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In vivo, gonococci encounter a myriad of conditions not present in vitro. At some stages of infection and
disease, gonococci may grow anaerobically, probably by using sodium nitrite as a terminal electron acceptor.
Also, gonococci sialylate their lipooligosaccharide (LOS) in vivo, by using low concentrations of cytidine
5'-monophospho-N-acetylneuraminic acid (CMP-NANA) present in host tissue. This sialylation is responsible
for the acquired resistance ofgonococci to both normal and immune human serum. Given that gonococci grown
in the absence of oxygen or in the presence of CMP-NANA probably more closely resemble gonococci grown

inside a human host, we studied the serum resistance of gonococci cultivated under these conditions. In the
absence of CMP-NANA, anaerobically grown (anaerobic) gonococci were somewhat less sensitive to serum

killing than were aerobically grown (aerobic) gonococci. However, anaerobic gonococci grown with 6 pg of
CMP-NANA per ml exhibited almost complete serum resistance, while aerobic gonococci required 16-fold-
higher CMP-NANA concentrations to achieve significant serum resistance. Anaerobic gonococci incubated in
CMP-NANA converted to serum resistance two to three times faster than did similarly treated aerobic
gonococci and incorporated up to six times as much sialic acid into their LOS. Gonococci can express several
different LOS molecules. Anaerobic gonococci expressed the LOS molecule that acts as an acceptor for sialic
acid from CMP-NANA in greater quantity than aerobic gonococci did. Finally, Triton X-100 extracts of
anaerobic gonococci contained about four times more sialyltransferase activity than did extracts of aerobic
gonococci. Sialyltransferase activity in these extracts was not inhibited by oxygen or enhanced by anaerobiosis.
These data indicate that anaerobic conditions lead to altered LOS biosynthesis and to induction of
sialyltransferase activity in gonococci. In vivo, where decreased oxygen levels and relevant concentrations of
CMP-NANA are found, gonococci could readily become resistant to killing by normal and immune human
serum.

Neisseria gonorrhoeae, the causative agent of gonorrhea,
has been isolated in the presence of obligate anaerobes from
the genitourinary tract (53) and from individuals suffering
from pelvic inflammatory disease (4, 5). These primary
isolates can survive and grow for long periods without
oxygen (24, 51). However, after passage in vitro, gonococci
grow anaerobically only if provided with millimolar concen-
trations of nitrite, which they use as a terminal electron
acceptor (26). Nitrite is readily available in the human host
from biological fluids such as blood, urine, and saliva (61)
and as a result of the metabolism of normal anaerobic flora in
the mouth, vagina, and rectum (15).
Anaerobic gonococci express at least three novel outer

membrane proteins (PANs 1 to 3) and repress at least five
aerobically induced outer membrane proteins (POXs 1 to 5)
(6). Such induction and repression of outer membrane com-

ponents could be crucial to colonization or pathogenesis at
anaerobic sites of infection, but the function, if any, of these
proteins remains unknown. Sera from patients recovering
from gonorrhea contain antibodies that react strongly with
PAN 1 on Western blots (immunoblots), while sera from
healthy individuals do not, indicating that gonococci express
PAN 1 at some point during infection, probably as a result of
anaerobic growth (7). Thus, anaerobic cultivation of gono-
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cocci may more closely resemble in vivo conditions than the
routine aerobic incubation performed in most laboratories.

Resistance to the bactericidal activity of normal human
serum (NHS) is another aspect of pathogenesis to which
gonococci react differently under in vitro and in vivo growth
conditions (52). One major mechanism for NHS bactericidal
activity apparently involves the binding of serum immuno-
globulin M antibody to the GalB1-*4GlcNac epitope in the
terminal lactoside of gonococcal lipooligosaccharide (LOS),
thus activating the complement cascade and killing the
gonococcus (2, 14, 18, 19, 29, 36, 44, 47, 49, 62, 63).
Although gonococci taken directly from urethral exudates
are generally resistant to killing by NHS, many strains
become serum sensitive after just one passage on laboratory
medium (52, 59). In addition, these serum-sensitive gono-
cocci, after incubation in vitro in the presence of heat-
inactivated NHS (30, 31, 58), genital secretions (32), eryth-
rocytes (34, 38, 39, 42), or extracts of phagocytes (41'
become serum resistant and simultaneously exhibit alter-
ation of their LOS structure (56). This acquired form of
serum resistance is due to the covalent transfer of sialic acid
(N-acetylneuraminic acid [NANA]) from host-derived cyti-
dine 5'-monophosphate-NANA (CMP-NANA) to the galac-
tose in the terminal lactoside by using a gonococcal sialyl-
transferase. Sialylation of this LOS residue blocks binding of
bactericidal immunoglobulin M and inhibits classical com-

plement pathway-mediated killing (29, 34, 36, 38). Sialyla-
tion may also interfere with the deposition of complement
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from immune serum onto gonococci by the alternate com-

plement pathway (60).
CMP-NANA is present in many types of human tissue,

including cervical epithelial cells (50), and is used by cellular
sialyltransferases to donate sialic acid to glycoproteins,
carbohydrates, and gangliosides (3, 17). Recently, Apicella
et al. (1) and Parsons et al. (37) observed sialylation of
gonococci associated with urethral exudate neutrophils from
males with gonorrhea, confirming that sialylation indeed
occurs during disease. Thus, it appears that gonococci can

interact with human serum quite differently, depending on

whether they are grown in vitro or in vivo, and that growth
in vitro in the presence of CMP-NANA may more closely
approximate the phenotypic and pathogenic characteristics
of gonococci grown in vivo.

