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The potent bactericidal activity of sodium nitroprusside {SNP; Na,[Fe(CN)s(NO)]} towards Clostridium
sporogenes has been investigated. SNP inhibited cell growth in the concentration range of 10 to 40 pM.
Concentrations above 80 .M caused irreversible loss of cell viability and cell lysis. Inhibition of cell growth was
similar in complex and in defined media. SNP was found to be unreactive towards individual components of
the defined medium, with the exception of cysteine. The chemical characteristics responsible for the potency of
SNP were investigated by synthesizing analogs of SNP in which the Fe was replaced by different metals. The
inhibitory potency of the pentacyanonitrosyl complexes decreased in the order Fe > Cr > V, which correlates
with N-O stretching frequency (vNO). In contrast, the Ru complex which had a yYNO comparable to that of Fe
was a poor inhibitor. Electron paramagnetic resonance spectroscopy showed that SNP was rapidly reduced to
the paramagnetic Fe(I) compound [Fe(CN),(NO)]*~ on contact with cells. Analysis of fractions from SNP-
treated cells showed 90% oxidation of thiols in the cell walls compared with those in control cells. The toxicity
of SNP involves S-nitrosation and reduction, the lack of toxicity of the Ru analog being consistent with the fact
that it has poor reactivity towards thiols. When C. sporogenes cells were exposed to sublethal concentrations of
SNP and viewed under the electron microscope, they showed blisters on the surface. These results point to the

cell wall surface as a primary point of attack of the nitrosyl complex.

Inhibition by nitrite of microorganisms such as Clostridium
botulinum in foods has been studied for more than 50 years
(29). A landmark discovery was that nitrite may be converted
in growth medium and in meat systems into other compounds
that are considerably more toxic to the bacteria. Perigo et al.
(27) observed that heating nitrite with growth medium in-
creased its bacteriostatic effect. Species such as the anion of
Roussin’s black salt (RBS) [Fe,S;(NO),] ™ and the nitrosylcys-
teinylferrate anion, which are formed in heated growth media,
were shown to be very effective inhibitors of the growth of
clostridial spores (22). RBS is a selective and powerful inhib-
itor of clostridial growth at micromolar concentrations (2),
compared with the millimolar concentrations required for ni-
trite. However, the question of the mechanism of inhibition of
the bacteria remains open.

Several different hypotheses have been proposed for the
mechanism of inhibition of clostridia by nitrite. A common
view (3) is that it acts as a general nitrosating agent. It is signif-
icant that nitrosyl complexes such as RBS and sodium nitro-
prusside (SNP) contain NO groups in the formal oxidation
state NO™ and can act as nitrosating agents at neutral pH
values, whereas nitrite is ineffective as a nitrosating agent un-
der these conditions.

A possible target for these inhibitors is the anaerobic me-
tabolism of glucose. Woods et al. (34) noted that C. botulinum
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released pyruvate in the presence of nitrite and suggested that
nitric oxide, formed from nitrite, inhibits the phosphoroclastic
breakdown of pyruvate by reaction with the nonheme iron
proteins ferredoxin, pyruvate-ferredoxin oxidoreductase, and
hydrogenase. In support of this, Reddy et al. (28) observed the
formation of iron-sulfur-nitrosyl complexes in extracts of C.
botulinum treated with nitrite. They proposed that the antimi-
crobial activity of nitrite depends on disruption of respiration
by destruction of natural iron-sulfur clusters of redox proteins.
Carpenter et al. (9) also reported the loss of activity of ferre-
doxin and pyruvate-ferredoxin oxidoreductase during treat-
ment with nitrite. However, Payne et al. (25, 26) examined the
effect of nitrite and iron-sulfur-nitrosyl complexes on iron-
sulfur clusters in Clostridium sporogenes cells (25) and on the
isolated iron-sulfur proteins (26) and were unable to demon-
strate a direct action of the compounds on the iron-sulfur
proteins. A second possible effect is that of a general oxidizing
agent. O’Leary and Solberg (24) noted the depletion of thiols
in the cell cytoplasm after nitrite treatment.

