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The iron-sulfur nitroso compound [Fe4S3(NO)7]� is a broad-spectrum antimicrobial agent that has been
used for more than 100 years to combat pathogenic anaerobes. Known as Roussin’s black salt (RBS), it
contains seven moles of nitric oxide, the release of which was always assumed to mediate its cytotoxicity. Using
the hyperthermophilic archaeon Pyrococcus furiosus, it is demonstrated through growth studies, membrane
analyses, and scanning electron microscopy that nitric oxide does not play a role in RBS toxicity; rather, the
mechanism involves membrane disruption leading to cell lysis. Moreover, insoluble elemental sulfur (S0),
which is reduced by P. furiosus to hydrogen sulfide, prevents cell lysis by RBS. It is proposed that S0 also
directly interacts with the membranes of P. furiosus during its transfer into the cell, ultimately for reduction
by a cytosolic NADPH sulfur reductase. RBS is proposed to be a new class of inorganic antimicrobial agent that
also has potential use as an inert cell-lysing agent.

Reactive nitrogen species (RNS), such as nitrite, have been
used throughout human history to prevent spoilage of fish and
meat by microorganisms (5, 25). Their toxicity is thought to be
the result of the generation of nitric oxide (NO), which then
chemically modifies key enzymes and proteins via primary thiol
groups or iron-sulfur clusters (5, 16, 18, 20, 21, 33, 36). How-
ever, the specific mechanisms by which RNS inhibit microbial
growth is poorly understood (7, 13, 17, 20). Since health con-
cerns over possible connections between nitrite and cancer
have caused a steady decline in the amount of nitrite used in
American and European foods (29, 34), a more complete un-
derstanding of the action of RNS and related molecules is
clearly necessary. Herein, we focus on a remarkable molecule
known as Roussin’s black salt (RBS). RBS is even more bac-
tericidal than nitrite (25, 26); it was discovered in 1858 by the
French scientist M. L. Roussin, who synthesized it by heating
nitrite, iron, and sulfide (26). It is a broad-spectrum antimicro-
bial agent that inhibits the growth of both gram-positive and
gram-negative bacteria, including many pathogenic strains of
anaerobes, including species of Clostridia (1, 2, 5, 13, 22).
Remarkably, RBS is toxic to spores as well as vegetative cells
(24).

As indicated by its formula, Fe4S3(NO)7Na, RBS has a cube-
like structure with seven moles of nitric oxide positioned
around an iron-sulfur core (14). The presence of NO groups
understandably leads to the assumption that the toxicity of
RBS to anaerobic organisms is due to the release of NO (12,
13, 16, 25). Indeed, over many days, RBS slowly decomposes
aerobically and does release NO (3, 6, 18, 19), but under
anaerobic conditions the release of NO is not observed (18). In
contrast to most antibiotics, RBS is stable up to 120°C (25, 26)

and therefore is of potential utility in developing genetic sys-
tems in microorganisms that thrive at high temperatures and
particularly those that grow anaerobically. In addition, in con-
trast to several bacterial antibiotics, RBS might also be effec-
tive against members of the archaea. However, a prerequisite
to its use is an understanding of the mechanism of action of
RBS, and that was the goal of the present study.

Pyrococcus furiosus is a nonpathogenic anaerobe. It has been
studied extensively as a hyperthermophile and as an archaeon
(9, 11, 35), making it an excellent model organism with which
to investigate the mechanism of RBS. P. furiosus grows opti-
mally near 100°C and utilizes carbohydrates as carbon sources,
generating organic acids and CO2 as end products. Protons or
elemental sulfur (S0) can be used as terminal electron accep-
tors producing hydrogen or hydrogen sulfide, respectively, al-
though S0 is the preferred electron sink (28). Herein, it is
shown that the growth of P. furiosus is very sensitive to RBS, at
least in the absence of S0, but that its mechanism of action does
not involve NO.

