster damage
(17) was performed by incubating purified fumarase A (20 uM) with 100
uM H,0,, 300 uM Zn(II), or 60 wM Ag(I) in 50 mM anaerobic Tris-Cl,
10 mM Mg(IT), and 10% glycerol for 5 min. Catalase was then added to
remove the H,0, (and was added to the metal-treated enzyme for the sake
of consistency). The reaction mixture was immediately transferred to EPR
tubes and frozen in dry ice. The EPR spectrum was obtained under the
following conditions: microwave power, 1 mW; microwave frequency,
9.05 GHz; modulation amplitude, 8 G at 100 kHz; time constant, 0.032;
temperature, 15 K.

Measurements of enzyme damage occurring in vivo. In preparation
for studies of fumarase, isopropylmalate isomerase (IPMI), and 6-phos-
phogluconate dehydratase, cells (250 ml) were cultured aerobically in
glucose-Casamino Acids medium, standard minimal glucose medium,
and gluconate-Casamino Acids medium, respectively, at 37°C to an
ODg of ~0.2. Chloramphenicol (150 pg/ml) was then added to block
further protein synthesis, and the tested metal was subsequently added for
30 min. Cells were then centrifuged, washed twice with minimal A salts,
resuspended in 1 ml of the relevant anaerobic assay buffer, and lysed by 2
min sonication in the anaerobic chamber. Lysates were clarified by 10 min
centrifugation at 15,000 X g. Assays of these enzymes were performed by
established methods (18) either immediately or after cluster reconstitu-
tion as described above.

For tests of damage to (3-galactosidase, malate dehydrogenase, and
NADH dehydrogenase I, cells were cultured in aerobic lactose-Casamino
Acids medium prior to the addition of chloramphenicol and metal, as
described above. Extracts containing (3-galactosidase and inverted vesicles
containing NADH dehydrogenase I were subsequently prepared and as-
sayed in 1 ml aerobic buffers, while malate dehydrogenase was extracted
by sonication and assayed in anaerobic buffer in order to avoid NADH
oxidation by the respiratory vesicles. For NADH dehydrogenase I assays,
inverted membrane vesicles were prepared by French press in aerobic 50
mM morpholineethanesulfonic acid buffer (pH 6.0). Cell debris was re-
moved by centrifugation, and the activity was then measured in 50 mM
aerobic potassium phosphate buffer (pH 6.0) by monitoring the decrease
of deamino-NADH (sodium salt) at 340 nm. NADH dehydrogenase II
does not act on this NADH analogue (29).

RESULTS
Growth inhibition by soft metals. Exponentially growing E. coli
cells were exposed to a variety of soft metals. Very low concentra-
tions of Ag(I) and Hg(II) (0.15 wM) were sufficient to block the
growth of E. coli in a glucose minimal medium, consistent with
their known antibiotic effects (Fig. 1). In contrast, near-millimo-
lar doses of Ni(II) and Co(II) were required to slow growth. No
growth inhibition was seen when the medium was supplemented
with even millimolar levels of Cd(II), Zn(II), Mn(II), or Pb(II).
Several parameters strongly affected the sensitivity of cells in
these experiments. These were closely documented using Ag(I) as
arepresentative metal. First, sensitivity was strongly suppressed in
complex medium; for example, whereas 0.1 wM Ag(I) inhibited
growth in defined medium (Fig. 1A), 20 M was required for a
similar effect in LB medium (data not shown). This protection is
likely to be due to chelation of the metal by medium components,
an effect that was documented previously in the studies of copper
(27). Second, toxicity was strongly diminished when cells were at
ahigher density when metals were added. Thus, the minimal Ag(I)
concentration required for prolonged stasis was 0.25 pM at an
ODgq, of 0.005 but 7 wM at an ODy,, of 0.2. We believe that this
phenomenon arises because some metals are sequestered through
adventitious associations with the cell surface. Indeed, the dose-
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FIG 1 Soft metals inhibit E. coli growth. At time zero, MG1655 (wild-type) cultures growing exponentially in aerobic minimal glucose medium were subcultured

into the same medium containing the indicated concentrations of metals.

response curves manifested a tipping point: although 0.2-OD-
unit cells tolerated 5 uM Ag(I) with little effect upon growth rate,
6.25 pM Ag(I) absolutely blocked growth, as if a sequestering
component had been titrated. In any case, the effect is that toxic
doses cannot easily be described as MIC values, and the toxicity of
these metals can be strongly underestimated if experiments are
performed in complex media and/or at high culture densities.