We have recently found that SNP inhibited the growth of C.
sporogenes cells at concentrations comparable to those of RBS,
when expressed per NO group (11). Like nitrite, SNP is rela-
tively nontoxic to human cells and has been used as a vasodi-
lator during surgery (8). The reasons why it is toxic to bacterial
cells are unclear and may be important in understanding the
general toxicity of nitrosyl compounds to bacteria. The chem-
istry of SNP has been studied extensively. The nitrosyl ligand
functions as a nitrosating agent and is readily attacked (at the
nitrogen atom of the nitrosyl ligand) by a range of nucleophiles
including amines (5, 20), azide (33), hydroxylamine (19), car-
banions (6), and thiols (7, 23). These reactions parallel those of
nitrous acid. Thus, the reactions of nitroprusside anion with
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secondary amines such as diethylamine give N-nitrosamines.
Reactions of nitroprusside with thiols are usually extremely
rapid and are just within the limits of conventional stopped-
flow kinetic methods (15). As NO is 30-fold less active towards
C. sporogenes than is SNP (11), it seems unlikely that NO
derived from nitroprusside (by, for example, nitrosation of
thiol and subsequent decomposition of the S-nitrosothiol)
could be the main inhibitory agent.

We now report the results of a detailed investigation of the
inhibitory effect of SNP on C. sporogenes. The experiments
described in this paper were carried out in order to determine
the mode of action of SNP at the cellular level, at the concen-
trations used for the growth inhibition experiments. A number
of standard assay systems were defined. Standard methods of
optical density and viable cell counts were used to measure cell
growth in anaerobic culture. Light and transmission electron
microscopy were used to view the morphology of cells. Chem-
ical determination of the sulfthydryl groups in cell fractions was
used to assess the effect of SNP on the -SH content of each
fraction. Electron paramagnetic resonance (EPR) spectros-
copy of whole cells and cell fractions was used to observe the
quantities of iron-sulfur proteins and their redox state in the
cells (25). EPR signals were also detected from various species
formed by reduction of the nitroprusside ion. We have also
surveyed the toxicity of a number of other pentacyanonitrosyl
complexes, all formally containing the NO™ group.

MATERIALS AND METHODS

Organism. Cultures of C. sporogenes NCIB 10696 were maintained on rein-
forced clostridial medium (RCM) by daily subculturing. Once monthly, a single
colony was isolated on RCM agar plates and subcultured.

Growth and inhibition studies. Complex medium, prepared from Oxoid nu-
trient broth no. 2 medium which had been autoclaved and supplemented with
sterile glucose and thioglycolate to give final concentrations of 1 and 0.1%,
respectively, was sparged with argon for 5 min in flasks stoppered with Subaseals.
The flasks were inoculated from an overnight culture of C. sporogenes and
incubated at 37°C for 2 to 3 h. When cell growth reached exponential phase, at
an optical density value at 550 nm of 0.50 (approximately 5 X 10° CFU), a 1-ml
sample of a freshly prepared solution of the test compound, in medium, was
added to the culture.

Defined medium was prepared as described by Lovitt et al. (18). Cultures were
grown as described above except that the optical density measurements were
carried out at 680 nm.

Growth was estimated by the measurement of optical density at 550 or 680 nm,
with appropriate dilution so that the optical density measured was less than 0.5.
Samples were taken from flasks with the aid of a syringe connected to a two-way
stopper valve to prevent entry of oxygen.

Viability was estimated at intervals throughout the experiment by diluting
samples into low-phosphate basal medium (18) and mixing them well. Serial
dilutions were made, and 20 pl of each dilution was dropped onto the RCM agar
plates. The plates were then allowed to dry and placed in an anaerobic jar at 37°C
for 24 h. Individual cell colonies were counted and extrapolated to original viable
cell counts as CFU per milliliter. The concentration which would inhibit growth
by 50% of the control (ICs,) was estimated by measuring growth rates with at
least six sublethal concentrations of inhibitor.

