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Exogenous sialylation of gonococcal lipooligosaccharide causes resistance to serum bactericidal activity. The
aim of this study was to determine how lipooligosaccharide sialylation affects the serum sensitivities of group
C Neisseria meningitidis strains. The relationship between the degree of sialylation or expression of the lipo-
oligosaccharide sialic acid acceptor, lacto-N-neotetraose (LNnT), of nine meningococcal strains and their
sensitivities to a pool of normal human sera was assessed. All strains expressed LNnT that was variously endog-
enously sialylated. Susceptibility to serum bactericidal activity ranged from extremely sensitive to resistant in
50% serum. For endogenously sialylated strains, the amount of killing correlated with the amount of free LNnT
above a threshold of expression; strains that expressed less than the threshold survived in 25% serum. All
strains added more sialic acid when they were grown in medium that contained cytidine monophospho-N-
acetylneuraminic acid. Exogenous sialylation reduced the expression of free LNnT and significantly increased
serum resistance. Exogenous sialylation affected killing through both classical and alternative complement
pathways. The killing of exogenously sialylated strains also correlated with the amount of free LNnT. The
amounts of endogenous, exogenous, and total sialic acid bound to LNnT did not correlate with the resistance
of strains to serum bactericidal activity; rather, the loss of free LNnT expression by sialylation was associated
with resistance. In conclusion, the expression of free LNnT by group C meningococcal strains is directly
associated with the amount of killing of organisms in pooled human sera. Both endogenous and exogenous
lipooligosaccharide sialylation are associated with increased serum resistance by masking LNnT.

Disseminated meningococcal disease is relatively rare in
light of the fact that 3 to 40% of healthy individuals are colo-
nized with Neisseria meningitidis at any given time (3). When it
does occur, this illness can be fulminant and devastating. Pro-
tection from disseminated disease is the result of serum bac-
tericidal activity (SBA) and possibly opsonic activity. Bacteri-
cidal activity is due to complement-mediated cell lysis (12, 28,
32). Activation of complement can occur via the classical path-
way (CP) or the alternative complement pathway (ACP). Both
pathways result in the formation of C3 convertases on the
bacterial surface that lead to the deposition of C3b. Both
pathways result in a terminal sequence that forms the mem-
brane attack complex comprised of C5b-C9 that is necessary
for bacterial lysis. Complement activation on neisserial cell
surfaces is regulated by glycoses and glycolipids (13, 36).

The majority of N. meningitidis disease in the United States
is caused by serogroup B and C organisms. Most of these
strains make various amounts of lipooligosaccharides (LOS)
that contain a terminal lactosamine structure, lacto-N-neote-
traose (LNnT). This carbohydrate serves as the major site for
sialylation of meningococcal LOS (23, 25). Group B and C N.
meningitidis strains can endogenously sialylate LOS (25) and
do so to various degrees. Some strains express LOS with LNnT
that is not endogenously sialylated, whereas others are heavily
sialylated (7). Serogroup B and C N. meningitidis strains can
also add sialic acid (exogenous sialylation) when they are
grown in the presence of cytidine monophospho-N-acetyl-

neuraminic acid (CMP-NANA). Monoclonal antibody (MAb)
1B2 binds to LNnT on the 4.5-kDa component of meningo-
coccal LOS. The binding of this MAb is blocked by the addi-
tion of both endogenous and exogenous sialic acid to LNnT,
and this loss of binding can serve as a surrogate marker for
LOS sialylation (7, 23, 25, 42).

Exogenous sialylation of the LNnT structure of Neisseria
gonorrhoeae LOS causes serum-sensitive organisms to become
resistant to complement-mediated lysis (2, 26, 27, 30). We
previously showed that the sialylated, serum-resistant variant
of N. gonorrhoeae F62 bound significantly less total C3 than did
the nonsialylated, serum-sensitive strain F62 (16). Much less is
known about the role of LOS sialylation in the resistance of
meningococci to SBA. A brief report by Fox et al. (10) con-
cluded that growth in medium that contained exogenous CMP-
NANA did not confer resistance to SBA on N. meningitidis,
although the level of endogenous LOS sialylation was not
reported. Of 21 strains tested, 13 were serogroup A, B, Y, or Z
and 8 strains were nonencapsulated. To determine how sialy-
lation affects the sensitivities of group C N. meningitidis strains
to SBA, we assessed the relationship between the degree of
LOS sialylation or expression of free LNnT and the sensitivi-
ties of nine well-characterized strains to a pool of normal
human sera (PHS) from five people.