MATERIALS AND METHODS

RBS. RBS was obtained from Martin Hughes (Kings College, London, United
Kingdom). Stock solutions of 1.8 mM RBS were prepared anaerobically in
glass-distilled water or in the P. furiosus growth medium. Concentrations of RBS
were estimated using an extinction coefficient at 275 nm of 29,650 (1/cm � M) (3,
6). The stability of RBS was determined at 95°C using an anaerobic sample of
RBS (60 �M in P. furiosus growth medium at pH 6.8). For the S-nitrosothiol
assays, RBS, nitric oxide, and nitrite (each 1 mM) were prepared in 10 mM
4-(2-hydroxyethyl)piperazine-1-propanesulfonic acid (EPPS) buffer, pH 7.0. Un-
der anaerobic conditions at 85°C, each was added to an equal volume of various
thiol compounds, also at a concentration of 1 mM. Formation of the S-nitroso-
thiol was measured by visible spectroscopy at 540 nm (4, 20, 36).

Growth studies. P. furiosus (DSM 3638) was cultured as described previously
(32) using 0.5% (wt/vol) maltose (95% grade; Sigma, St. Louis, MO) as the
carbon source with and without S0 (0.1%, wt/vol). Cell density was measured by
direct counting using a BX41 Olympus phase-contrast microscope (Olympus,
Center Valley, PA) and a Hausser Scientific Partnership counting chamber
(Horsham, PA). The toxicity of P. furiosus to RBS was determined by growing
the organism to cell densities of �5.0 � 107 cells/ml and injecting RBS to final
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concentrations of 0.5 to 5.0 �M. Elemental sulfur (0.1%, wt/vol), where indi-
cated, was added up to 30 min before the addition of RBS into the culture.
Cold-shift assays were conducted by transferring cultures (5.0 � 107 cells/ml)
grown at 98°C to 4°C for 1 h. RBS (2 �M) was added, and the cultures were
monitored by cell counts.

Membrane preparations. Membranes were prepared under anaerobic condi-
tions from cells (400-ml cultures) harvested when the cell density reached 5.0 �
107 cells/ml after treatment with RBS (20 �M). Membranes were collected by
centrifugation at 113,000 � g for 2 h (Optima L-90K; Beckman-Coulter, Ramsey,
MN). The membrane pellet was washed twice with degassed glass-distilled water
and resuspended in 2.5 ml of degassed glass-distilled water. Samples of this
RBS-tainted membrane suspension (20 to 1200 �l) were then injected into P.
furiosus cultures (10 ml) at 98°C, and cell densities were determined after 30 min.
For calculations, membrane pellets prepared from 400-ml cultures containing
RBS were assumed to have absorbed all of the RBS that was initially added (400
ml of a 20 �M RBS solution contains 8 �mol), such that when the pellet was
resuspended to a volume of 2.5 ml, the “membrane” preparation would contain
a maximum of 3.2 mM RBS. The RBS-containing membranes were resuspended
in 2.5 ml of degassed glass-distilled water containing colloidal sulfur (final con-
centration, 4 mM) or in 10 mM N-cyclohexyl-2-aminoethanesulfonic acid, pH
10.0 (to prevent the formation of elemental sulfur), containing polysulfide (final
concentration, 4 mM), and these were incubated at 85°C for 1 h before mem-
brane toxicity was assessed. Polysulfide was prepared anaerobically by reacting
100 mM sodium sulfide with an excess of elemental sulfur (�6%, wt/vol) for 24 h
at 25°C. The toxicity of sulfur- and polysulfide-treated RBS-containing mem-
branes was assessed by adding the membrane preparation (20 to 1,200 �l) to P.
furiosus cultures (10 ml) at 25°C for 30 min. The membrane experiments were
repeated using nitrite (800 �M) or NO (40 �M) in place of RBS.