Electron microscopy. For preparation of transmission electron microscopy
samples, cells were harvested by centrifugation. They were fixed in 2.5% glutar-
aldehyde and 0.1 M sodium cacodylate buffer for 2 h, postfixed in 1% osmium
tetroxide for a further 2 h, washed with 30% ethanol and embedded in agarose,
and further dehydrated in 70, 90, and (three times) 100% ethanol. The samples
were finally embedded in Spurr’s resin series and cut for electron microscopy.

Protein and thiol determinations. Protein concentration was determined by
the bicinchoninic acid protein assay kit (Pierce), with bovine serum albumin as
standard. Free thiol groups were determined with 5,5’-dithiobis(2-nitrobenzo-
ate) (12, 24).

Cellular fractionation. For fractionation of C. sporogenes, transfers were car-
ried out at 0 to 5°C in a Miller-Howe anaerobic cabinet in a nitrogen atmosphere
containing less than 5 ppm of oxygen. Cells were pelleted by centrifugation,
washed with argon-sparged low-phosphate basal medium, resuspended in phos-
phate buffer (50 mM, pH 7.4), and broken, either in a French press at 107 kPa
of pressure or by sonication in an ice bath. The cell wall, membrane, and
cytoplasm fractions were obtained essentially by the method of Levett (17) by
centrifugation at 22,000 X g for 20 min and then at 120,000 X g for 2 h.

EPR spectroscopy. EPR spectra of cells treated with SNP were recorded at
room temperature in a quartz flat cell of 0.3 mm in thickness. Cells were
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FIG. 1. The effect of lethal and sublethal concentrations of SNP on actively
growing cells of C. sporogenes. SNP was added to cultures that had reached an
absorbance (550 nm) of 0.5, corresponding to 5 X 10° cells ml™!, at a final
concentration of 10 (A), 20 (O), 40 (O), or 80 (w) wM. The effect on growth was
monitored at time intervals and compared to that for control cells (@). (A)
Growth shown as change in absorbance at 550 nm. (B) Viability of cells shown
as CFU per milliliter. Each datum point is the mean of at least three experi-
ments. Absence of growth is given a value of 1.

harvested by centrifugation, washed, and finally resuspended in argon-saturated
50 mM phosphate buffer, pH 7.5. The initial amount of cells in the growth flasks
was 10® cells/ml. Samples were taken and frozen for EPR spectroscopy of iron-
sulfur proteins. These samples were transferred with syringes to quartz tubes and
mixed with nitroprusside, dithionite, or other reagents under argon gas and then
frozen after minimum time in liquid nitrogen. Spectra were recorded on a Bruker
ESP300 spectrometer with an Oxford Instruments ESR900 liquid helium flow
cryostat for low-temperature measurements.

Synthesis of pentacyanonitrosyl complexes. Na,[Fe(CN)sNO] - H,O (SNP)
was obtained from Merck. Li,[Ru(CN)sNO] - H,O, K;[Cr(CN)sNO] - H,O, and
K5[V(CN)sNO]J - H,O were synthesized by published methods (1, 4, 13, 14).

RESULTS

Bactericidal activity of SNP on C. sporogenes. Time-kill stud-
ies were carried out on C. sporogenes with the inhibitor SNP,
monitoring the growth of cultures by optical density (Fig. 1A)
and viable cell counts (Fig. 1B). As SNP is photosensitive,
experiments were carried out in darkness, although it was
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found that room light had no discernible influence on the
inhibitory effects.

Two distinct processes were observed during these inhibition
studies. Immediately after SNP was added, aggregation of the
cells to give darker-colored clumps was observed, especially at
sublethal concentrations of SNP, while at higher SNP concen-
trations, lysis of the cells was observed. In the sublethal con-
centration range of 10 to 40 wM, the bacteriostatic effect in-
creased with SNP concentration and decreased with increased
inoculum size (data not shown). This must relate to the ratio of
SNP to cells. Because of this observation, it was important to
standardize the experiments in terms of inoculum size espe-
cially in the determination of ICsys for different compounds.