(This study was presented in part at the Tenth International
Pathogenic Neisseria Conference, Baltimore, Md., 8 to 13 Sep-
tember 1996, and at the 96th General Meeting of the American
Society for Microbiology, New Orleans, La. 19 to 23 May
1996.)

MATERIALS AND METHODS

N. meningitidis strains. The nine endemic, serogroup C meningococcal strains
used were isolated from children and have been described previously (7). Five
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were isolated from blood or cerebral spinal fluid samples, three were carrier
isolates, and 1 was isolated from the middle ear fluid of a child with acute otitis
media who did not develop disseminated disease. All strains were encapsulated,
as evidenced by the binding of MAb to the group C polysaccharide by whole-cell
enzyme-linked immunosorbent assay (ELISA), and all made LOS bearing the
LNnT structure (7).

OMC. Outer membrane complex (OMC) antigens were purified from whole
organisms as previously described (37, 43).

MAbs. MAb 1B2 is an immunoglobulin M (IgM) that was obtained from mice
immunized against lacto-N-nor-hexaosylceramide and has previously been shown
to bind to glycoconjugates that bear the terminal N-acetyllactosamine structure
(Galb134GlcNAcb13R) on human leukocytes (4, 42) and to neisserial LOS
that bear the LNnT structure (Galb134GlcNAcb133GalB134Glc) (16, 23).
MAb 1B2 has binding characteristics similar to those of MAb 3F11 (23). Sialic
acid residue and MAbs 1B2 and 3F11 have previously been shown to bind to the
same terminal galactose on the LNnT structure (23, 25, 26, 41, 42). The binding
of MAb 1B2 is blocked by the addition of both endogenous and exogenous sialic
acid to LNnT, and this loss of binding can serve as a surrogate marker for LOS
sialylation (7, 23, 25, 42). The cell line (1B2-1B7) used for the production of this
MAb was purchased from the American Type Culture Collection (Rockville,
Md.).

Serum. Bactericidal assays were performed with PHS that was obtained from
three men and two women who had no knowledge of neisserial infection, im-
munization with neisserial antigens, or concurrent use of antibiotics. PHS was
divided into aliquots and stored at 270°C. Each aliquot was used only once. In
some experiments, PHS was chelated with 10 mM Mg-EGTA (EGTA PHS).
PHS depleted of factor B (FBD PHS) was purchased from Quidel Q (San Diego,
Calif.) and was obtained from a different pool of donors.

Bactericidal assay. A modification of the method of Ross et al. (31) was used
to assess the sensitivities of meningococcal strains to the SBA of PHS. For
bactericidal assays, bacteria were prepared as follows. Organisms from frozen
stock cultures were grown overnight in 5% CO2 on GC agar with 1% supple-
ment. For each strain, a stock culture was made the next morning and divided
into aliquots to be stored at 270°C. Each aliquot was used only once to inoculate
modified Frantz liquid medium (19) that did or did not contain 200 mg of
CMP-NANA (Sigma) per ml. Bacteria were grown to mid-log phase by end-
over-end rotation at 37°C in 12- by 75-mm polystyrene tubes (7, 21). Bacteria
were washed twice in gonococcal buffer (GB) as previously described (33) and
suspended in GB to an optical density (OD) at 580 nm of 0.10 (108 organisms/
ml) (34). Mid-log-phase organisms were used in bactericidal assays and were
also resuspended in phosphate-buffered saline (PBS; pH 7.4) for whole-cell
ELISA.

The reaction tubes contained 10 ml of bacteria (106 CFU), 100 ml of PHS or
PHS appropriately diluted in GB to a final volume of 100 ml, and 90 ml of GB.
Control tubes were identical except that heat-inactivated PHS (56°C for 30 min)
was substituted for PHS. Tubes were incubated for 60 min in a 37°C shaking
water bath (140 rpm). At time zero and 60 min, duplicate aliquots were removed
and diluted and each was plated twice. After overnight growth in 5% CO2, the
number of CFU was counted. Survival was expressed as the percentage of
organisms at time zero that survived to 60 min. The percent survival of each
strain (grown with and without CMP-NANA) in serial twofold dilutions of serum
was obtained. For each strain, organisms that were and were not grown in
exogenous CMP-NANA were always analyzed together in the bactericidal assay
and whole-cell ELISA. A maximum of five serum dilutions was done for each
bactericidal assay, and the maximum serum concentration that could be used was
50%. Each strain was tested twice.