SEM preparation. RBS (1.0 �M) was injected into a culture of P. furiosus
growing at 98°C (cell density of �5.0 � 107 cells/ml), and samples (1 ml) were
taken after 30 and 60 s. These were cooled to 4°C, fixed with 2% glutaraldehyde,
washed three times with phosphate-buffered saline and fixed with 1% osmium
tetraoxide (OsO4) for 1 h. Samples were dehydrated sequentially using 25, 50, 75,
85, 90, and 100% ethanol with three washes at each ethanol concentration, gently
filtered through a 0.2-�m-pore-size Millipore membrane using a Swinney filter
(Millipore, MA), critical-point dried, mounted on a post, and coated with �153
Å of gold with a sputter coater (Structure Probe Inc., PA). The coated sample
was scanned using a Leo 982 field emission scanning electron microscope ([SEM]
Zeiss, MA) at the Center for Ultrastructural Research (University of Georgia,
Athens, GA).

Cellular characterization. Fluorescent reporters, SYTO 9 and propidium
iodide, were used in a Live/Dead BacLight Bacterial Viability kit (Molecular
Probes, Eugene, OR). Samples (1.0 ml) of a P. furiosus culture grown with and
without S0 (0.1%, wt/vol) were centrifuged at 16,000 � g for 5 min, and the cells
were resuspended in P. furiosus medium (3 ml) and collected by centrifugation
(16,000 � g for 5 min). Cells were resuspended in growth medium (2 ml). The
two fluorescent dyes (3 �l of each) were added, and the mixture was incubated
at 25°C for 15 min in the dark. Fluorescence was measured with and without RBS
(4 �M) using a Shimadzu RF-5301 PC spectrofluorophotometer by excitation at
480 nm and emission at 500 nm.

RESULTS

RBS was toxic to a culture of P. furiosus in mid-exponential
growth (�5 � 107/ml) at 98°C. As shown in Fig. 1, the addition
of RBS (2.0 �M) resulted in complete cell lysis, as determined
by light microscopy. Concentrations of RBS greater than 0.5
�M but less than 2 �M inhibited cell growth for up to 3 h, after
which time the culture resumed growth. Cells did not appear to
adapt to RBS during the lag phase as two subsequent additions
of RBS (0.5 �M) to the same culture (initially containing 0.5
�M RBS) resulted in similar lag phases before growth re-
sumed. In order to investigate whether it was RBS or a product
of its degradation that was responsible for the toxicity, the
stability of RBS was determined under the growth conditions
of P. furiosus. There was no detectable decomposition of RBS
as measured by UV/visible spectroscopy when a sample (60
�M) was incubated anaerobically at 98°C for 20 h in the P.
furiosus growth medium (without S0). Moreover, this heat-

treated sample of RBS was as toxic to P. furiosus as an un-
treated sample (Fig. 1). RBS is therefore stable at high tem-
peratures and can be used as an antimicrobial agent under
such conditions.

It was assumed that the toxic effects of RBS were mediated
by NO and that this involved its reaction with primary thiol
groups to generate the S-nitrosothiol derivatives. To investi-
gate the reactivity of RBS, samples of RBS, NO, or nitrite
(each 1 mM) were prepared anaerobically in 10 mM EPPS
buffer, pH 7.0, and these were incubated at 85°C for 30 min
with L-cysteine, dithiothreitol, glutathione, 1-thioglycerol, thio-
glycolate, coenzyme A, or 2-mercaptoethanol. In contrast to
NO and nitrite, both of which reacted with all thiols tested,
RBS did not generate a detectable S-nitrosothiol adduct with
any of the primary thiols. These results indicated that RBS
does not readily generate NO.