Like copper, Ag(I) inhibited anaerobic cells as effectively as it
did aerobic cells (data not shown). This outcome indicates that
Ag(I) toxicity is not mediated by reactive oxygen species.

Intermediate doses of Ag(I) created a short lag, which initially
suggested an adaptive protective response (Fig. 1A). However,
when the outgrowing cells were centrifuged and resuspended in
fresh medium of the same Ag(I) content, growth abruptly stopped
(data not shown). We infer that the cells conditioned the medium
by absorbing a limited amount of Ag(I); preexposed cells lacked
any further capacity to tolerate new Ag(I).

In sum, very low doses of Ag(I) and Hg(II) are sufficient to
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block E. coli growth, although the precise inhibitory concentration
is affected by cell density and medium composition. These metals
are most potent under the conditions that are most commonly
found in nature: dilute media and low cell densities.

Several soft metals inactivate iron-sulfur-dependent dehy-
dratases in vitro. Copper can poison cells by directly destroying
the catalytic iron-sulfur clusters of the dehydratase-family en-
zymes (27). This action stems from its ability to bind the sulfur
ligands of the cluster, a trait which other soft metals might be
expected to share. Purified fumarase A was exposed to Mn(II),
Co(II), Ni(II), Zn(II), Ag(I), Cd(II), Hg(II), and Pb(II) in vitro.
This experiment was performed under anaerobic conditions to
preclude any involvement of oxygen species. Figure 2A demon-
strates that low-micromolar concentrations of Ag(I) and Hg(II)
quickly inactivated the enzyme. Substantially higher doses of
Cd(II) and Zn(II) were required. Fumarase activity decreased by
90% after 5 min exposure to 3 pM Hg(II), 10 uM Ag(I), 80 uM
Cd(II), and 200 pM Zn(I1). This pattern correlates with the order
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FIG 2 Soft metals inactivated fumarase A in vitro. (A) Purified fumarase A (2 wM) was exposed to the indicated concentrations of soft metals for 5 min in
anaerobic room-temperature buffer prior to dilution and assay. Metals included Ag(I) (closed circle), Hg(II) (closed square), Cd(II) (closed triangle), Zn(II)
(closed diamond), Co(II) (open circle), Ni(II) (open square), Mn(II) (open triangle), or Pb(II) (open diamond). (B) The inactivation of fumarase A by Ag(I) was

not continuous.
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FIG 3 Soft metals specifically degraded the [4Fe-4S] cluster of fumarase A. (A) Substrate protected the enzyme from damage. The indicated concentrations of
malate were present during the anaerobic exposure of 2 uM fumarase A for 5 min to 10 pM Ag(I), 5 pM Hg(II), 100 uM Cd(II), or 200 uM Zn(II). Enzyme was
subsequently diluted and assayed. (B) The activity of inactivated fumarase was restored by reconstruction of its iron-sulfur cluster. Purified fumarase A (2 uM)
was anaerobically damaged by 10 uM Ag(I), 5 uM Hg(II), 100 wM Cd(II), or 200 M Zn(II) in anaerobic buffer. Aliquots then received no further treatment or
were incubated with Fe(II)-DTT or Fe(II)-DTT-IscS-cysteine prior to assay. (C) EPR analysis of the effects of Ag(I) and Zn(II) upon the [4Fe-4S] cluster of
fumarase A. Purified fumarase A (20 uM) was exposed to 300 M Zn(II) and 60 M Ag(I) for 5 min. Treatment with 100 .M H,O,, which generates a [3Fe-4S]
cluster, was performed as a control. The reaction mixture was then frozen for EPR analysis. (D) Progressive iron release during exposure of 6.7 uM fumarase A

to 50 M Ag(I). Iron was quantified by chelation with 1 mM dipyridyl.

of their thiophilicity. In contrast, Mn(II), Co(II), Ni(II), and
Pb(II) had no effect even at millimolar concentrations. The nega-
tive result with Co(II) agreed with inferences that Ranquet et al.
drew from studies with intact cells (35). The fact that Pb(II), a very
soft metal, failed to damage fumarase indicates that softness per se
is not a sufficient predictor of its effect (see Discussion).