Whole-cell ELISA. We used MAb 1B2 and a modification of the whole-cell
ELISA method of Abdillahi and Poolman (1, 7, 39) to test meningococcal strains
for the expression of LNnT. Briefly, mid-log-phase meningococci grown with and
without exogenous CMP-NANA were washed and used in the bactericidal
assay as described above. Remaining bacteria were also immediately pelleted
and resuspended in PBS to an OD at 640 nm of 0.1. This suspension was used
to coat microtiter wells (Immulon 1; Dynatech Laboratories, Chantilly, Va.),
which were then reacted with MAb 1B2. After incubation with alkaline phos-
phatase-conjugated secondary antibody, wells were developed for exactly 15
min and the absorbance was read at 410 nm with a Dynatech MR5000
microplate reader. The binding of MAb 1B2 was reported in OD units
(ODU) (16).

Because a MAb that binds meningococcal LOS sialic acid is not available, the
loss of MAb 1B2 binding by sialylation of LNnT was used to assess the semi-
quantitative amount of sialic acid bound to that structure. The amount of en-
dogenous sialic acid bound to LNnT (strain grown in broth without CMP-
NANA) was determined for each strain in each trial by subtracting the binding
of MAb 1B2 (by whole-cell ELISA and reported in ODU) before the removal of
sialic acid from LOS by Clostridium perfringens neuraminidase (type V; Sigma)
from the binding of MAb 1B2 after neuraminidase treatment (7, 25). The
percentage of LNnT endogenously sialylated was calculated as follows: 100 2
(MAb 1B2 binding before neuraminidase treatment/MAb 1B2 binding after
neuraminidase treatment)(100). The amount of exogenous sialic acid added to
LNnT was determined for each strain in each trial by subtracting the binding of
MAb 1B2 (by whole-cell ELISA) to organisms after growth with CMP-NANA
from the binding of MAb 1B2 after growth without CMP-NANA (7, 26). The

amount of total sialic acid bound to LNnT (endogenous plus exogenous) was
determined for each strain in each trial by subtracting the binding of MAb 1B2
after growth in CMP-NANA from the binding of MAb 1B2 after treatment with
neuraminidase. For each strain grown without and with CMP-NANA, whole-cell
ELISAs were always run in parallel.

HIMELISA. Human inhibition monoclonal ELISA (HIMELISA) was per-
formed as previously described (6, 8) and was used to measure the antibody
in PHS capable of inhibiting the binding of MAb 1B2 to the LNnT component
of the LOS of strain 15029. Our previous work with this assay showed that
HIMELISA permits epitope-specific discrimination among LOS antibodies in
human sera (6, 8).

SDS-PAGE and immunoblot analysis. The proteins and LOS in purified OMC
(20) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) by a previously described modification of the method of Lae-
mmli (7, 38). LOS molecules were visualized by silver staining (40), and proteins
were stained with Coomassie R-250 (Sigma). SDS-PAGE-separated LOS and
proteins of nine meningococcal strains were transferred to nitrocellulose and
immunoblotted with a 1:10 dilution of PHS (7). After being washed with PBS, the
blot was incubated in a mixture of alkaline phosphatase-conjugated goat anti-
bodies to human IgG, IgA, and IgM and developed in substrate as previously
described (7). SDS-PAGE-separated proteins and LOS of strain 15029 were also
immunoblotted with MAb 1B2 to indicate the location of the 4.5-kDa LOS that
expressed LNnT.

Analysis of data. The percent survival of each strain grown with or without
CMP-NANA in serial twofold dilutions of serum was determined. For each
strain in each trial, the linear portion of the percent survival curve was graphed
and fitted to a linear equation by the least square error curve fit method. The
linear equation was used to calculate the log2 serum dilution in which survival
reached 100%. This was correlated with the binding of MAb 1B2 to LNnT for
each strain in each assay, as measured by whole-cell ELISA. Each strain was
tested twice. Differences in the log2 serum dilution in which survival reached
100% before and after experimental modification were analyzed by the Wilcoxon
paired-sample test. For this analysis, the means of the results from two trials for
each strain were used to avoid the use of multiple samples from the same
experimental source.