P. furiosus can use insoluble S0 as an electron acceptor,
forming H2S instead of reducing protons to H2 (9). Surpris-
ingly, P. furiosus cells in mid-exponential growth were not lysed
by the addition of 2.0 �M RBS if S0 was present although they
were if S0 was absent (Fig. 2). A concentration of 20 �M was
required to cause the degree of cell lysis that was observed with
a 10-fold lower concentration of RBS when S0 was not present.
To determine if the effect of RBS was mitigated by its direct
reaction with S0, RBS (20 �M) was incubated with S0 (1.0%,
wt/vol) in the growth medium for 6 h (the time needed for P.
furiosus to reach mid-exponential growth) at 98°C and then
injected into a P. furiosus culture to a final concentration of 2
�M RBS. RBS remained as toxic as the untreated control.
Prior to injection, UV/visible spectroscopy indicated that no
reaction had occurred between RBS and S0 compared to the
UV thermal stability experiment. To determine if P. furiosus
cells had to interact with S0 before S0 had any effect on the
toxicity of RBS, S0 was added to cultures up to 30 min before
the introduction of RBS (2 �M). Only cells incubated with S0

for at least 20 min at 98°C prior to the addition of RBS did not
lyse and continued to grow (Fig. 3). To determine if insoluble
particles other than S0 provided any protection from RBS, P.

FIG. 1. Effect of RBS on the growth of P. furiosus. The concentra-
tions of RBS are as follows: 0 �M (Œ), 0.5 �M (f), 1.0 �M (}), 2.0 �M
(�), 3.0 �M (E), and 5.0 �M (�). The arrow indicates when RBS was
added.
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furiosus cells were grown in the presence of excess iron sulfide
(FeS; 0.1%, wt/vol). However, when added to the culture at a
cell density of 5 � 107 cells/ml, RBS still caused immediate cell
lysis. Consequently, unlike insoluble S0, the presence of insol-
uble FeS did not protect cells from RBS.

The optimal growth temperature of P. furiosus is near 100°C,
and it shows reasonable growth at 72°C, with doubling times of
approximately 1 and 5 h, respectively. There is no measurable
growth at 4°C, where the metabolic activity approaches zero (4,
18, 20, 26, 36). To determine if rapid cell division was required
for the toxic effects of RBS, cultures of P. furiosus were grown
to a cell density of 5 � 107 cells/ml at 98°C; cells were then
transferred to 4°C for 2 h, and RBS (2.0 �M) was added (Fig.
4). As observed at 98°C, P. furiosus cells lysed immediately
upon the addition of RBS. The experiment was repeated with
cells grown in the presence of S0 (0.1%, wt/vol). In this case,
RBS (2.0 �M) had no effect on cell morphology and did not
cause lysis, as was also observed with the culture grown at 98°C.

The morphological response of P. furiosus to RBS was ex-
amined by SEM. A culture was grown to a cell density of 5 �
107 cells/ml, RBS (1.0 �M) was added, and cell samples were
taken. As shown in Fig. 5, the membranes of cells appeared to
be rapidly disrupted by RBS, as indicated by the presence of
cellular debris within seconds of RBS addition. To further
investigate the cellular effects of RBS, membranes were har-
vested anaerobically from a culture of P. furiosus (400 ml)
immediately after RBS (20 �M RBS) had been added. The
membranes from the RBS-treated cells, which will be termed
RBS-treated membranes, were washed with buffer to remove
any residual traces of RBS not bound to or interacting with the
membrane. Remarkably, the washed, RBS-treated membranes
were toxic to P. furiosus cells since they caused lysis when
added to a culture growing at 98°C. Membranes prepared from
untreated cells (that had not been exposed to RBS) had no
effect on cell growth. In a titration experiment 40 �l of this
membrane preparation containing a maximum of �3.2 mM
RBS (see Materials and Methods) added to the second culture

resulted in cell lysis. Since a concentration of 2 �M RBS causes
cell lysis, we estimate that the membranes of P. furiosus in the
original culture absorbed approximately 16% of the RBS that
was added (corresponding to 0.5 mM RBS in the membrane
preparation). P. furiosus membranes therefore appear to have
a very high affinity for RBS. This experiment was repeated
using nitrite (800 �M) or NO (40 �M) in place of RBS.
However, membranes isolated from cells treated with these
compounds had no effect on growing P. furiosus cells. On the
other hand, when RBS-tainted membranes obtained from P.
furiosus cells incubated with RBS (20 �M) were treated with S0