In most studies reported in the literature, gonococci have
been grown in CMP-NANA concentrations that were gener-

ally substantially higher (25 to 100 ,ug/ml) than those pro-

posed to be present in human blood (40 ng/ml) (34). CMP-
NANA concentrations in the genitourinary tract or in
gonorrhea exudates are unknown. In preliminary experi-
ments investigating the role of anaerobiosis and/or CMP-
NANA on the pathogenesis of gonococci, we noticed that
anaerobic gonococci required substantially lower concentra-
tions of CMP-NANA to gain complete resistance to killing
by NHS than were required by aerobic gonococci. This
effect appears to be due to alteration of LOS biosynthesis
and induction of gonococcal sialyltransferase activity by
anaerobiosis.

MATERIALS AND METHODS

Gonococcal strains and growth conditions. Nonpiliated
gonococci of strain F62 (obtained from P. Frederick Spar-
ling, University of North Carolina) were used in these
studies. Strain F62 is a cervical isolate and is very serum

sensitive (25). Initially, experiments were performed with
variants of strain F62 expressing either no Opa proteins or an

Opa protein termed Opa4. These variants were clonally
passaged daily on GC agar (Difco), according to the criteria
of Swanson (54, 55) and Kellogg et al. (23, 25), for verifica-
tion of opacity and lack of piliation. When Opa+ and Opa-
gonococci were compared in preliminary experiments, iden-
tical results were obtained with regard to serum resistance.
Therefore, subsequent experiments were conducted with
Opa- gonococci.
For experiments using aerobic bacteria exclusively, pas-

saged gonococci were suspended in 10 ml of warm GC broth
plus added supplements and incubated at 37°C with agitation
for about 3 h (to mid-log phase). Bacteria were washed once

in sterile warm Dulbecco's phosphate-buffered saline (PBS)
with 0.1% (wt/vol) gelatin (PBSG) and 0.01% (wt/vol) each of
CaCl2 and MgCl2, suspended to 2 x 108 CFU/ml (optical
density at 550 nm, 0.18; Spectronic 20), and kept at room

temperature for no longer than 15 min prior to use (45).
For experiments comparing anaerobic and aerobic gono-

cocci, GC agar plates were streaked confluently with a

suspension of gonococci at about 6 x 108 CFU/ml, and the
plates were incubated anaerobically or aerobically for 15 to

16 h at 37°C in 5% CO2. Anaerobic growth of gonococci was
achieved by using the nitrite-disk method developed by
Knapp and Clark (26), as modified by Frangipane and Rest
(13), and was confirmed by the observation of PAN 1
expression via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (13). Aerobic growth of gono-

cocci was carried out under these same conditions to control

for any nitrite-specific effects. Aerobic incubation was con-
ducted inside a 5% CO2 incubator (Forma Scientific), and
anaerobic incubation was conducted inside an anaerobic jar
containing a BBL GasPak Plus system or inside an anaerobic
chamber. The chamber was set up and maintained as de-
scribed previously (13). All liquid and agar media were
prereduced in the chamber for 24 h before being used in
experiments. After incubation, gonococci were swabbed
from agar plates and suspended in sterile warm PBSG plus
Ca2+ and Mg2' as described above.
Gonococci were grown with CMP-NANA exactly as de-

scribed above, except that various concentrations of CMP-
NANA (indicated in Results) were added to broth or solid-
ified agar media from a 1.25-mg/ml stock of CMP-NANA in
water. Stock CMP-NANA was kept in small aliquots at
-20°C and thawed only once. CMP-NANA does not affect
viability, clumping, or Opa expression of gonococci (43).

Preparation of NHS. Between 60 and 120 ml of venous
blood was collected from five healthy human donors having
no history of neisserial infection and allowed to clot for 30
min at 37°C in sterile plastic tubes. Clots were dislodged
from the sides of the tubes (rimmed), and the tubes were
incubated for an additional 30 min at 37°C. The tubes were
placed on ice for 2 h and then centrifuged at 1,000 x g for 10
min at 4°C. The resulting supernatants were depleted of
residual erythrocytes by centrifugation at 10,000 x g for 10
min at 4°C, pooled, and frozen at -70°C in 1-ml aliquots.
Pooled NHS was thawed only once and used only on the day
it was thawed.
Serum bactericidal assay. Pooled NHS was diluted to

various concentrations (described as percent serum) in 450
,ud of sterile warm PBSG plus Ca2' and Mg2+. Gonococci
(107 in 50 ,ul of buffer described above) were added to the
mixture, which was incubated at 37°C without agitation.
After 30 min, 10-pAl samples were appropriately diluted in
sterile buffer and plated in duplicate on GC agar for over-
night incubation. After quantitation of colonies, values from
duplicate plates were averaged. Results are expressed as
percent viable gonococci, determined by the formula 100 x
(CFU of NHS-treated gonococci at 30 min)/(CFU of un-
treated gonococci at 0 min).
Treatment of gonococci with sialidase. Anaerobic and aer-

obic gonococci (105), grown in the presence of 0 or 50 p,g of
CMP-NANA per ml, were mixed with sterile PBSG plus
Ca2' and Mg2+ containing 0 or 330 mU of sialidase (Sigma
type V) per ml to a volume of 0.3 ml and incubated at 37°C.
After 30 min, 0.2 ml of pooled NHS or sterile buffer was
added, and a serum bactericidal assay was conducted. Small
aliquots of stock sialidase (4 U/ml in water) were kept at
-20°C and thawed only once. Sialidase did not alter the
bactericidal properties of NHS, as determined in preliminary
experiments by treating NHS with 0 or 330 mU of sialidase
per ml for 30 min at 37°C before using it in bactericidal
assays (data not shown).