Concentrations of SNP above 80 uM were bactericidal, and
under the conditions employed in this study, the effect was
independent of inoculum size (data not shown). There was a
rapid decrease in absorbance of the cultures (Fig. 1A) and
total loss of cell viability within minutes which was not reversed
(Fig. 1B). The speed at which lysis occurred strongly suggested
that the cell wall was rapidly ruptured.

Possible reactions of SNP with growth medium. Most growth
and inhibition studies of C. sporogenes have been carried out in
complex medium. It seems likely that medium constituents
could react with nitrite and related compounds to give chem-
ically different species. It has been shown that the bacteriosta-
tic effect of nitrite is stimulated by heating of the growth me-
dium containing the inhibitor (27). By contrast, when SNP (400
wM) was autoclaved with growth medium at 121°C for 15 min,
it was no longer bacteriostatic. The color of the medium was
observed to turn from yellow to blue after autoclaving, indi-
cating possible chemical interaction between SNP and the me-
dium during the autoclaving. One explanation for the blue
color is the formation of Prussian blue, Fe,[Fe(CN)],, which
was found not to be toxic to C. sporogenes cells.

To test the possibility that SNP can interact with unknown
constituents of the medium to produce inhibitory species,
growth inhibition studies were carried out in a defined medium
(18). These showed the same effects as those observed in the
complex medium. The ICs, for SNP was estimated to be 30 *
10 mM (two determinations) in defined medium, compared
with 20 = 2 mM (five determinations) in nutrient broth. This
failed to provide evidence for the production of additional
inhibitory species in the complex medium.

The possibility of reactions occurring between SNP and con-
stituents of the defined medium was investigated by UV-visible
spectrophotometry, with repetitive scanning between 600 and
200 nm. No reaction was observed between any of the individ-
ual components and SNP at pH 7, over the periods of hours
associated with growth experiments, except for the expected
reaction with cysteine. A very slow reaction was observed be-
tween SNP and the complete medium, over several days, pro-
ducing unidentified products, but this was unlikely to be of
major importance within the time span of the growth experi-
ments.

Activity of some analogs of SNP. It was of interest to com-
pare the activities of a range of pentacyanonitrosyl complexes
in order to identify the property that makes SNP so potent an
inhibitor. Various analogs of SNP in which the Fe was replaced
by different metals were synthesized. ICss for the compounds
are summarized in Table 1. Analogous compounds, from which
the nitrosyl group was absent, were tested and found to be
nontoxic, clearly demonstrating that the nitrosyl group was
responsible for activity. The inhibitory potency of the penta-
cyanonitrosyl complexes decreased in the order Fe > Cr > V.
The Ru analog of SNP was a very poor inhibitor.
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TABLE 1. Values of vNO and ICs,s for SNP and various analogs®

Compound vNO IC5y (kM)
Na,[Fe(CN);NO] - H,O 1,944 20
Li,[Ru(CN)sNOJ - H,O 1,926 1,000

K;[Cr(CN);NO] - H,O 1,641 100
K;[V(CN);NOJ - H,O 1,575 >2,000

“ Cells were grown to an absorbance of 0.5 at 550 nm with complex medium.
The analogs were then added, and the effect on cell growth was monitored by
changes in absorbance. In determining ICs,, at least five concentrations of
sublethal levels were used for each experiment. Each ICs, is the mean of results
from at least three experiments.

EPR spectroscopy of cells treated with SNP. At room tem-
perature, EPR spectra of suspensions of SNP-treated C. sporo-
genes cells showed the formation of a paramagnetic species,
with a three-line hyperfine splitting typical of a '*N nucleus.
This spectrum is similar to that produced by reaction of SNP
with dithionite (7). It is presumed to represent a paramagnetic
species derived from reaction of the cells with SNP. The signal
increased with time of exposure to SNP, indicating that the
SNP was reduced by some cell constituent. This signal was not
observed in the absence of cells.