for 30 min and used to titrate a fresh P. furiosus culture (Fig.
6), about 15 times as much of the membrane material was
required to cause lysis. We estimate that the concentration of
RBS in these S0-treated membrane preparations was equiva-
lent to �30 �M. It appeared, therefore, that incubation with S0

for 30 min caused RBS to be lost (in the subsequent wash)
from RBS-treated membranes such that they contained only
�7% of the RBS that was absorbed in the absence of S0. When
polysulfide (4 mM) was used in place of S0, it did not minimize
the toxic effect of RBS-treated membranes (Fig. 6).

The effect of RBS on the integrity of the membranes of P.
furiosus was further investigated using a fluorescent Live/Dead
assay, where cell death is indicated by a dramatic loss of fluo-
rescence in the presence of the reagent (Molecular Probes,
Eugene, OR). P. furiosus cells were grown in the presence and
absence of S0. Surprisingly, both types of cells exhibited a
dramatic loss of fluorescence when RBS was added (Fig. 7).
However, microscopic analyses confirmed that cells grown
without S0 did indeed lyse, yet those grown with S0 did not.

DISCUSSION

The mechanism of action of RBS has remained a mystery for
almost 150 years. NO has always been suspected to play a role

FIG. 2. Effect of RBS on P. furiosus exposed to S0. Symbols are as
follows: F, no S0; f, S0 added but no RBS; �, no S0 plus 2 �M RBS;
Œ, S0 added plus 2 �M RBS. The arrow indicates when RBS was
added.

FIG. 3. Effect of RBS on P. furiosus after incubation with S0. Sym-
bols are as follows: Œ, no S0 without RBS �, S0 and 2 �M RBS
introduced to the culture at the same time; �, 2 �M RBS added after
culture was incubated with S0 for 10 min; E, 2 �M RBS added after
culture was incubated with S0 for 20 min; and f, 2 �M RBS added
after culture was incubated with S0 for 30 min. The arrow indicates
when RBS was added.
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since each RBS molecule contains seven NO ligands (2, 3, 5, 6,
10, 12, 13, 18, 19, 24, 25). What is known of the antimicrobial
interactions of RBS was revealed by extensive work with or-
ganisms from the genus Clostridium (2, 5, 13, 24). Other gram-
positive and also gram-negative organisms are sensitive to RBS
to various degrees (2). Aerobic photolysis of RBS in the pres-
ence of endothelial cells leads to the rapid release of NO,
causing vasodilatation, but RBS does not appear to have any
other effect upon eukaryotic cells (3, 10, 19).

In contrast to what is generally assumed (18), we found no
evidence that NO is involved in the toxic effect of RBS under
anaerobic conditions. In fact, NO is not released even when
RBS is incubated anaerobically at 98°C, and the compound
appears to be stable under such conditions. This implies that
NO is not involved in the cytotoxic mechanism of RBS and that
its effect on anaerobic organisms is due to other properties. P.
furiosus is lysed by an RBS concentration of only 2 �M, com-
pared to 0.5 �M to inhibit the growth of vegetative cells of
Clostridium perfringens, 3 �M for Listeria monocytogenes, and
1.3 �M for Clostridium sporogenes (5). Lysis of P. furiosus cells
by RBS occurs both near the optimum growth temperature,
98°C, and also at 4°C, where metabolic and enzymatic activities
are effectively zero. The toxic effects of RBS are therefore
unlikely to arise from a product of its metabolism. Our results
also clearly indicate that RBS is targeted to the cell membrane.
Moreover, it appears to be absorbed into the membranes in an
unmodified form since membranes from RBS-treated cells are
toxic to cultures not previously exposed to RBS. In contrast,
even though nitrite and NO cause P. furiosus cells to lyse, the
same treated membranes had no effect on fresh cultures. SEM
confirmed that the membrane is indeed compromised by RBS.
It is therefore concluded that RBS toxicity is not dependent
upon NO release; rather, it is due to a physical interaction with
the cell membrane. In fact, we have previously used RBS and