Isolation and purification ofLOS from whole gonococci. For
analysis of LOS phenotypes, LOS was isolated directly from
whole gonococci by the method of Hitchcock (20). Anaero-
bic or aerobic gonococci grown on agar for 16 h (2 x 108
CFU in 1.0 ml of PBSG plus Ca2' and Mg2+) were pelleted
(3,200 x g, 1 min), resuspended in 50 ,ul of a 0.5-mg/ml
concentration of proteinase K in Laemmli sample buffer
containing ,-mercaptoethanol (27), and incubated at 60°C for
30 min to digest gonococcal proteins. Samples were incu-
bated at 100°C for 3 min to stop the reaction. For other
experiments, LOS was purified from ethanol-acetone-dried
gonococci of strain F62 as described by Darveau and Han-
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cock (9). Such preparations (about 10 mg/ml) are typically
free of DNA, RNA, protein, and peptidoglycan.
SDS-PAGE. The gonococcal LOS structure was examined

by using SDS-PAGE of either purified LOS or proteinase
K-treated whole gonococci, as described by Lesse et al. (28),
with 14% acrylamide and 2.67 M urea. Reagents were
purchased from Bio-Rad Laboratories, and electrophoresis
was conducted for approximately 4.5 h at 25 to 35 mA in a
Bio-Rad Mini Protean II apparatus. Gels were fixed over-
night in a 50% methanol solution and silver-stained as
described by Tsai and Frasch (57). LOS phenotypes from
strain F62 were identical in Opa+ and Opa- gonococci
throughout these studies.

Incorporation of sialic acid into LOS from anaerobic and
aerobic gonococci. Anaerobic and aerobic gonococci were
grown on agar containing increasing concentrations of CMP-
NANA (indicated in Results) mixed with CMP-[sialic-9-3H]
(0.1 mCi/ml; DuPont, NEN Research Products) to a specific
activity of 5.25 x 10-3 ,Ci/,ug. After 16 h of incubation at
37°C, anaerobic and aerobic gonococci were individually
suspended in PBSG plus Ca2' and Mg2' at 4 x 108 CFU/ml,
and 1.5-ml samples were centrifuged (3,200 x g, 1 min).
Pellets were resuspended in 0.5 ml of 1% Triton X-100 and
mixed with 5 ml of Liquiscint (DuPont NEN). Radioactivity
(in counts per minute) was measured with a liquid scintilla-
tion counter (United Technologies). Pellets were also pre-
pared from gonococci grown on agar containing 6.3 ,ug of
CMP-NANA per ml mixed with CMP-[sialic-4,5,6,7,8,9- C]
(0.02 mCi/ml, DuPont NEN) to a specific activity of 5.0 x
10-3 ,uCi/,ug. These pellets were proteinase K treated,
diluted, and run on SDS-polyacrylamide gels. Gels were
silver stained, treated with En3Hance (DuPont NEN), and
dried. Autoradiography was conducted for 30 days at -70°C
by using Kodak X-Omatic Film.

Detergent extracts of gonococci and measurement of sialyl-
transferase activity. Anaerobic or aerobic gonococci (2 x
1010 of each) were washed once in PBSG plus Ca2' and
Mg2+, pelleted, and resuspended in 4 ml of 0.5% Triton
X-100 (29). Suspensions were bath sonicated (Heat Systems
Ultrasonics) twice at 100% intensity for 10 s each and
centrifuged at 10,000 x g for 2 min. Aliquots of the super-
natants were frozen at -20°C. Extracts contained about 1.0
mg of protein per ml as determined by the BCA assay
(Pierce). To measure sialyltransferase activity, 40 RI of
diluted extract (1:20 in 0.5% Triton X-100) was mixed with
20 RI of purified gonococcal LOS (0.33 mg/ml), 20 ,ul of
CMP-NANA (1.25 mg/ml), and 20 ,u of PBS. Mixtures were
tumbled end-over-end at 37°C, and 10 RI was removed at
10-min intervals and mixed with 10 RI of proteinase K (2.5
mg/ml in Laemmli sample buffer). After incubation at 60°C
for 30 min, the LOS content of the samples was analyzed by
SDS-PAGE.

RESULTS

Decreased serum sensitivity of anaerobic gonococci. Ini-
tially, we compared the serum sensitivities of anaerobic and
aerobic gonococci grown in the absence of CMP-NANA.
Since no reliable method yet exists for growing anaerobic
gonococci in broth, we grew serum-sensitive N. gonor-
rhoeae F62 on GC agar in the presence or absence of
oxygen. Gonococci were suspended in sterile PBSG plus
Ca2" and Mg2" and mixed with 0 to 9% pooled NHS for 30
min at 37°C. Serum resistance was measured as a function of
the percent viable gonococci compared with that of inocu-
lum as described in Materials and Methods. Aerobic gono-
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FIG. 1. Sensitivity of anaerobic and aerobic gonococci to killing
by NHS. Gonococci of strain F62 were grown anaerobically (An) or
aerobically (02) on GC agar in the presence (+) or absence (-) of
sodium nitrite (NO2), suspended in PBSG, and mixed with NHS.
Serum killing was measured as described in Materials and Methods.
Percent serum indicates the final concentration. Bars indicate 1
standard deviation (n = 3).