Rate constants could not be determined, as the rate of inacti-
vation was not constant over time (Fig. 2B). This effect apparently
stems from the progressive absorption of the metal upon protein
surfaces, since the extent and duration of damage were greatest
when the protein was most dilute (data not shown). Similar effects
were apparent in analogous experiments with copper (27).

Dehydratase inactivation stems from destruction of the
[4Fe-4S] cluster. In principle, metals might damage proteins in a
number of ways. The presence of malate protected the fumarase.
Malate is a substrate/product of this reversible enzyme, and me-
dian protection was achieved by a concentration (ca. 1 mM) close
to the K,,, of the enzyme (Fig. 3A). The implication is that the metal
must enter the active site in order to create damage. Interestingly,
damage by Ag(I) and Hg(II) was not quite fully blocked by satu-
rating concentrations of malate, indicating that these metals still
have some access to the target site even when the cluster forms an
enzyme-substrate complex with malate.

When dehydratase clusters are damaged by oxidants, the [4Fe-
48] ™ cluster degrades to a [3Fe-4S]** form that can be reactivated
by subsequent treatment with ferrous iron and dithiothreitol (18,
22). This procedure restored only minimal activity when fumarase
had been damaged with Ag(I), moderate activity when damaged
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by Hg(II) and Cd(II), and almost full activity when damaged by
Zn(II) (Fig. 3B). One possible explanation was that the Ag(I)-
treated enzyme had lost more than one iron atom—and, with it,
the bridging sulfur atoms—whereas degradation of the Zn(II)-
treated enzyme had arrested in the [3Fe-4S] stage. To test this, the
damaged enzymes were also incubated in a mixture that included
the IscS desulfurylase and cysteine, its substrate. This enzyme is
involved in de novo cluster synthesis in E. coli and can be employed
to activate iron-sulfur enzymes that are in the apoprotein form
(17). Indeed, this treatment restored nearly full activity to all the
damaged proteins. Thus, metal treatment specifically destroys the
iron-sulfur clusters, without irreversible damage to the polypep-
tide itself.

EPR analysis showed that our purified fumarase A was pre-
dominantly in the [4Fe-4S] (EPR-silent) form, with a minor sub-
population being in the oxidized (EPR-visible) [3Fe-4S]™ form
(Fig. 3C). Treatment with Ag(I) destroyed both classes of clusters,
with no residual signal. In contrast, although Zn(II) exposure in-
activated the holoenzyme, the [3Fe-4S]™ subpopulation was in-
creased rather than degraded. This outcome confirms that Ag(I)
degrades clusters more extensively than does Zn(II). To track the
kinetics of iron loss, the ferrous iron chelator dipyridyl was in-
cluded during the period of Ag(I) exposure. Iron release was bi-
phasic, with a relatively rapid release of the first iron atom fol-
lowed by a slower release of remaining iron (Fig. 3D). Thus, iron
release is a stepwise event, rather than an all-or-none destruction
of the cluster.

The failure of malate to fully block damage by Ag(I) and Hg(II)
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FIG 4 Ag(I), Hg(II), Cd(II), and Zn(II) also damaged the [4Fe-4S] clusters of
fumarase A in vivo. Strain SJ32 (0.2 OD unit) was exposed to soft metals for 30
min in glucose medium in the presence of chloramphenicol to block protein
synthesis. Lysates were then prepared and analyzed in anaerobic buffer. Lysates
were assayed without further treatment, after incubation with Fe(II)-DTT, or
after incubation with Fe(II)-DTT-IscS-cysteine.

had raised the question of whether the residual damage involved
the iron-sulfur cluster at all. However, we observed that the iron-
DTT-IscS treatment reversed the inactivation of enzyme that oc-
curred with saturating malate (data not shown). Aside from show-
ing that these metals did no other damage to the protein, this
result indicates that accumulated substrate can slow but not fully
block enzyme damage.