RESULTS

N. meningitidis strains. Characteristics of the nine serogroup
C isolates used are shown in Table 1. All of the strains ex-
pressed L3,7 LOS bearing LNnT that bound MAb 1B2 by
whole-cell ELISA. The percent endogenous sialylation of
LNnT, as assessed by using neuraminidase to remove sialic
acid from LOS, ranged from very little (2%) to nearly com-
plete (86%) endogenous sialylation of the LNnT structure
when strains were grown to mid-log phase in broth without
exogenous CMP-NANA.

SBA. The nine group C strains used varied markedly in sen-
sitivity to the SBA of PHS (Fig. 1). Strain 8026, a case isolate,

TABLE 1. Characteristics of nine endemic serogroup C
meningococcal strains isolated from childrena

Strain Proteinsb % Sialylationc Sourced

8026 NT:NT 4 Case, 15 yr old
15021 NT:NT 16 CSF, 5 mo old
7954 NT:1.15 48 CSF, 4 yr old
7970 NT:NT 74 CSF, 16 yr old
7973 NT:1.2 86 CSF, 9 yr old
15030 NT:NT 8 Throat, 12 yr old
15029 NT:1.15 11 Throat, 10 yr old
15031 NT:NT 19 Throat, 10 yr old
15700 NT:NT 2 Middle ear aspirate, 5 yr old

a All strains expressed LNnT (L3,7) that was variously endogenously sialy-
lated, as judged by the binding of MAb 1B2 before and after the removal of sialic
acid from LOS by neuraminidase.

b Class 2/3:class 1 proteins. Strains were tested for the expression of serotype
proteins 2a, 2b, and 2c (class 2), 15 (class 3), and p1.2, p1.16, and p1.15 (class 1).

c Percent endogenous sialylation of LOS was calculated as follows: 100 2
(MAb 1B2 binding before neuraminidase treatment/MAb 1B2 binding after
neuraminidase treatment)(100). Data are the means of two trials.

d Each source is identified by the type of isolate and the age of the child. CSF,
cerebrospinal fluid.
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was extremely sensitive, with no survival in as little as 0.8%
PHS (Fig. 1A). The three most resistant strains (7973, 7954,
and 7970) were also case isolates (Fig. 1B). Strains 7973 and
7954 did not survive in 50% PHS but grew (.100% survival) in
25% PHS. Strain 7970 had nearly 100% survival in 50% PHS.

The remaining five strains had intermediate sensitivities to the
SBA of PHS (Fig. 1A).

Exogenous sialylation of LOS. To examine the effect of
adding sialic acid to LOS on sensitivity to SBA, strains were
grown to mid-log phase in the presence of an exogenous sia-

FIG. 1. Percent survival of nine meningococcal strains in serial twofold dilutions of PHS after growth to mid-log phase in broth without (black bars) and with (gray
bars) exogenous CMP-NANA. (A) Exogenous sialylation inhibited SBA for six strains. The amount of inhibition correlated directly with sensitivity to SBA. (B) The
three most resistant strains were heavily endogenously sialylated and did not become more resistant after growth in CMP-NANA. The results from one representative
trial for each strain are shown. Strains were tested twice.
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lylating nucleotide, CMP-NANA. All strains added sialic acid
to LOS bearing LNnT, as evidenced by decreased MAb 1B2
binding by whole-cell ELISA. Exogenous sialylation inhibited
SBA for the six most sensitive strains (Fig. 1A) but did not
affect the three most resistant strains (7973, 7954, and 7970),
which were heavily sialylated endogenously (Fig. 1B). Strains
7973 and 7954 did not become more resistant to the SBA of
50% PHS when they were grown in CMP-NANA. Strain 7970
was already resistant in 50% PHS (maximum concentration);
therefore, the effect of exogenous sialylation on sensitivity to
SBA could not be assessed.