cocci were not killed by 2% NHS but were readily killed by
NHS concentrations of 23% (Fig. 1). Anaerobic gonococci,
on the other hand, remained between 128 and 84% viable
after treatment with up to 6% NHS and were effectively
killed only by 27% NHS. Similar results were obtained
whether the experiments were performed in ambient air, as
described above, or inside an anaerobic chamber (data not
shown). Aerobic gonococci grown in the presence of nitrite
were as serum sensitive as aerobic gonococci grown without
nitrite, indicating that nitrite does not seem to affect gono-
coccal serum resistance. Thus, at NHS concentrations be-
tween 3 and 6%, anaerobic gonococci demonstrate a dra-
matic (1 to 2 orders of magnitude) decrease in serum
sensitivity when compared with aerobic gonococci. The
biological relevance of this difference, if any, remains to be
determined.
Serum resistance of aerobic gonococci grown in broth with

CMP-NANA. To determine the concentration at which CMP-
NANA effectively converts our strain F62 to serum resis-
tance, we grew gonococci aerobically in GC broth containing
2.5 to 50.0 ,ug of CMP-NANA per ml, suspended them in
sterile buffer, and mixed them with various dilutions of
pooled NHS for 30 min at 37°C. Gonococci grown in the
absence of CMP-NANA were 100% killed by a concentra-
tion of NHS as low as 8%. Growth of gonococci with
increasing concentrations of CMP-NANA (12.5 to 50.0 ,ug/
ml) resulted in a progressively greater level of serum resis-
tance. In a bactericidal assay using 90% NHS, 12.5 ,ug of
CMP-NANA per ml resulted in 70% viability, 25.0 ,ug/ml
resulted in 97% viability, and 50.0 ,ug/ml resulted in 132%
viability. Viability greater than 100% suggests that, in addi-
tion to surviving incubation in NHS, gonococci actually
grew in NHS during the 30-mmn assay. Gonococci grown in
lower concentrations of CMP-NANA (2.5 to 6.3 ,ug/ml)
remained 50 to 67% viable in 15 to 20% NHS. These
experiments support the findings of Nairn et al. and Parsons
et al. (34, 38) by showing that growth of serum-sensitive
gonococci in the presence of CMP-NANA results in signif-
icant resistance to NHS.
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FIG. 2. Synergistic induction of high-level serum resistance in

gonococci by anaerobic growth and CMP-NANA. Gonococci of
strain F62 were grown anaerobically on GC agar containing 6.3 (U),
12.5 (n), or 25.0 (0) ,ug of CMP-NANA per ml or aerobically on
GC agar containing 25.0 (9), 50.0 (D), or 100.0 (H) pLg of
CMP-NANA per ml, suspended in PBSG, and mixed with NHS.
Serum killing was measured as described in Materials and Methods.
The asterisk indicates that gonococci incubated without CMP-
NANA were 100% killed by NHS. Percent serum indicates the final
concentration. Bars indicate 1 standard deviation (n = 3).

Effect of anaerobiosis and CMP-NANA on gonococcal se-
rum resistance. We then determined whether anaerobic and
aerobic gonococci differed in their ability to become serum
resistant when grown in the presence of CMP-NANA. We
grew strain F62 gonococci anaerobically or aerobically on
GC agar containing various concentrations of CMP-NANA,
as described in Materials and Methods. After being sus-
pended in sterile buffer, these gonococci were mixed with 45
or 90% NHS for 30 min at 37°C. Gonococci grown in the
absence of CMP-NANA were 100% killed regardless of
anaerobic or aerobic phenotype. In contrast to our experi-
ments with aerobic gonococci grown in broth, aerobic gono-
cocci grown on agar containing 25.0, 50.0, or 100.0 ,ug of
CMP-NANA per ml remained only 6, 18, or 41% viable,
respectively, in assays using 90% NHS (Fig. 2). Essentially
identical results were obtained when 45% NHS was used
(data not shown). Growth of aerobic gonococci with CMP-
NANA concentrations of 12.5 ,ug/ml resulted in no serum
resistance. Thus, broth-grown aerobic gonococci are much
more readily converted to serum resistance by CMP-NANA
than are agar-grown aerobic gonococci.

In contrast to the limited ability of CMP-NANA to convert
aerobic agar-grown gonococci to serum resistance, anaero-
bic gonococci grown on agar containing 6.3, 12.5, or 25.0 ,ug
of CMP-NANA per ml remained 83, 122, or 175% viable,
respectively, in assays using 45 or 90% NHS (Fig. 2). Thus,
anaerobic growth of gonococci in the presence of CMP-
NANA synergistically enhances their resistance to NHS.
This synergy was observed with CMP-NANA at concentra-
tions as low as 3.0 ,ug/ml.

Similar results were obtained whether bactericidal assays
were performed in ambient air, as described above, or inside
an anaerobic chamber. The increased serum resistance pro-
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FIG. 3. Conversion to serum resistance of anaerobic and aerobic
gonococci during incubation in CMP-NANA. Gonococci of strain
F62 were grown anaerobically (@) or aerobically (U) on GC agar
without CMP-NANA and then suspended in GC broth containing
10.0 ,ug of CMP-NANA per ml. Suspensions were incubated as
described in Materials and Methods, and samples were removed at
20-min intervals for serum bactericidal assays. Bars indicate 1
standard deviation (n = 3).

vided by growth of anaerobic or aerobic gonococci with
CMP-NANA was completely abrogated by the removal of
sialic acid from gonococci by pretreatment with sialidase
(data not shown).