Soft metals attack dehydratases in vivo. Metabolite concen-
trations are high inside cells, and it seemed plausible that these
various compounds might chelate soft metals so effectively that
dehydratase damage would be minimal even in overloaded cells.
We cultured cells in defined medium at the higher cell densities, to
enable biochemical analysis of recovered fumarase in the lysate.
Intracellular fumarase was inactivated when cells were exposed to
doses of Ag(I) and Hg(II) that were just sufficient to inhibit
growth (Fig. 4). Damage was also apparent in Cd(II)- and Zn(II)-
treated cells. In all cases, most of the lost fumarase activity was
recovered when lysates were incubated with iron-DTT-IscS. We
conclude that dehydratases comprise one of the first targets that
these metals damage.

Other iron-sulfur dehydratases were also damaged. Figure 5
demonstrates the loss of activity of isopropylmalate isomerase
(Fig. 5A) and 6-phosphogluconate dehydratase (Fig. 5B) during
Ag(I) stress. Notably, the concentration dependence showed the
same tipping-point effect seen in the growth-curve experiments
(Fig. 1).

The effect was specific: none of the metals inactivated malate
dehydrogenase or B-galactosidase, two control enzymes that do
not employ iron-sulfur clusters (data not shown). Further, the
metals also did not affect the activity of NADH dehydrogenase I,
the complex I enzyme that contains at least nine clusters in its
electron-transfer pathway. These clusters are buried in polypep-
tide and are presumably inaccessible to dissolved metals.

Of the most thiophilic metals, only Zn(II) is deliberately im-
ported into the E. coli cytoplasm, where it serves as a cofactor for
numerous enzymes. Its intracellular concentration is held in check
by the Zn(II) export protein ZntA (37). Indeed, mutants that lack
this export system were more sensitive to growth inhibition by
zinc. The zntA mutants also exhibited a greater degree of damage
to 6-phosphogluconate dehydratase: upon treatment with 0.6
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FIG 5 Silver also damaged other [4Fe-4S] dehydratases inside cells. Cells were
grown aerobically to an ODy, of ~0.2, chloramphenicol was added to block
further protein synthesis, and Ag(I) was then added for 30 min. (A) MG1655
(wild type) was grown in glucose minimal medium, and isopropylmalate
isomerase (IPMI) activity was monitored. (B) MG1655 was grown in gluco-
nate Casamino Acids medium, and 6-phosphogluconate dehydratase (Edd)
activity was monitored.

mM zing, activity in wild-type cells declined only to 24% % 2% of
the normal level, while in the ZntA-deficient strain, the activity fell
to 5% = 4%. In this experiment, zinc was added in the presence of
chloramphenicol, so that the loss of activity represents damage to
extant enzyme rather than interference with de novo cluster as-
sembly. Thus, the [4Fe-4S] dehydratases are targets that the zinc
homeostasis system substantially protects.

DISCUSSION

The microbicidal capacity of soft metals has long been recognized,
but its molecular basis has been uncertain. It has been observed
that the softest metals—that is, those that bind sulfur ligands most
strongly—tend to be the most toxic to microorganisms. Two of
these, silver and mercury, have traditionally been used as antisep-
tics, and much current work focuses on the use of copper for the
same purpose (14). We observed that these metals are particularly
effective at inhibiting the growth of E. coli.

These three metals quickly destroy the solvent-exposed iron-
sulfur clusters of the aconitase-family dehydratases. Iron loss oc-
curs in a stepwise fashion, presumably due to Sy1-type displace-
ment of iron as the soft metals bind either cysteinyl or bridging
sulfur atoms. Zing, the least thiophilic of the damaging metals,
displaced only the unique substrate-coordinating iron atom, leav-
ing behind a [3Fe-4S] product. We suspect that this difference
arises because the residual iron atoms are more strongly coordi-
nated by four sulfur ligands, including a polypeptide cysteine,
whereas the labile iron atom initially has only three bridging sul-
fide ligands and a water molecule.

The avidity with which the displacing metals remain associ-
ated with the clusters is uncertain; the damaged enzymes can be
immediately rebuilt in vitro, presumably indicating that the
binding is only transient. A similar repair process occurs in
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vivo, so that the steady-state activity of these enzymes inside
metal-stressed cells represents the balance between cluster
damage and repair (11, 13).