The log2 serum dilutions in which survival reached 100%
were compared for the six sensitive strains grown without and
with exogenous CMP-NANA. Exogenous sialylation signifi-
cantly increased the survival (P 5 0.028) of these serogroup C
meningococcal strains. This effect of exogenous sialylation was
most pronounced at lower PHS concentrations and was lost at
greater PHS concentrations (the 10th, 50th, and 90th percen-
tiles for strains grown without CMP-NANA were 2.4, 4.0, and
8.6, respectively, and those for strains grown with CMP-NANA
were 2.3, 3.0, and 7.5, respectively).

CP and ACP. The contributions of the classical pathway of
complement and the ACP to SBA were examined with CP-
inactivated or ACP-depleted PHS. Inactivation of the CP re-
sulted in a marked decrease in the SBA of PHS against a
relatively sensitive strain (15029; Fig. 2). Figure 2B shows that
even 50% PHS with inactivated CP allowed .20% survival of
strain 15029. Exogenous sialylation of LOS led to a modest

FIG. 2. Bactericidal assays comparing the SBAs of PHS and EGTA PHS to
inactivate the CP of complement. (A) Percent survival of strain 15029 grown in
medium without exogenous CMP-NANA in serial twofold dilutions of PHS or
EGTA PHS; (B) percent survival of strain 15029 grown without or with CMP-
NANA in serial twofold dilutions of EGTA PHS. For strain 15029, inactivation
of the CP resulted in a marked decrease in the SBA of PHS against this relatively
sensitive strain. Panel B shows that the ACP alone could not completely kill the
strain even in 50% serum. Exogenous LOS sialylation resulted in a modest
increase in resistance to ACP activity. Because of the increased resistance of
strain 15029 in PHS with the CP inactivated, the assay for panel B was begun
at a serum concentration of 50% rather than 12.5%, as used for the panel A
assay.

FIG. 1—Continued.
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increase in survival at low serum concentrations when the SBA
was due to the ACP alone (Fig. 2B).

Depletion of the ACP led to a decrease in the SBA of PHS
against strain 15029 but to a lesser degree than did inactivation
of the CP (Fig. 3A). Exogenous LOS sialylation resulted in a
modest increase in resistance to CP activity (Fig. 3A). Figure
3B shows that for a more resistant strain (15030), inactivation
of the ACP did not lead to increased survival.

Expression of free LNnT. For each trial, the log2 dilution of
PHS in which survival of each strain reached 100% was plotted
against that strain’s expression of the free LNnT structure of
LOS, as determined by the binding of MAb 1B2 by whole-cell
ELISA at 410 nm and reported in ODU. Figure 4A shows the
results for strains grown without CMP-NANA, and Figure 4B
shows the results for strains grown with CMP-NANA. Figure 5
depicts the linear relationship between free LNnT expression
and sensitivity to PHS for these strains (only datum points on
the linear portion of the curve in Fig. 4A are included, whereas
all datum points in Fig. 4B are included).

For endogenously sialylated group C meningococcal strains
(Fig. 4A and 5), the amount of killing directly correlated with
the amount of free LNnT (r2 5 0.81) above a threshold of
LNnT expression. Strains that expressed less than the thresh-
old survived in 25% PHS. Case isolates were not more resistant
than were nondisseminated isolates that expressed equivalent
amounts of free LNnT (Fig. 4A).

As can be seen in Fig. 4B and 5, exogenous sialylation
decreased free LNnT expression and increased resistance to
SBA. Again, killing directly correlated with the amount of free
LNnT (r2 5 0.92). However, with exogenous sialylation, the
association of free LNnT expression with killing was evident
for all strains, not just for those whose LNnT expression was
above the threshold. Note also that the linear components of
the curves depicted in Fig. 5 are nearly parallel. This suggests
that the associations between killing and the expression of free
LNnT are similar for both endogenous and exogenous sialyla-
tion of LOS of these group C N. meningitidis strains. Of inter-
est, however, is the observation that even when the strains (Fig.
4A) that expressed more than the threshold amount of LNnT
were exogenously sialylated (Fig. 4B) so that their expression
of free LNnT was decreased to less than the threshold, they did
not all show complete survival in 25% serum. This indicates
that these strains may possess additional characteristics that
render them more sensitive to SBA than would be predicted by
free LNnT expression alone.