Conversion of gonococci to serum resistance over time by
growth in CMP-NANA. To further examine the differences in
acquired serum resistance between anaerobic and aerobic
gonococci, we compared the rates of conversion of anaero-
bic and aerobic gonococci to serum resistance during growth
in the presence of CMP-NANA. Anaerobic and aerobic
gonococci were grown for 16 h on GC agar without CMP-
NANA and then suspended in 6.0 ml of GC broth plus
supplements to 2 x 108 CFU/ml. CMP-NANA (10.0 ,ug/ml)
was added to the suspension, and gonococci were incubated
aerobically with agitation at 37°C. At 20-min intervals,
samples of gonococci were removed and treated with 40%
NHS for 30 min at 37°C.
At any given time interval, anaerobic gonococci were two

to three times more serum resistant than aerobic gonococci
(Fig. 3). Conversely, anaerobic gonococci took two to three-
fold-less incubation time than did aerobic gonococci to reach
nearly all levels of serum resistance. These results suggest
that anaerobic gonococci convert to serum resistance two to
three times more quickly and efficiently than aerobic gono-
cocci do during growth in the presence of CMP-NANA.
Gonococci did not become serum resistant when incu-

bated with CMP-NANA in GC broth if (i) supplements were
not added to the broth, (ii) the temperature was reduced
from 37 to 25°C, or (iii) gonococci were not aerated properly
(i.e., not agitated) in the absence of nitrite. They also did not
become serum resistant when incubated with agitation at
37°C with CMP-NANA diluted in PBSG instead of GC broth
(data not shown). Furthermore, treatment of gonococci with
chloramphenicol or neomycin inhibits acquired serum resis-
tance (40). Since all of these conditions impair the growth of
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TABLE 1. Incorporation of sialic acid into anaerobic and
aerobic gonococci

Avg cpma
CMP-NANA * b

(Gg/ml) Anaerobic Aerobic Ratio
* gonococci gonococci

0.0 12.1 + 0.2 7.9 + 0.0
0.2 324.3 + 20.0 54.0 ± 0.3 6.0
0.4 557.9 ± 98.7 93.2 + 19.0 6.0
0.8 765.1 ± 86.8 160.6 + 29.1 4.8
1.6 1,399.4 + 100.6 299.2 ± 84.8 4.7
3.2 1,850.0 ± 73.7 454.8 ± 82.0 4.1
6.3 2,178.2 ± 101.3 847.1 ± 125.8 2.6

12.5 2,548.2 ± 107.3 1X436.7 + 198.6 1.8
25.0 3,074.3 + 162.2 2X081.3 + 118.6 1.5

a Gonococci of strain F62 were grown anaerobically or aerobically on GC
agar with increasing concentrations of tritiated CMP-NANA, solubilized in
Triton X-100, and prepared for liquid scintillation counting as described in
Materials and Methods. The average counts per minute ± standard deviation
of two separate experiments was measured.

b The ratio was determined as (counts per minute measured in anaerobic
gonococci)/(counts per minute measured in aerobic gonococci).

gonococci, we conclude that CMP-NANA-mediated conver-
sion of gonococci to serum resistance requires active
growth.

Incorporation of sialic acid into anaerobic and aerobic
gonococci. We hypothesized that anaerobic gonococci incor-
porated greater amounts of sialic acid into their LOS than
did aerobic gonococci, thus increasing the rate and efficiency
of their conversion to serum resistance in the presence of
CMP-NANA. To test this idea, we grew gonococci anaero-
bically and aerobically on GC agar containing 0.2 to 25.0 ,ug
of CMP-NANA per ml labeled with tritium in the sialic acid
moiety. After overnight incubation, anaerobic and aerobic
gonococci were individually suspended in sterile buffer to
identical optical densities. Equal volumes of each suspen-
sion were pelleted and resuspended in 1.0% Triton X-100,
and the amount of tritiated sialic acid incorporation was
measured by liquid scintillation counting.
As we reduced the concentration of CMP-NANA in agar,

the ratio of tritiated sialic acid incorporated by anaerobic
gonococci to that incorporated by aerobic gonococci pro-
gressively increased to about 6:1 (Table 1). The concentra-
tions of CMP-NANA at which we observed a five- to sixfold
difference are in the range of 0.2 to 1.6 ,ug/ml and may more
closely approximate the concentration of CMP-NANA at
infection sites, which is assumed to be low (34). These
results indicate that, at reduced concentrations of CMP-
NANA, anaerobic gonococci incorporate up to six times
more sialic acid than do aerobic gonococci and thus become
resistant to NHS.
At 25.0 ,ug of CMP-NANA per ml, anaerobic gonococci

incorporated 1.4 times more sialic acid than did aerobic
gonococci (Table 1). Despite this small difference in appar-
ent sialic acid incorporation, 25.0 pg of CMP-NANA per ml
causes a 16-fold difference in serum resistance between
anaerobic and aerobic gonococci (Fig. 2). This discrepancy
remains unexplained.

Kinetics of sialylation of LOS from anaerobic and aerobic
gonococci. We then determined whether the differential
uptake of radiolabeled sialic acid by anaerobic and aerobic
gonococci correlated with the sialylation of LOS molecules
in the gonococcal outer membrane. Equal volumes of the
suspensions prepared for radioincorporation assays, de-
scribed immediately above, were pelleted, solubilized in

A B C D E F G H

02 + - + - + _ +

NANA 0.0 0.4 0.8 1.6
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NANA 3.2 6.3 12.5 25.0
FIG. 4. Incorporation of sialic acid (NANA) into LOS of anaer-

obic and aerobic gonococci. Gonococci of strain F62, grown anaer-
obically (-) or aerobically (+) on GC agar containing 0.0 to 25.0 Fg
of CMP-NANA per ml, were solubilized in SDS and treated with
proteinase K. The LOS contents of these samples were analyzed by
SDS-14% PAGE and silver staining as described in Materials and
Methods. LOS from anaerobic gonococci was completely sialylated
at a concentration of 6.3 jig of CMP-NANA per ml (lane K), while
LOS from aerobic gonococci was completely sialylated only at a
concentration of 25.0 jig of CMP-NANA per ml (lane P).

