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The mechanism by which nitrite inhibits outgrowing spores of Bacillus cereus T was examined by using
techniques developed earlier for nitrite analogs. The morphological stage of inhibition, cooperativity effects,
effect of pH on inhibition, kinetics of protection against iodoacetate incorporation into membrane sulfhydryl
groups, and protection against the bacteriocidal effect of carboxymethylation by iodoacetate indicate that
nitrite acts as a membrane-directed sulfhydryl agent. The mechanism by which nitrite modifies the chemical
reactivity of the sulfhydryl group could be either direct covalent modification or inactivation through
communication with another modified membrane component. Profiles of pH effects suggest that the active
agent is the protonated form of nitrite. The nitrite concentrations which modify membrane sulfhydryl activity
coincide with those which have a bacteriostatic effect. These results are consistent with membrane sulflydryl
modification as a component of the mechanism of nitrite-induced bacteriostasis in this aerobic sporeformer.

Nitrite has been used since antiquity as a food preserva-
tive, first as a fortuitous component of curing salts and later
as a recognized chemical agent with unique bacteriostatic
properties (1, 19). Despite considerable effort to find alter-
native agents, none has been discovered (18). It seems
probable that if the mechanism by which nitrite interferes
with cell growth were understood, in terms of both the
cellular target of nitrite action and the chemical events which
lead to growth inhibition, other compounds which mimic the
nitrite mechanism could be rationally designed or selected.
Such compounds mnight be important as new food preserva-
tives, antibiotics, or general bacteriostatic agents.
The mechanism of nitrite bacteriostatic action is elusive

for several reasons, one being the tendency of nitrite to react
so ubiquitously with nucleophilic groups (2) that determina-
tion of the reactions that cause bacteriostatic effects has not
been possible. Moreover, the unavailability of radioactive
nitrite has limited isotope tracer studies to those done with
nonradioactive heavy isotopes, which require difficult and
cumbersome mass spectrometric analysis (16). These limita-
tions led to a great deal of work (reviewed by Reddy et al.
[13]) in which nitrite interactions with bacterial cell compo-
nents were observed; however, such interactions have never
been linked to the chemical mechanism by which nitrite
actually exerts its bacteriostatic effect in its role as a food
preservative. In this paper, we present evidence that nitrite-
induced bacteriostasis in an aerobe is associated with inac-
tivation of membrane sulfhydryl groups. In ths respect,
nitrite mimics the action of nisin, which is a natural peptide
antibiotic (11), and S-nitrosothiols, which are analogs of
nitrous acid (8) that have been implicated in the covalent
modification of membrane sulfhydryl groups.
We previously explored the bacteriostatic mechanism of

S-nitrosothiols (RSN=O), which are structural analogs of
nitrous acid (HON=O), by examining their effects on the
germination and outgrowth of spores of Bacillus cereus T (5,
8-11). Studying the effects on these bacterial spores is
appropriate, since a primary value of nitrite as a food
preservative is its ability to protect against the toxic effects
caused by growth of bacterial sporeformers (1). Results
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obtained with these analogs indicated that the bacteriostatic
mechanism involves covalent attachment of the analog to
membrane sulfhydryl groups of germinated spores (5, 8-11).
If S-nitrosothiols are a suitable model for the study of nitrite
action, we should obtain similar results with nitrite.

MATERIALS AND METHODS
Materials. Tritiated iodoacetate (5 mCi) (New England

Nuclear Corp.) was diluted to 5 ml with distilled water and
filtered through a 0.45-pum-pore Millipore filter to remove
impurities which bound nonspecifically to spores. We do not
know the nature of these impurities. Unlabeled sodium
iodoacetate was obtained from Sigma Chemical Corp.; rea-
gent-grade sodium nitrite was obtained from J. T. Baker
Chemical Co.; and tryptone was obtained froin Difco Labo-
ratories.

