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Neisseria gonorrhoeae, an obligate human pathogen, is subjected to oxidant stress when attacked by O,
reduction products formed by neutrophils. In this study, exposure of gonococci to sublethal concentrations of
superoxide and hydrogen peroxide (and related O-centered radicals) resulted in phenotypic resistance to
oxidant stress. Adaptation required new protein formation but was not related to increases in superoxide
dismutase or catalase. We have previously demonstrated that gonococci use phagocyte-derived L-(+)-lactate.
Oxidant stress of greater magnitude than that required for adaptation led to a generalized increase in bacterial
metabolism, particularly in L-(+)- and p-(—)-lactate utilization and lactate dehydrogenase activity. Increased
lactate utilization required new protein synthesis. These results suggest the possibility that lactate metabolism
is of importance to N. gonorrhoeae subjected to oxidant stress. Use of lct mutant organisms unable to use
L-(+)-lactate should allow examination of this hypothesis.

Oxidant stress represents a significant threat to both
procaryotic and eucaryotic organisms (15). Most bacteria
produce antioxidant enzymes of documented importance for
the endogenous stress associated with aerobic metabolism
and exogenous stress resulting from exposure to extracellu-
lar oxidants (19, 38), such as that which occurs during the
attack of phagocytic cells (5). Escherichia coli (10, 13,
18-21), Salmonella typhimurium (11, 40), and Bacillus sub-
tilis (35) exposed to sublethal concentrations of hydrogen
peroxide (H,0,) adapt so as to survive subsequent exposure
to considerably higher concentrations of this oxidant. Adap-
tation has been linked to induction of antioxidant enzymes
(18), competent DNA repair (13), and formation of a variety
of new proteins whose functions are now being explored
(32). New proteins resulting from oxidant stress may overlap
with those produced by heat shock (11, 32) and other forms
of stress.

Neisseria gonorrhoeae is an unusual bacterial pathogen. It
is strictly limited to human hosts (8). Although oxygen can
be used by gonococci as a terminal electron acceptor (34),
the organism forms little or no superoxide dismutase (SOD)
(36) and this enzyme cannot be induced by redox stress (2,
12, 13). N. gonorrhoeae is, therefore, an attractive and
appropriate model for the study of oxidant stress.

Most bacteria possess both cytoplasmic NAD-dependent
lactate dehydrogenases (LDHs), which convert pyruvate to
lactate, and NAD-independent membrane-bound enzymes,
which prefer lactate as a substrate (16). Since humans form
only L-(+)-lactate, we have focused on L-(+)-NAD-inde-
pendent LDH activity. Gonococci bound to human neutro-
phils use neutrophil-derived L-(+)-lactate, leading to a re-
markable increase in oxygen consumption (6, 9) and the
creation of an anaerobic environment in vitro (7). Gonococ-
cal L-(+)-LDH is believed to be relatively resistant to
environmental stress (3) and could be important to the
survival of bacteria exposed to phagocytes. This study was
undertaken to examine the ability of gonococci to adapt to
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oxidant stress and to determine the effects of such stress on
L-(+)-LDH activity.

MATERIALS AND METHODS

Reagents. Xanthine, D-(—)-lactate, L-(+)-lactate, cyto-
chrome ¢, phenazine methosulfate, chloramphenicol, butter-
milk xanthine oxidase, bovine erythrocyte SOD, and bovine
liver catalase were purchased from Sigma Chemical Co., St.
Louis, Mo. Concentrations of glucose, pyruvate, and lactate
in solution were determined by standard kits obtained from
Sigma. All other reagents were of the highest grade avail-
able.

Bacteria. N. gonorrhoeae FA1090, a clinical isolate pro-
vided by P. Frederick Sparling (University of North Carolina
at Chapel Hill), was subcultured daily on gonococcal culture
broth (GCB) agar (GC medium base; Difco Laboratories,
Detroit, Mich.) containing 1 and 0.5% (vol/vol) Kellogg
supplements I and II (27), respectively. Broth cultures (GCB
containing 2% supplement I and 5 mM sodium bicarbonate)
were inoculated from overnight cultures and grown to log
phase on a platform shaker at 135 cycles/min. Cell density
was monitored with a Klett-Summerson colorimeter (Klett
Manufacturing Co., New York, N.Y.) equipped with a
540-nm-pore-size filter. A reading of 35 Klett units indicated
the presence of approximately 3 x 108 CFU/ml. All cultures
were incubated at 37°C in an atmosphere of 5% CO,. In some
experiments, bacteria were suspended in a defined medium
supplemented with hypoxanthine and uracil (30, 33).