SDS, and treated with proteinase K to destroy all gonococ-
cal proteins. The remaining LOS was analyzed by SDS-14%
PAGE and stained with periodate oxidation and silver.
When grown in the absence of CMP-NANA, both anaerobic
and aerobic gonococci of strain F62 expressed the same two
major LOS molecules of 4.5 and 4.9 kDa (29), as seen by
SDS-PAGE (Fig. 4, lanes A and B). As anaerobic and
aerobic gonococci were incubated with increasing concen-
trations of CMP-NANA, sialic acid molecules were added to
the LOS molecules constituting the 4.5-kDa band, causing
them to shift up to the level of the 4.9-kDa band (lanes C to
P). As can be seen in the gel, LOS from anaerobic gonococci
was completely sialylated at 6.3 ,g of CMP-NANA per ml
(lane K), while LOS from aerobic gonococci was completely
sialylated only at 25.0 ,g of CMP-NANA per ml (lane P).
Thus, anaerobic gonococci required four times less CMP-
NANA not only to completely sialylate their LOS but also to
achieve a level of tritiated sialic acid incorporation similar to
the highest level achieved by aerobic gonococci (about 2,000
cpm; Table 1). These results indicate that the increased
incorporation of sialic acid by anaerobic gonococci is due to
enhanced sialylation of their LOS.
LOS from anaerobic and aerobic gonococci grown on GC

agar containing 6.3 jig of radiolabeled CMP-NANA per ml
was analyzed by SDS-PAGE, silver stain, and autoradiogra-
phy. Radioactivity was detected only in the 4.9-kDa LOS
band; sialylated LOS from anaerobic gonococci produced a
band on the autoradiograph that was two to three times more
intense than that produced by sialylated LOS from aerobic
gonococci (Fig. 5, compare lanes A and B). These findings
also support the hypothesis that the differential sialic acid
incorporation by anaerobic gonococci occurs on their LOS.

Alteration of LOS expression induced by anaerobiosis.
Enhanced sialylation of LOS of anaerobic gonococci could
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FIG. 5. Incorporation of radioactive sialic acid ("4C-NANA) into

LOS of anaerobic and aerobic gonococci. Gonococci of strain F62,
grown anaerobically or aerobically on GC agar containing 6.3 jig of
radiolabeled CMP-NANA per ml, were solubilized in SDS and
treated with proteinase K. The LOS content was analyzed by
SDS-14% PAGE and autoradiography as described in Materials and
Methods. To reduce the background, the autoradiograph was digi-
tized by using an Apple Scanner and a Macintosh SE/30. Sialylated
LOS from anaerobic gonococci produced a band on the autoradio-
graph that was two to three times more intense than that produced
by sialylated LOS from aerobic gonococci (compare lanes A and B).

be due to a change in their LOS phenotype. To explore this
possibility, we closely examined the LOS bands from anaer-
obic and aerobic gonococci grown on GC agar without
CMP-NANA (Fig. 4, lanes A and B). We observed that,
although anaerobic and aerobic gonococci appeared to pos-
sess the same two LOS bands, anaerobic gonococci ex-
pressed the 4.5-kDa band, which accepts sialic acid, in
greater quantity than aerobic gonococci did. Conversely,
aerobic gonococci expressed the higher band, which does
not accept sialic acid, in greater quantity than anaerobic
gonococci did. We have observed this difference in LOS
expression by anaerobic and aerobic strain F62 gonococci
repeatedly. Increased expression of the LOS acceptor mol-
ecule for sialic acid could result in uptake of greater amounts
of sialic acid by anaerobic gonococci, resulting in enhanced
resistance to NHS.

Sialyltransferase activity in extracts of anaerobic and aero-
bic gonococci. It is possible that, in addition to the change in
LOS expression, anaerobic growth causes the expression of
greater sialyltransferase activity by gonococci. To compare
the relative sialyltransferase activity of anaerobic and aero-
bic gonococci, we prepared 0.5% Triton X-100 extracts by
using identical amounts of both gonococcal phenotypes.
Extracts were diluted in PBS containing an excess of CMP-
NANA (250 jig/ml) and 66 ,ug of LOS per ml purified from
aerobic gonococci and were incubated at 37°C. Samples
were removed at 10-min intervals, solubilized in SDS, and
treated with proteinase K. The remaining LOS was analyzed
by SDS-14% PAGE and stained with periodate oxidation and
silver. As evidenced by the upward shift in the 4.5-kDa LOS
band, the extract of anaerobic gonococci caused the com-
plete sialylation of gonococcal LOS after only 40 min (Fig. 6,
lane G). In contrast, the extract of aerobic gonococci re-

quired 120 min to sialylate only about 90% of the same
purified LOS (lane Y). Such a level of sialylation was

achieved by the anaerobic extract after only 30 min of
incubation with LOS and CMP-NANA (lane E). These
results suggest that anaerobic gonococci possess up to four
times as much sialyltransferase activity as aerobic gonococci
do.
The fourfold difference in enzyme activity was observed

when at least four different preparations of anaerobic and
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FIG. 6. Sialyltransferase activity in extracts of anaerobic and

aerobic gonococci. Triton X-100 extracts of anaerobic (-) and
aerobic (+) gonococci were prepared, mixed with CMP-NANA and
purified gonococcal LOS, and incubated as described in Materials
and Methods. Samples were removed at 10-min intervals, and their
LOS contents were analyzed by SDS-14% PAGE and silver stain-
ing. The extract of anaerobic gonococci caused the complete sialy-
lation of gonococcal LOS after only 40 min (lane G). In contrast, the
extract of aerobic gonococci required 120 min to sialylate only about
90% of the same purified LOS (lane Y).