Low-temperature EPR spectra of C. sporogenes cells treated
with SNP were also recorded. Spectra of the frozen samples at
temperatures below 30 K showed the characteristic signals of
reduced [4Fe-4S] iron-sulfur clusters, centered around g = 1.94
(Fig. 2A). These signals are expected to arise largely from
ferredoxin, but comparison of line shape with that of purified
ferredoxin (not shown) indicates the presence of other iron-
sulfur clusters, probably pyruvate-ferredoxin reductase (25).
On addition of SNP, the signals due to [4Fe-4S] clusters were
relatively unaffected (Fig. 2B). However, it was noticed that a
new EPR signal appeared. This can be seen more clearly by
subtraction of the signals due to the [4Fe-4S] clusters from the
spectrum (Fig. 2C). The spectrum has approximately axial sym-
metry. There is a three-line hyperfine splitting around g =
1.999 and another feature at g = 1.927. This species has a
different average g factor from that observed at room temper-
ature and presumably represents another compound derived
from SNP. A similar spectrum was observed on reaction of
SNP with a thiol compound (Fig. 2D).

Cells grown with 40 uM SNP showed the appearance of yet
another signal, centered at g = 2.033 (Fig. 3). This signal has
been frequently observed in biological systems exposed to NO
(16, 31) and is assigned to dinitrosyl iron complexes (DNIC).
The amplitude of this signal appears small in the spectrum
recorded at 16 K (Fig. 3), due to microwave power saturation,
but was more prominent when measured at 50 K, at which the
iron-sulfur clusters were not detectable (data not shown). Af-
ter cells were grown for 6 h in the presence of SNP, the EPR
spectra (not shown) derived from reduced SNP were no longer
detectable. The signals from reduced [4Fe-4S] clusters were
less intense in SNP-treated cells than in the control cells. The
decrease was in parallel with the cell density in the samples,
indicating that the content of iron-sulfur proteins per cell was
relatively unaffected.

Effects on cell wall morphology. When examined by trans-
mission electron microscopy, C. sporogenes cells exposed to 20
and 40 pM SNP showed an altered morphology with the ap-
pearance of blisters in the cell wall which were clearly visible at
40 uM (Fig. 4). After 240 min of incubation, a large amount of
cell debris was present, with 94% of cells showing damage.
These effects are consistent with a primary attack at the cell
wall. The blistering of the outer cell membrane and the rapid
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FIG. 2. EPR spectra of C. sporogenes cells. Cells were harvested in late
exponential phase, resuspended in a minimum volume of phosphate buffer,
placed in EPR quartz tubes, and frozen at liquid nitrogen temperature. (A) EPR
spectrum of cell suspension in buffer. (B) EPR spectrum of cell suspension
treated with SNP. (C) Spectrum of difference between panels A and B. (D) EPR
spectrum of SNP treated with 2-mercaptoethanol. Measurement conditions:
temperature, 16 K; microwave frequency, 9.355 GHz; power, 20 mW; gain, 3.2 X
10%; modulation amplitude, 1 mT.

lysis of cells are similar in appearance to those induced by a
variety of antimicrobial proteins (35).

Damage to cells by each concentration of SNP was quanti-
fied by examining 600 cells in a representative grid section and
counting those that showed recognizable blistering. The pro-
portions of damaged cells in the controls and cells treated with
20 and 40 pM SNP were 3, 11, and 20%, respectively, after 10
min and 4, 52, and 94%, respectively, after 240 min.