Gonococcal oxygen consumption. Oxygen consumption
was measured with a Clark polarographic oxygen electrode
(Yellow Springs Instrument Co., Yellow Springs, Ohio) at
37°C with a 1.0-ml volume containing approximately 10°
organisms per ml as previously described (9). Gonococci
were grown to log phase, exposed to xanthine oxidase-
xanthine (a superoxide-generating system described below),
centrifuged at 500 X g for 10 min, and suspended in Hanks
balanced salt solution (without glucose). The effects of
oxidative stress (described below) and the utilization of
L-(+)-lactate, glucose, or pyruvate were examined. Organ-
isms killed with a higher concentration of enzymatically
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generated free radicals or UV light were unable to utilize
carbon (unpublished data); accordingly, results were ex-
pressed as nanomoles of O, consumed per minute and
normalized to 10° viable organisms (see below).

Exposure of gonococci to stress. Gonococci were grown to
log phase as described above and exposed to 0.45 mM
xanthine and various concentrations of xanthine oxidase
(0.005 to 0.2 U/ml) at 37°C with shaking (135 cycles/min) for
1 h. Within 1 h, 0.005 and 0.2 U of xanthine oxidase
generated 0.16 and 2.18 mM H,O,, respectively. The pH of
the reaction mixture was the same as that of the mixture
without the enzyme. In some experiments, chloramphenicol
(100 pg/ml) was included in the reaction mixture. This
concentration was sublethal but inhibited incorporation of
mixed amino acids (data not shown; 22). Heat shock was
achieved by incubating gonococci at 41°C for 2 min. Bacte-
rial viability was determined by diluting organisms 100-fold
in GCB, plating them onto GCB agar plates, and counting
colonies after incubation at 37°C for 48 h with 5% CO,.

Other assays. LDH was measured at 25°C as previously
described (25), by using intact gonococci or membrane
fractions from cells which had been disrupted with sonica-
tion. Protein was measured by the method of Lowry et al.
(29) with bovine serum albumin as the standard. SOD and
catalase were measured as previously described (2, 14). The
concentration of H,0, formed by xanthine oxidase-xanthine
was measured as described by Homan-Muller et al. (23). The
inhibitory effect of chloramphenicol on gonococcal protein
synthesis was determined by the uptake of #C-labeled
mixed amino acids. The assay was performed as previously
described (6).

Statistics. Data were compared by the Student ¢ test.
Differences at P < 0.05 were considered significant.

RESULTS

The effect of enzymatically generated O-centered radicals
and H,0, on the viability of N. gonorrhoeae was evaluated
by using various concentrations of xanthine oxidase acting
aerobically on a saturated solution of xanthine. A linear
relationship between the log,, xanthine oxidase concentra-
tion and the survival of N. gonorrhoeae was demonstrated
(Fig. 1). The 50% lethal dose of xanthine oxidase was 0.065
U/ml. A xanthine oxidase concentration of 0.005 U/ml was
sublethal.

Bacteria were exposed to 0.005 U of xanthine oxidase per
ml, washed, and then exposed to 0.2 U of this enzyme.
Sublethal pretreatment resulted in a significant increase in
bacterial survival, suggesting adaptation (Fig. 2). To deter-
mine whether new protein synthesis was required for adap-
tation, bacteria were incubated in the presence of a concen-
tration of chloramphenicol (100 pg/ml) that had a minimal
effect on survival but was adequate to inhibit 50% of new
protein synthesis (unpublished data; 22). Chloramphenicol
inhibited the expected adaptation (Fig. 2). After treatment
with 0.005 U of xanthine oxidase per ml, SOD remained
undetectable and the catalase concentration decreased rela-
tive to that of untreated control cells from 656 to 479 U/mg.
Since heat shock and oxidant stress in S. typhimurium
resulted in production of similar new proteins (32), we tested
the effect of oxidant adaptation on gonococcal survival to
heat shock. Incubation of gonococci at 41°C for 2 min
following exposure to 0.005 U of xanthine oxidase per ml
resulted in increased survival compared with that of organ-
isms not exposed to xanthine oxidase (Fig. 2).