aerobic gonococcal extracts prepared on different days were
used. The same results were also observed when the assay
was performed inside an anaerobic chamber (data not
shown), demonstrating that sialyltransferase activity is not
modulated by the oxidation state of the enzyme. Also,
extracts of anaerobic gonococci prepared and assayed under
either anaerobic or aerobic conditions possessed equal sia-
lyltransferase activity, indicating that the enzyme is not
irreversibly damaged by oxidation. Assays performed using
0.5% Triton X-100 instead of extracts yielded no sialylation
(lanes M and Z).

DISCUSSION

In this report, we studied the serum resistance of gono-
cocci grown in the presence or absence of oxygen and in the
presence or absence of CMP-NANA. We discovered that
without CMP-NANA and at low concentrations of NHS (3
to 6%), strain F62 gonococci grown anaerobically were less
serum sensitive than gonococci grown aerobically were. At
higher concentrations of NHS (.7%), anaerobic and aerobic
gonococci were equally serum sensitive. In addition, al-
though both anaerobic and aerobic gonococci became serum
resistant when grown on agar containing CMP-NANA,
anaerobic gonococci exhibited a significantly greater in-
crease in serum resistance, at lower concentrations of CMP-
NANA, than did similarly grown aerobic gonococci. Anaer-
obic gonococci demonstrated a two- to threefold-higher rate
and level of conversion to serum resistance during growth in
CMP-NANA. Also, at lower concentrations of CMP-
NANA, anaerobic gonococci incorporated up to six times as
much radioactive sialic acid into their LOS than aerobic
gonococci did. When grown without CMP-NANA, both
anaerobic and aerobic gonococci expressed the same two
LOS molecules, as seen by SDS-PAGE. However, the
4.5-kDa band, which binds sialic acid, was expressed in
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greater quantity by anaerobic gonococci, and the 4.9-kDa
band, which does not bind sialic acid, was expressed in
greater quantity by aerobic gonococci. Finally, Triton X-100
extracts of anaerobic gonococci, containing sialyltransferase
activity, transferred sialic acid into purified gonococcal LOS
four times faster than did extracts of aerobic gonococci.
We observed a dramatic decrease in the serum sensitivity

of anaerobic gonococci compared with that of aerobic gono-
cocci grown in the absence of CMP-NANA. A possible
explanation for this decrease may be the decreased expres-
sion of the 4.9-kDa LOS molecule by anaerobic gonococci.
Since this molecule contains the binding site for bactericidal
immunoglobulin M present in NHS (18, 19, 29, 36, 46),
gonococci possessing less of it would conceivably be less
susceptible to killing by NHS. Also, undetected antigenic
differences (such as carbohydrate substitution on the OS
chains) may be responsible for the decrease in serum sensi-
tivity of anaerobic gonococci. Furthermore, it is possible
that, by using the ability to more quickly and efficiently
sialylate their LOS (observed in this report), anaerobic
gonococci may have used the minute amount of CMP-
NANA present in NHS to become moderately serum resis-
tant within a relatively short period of time.

Dilution of CMP-NANA in agar was less effective than
dilution in broth at converting aerobic gonococci to serum
resistance. Since CMP-NANA was added to solidified agar,
it is not possible that this effect was due to the heat
inactivation of the substance. Perhaps gonococci growing on
the surface of an agar plate do not have full access to the
CMP-NANA distributed throughout the agar, as do broth-
grown gonococci. It is also possible that GC agar contains a
substance that degrades CMP-NANA or inhibits sialylation
of LOS or that gonococci grown in suspension express more
sialyltransferase activity than do gonococci grown on a solid
substrate. There is strong evidence that gonococci exhibit
changes in LOS composition and serum resistance when
their growth rates and conditions are altered (33).
The serum resistance acquired by anaerobic and aerobic

gonococci appeared to be due to sialylation of LOS on the
basis of the following: (i) SDS-PAGE LOS profiles changed
after growth with CMP-NANA, consistent with the addition
of sialic acid; (ii) sialidase treatment of CMP-NANA-grown
gonococci abrogated all serum resistance; and (iii) as ob-
served in previous work (43), a stable LOS variant that was
not sialylated after growth in 50 ,ug of CMP-NANA per ml
failed to become serum resistant. It is important to note that
the effects of CMP-NANA on serum resistance and sialyla-
tion of gonococci were dose dependent. Therefore, sialyla-
tion of gonococcal LOS is not an all-or-nothing phenome-
non.
Although anaerobic gonococci required 16-fold-less CMP-