Spore preparation. Spores of B. cereus T were prepared
and stored as previously described (20). Lyophilized spores
(12.5 mg) were suspended in 20 ml of distilled water with a
glass homogenizer. The spores were heat shocked by being
placed in a 65°C water bath for 2 h. They were then
centrifuged at 4°C for 10 min at 7,500 x g, and the spore
pellet was suspended in 0.5 ml of water. Spores were added
to the outgrowth medium to a final concentration as indi-
cated for each experiment. There were approximately 109
CFU/mg of spores.
Measurement of inhibitor activity. The inhibitory effective-

ness of nitrite was measured as described previously for
nitrite analogs (3). Spores (0.37 mg) were added to 5 ml of 1%
tryptone and incubated at 35°C in a drum shaker rotating at
20 rpm. After 18 min, phase-contrast microscopy showed
that the spores were phase dark, establishing that germina-
tion had occurred. An aliquot of germinated spores was then
added to 5 ml of 1% tryptone, which contained the inhibitor,
to give a final spore concentration of 0.075 mg/ml, which
corresponds to about 7.5 x 107 spores per ml. The tubes
were then incubated on the rotary drum shaker for an
additional 3 h and examined again. Under these conditions,
spores in the absence of an inhibitor reach the vegetative
state after about 100 min. In the presence of an inhibitor such
as nitrite, interference with the outgrowth process occurs.
The spores were defined as inhibited when at least 50% of
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the population was still in the phase-dark stage after the 3-h
period. The amount of inhibition was the fraction of spores
still in the phase-dark condition.

Reversibility of inhibition. Spores at a concentration of
0.075/ml were germinated as described above and added to
tryptone that contained various levels of nitrite. After expo-
sure to nitrite for S to 15 mnin, the spores were centrifuged,
washed twice by centrifugation from 5 ml of 1% tryptone,
and suspended in a final 5-ml volume of 1% tryptone. The
spores were then incubated for 3 h and examined for signs of
inhibition.

Effect of pH on inhibitory effectiveness of nitrite. Spores
were germinated in 1% tryptone (pH 6.8). The spore suspen-
sion was centrifuged, and the pelleted spores were sus-
pended at a spore concentration of 0.075 mg/ml in 5-ml
volumes of 1% tryptone which had been adjusted to the
desired pH with HCI. The inhibitory effectiveness was then
determined as described above.
Measurement of iodoacetate incorporation into germinated

spores. Spores were germinated as described above, except
that they were at a concentration of 0.6 mg/ml. The spores
were centrifuged and suspended at 1.2 mg/ml with 2%
tryptone at the appropriate pH. Aliquots of the spore sus-
pension were then each added to an equal volume of the
appropriate concentrations of radiolabeled iodoacetate to
give a final volume of 5 ml. Incorporation was allowed to
proceed for 20 min during incubation at 35°C. Incorporation
was halted by addition of a large excess of unlabeled
iodoacetate (20 ml of 1 mM iodoacetate) that had been
chilled to 0°C on ice. The labeled spores were centrifuged,
suspended in 20 ml of 1 mM iodoacetate, and centrifuged
again. This wash step was repeated. The radioactive spore
pellet was then suspended in 0.5 ml of water and added to 5
ml of Aquafluor (100 g of naphthalene, 7 g of PPO [2,5-
diphenyloxazole], 1.5 g of POPOP [1,4-bis(5-phenyl-
oxazolyl) benzene] per liter of 1,4-dioxane), and the amount
of radioactivity was determined with a scintillation counter.
Nitrite protection against iodoacetate incorporation was
effected by suspending the germinated spores in 2% tryptone
which contained various concentrations of nitrite and incu-
bating them for 3 min before adding the radioactive iodoace-
tate.

RESULTS

Figure 1 shows inhibition profiles in which nitrite was used
to inhibit outgrowing spores under various pH conditions.
The curves are highly sigmoid, with cooperativity indices of
5, 7, and 6 for pH 6.8, 6.2, and 5.6, respectively. The
cooperativity index, which estimates sigmoidicity, was cal-
culated as the [S]b.9/[S]o.l ratio (11, 17), which in this case
was the amount of inhibitor required to give 90% inhibition
divided by the amount required to give 10% inhibition.
Examination of the nitrite-inhibited spores by phase-contrast
microscopy showed that the spores were inhibited (data not
shown) at the early outgrowth stage. When the inhibited
spores were centrifuged out of the medium and suspended in
fresh medium with nitrite, they rapidly recovered, elon-
gated, and proceeded through outgrowth into vegetative
growth. Recovery was independent of nitrite exposure time
in the 5- to 15-min range used. Calculation of the nitrous acid
concentration (pKa = 3.4) for the samples with 50% inhibi-
tion gave a constant value of 30 to 40 ,uM (0.002 to 0.003
mg/ml) (Fig. 1). Even at pH 5.6, the lowest pH tested, only
0.6% of the nitrite was in its protonated form. The pH-
independent constant value implicates a protonated species