assumed it to be a NO generator, showing that Pyrococcus
woesei is more sensitive to this compound than P. furiosus (11).
In light of the results presented herein, it would appear that
the membranes of P. furiosus are more resistant to disruption
by RBS than are those of P. woesei, which is consistent with
what has been previously reported by other investigators (15).

The toxicity of RBS was dramatically reduced when P. fu-
riosus cells were grown in the presence of S0, and S0 appeared
to cause membranes from RBS-treated cells to lose 93% of the
RBS that they had absorbed. Yet there appeared to be no
chemical reaction between RBS and S0, and the effects of
insoluble S0 on the effects of RBS could not be reproduced
with soluble polysulfide. Although we cannot rule out that
there is a lipid-dependent reaction between RBS and S0, it can
be hypothesized that insoluble S0 is able to “dissolve” into the
cell membrane at 98°C and, by an as yet unknown mechanism,
prevent the disruptive effects of RBS. This also suggests that S0

is not actively transported into the cell, which is consistent with
the absence of any S0-regulated transporter, as determined by
DNA microarray analyses (8, 23, 27, 30, 31). Presumably S0 in-
teracts with the cell membrane of P. furiosus in such a way that
it competes with RBS, while higher concentrations of RBS can,
in turn, out-compete S0. Fluorescence and microscopic analy-
ses confirmed that RBS causes cell death by lysis. Even though
addition of RBS to S0-grown cells does not cause cell lysis or

FIG. 4. Toxicity of RBS at 4°C. P. furiosus cultures were transferred
from 98°C to 4°C after 4 h (indicated by the first arrow) except the
control which was maintained at the optimal growth temperature of
98°C. RBS was added to a culture once equilibrated to 4°C at the 6-h
mark (indicated by the second arrow). Symbols are as follows: Œ,
culture maintained at 98°C and no RBS added; �, culture transferred
to 4°C but no RBS added; �, culture transferred to 4°C and 2.0 �M
RBS added.

FIG. 5. SEM images of P. furiosus exposed to 1 �M RBS. Images
were collected before (A) and 60 s after (B) the addition of 1 �M RBS.
Magnification, �10,000.
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even loss of viability, the fluorescence-based Live/Dead assay
showed that there was a loss of membrane integrity similar to
that seen with lysed cells. Under these conditions the Live/
Dead assay becomes an indicator of a breach in membrane
integrity instead of cell death. Presumably, as the quenching of
the fluorescence indicates, RBS partially compromised the cell
membrane of S0-grown cells although lysis was not observed.
Nevertheless, the interaction between S0 and the cell mem-
brane is still not understood.

Antimicrobial agents that compromise membrane integrity
by forming pores, by disruption of the fluid mosaic model,
and/or by lowering surface tension between the lipid and water
phases have been known for some time (23, 27, 30, 31). The
mechanism by which RBS interacts with membranes remains
to be determined, as does the reason why it does not appear to
have such an effect on eukaryotic cells (3, 10, 19). RBS is an
extremely thermostable molecule and can be used even with
hyperthermophilic archaea growing at the normal boiling point
of water. However, RBS may not be the best choice as a
selective molecule for developing a genetic system since mu-
tants that confer resistance might be hard to isolate, given its
direct reaction with the membrane seemingly in an unmodified
form. Nevertheless, we do show here, 150 years after its dis-
covery, that the anaerobic mechanism of action of this enig-
matic molecule has nothing to do with NO but is due instead
to its destructive interaction with prokaryotic membranes.
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without S0; dashed line, P. furiosus cells grown with S0; solid line,
control without cells.
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