NANA (6.3 ,ug/ml) than aerobic gonococci did to achieve
significant sialylation and serum resistance, this amount may
be higher than the concentration of CMP-NANA at infection
sites, which is assumed to be low (34). However, there is
evidence suggesting that, when lower numbers of organisms
such as those present during infection are used, physiologi-
cal concentrations of CMP-NANA may effectively convert
gonococci to serum resistance (60). Also, there are other
donors of sialic acid present in vivo in addition to CMP-
NANA, such as the high-Mr serum resistance inducing
factor present in human blood (34). Constantinidou et al.
have discovered that this factor has a synergistic effect on
gonococcal sialylation in vitro in the presence of CMP-
NANA (8).
The sialylation of purified LOS by detergent extracts of

gonococci in our laboratory and those of others (29) indi-
cates that gonococci possess one or more sialyltransferases
which mediate this activity. Despite the apparently simple
enzymatic nature of this sialylation mechanism, we (this
report) and others (16, 30, 40, 58) have observed that
conversion to serum resistance by growth in CMP-NANA
requires active growth of gonococci. This requirement for
active growth might indicate that (i) only newly synthesized
LOS can be sialylated by whole gonococci, (ii) the sialyl-
transferase is most active or abundant in log-phase gono-
cocci, or (iii) the sialyltransferase has a short half-life (and
perhaps is even degraded by a gonococcal protease) and
gonococci must constantly transport more enzyme to the
outer membrane (its proposed site of action) to sialylate
LOS.
When incubated with CMP-NANA, anaerobic gonococci

converted to serum resistance at two to three times the rate
and extent of similarly grown aerobic gonococci. More rapid
and complete sialylation of anaerobic gonococci in vivo
could allow them to more effectively escape killing by NHS.
The experiments measuring conversion to serum resistance
were carried out in broth under aerobic conditions. It is
interesting to note that during the first 60 min of the assay,
anaerobic gonococci converted to serum resistance about
2.8 times faster than did aerobic gonococci (as measured by
the average slope in Fig. 3). However, after 80 min, the
conversion rate of anaerobic gonococci was only about 1.2
times higher than that of aerobic gonococci. Since the
average doubling time of gonococci is about 60 min, it is
likely that anaerobic gonococci had begun to convert to the
aerobic phenotype at this time, and their conversion rate
began to approximate that of aerobic gonococci.
The increased efficiency with which anaerobic gonococci

sialylate themselves can be partially explained by their
enhanced expression (usually two- to threefold) of the LOS
molecule that accepts sialic acid (Fig. 4). It is important to
note that in vitro expression of this molecule by strain F62
populations is a stable phenomenon (48) and did not change
over the 2 years represented by this research. Schneider et
al. (46) have observed in vivo selection of gonococcal strains
expressing LOS epitopes that resemble human glycosphin-
golipids and bind sialic acid. Perhaps anaerobiosis is one of
the factors causing this in vivo selection. Enhanced sialyla-
tion of anaerobic gonococci can also be explained by the
fourfold increase in their sialyltransferase activity (Fig. 6). It
is possible that anaerobic gonococci produce one or more
additional sialyltransferases than aerobic gonococci do or
that the genetic expression of a single enzyme is upregulated
in anaerobic gonococci. Alternatively, the sialyltransferase
may be less labile in, or degraded more slowly by, anaerobic
gonococci. Also, aerobic gonococci may produce an inhibi-
tory substance that prevents complete enzyme activity or
may lack an anaerobically expressed cofactor required for
complete enzyme activity. These possibilities are not mutu-
ally exclusive.
Can the considerable difference in the serum resistance by

sialylated anaerobic versus sialylated aerobic gonococci be
explained solely by the changes observed in LOS and
sialyltransferase activity of anaerobic gonococci? It is pos-
sible that as-yet-undiscovered factors might be partially
responsible for this dramatic synergy as well. Perhaps anaer-
obic gonococci also sialylate outer membrane proteins that
are important during serum killing, although there is no
evidence that aerobic gonococci sialylate such protein com-
ponents (10, 36, 40). Our data indicate that, at CMP-NANA
concentrations that appear to completely sialylate LOS from
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either anaerobic (6.3 ,ug/ml) or aerobic (25.0 ,ug/ml) gono-
cocci (as determined by SDS-PAGE in Fig. 4), equal
amounts of tritiated sialic acid were bound to both gonococ-
cal phenotypes (about 2,000 cpm; Table 1), suggesting that
only LOS was being sialylated.
Another factor possibly contributing to synergy involves

the amplification of serum killing of gonococci by the alter-
native complement pathway. When strain F62 and many
other gonococcal strains are treated with NHS, killing by the
classical complement pathway can be significantly aug-
mented by the alternative pathway (18, 21, 44). Sialic acid is
known to inhibit activation of the alternative pathway by
meningococci (22) and sheep erythrocytes (12, 35). Re-
cently, Wetzler et al. (60) observed that sialylation of gono-
coccal LOS causes antibody-independent resistance to im-
mune sera, and Elkins et al. demonstrated that such
sialylation inhibits the deposition of complement compo-
nents C3 and C9 (11). These findings suggest that the
acquired serum resistance of gonococci is due in part to the
negative effect of sialylation on complement deposition.
Thus, in addition to abrogating the classical pathway by
blocking the binding of bactericidal antibody (36), increased
sialylation of LOS on anaerobic gonococci probably also
inhibits the alternative pathway, creating a dramatic increase
in serum resistance.

In summary, anaerobic gonococci grown with CMP-
NANA became substantially more serum resistant than
similarly grown aerobic gonococci did. Also, anaerobic
gonococci gained considerable serum resistance after growth
with CMP-NANA concentrations that caused no serum
resistance in aerobic gonococci. It appears that the effects of
gonococcal growth in anaerobiosis and in the presence of
CMP-NANA on serum resistance are not merely additive
but are synergistic. The effects appear to be due to alteration
of LOS biosynthesis and induction of gonococcal sialyltrans-
ferase activity by anaerobiosis. These results suggest that, at
anaerobic infection sites, serum-sensitive gonococci can use
available CMP-NANA more efficiently and significantly in-
crease their resistance to NHS.
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