in the inhibitory mechanism. This is consistent with nitrous
acid as the active component (as was proposed many years
ago [14]), with nitrite itself acting as a reservoir to replenish
nitrous acid as it is consumed by various reactions. The
cooperativity index, morphological stage at which inhibition
occurs, and rapid reversibility were comparable to those
observed with the S-nitrosothiols (5, 8-11).
We then determined whether nitrite inactivates membrane

sulfhydryl groups in germinated spores, as seen by interfer-
ence with the ability to incorporate radioactive iodoacetate.
Figure 2 shows double-reciprocal plots of inhibition data
obtained at different pH values. These plots are comparable
to those obtained for nitrosothiols in that they are linear and
the lines intersect at a point in the upper left quadrant (8, 11).
Moreover, interference with iodoacetate incorporation at
each pH occurred as if nitrous acid were the interfering
component. Accordingly, nitrite at 7 mM and pH 5.6 showed
the same slope as that at 26 mM and pH 6.2 and at 85 mM
and pH 6.8. These were the concentrations that gave 50%
inhibition at each pH (Fig. 1). Interference with iodoacetate
incorporation therefore consistently reflected the amount of
nitrous acid present and occurred at the same concentration
of nitrous acid that inhibited outgrowth. Since our earlier
work established that essentially all of the iodoacetate incor-
poration into outgrowing spores is directed to membrane
groups (8, 10, 11), we conclude that nitrite interference with
iodoacetate incorporation reflects its ability to protect mem-
brane sulfhydryl groups against iodoacetate uptake.
An even better test of sulfhydryl group protection by

nitrite is determination of its ability to protect against
iodoacetate-induced viability loss. That iodoacetate should
kill outgrowing bacterial spores is not surprising in view of
its characteristics as a general agent for irreversible car-
boxymethylation of sulfhydryl groups (6). Sulfhydryl groups
frequently occur as critical catalytic and structural residues
in enzymes and other proteins. Despite this, we observed
that reversibly bound nitrosothiols protect against the iodo-
acetate killing effect (11). Reversibly bound nitrite showed a
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FIG. 1. Effect of pH on inhibitory effectiveness of NaNO2
toward outgrowing B. cereus spores. Spores were prepared and heat
shocked as described in the text. They were suspended in 5 ml of 1%
tryptone to a final concentration of 0.075 mg/ml and allowed to
germinate for 18 min (to phase-dark stage) at 350C. They were then
centrifuged and suspended in fresh 1% tryptone, which had been
adjusted to pH 5.6 (0), 6.2 (0), or 6.8 (A) with HCl or NaOH and
to which the appropriate amount of NaNO2 had been added. The
final pH was checked. Outgrowth was allowed to continue at 35°C
on a rotary drum shaker turning at about 20 rpm. The spores were
incubated for 3 h, and inhibitory effects were evaluated by phase-
contrast microscopy.
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FIG. 2. Inhibition of incorporation of radioabeled iodoacetate
(IA) into membrane sulfhydryl groups of germinated spores by
NaNO2 at pH 5.6 (a), 6.2 (b), and 6.8 (c). Spore samples were

germinated, centrifuged, suspended in 2.5 ml of 2% tryptone to a

final concentration of 0.6 mg/ml at the appropriate pH and nitrite
concentration as described in the legend to Fig. 1, and incubated for
3 min at 35°C. Tritiated iodoacetate (specific activity, 15 mCi/mmol)
was then added, and incubation was continued for 20 min. The
reaction was quenched by addition of 20 ml of 1 mM unlabeled
iodoacetate; the samples were washed by centrifugation, and the
amount of label in the pellet was determined.

similar protective effect (Fig. 3). Addition of nitrite followed
by iodoacetate (in excess of the amount to fully and irrevers-
ibly inhibit spore outgrowth in the absence of nitrite) to
germinated spores fully protected them from the iodoacetate
killing effect. Washing to remove nitrite and unbound iodo-
acetate allowed the entire population of spores to reach the
vegetative state. Moreover, protection against iodoacetate
killing occurred at the same nitrite concentration that inhib-
ited spore outgrowth (cf. Fig. 1 and 3) and interfered with the
uptake of radioactive iodoacetate (Fig. 2). This result pro-
vided a convincing link between the nitrite bacteriostatic
effect and the ability of nitrite to modify the reactivity of
critical membrane sulfhydryl groups.