Our previous studies (7, 9) have suggested that L-(+)-
lactate metabolism by gonococci plays an important role in
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FIG. 1. Survival of N. gonorrhoeae FA1090 after exposure to a
superoxide-generating system. Gonococci were grown as described
in Materials and Methods and exposed to xanthine-xanthine oxi-
dase-generated oxygen reduction products for 1 h, after which the
suspensions were serially diluted and bacterial viability was as-
sessed. The results are means, and the brackets represent standard
errors; 5 to 16 separate experiments were performed, each in
duplicate.

o

their interaction with neutrophils. Gonococci were exposed
to the xanthine oxidase superoxide-generating system, and
their oxygen consumption in response to a variety of carbon
sources and their LDH activity were examined. Exposure of
gonococci to 0.01 U of xanthine oxidase or less per ml did
not result in increased oxygen consumption (Fig. 3). After
exposure to higher concentrations of xanthine oxidase, a
general increase in metabolic activity was observed (Fig. 3).
When L-(+)-lactate was used as a substrate, gonococci
exposed to xanthine oxidase demonstrated a sixfold increase
in O, consumption. Increases of smaller magnitude were
noted when glucose and pyruvate were used as substrates
(Fig. 3). Maximal effects were noted when 0.1 U of xanthine
oxidase per ml was used for 60 min (data not shown).

As expected, exposure of gonococci to xanthine oxidase
led to increased LDH activity (Fig. 4). We noted a significant
increase (P < 0.05) in L-(+)-LDH activity up to a concen-
tration of 0.2 U of xanthine oxidase per ml. This effect was
not specific, since D-(—)-LDH activity was also increased
(data not shown). Experiments were conducted to determine
the mechanism(s) by which stress increased LDH activity.
Chloramphenicol (100 pg/ml) inhibited the LDH activity
induced by redox stress (Fig. 5). To determine whether
increased LDH activity was a stable hereditary trait, L-
(+)-lactate usage was examined in organisms harvested after
stress and grown to stationary phase (Fig. 4); no increase in
LDH activity was noted in this population.

Experiments were conducted to examine L-(+)-lactate
utilization by stressed bacteria in a milieu in which other
physiologic substrates were available. In these experiments,
medium carbon utilization by log-phase organisms over 10
min was measured. Gonococci offered glucose, lactate, and
pyruvate at physiologic concentrations (33, 34) preferentially
used L-(+)-lactate (Fig. 6). Similar results were obtained
when the carbon sources were used at equimolar concentra-
tions or the experiments were conducted in defined medium
(30, 33) rather than buffer (data not shown). The pyruvate
concentration in the medium increased, as expected on the
basis of lactate conversion to pyruvate (16). A small increase
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FIG. 2. Adaptation of N. gonorrhoeae FA1090 to oxidant stress.
Gonococci were prepared as described in the legend to Fig. 1 and
treated as follows: a, no treatment; b, treatment with 0.005 U of
xanthine oxidase; c, treatment with 0.2 U of xanthine oxidase; d, as
in b plus 0.2 U of xanthine oxidase; e, as in d plus 100 pg of
chloramphenicol (Cl) per ml; f, treatment at 41°C for 2 min; g,
pretreatment with 0.005 U of xanthine oxidase and then incubation
at 41°C. The results represent the means and standard errors of three
to six separate experiments, each performed in duplicate. For
statistical comparisons, condition a was compared with b (no
significant difference), a was compared with ¢ (P < 0.01 designated
*), ¢ was compared with d (P < 0.01 designated **), d was compared
with e (P < 0.05 designated ***), and f was compared with g (P <
0.05 designated ***). Chloramphenicol treatment of bacteria al-
lowed a 50% reduction in amino acid incorporation relative to that of
the control, with no significant decrease in bacterial viability (data
not shown).