Determination of thiol residues in SNP-treated cells. The
thiol composition of cells was determined by Ellman’s reagent.
Whole cells treated with 100 uM SNP and immediately har-
vested showed a decrease of (58 * 5)% of the available thiol
groups. This is probably due to the reaction of thiol groups at
the cell surface, but the possibility that there was a contribution
from lysed cells could not be excluded. Cells were broken and
separated under a nitrogen atmosphere into cytoplasm, mem-
brane, and outer cell wall-membrane fractions. Comparison of
control cells with cells grown in the presence of SNP showed a
90% decrease of thiols in the cell wall fraction (Table 2).
Similar decreases of the thiol content in cell extract have been
observed in Clostridium perfringens treated with bacteriostatic
concentrations of nitrite by O’Leary and Solberg (24). In an
analogous experiment in which the cells were fractionated and
then treated with 100 uM SNP, the reduction in thiol content
for the cell wall was 26%, that for the cytoplasmic fraction was
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FIG. 3. EPR spectra of C. sporogenes cells grown in the presence of SNP. (A)
Control cells, recorded at a temperature of 16 K. (B) Cells grown with 20 pM
SNP at 16 K. (C) Cells grown with 40 uM SNP at 16 K. Cells were harvested 6 h
after SNP was added. Measurement conditions: microwave frequency, 9.365
GHz; power, 20 mW; gain, 2 X 10% modulation amplitude, 0.2 mT.

70%, and that for the membrane was 50% of that of control.
This suggests that SNP will attack a number of cellular thiol
constituents and that its action is nonspecific. The analysis of
these fractions by EPR showed complex spectra, indicating
that a number of species were being formed (results not
shown).

TABLE 2. Titration of free thiols from cells treated with 100 pM
SNP and fractionated to give cell wall, membrane, and cytoplasm”

wmol of SH (g of protein™')

Fraction ; %
Control Cells treated with Decrease
cells 100 uM SNP
Cell wall 90 9 90
Membrane 60 53 10
Cytoplasm 157 86 50

“ C. sporogenes was grown in 3 liters of medium to give an optical density value
at 550 nm of 1; SNP was then added to give a final concentration of 100 mM. The
cells were harvested and fractionated into cell wall, membrane, and cytoplasm.
For each fraction, the amount of free thiols was estimated as described in
Materials and Methods.
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FIG. 4. Transmission electron micrographs of cells grown in the presence of
SNP. SNP was added to actively growing cells as described for Fig. 1. (A) Control
cells. (B) Cells treated with a final concentration of 20 pM SNP for 240 min. (C)
Cells treated with 40 pM SNP for 10 min. Magnification, ca. X30,000.

DISCUSSION

Treatment of cultures of C. sporogenes with SNP caused
inhibition of cell growth (Fig. 1). SNP has a number of chem-
ical properties that might be relevant to its bacteriostatic effect.
It is a good nitrosating agent, reacting rapidly with thiol groups
to form S-nitrosothiols which release nitric oxide, NO. Com-
plexes such as SNP, which contain nitrosyl groups in the formal
oxidation state NO™, are able to function as nitrosating agents
at neutral pH values, whereas nitrite-nitrous acid is effective
only at acid pH. The chemistry of NO™ is characterized by
addition and substitution reactions with nucleophiles such as
electron-rich bases and aromatic compounds. Nitrosation in
aqueous phase can occur at -S, -N, -O, and -C centers in
organic molecules and appears to involve NO™* or NO™ carri-
ers (32), depending on the conditions.

Reaction of nitroprusside with a thiol such as cysteine leads
to a one-electron reduction of the complex (10). This initial
step involves the rapid attack of the thiolate anion on the
nitrogen atom of the nitrosyl ligand to give a highly colored
species, followed by loss of the thiol radical RS  and formation
of [Fe(CN)sNOJ*. This species is paramagnetic, with the un-
paired electron centered largely on the NO group (VNO =
1,580 cm™'; EPR g values: g, = 1.9993, g, = 1.9282,and g, =
2.008). Subsequent reactions involve internal electron transfer
and the formation of [Fe(CN),NO]*~, in which the unpaired
electron is now on the iron rather than on the nitrosyl group,
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giving an Fe(I) complex with an NO™ group (g, = 2.036, g, =
2.0325, g, = 2.0054; yYNO = 1,755 cm™'). It is likely that
electron transfer from the NO group to Fe(II) in [Fe(CN)s
NOJ*~ precedes loss of cyanide, because Fe(I) complexes are
substitution labile. The species [Fe(CN),NO]*~ then decom-
poses to a variety of products, including NO and, if an excess
of thiol is present, mononuclear DNIC (g = 2.035). Thus, SNP,
reacting with cell walls, would be expected to cause oxidation
of thiols and local release of NO.