Although dehydratase [4Fe-4S] clusters are also targeted by
the oxidants superoxide and hydrogen peroxide (10, 18, 22),
both the mechanism of damage and the nature of the damaged
product differ from those of soft-metal damage. Oxidants must
directly bind the catalytic iron atom; thus, substrate-bound
enzyme is fully protected. Oxidation generates a [4Fe-4S]°"
form that quickly decays to a stable [3Fe-4S] ™" species; oxidants
cannot attack this form further, and so it is quickly repaired in
vivo. Both of these traits dampen the potency of oxidative
stress. In contrast, thiophilic metals can still attack enzyme-
substrate complexes, since substrates do not coordinate the
sulfur atoms that the metals target, and the softer metals de-
grade the cluster beyond the stage at which it can be reactivated
by simple reduction/remetallation. Repair likely requires the
function of the Isc system, which, others have shown, may also
be inhibited by soft metals (4, 35).

The fact that Pb(II) did not damage fumarase is notable. Pb(II)
is distinguished from the other soft metals in that it requires asym-
metric coordination geometry, due to lone-pair electrons that the
other metals lack. Indeed, the substitution of Pb(II) into divalent-
metal enzymes can distort the local structure, as the polypeptide
ligands are rearranged (12, 28). Such flexibility may be absent in
the rigid iron-sulfur environment, possibly excluding Pb(II) from
the site. The ionic radius of Pb(II) (133 pm) is also substantially
larger than that of the other metals, including Zn(II) (88 pm) and
even Hg(II) (116 pm).

Mn(II), Ni(II), and Co(II) did not directly damage dehydra-
tases, a result that accords with the lesser affinity of these metals
for sulfur ligands. Excessive intracellular levels of these metals
are nevertheless toxic to E. coli, albeit by other mechanisms.
Since manganese toxicity can be alleviated by mutations in Fur
protein—which thereby triggers rapid iron import—it is gen-
erally inferred that manganese competes with iron for binding
to iron-dependent proteins, although the specifics remain un-
certain (16). A recent report demonstrates that nickel competes
with zinc for fructose-1,6-bisphosphate aldolase; the nickel-
loaded enzyme has poor activity so that glycolysis fails (Fig. 1C)
(25). Further, while cobalt cannot directly inactivate iron-sul-
fur enzymes, it can inhibit the Isc system that assembles the
clusters. Over time the effect is a gradual diminution in the ac-
tivities of client proteins (35). This effect might explain the
progressive slowing of growth over several hours that was ob-
served in this study (Fig. 1D).

A key question, of course, is whether cluster destruction is a
main element of the toxic actions of Ag(I), Hg(II), Cd(II), or
Zn(II). In a previous study, we found that copper specifically
inactivated the branched-chain biosynthetic pathway: at the
lowest toxic doses of copper, growth was restored when the
medium was supplemented with leucine, isoleucine, and valine
(27). That pathway employs two iron-sulfur dehydratase en-
zymes, and their loss of activity correlated with the growth
defect. In the current study, we again observed that dehydra-
tase damage occurred at the same critical metal doses that
blocked growth, which once more fits the notion that these
enzymes are primary targets. However, the toxicity of silver
and mercury could not be abated with branched-chain supple-
ments. Dose-response experiments revealed that below a cer-
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tain threshold, metals appeared to be innocuous; but when that
threshold was exceeded, they abruptly poisoned cells. This
threshold may correlate with the adsorbing capacity of cell sur-
faces. If so, at the point of toxicity, the intracellular metal levels
may suddenly rise enough to simultaneously incapacitate a va-
riety of targets, making it difficult to correlate growth problems
with the progressive damage of a particular enzyme. Members
of the dehydratase family belong to a variety of catabolic and
anabolic pathways, so that metabolism might be disrupted at
several levels. Of course, it is plausible that metal-independent
thiolate enzymes are also affected. However, at marginal doses
of soft metals, one might expect the iron-sulfur enzymes to be
particularly vulnerable, since even the momentary binding of a
soft metal will cause cluster damage that typically requires
many minutes for repair in vivo, in contrast to thiolate en-
zymes, whose inhibition requires continuous association with
the metal. Nonetheless, although the present data confirm that
iron-sulfur dehydratases are among the first targets of silver
and mercury, the data do not show that they are exclusive in
this regard.