DISCUSSION

The considerable reactivity of nitrite toward a wide vari-
ety of nucleophiles (2) complicates the problem of determin-
ing the mechanism of nitrite-induced bacteriostasis. Indeed,
it is so reactive that its low toxicity and consequent suitabil-
ity as a food preservative is surprising. Over a period of

several decades, workers in many laboratories have pro-
posed mechanisms of nitrite action based on observations of
nitrite-induced cellular modifications. Nitrite can modify
cytochromes and other heme proteins (15), inactivate certain
enzymes associated with energy metabolism (12, 21), and
modify iron-sulfur centers (13). It interferes with oxidative
phosphorylation (3). It can affect membrane permeability,
causing proton gradients to collapse (7). There is no question
that nitrite is a reactive molecule which can modify many
cellular components. It is less clear which modification(s)
actually contributes to the preservative action of nitrite.
Many observations were made with nitrite levels vastly
greater than that required to exert a bacteriostatic effect. The
results presented here clearly establish that membrane sulf-
hydryl modification accompanies nitrite inhibition and that
these sulfhydryl groups are critical for cell viability. Most
importantly, the results correlate sulfhydryl modification
with the actual inhibitory event. The facile reversibility of
nitrite inhibition argues against extensive modifications of
critical intracellular proteins and enzyme systems, since this
would be a burden that the cell could not rapidly discard or
repair. Moreover, it was observed that nitrite-preserved
foods contain viable outgrowth-inhibited spores (1) that can
develop normally once they are removed from their inhibi-
tory environment. This is not consistent with the occurrence
of extensive intracellular damage, even over long periods.
Although the specific function of the membrane sulfhydryl

groups has not been identified, our earlier studies with nitrite
analogs and sulfhydryl-specific modifying agents suggested
that their modification interferes with transport and that they
are components of, or are in communication with, mem-
brane permeases (11). Workers in several laboratories ob-
served that nitrite interferes with active transport (22). Cohn
et al. used membrane vesicles of Escherichia coli to demon-
strate that sulfhydryl-directed agents inactivate active trans-
port systems and that the reactivity of the sensitive sulfhy-
dryl group depends on the conformation of the sulfhydryl
environment (4). We observed that the sulfhydryl groups
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FIG. 3. Nitrite protection against the bacteriocidal effect of
iodoacetate. Spore samples were germinated and centrifuged as in
the legend to Fig. 1. They were suspended at a spore concentration
of 0.075 mg/ml in tryptone (pH 6.2) that contained various concen-
trations of nitrite and incubated for 5 min at 35°C. This was followed
by addition of 0.3 mM iodoacetate and incubation for an additional
15 min. The spores were then washed by centrifugation, suspended
in fresh tryptone (pH 6.2), and outgrown for 3 h at 35°C. Symbols:
*, inhibition determined by phase-contrast microscopy as described
in the legend to Fig. 1; 0, control experiment showing nitrite-
induced inhibition in the absence of iodoacetate and without a wash
to remove reversibly bound nitrite.
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modified by nitrite are the specific target of nisin, a natural
peptide antibiotic (11). Both the results presented in this
paper and the successful use of nitrite as a food preservative
suggest that the sulfhydryl groups of bacterial membranes
constitute an antibiotic target about which a thorough under-
standing would be useful. We hope to exploit this under-
standing to aid in the rational design of new antibacterial
agents. Whether these agents, which are directed toward
membrane sulfhydryl targets in an aerobic Bacillus spore-

former, will prove to be effective against anaerobic spore-
formers such as Clostridium botulinum is not yet known. It
will depend upon whether the membrane sulfhydryl groups

of aerobic and anaerobic sporeformers have similar func-
tions and chemical environments.
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