EPR spectra of C. sporogenes cells treated with SNP re-
corded at both liquid helium and room temperatures are con-
sistent with a reaction between SNP and thiols. Signals at g =
1.999 and g = 2.028 are similar to published spectra of
[Fe(CN)sNOJ*~ and [Fe(CN),NOJ*~, respectively (10). The
g = 1.999 signal was observed before the g = 2.028 signal, and
the intensity of both signals increased with time in the period
from 20 to 50 min. A third paramagnetic species with a signal
at g = 2.035 was subsequently observed and assigned to the
DNIC species.

The results of analysis of thiols (Table 2) suggest a specific
oxidizing action of SNP at the cell wall. This occurred at a
concentration of 0.1 mM SNP, compared with 14.4 mM nitrite
as used in a previous study (24). C. sporogenes is a gram-
positive bacterium, whose cell walls have a relatively thick
peptidoglycan layer which acts as the primary protector of the
cell wall. The thiols that were measured were presumably in
proteins associated with peptidoglycan, termed S-layer pro-
teins (30). The damage to the cell wall can clearly be seen from
the electron micrographs. Compounds that act at the cell wall,
such as cationic peptides, cause blistering, resulting in loss of
structural integrity leading to rapid cell lysis (35). It is conceiv-
able that oxidation (via nitrosation) by SNP of thiol groups at
the cell surface could cause a breakdown in the integrity of the
cell, causing blistering and lysis.

Further evidence is provided by comparison of the cytotox-
icity of SNP with that of the related transition metal nitrosyl
complexes (Table 1). These were all anionic, pentacyano spe-
cies: K5[V(CN)sNOJ - H,O, a 16-electron complex; K;[Cr
(CN);NO] - H,O, a 17-electron complex; and Li,[Ru(CN)s
NO] : H,O, an 18-electron complex. Nitrosyl complexes may
be classified by structure and by the value of the N-O stretching
frequency in the infrared spectrum. The nitrosyl ligand in tran-
sition metal nitrosyl complexes may formally be classified as
linear M-NO™ or bent M-NO™ species (and occasionally with
neutral NO). The NO™ character increases with vN-O for a
homologous series of compounds (for example, with the same
charge). In general, complexes with higher vN-O are expected
to function more effectively as nitrosating agents. Thus, if the
bactericidal effects of nitrite result from a nitrosation reaction,
then the toxic effects of a series of chemically and structurally
similar nitrosyl compounds should correlate with the N-O
stretching frequency. This correlation appears to hold good for
complexes of the first-row transition elements iron, chromium,
and vanadium (Table 1). However, for the second-row transi-
tion element ruthenium, other chemical factors come into play.
The ruthenium complex differs from the other compounds in
its lack of reactivity towards thiols and its inability to undergo
reduction to Ru(I). Thus, the lack of toxicity of the ruthenium
analog of nitroprusside, despite its similarity in N-O stretching
frequency, is consistent with a toxicity mechanism requiring
S-nitrosation and reduction of the metal.

The toxic effect of the nitroprusside anion towards C. sporo-
genes results from nitrosation of the thiol group in the cell wall,
with resulting structural damage. This is supported by electron
microscopy, analysis of thiol groups in control and treated
cells, EPR spectroscopy, and comparison with the reactivities
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of a number of other pentacyanonitrosyl complexes. Effects on
metabolism appear to be secondary, possibly resulting from
entry of SNP subsequent to damage to the cell wall.
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