A variety of indirect observations have led workers to consider
that some soft metals might also stimulate damage by reactive
oxygen species (19, 40, 42, 43). The chemistry by which such in-
juries might arise has been unclear, since most soft metals cannot
redox cycle at physiological redox poises. The fact that these met-
als can degrade iron-sulfur clusters might offer at least a partial
explanation: destruction of these clusters can swell the cellular
pools of unincorporated iron enough to substantially accelerate
Fenton reactions, which can drive the oxidation of DNA and the
peroxidation of lipids (20). Further, some organisms use the ac-
cumulation of cluster-free aconitase as a signal that the cell is iron
deficient: the apoprotein stabilizes RNA messages that encode
iron-import systems (1, 21). Disruption of that cluster by soft
metals would mimic the effect of iron depletion and might be
expected to trigger excessive iron accumulation. Thus, it is pos-
sible that oxidative stress is an indirect effect of soft-metal
overloading.

The prevalence or essentiality of iron-sulfur dehydratases var-
ies among organisms. Microbes that depend upon the Entner-
Doudoroff or tricarboxylic acid cycle pathways for energy produc-
tion will be vulnerable to soft metals, due to their reliance upon
6-phosphogluconate dehydratase (Edd) or aconitase/fumarase,
respectively; glycolysis, in contrast, does not involve iron-sulfur
dehydratases. Further, while the IPMI and dihydroxy-acid dehy-
dratases are required for the synthesis of branched-chain amino
acids and vitamins, some microbes occupy habitats in which these
products are directly available and need not be synthesized. Strep-
tococcus pneumoniae, for example, does not rely on any members
of this enzyme class, and one expects it to be resistant to this mode
of soft-metal toxicity. This consideration may be relevant to the
impacts that these metals will have both in the environment and
when applied as antiseptics.

Finally, it is interesting to consider how dehydratase-utilizing
cells shield themselves from the toxic effects of these metals. The
primordial earth was anaerobic, and soft metals were trapped as
insoluble sulfide minerals; this circumstance allowed early organ-
isms to employ iron-sulfur enzymes without the threat that they
might be damaged by either reactive oxygen species or soft metals
(2,8).

It was not until 2 billion years later that oxygen levels
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surged, in response to global photosynthesis. At that point
these enzymes were confronted with reactive oxygen species,
which are generated by adventitious redox reactions, and with
the soft metals, which were solubilized by the oxidation of
sulfide minerals. Evolving microorganisms countered the reac-
tive oxygen species by inventing scavenging enzymes. Ulti-
mately, they shielded themselves from the softest metals by
excluding them from the cell interior (41), where the vulnera-
ble iron-sulfur dehydratase and thiolate enzymes are located.
To this end, bacteria commonly express dedicated silver, cop-
per, and mercury export systems that pump these metals out of
the cytoplasm (31, 38, 39). The cellular organization ensures
that there is no need to allow these metals to mix with dehy-
dratases: the few soluble copper-dependent enzymes that re-
quire access to this metal reside exclusively in the periplasm,
the peripheral compartment that lacks iron-sulfur enzymes
(27). In eukaryotes, the cytoplasmic compartment does con-
tain both copper and iron-sulfur enzymes, but the copper is
carefully chaperoned during its delivery to copper-requiring
apoproteins (23), a system that presumably arose to ensure that
copper could not associate with enzymes that it could poison.

Both eukaryotic and prokaryotic organisms employ zinc as a
common cofactor of cytoplasmic enzymes. This arrangement may
be tolerable because zinc reacts much more sluggishly with iron-
sulfur clusters than does silver or copper, and the primary product
is a [3Fe-4S] cluster that can be readily fixed by simple remetalla-
tion without resort to the slower Isc desulfurase system. Further,
the counterbalancing Zur and ZntR regulatory systems (15) en-
sure that the intracellular zinc concentration is restricted within
narrow limits that are too low to affect iron-sulfur enzymes. Thus,
it is plausible that the threat of soft metals has had a substantial
influence upon the identities, compartmentalization, and traffick-
ing of biological metals.
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