in L-(+)-lactate utilization was seen in organisms exposed to
xanthine oxidase at a concentration (0.1 U/ml) which re-
duced their viability (Fig. 6), consistent with the increased
metabolism of surviving organisms (Fig. 3). Gonococci grew
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FIG. 3. Oxygen consumption by N. gonorrhoeae provided dif-
ferent carbon sources. Gonococci were pretreated with various
concentrations of xanthine oxidase, after which the cells were
washed with Hanks balanced salt solution, pH 7.4 (minus glucose),
and suspended in Hanks balanced salt solution (minus glucose).
L-(+)-Lactate, pyruvate, or glucose was added to cell suspensions at
final concentrations of 20 wg/ml, 20 pg/ml, and 1 mg/ml, respec-
tively. The bars represent the means and the brackets represent the
standard errors of three separate experiments.
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FIG. 4. L-(+)-LDH activity in viable gonococci exposed to oxi-
dant stress. Gonococci were treated with the xanthine oxidase-
xanthine superoxide-generating system as in the experiment whose
results are shown in Fig. 1. L-(+)-LDH activity was examined at 1
h after exposure. Regrown gonococci represent organisms treated
with xanthine oxidase-xanthine, diluted in GCB (plus supplements),
and grown to log phase for reexamination of LDH activity. The bars
represent the means and the brackets represent the standard errors
of four separate experiments, each performed in duplicate.

somewhat faster with L-(+)-lactate (physiologic concentra-
tion) in a defined medium than when provided pyruvate or
glucose (Fig. 7).

DISCUSSION

The ability of pathogenic organisms such as gonococci to
evade host defenses has been intensively studied (8). In
general, constitutive structural proteins have received the
greatest attention (8). However, rapid alterations at the
phenotypic level can lead to changes allowing survival of
adapted populations of cells. For example, heat shock pro-
teins can be viewed as such a response, and the regulation
and some effects of these proteins have been characterized
(24, 32). More recently, the possibility that metabolic alter-
ations directly favor survival has been suggested (7, 9).
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FIG. 5. L-(+)-LDH activity after oxidant stress in viable organ-
isms treated with chloramphenicol (Cl; 100 pg/ml). The bars repre-
sent the means and the brackets represent the standard errors of five
separate experiments, each performed in duplicate. *, P < 0.05 as
determined with the Student ¢ test. Chloramphenicol-treated organ-
isms demonstrated a 50% reduction in amino acid incorporation
(data not shown).
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FIG. 6. Consumption of various carbon sources by N. gonor-
rhoeae in 0.02 M phosphate buffer, pH 7.4. The initial concentra-
tions of carbon sources were as follows: L-(+)-lactate, 11.5 mg/dl;
glucose, 100 mg/dl; and pyruvate, 1.1 mg/dl. Gonococci (G.C.) were
treated (closed symbols) with 0.1 U of xanthine oxidase in the
presence of xanthine (XOX) for 1 h at 37°C. The results are typical
of three separate experiments, each performed in duplicate.

In this study, we found that gonococci exposed to suble-
thal concentrations of superoxide, H,0,, and/or HO- (gen-
erated by the action of xanthine oxidase on xanthine) exhib-
ited increased survival when confronted with lethal
concentrations of oxidants or heat shock. Survival depended
on new protein synthesis, since chloramphenicol-treated
bacteria could not adapt properly. These results are similar
to those reported by Christman et al. (11), who worked with
S. typhimurium exposed to H,O,. We used the xanthine
oxidase-xanthine model because it allowed gonococci to be
exposed to gradually increasing concentrations of O,~ and
H,0,, more closely paralleling the attack by phagocytes to
which these bacteria are subjected (reviewed in reference 8).
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FIG. 7. Growth of N. gonorrhoeae in a defined medium with
different carbon sources. The results are typical of three separate
experiments.
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The concentration of H,O, formed by 0.005 U of xanthine
oxidase per ml and 0.45 mM xanthine is consistent with the
pretreatment concentrations used in earlier stress studies
(11, 24, 35, 40). Furthermore, standard buffers and media
may provide Fe>* in concentrations adequate to catalyze the
formation of HO- in the presence of O,~ and H,0,, and we
are currently exploring this hypothesis.

The mechanism for gonococcal adaptation to oxidant
stress is unknown. Neither catalase nor SOD increased in
response to xanthine oxidase, as would be predicted on the
basis of earlier work (2, 12, 36). Indeed, we noted a decrease
in catalase activity, perhaps related to the injurious effects of
oxidants on catalase previously reported (12, 28). We have
not studied the concentration of other antioxidant proteins
(e.g., peroxidases) which might play a role in protection of
N. gonorrhoeae (2). Christman and co-workers described
nine new proteins in S. typhimurium after oxidant stress
under control of an oxyR/! gene, and oxyRI mutants were not
able to adapt to oxidant stress (11). We have examined new
protein formation on one-dimensional polyacrylamide gels
after oxidant stress (unpublished data), but the results have
not been conclusive.

A variety of experiments were undertaken to determine
whether the metabolic responses of gonococci—in particular
carbohydrate utilization—could be linked to adaptation.
Organisms exposed to sublethal concentrations of xanthine
oxidase demonstrated no alteration in metabolic activity.
However, bacteria treated with a higher concentration of
this enzyme showed a significant increase in L-(+)-LDH
activity, and stressed organisms used L-(+)-lactate more
readily than other carbon sources provided. These results
are consistent with the detailed studies of Barron and
Hastings, who demonstrated the resistance of gonococcal
LDH to a variety of adverse environmental conditions (3).
Using the guinea pig chamber model, Goldner and co-
workers (17) noted the utilization of lactate by gonococci
concomitant with an influx of neutrophilic phagocytes.
Lysko and Morse (30) reported that lactate utilization by
gonococci was not susceptible to the inhibitory effects of
gonadal steroids present in vaginal secretions, suggesting
another situation in which lactate utilization might be adap-
tive. Most recently, Anderson and Farkas (1) reported that
mammalian cells subjected to heat shock or anoxia form a
new isoenzyme of LDH important in adaptation to stress.

Although the function of NAD-independent L-(+)-LDH in
gonococci is unknown, this activity has been linked to
proton motive force and substrate transport in other bacte-
rial species (26). The increased O, utilization observed with
lactate as a substrate could, in part, represent more efficient
use of glucose than lactate. However, lactate utilization also
allowed faster growth than did other substrates. In E. coli,
growth on lactate increases catalase formation (18), and we
have made a similar observation with gonococci (unpub-
lished data). An increase in catalase in bacteria exposed to
phagocytes (which generate both lactate and H,0,) might be
particularly advantageous.

Experiments with chloramphenicol suggested that new
protein synthesis was required for increased lactate utiliza-
tion. However, we were unable to document increased LDH
activity in membranes harvested from gonococci exposed to
a concentration of xanthine oxidase which stimulated in-
creased lactate utilization in viable organisms (unpublished
data). Such negative results are difficult to interpret, because
LDH activity could have been artifactually lost in a variety
of ways. It is also possible that cytoplasmic (presumably
NAD-dependent) LDH plays a role in the increases ob-
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served. Beyond the formation of more LDH, the metabolic
responses observed could reflect greater access to the sub-
strate, altered enzyme Kinetics, or induction of a cytochrome
complex with enhanced affinity for oxygen (31). The in-
creased metabolism of glucose and pyruvate observed in
stressed organisms is consistent with the latter hypotheses.
Of further interest, growth of E. coli in lactate increases
formation of the cytochrome d complex (31), which may be
particularly resistant to oxidant damage because of a lack of
iron-sulfur centers (31, 39).

The results of this study demonstrate the similarity be-
tween gonococci and other bacteria in their responses to
oxidant stress. Given the unique and limited milieu of
gonococci, it is possible to argue that adaptation is necessary
for their sustained viability under oxidant stress. The in-
crease in metabolic activity we observed seems to represent
a phenotypic rather than a genotypic event. A relationship
between growth conditions and resistance to oxidant stress
has recently been demonstrated in E. coli in which glucose
starvation increases resistance to H,0, (24). Our studies,
however, do not relate lactate metabolism to adaptation or
survival. Indeed, the magnitude of stress (e.g., xanthine
oxidase concentration) required for metabolic stimulation
was considerably higher than that which allowed adaptation,
although this difference could relate to the sensitivities of the
assays used. Available data suggest that L-(+)-LDH forma-
tion is under the regulation of the Ict gene (37). Viable E. coli
(37) and B. subtilis (4) lct mutants unable to use L-(+)-lactate
have been generated. By using a direct selection technique
involving gonococcal isolates inhibited by the metabolism of
phenyllactate, mutants have been isolated whose outer
membranes cannot utilize L-(+)- or D-(—)-lactate (R. J.
Bhatnager, A. T. Hendry, K. T. Shanmugam, and R. A.
Jensen, Mol. Microbiol., in press). We have found that these
mutant organisms consume O, at a rate considerably slower
than that of the wild type with L-(+)-lactate as the carbon
source (M. S. Cohen, K. Bean, R. K. Bhatnagar, A. T.
Hendry, and R. A. Jensen, Clin. Res. 37:562A, 1989). These
lct mutants should allow us to test the relative importance of
L-(+)-lactate metabolism in adaptation to oxidant stress and
in the pathobiology of N. gonorrhoeae.
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