LOS sialic acid. To examine whether the amount of sialic
acid bound to meningococcal LOS or the loss of expression of
free LNnT by this sialylation was associated with increased
resistance to SBA, the amounts of endogenous, exogenous,
and total (endogenous plus exogenous) LOS sialic acid for
these nine strains were determined. The change in the binding
of MAb 1B2, as measured by whole-cell ELISA, showed that
neither the amount of endogenous sialic acid (Fig. 6A) nor the
percent endogenous sialylation of LNnT (data not shown) cor-
related with resistance to SBA. Likewise, when strains were
grown in CMP-NANA, the amounts of exogenous sialic acid
(Fig. 6B) and total sialic acid (Fig. 6C) were not directly asso-
ciated with resistance to the SBA of PHS. This indicates that
the loss of LNnT expression by sialylation rather than the
amount of sialic acid is associated with increased resistance to
SBA.

Antibodies in PHS to noncapsular meningococcal antigens.
To determine what meningococcal LOS and proteins bound
antibodies in PHS, the SDS-PAGE-separated molecules in
purified OMC of these nine strains were immunoblotted with
10% PHS. While human antibodies bound to several proteins
and faster-migrating LOS, no binding was detected to the
4.5-kDa LOS molecule that bound MAb 1B2 on any strain.
The lack of significant antibody in PHS that bound LNnT was
confirmed by HIMELISA. Preincubation of purified OMC
of strain 15029 with 50% PHS decreased the subsequent
binding of MAb 1B2 by only 35%. Preincubation with 25 and
12.5% PHS decreased the binding of MAb 1B2 by 14 and
7%, respectively. The association between LNnT expression
and sensitivity to the SBA of PHS did not appear to be due
to bactericidal antibodies that bound to this structure on
LOS.

DISCUSSION

Of nine serogroup C meningococcal strains isolated from
children, all expressed LOS bearing LNnT that was variously
endogenously sialylated. Susceptibility to the SBA of PHS
ranged from extremely sensitive to resistant in 50% serum.
Both the CP and ACP contributed to the SBAs against rela-

FIG. 3. Bactericidal assays comparing the SBAs of PHS and FBD PHS to
inactivate the ACP. (A) Percent survival of strain 15029 grown in medium
without exogenous CMP-NANA in serial twofold dilutions of PHS or grown in
medium without or with CMP-NANA in FBD PHS. Depletion of the ACP led to
a decrease in the SBA of PHS against this strain but to a lesser degree than did
inactivation of the CP. Exogenous LOS sialylation resulted in a modest increase
in resistance to CP activity. (B) Percent survival of strain 15030 grown in medium
without exogenous CMP-NANA in serial twofold dilutions of PHS or FBD PHS.
Inactivation of the ACP did not lead to increased survival for this more resistant
strain. Note that FBD PHS was made from a different donor pool than was intact
PHS and that strain 15030 survived slightly better in intact PHS than it did in
FBD PHS.
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tively sensitive strains, but only the CP appeared to be impor-
tant for lysis of more serum-resistant strains. For endogenously
sialylated meningococcal strains, the amount of killing directly
correlated with the amount of free LNnT above a threshold of
LNnT expression; strains that expressed less than the threshold
survived in 25% PHS. Case isolates were not more resistant

than were nondisseminated isolates that expressed equivalent
amounts of free LNnT.

All strains added sialic acid when they were grown to mid-
log phase in medium that contained CMP-NANA. Exogenous
sialylation reduced the expression of free LNnT. Again, the
amount of killing was associated with the amount of free

FIG. 4. Serum bactericidal assays of nine meningococcal strains grown to mid-log phase without (A) and with (B) exogenous CMP-NANA. For each trial, the log2
dilution of PHS in which survival of each strain reached 100% was plotted against that strain’s expression of free LNnT of LOS, as determined by the binding of MAb
1B2 by whole-cell ELISA and reported in ODU. Each point represents an individual trial for each strain. Strain 7970 was resistant in the maximum serum concentration
used in assays (50% PHS), and strains 7954 and 7973 were resistant in 25% PHS so these strains were assigned values of 1, 2, and 2, respectively, for the log2 dilution
of PHS in which survival reached 100%. F, 8026; E, 15029p; ■, 15030p; j, 15021; �, 15031p;µ, 15700p; M{ , 7954; ✕, 7970; }, 7973. (Asterisks indicate nondisseminated
strains.)
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LNnT. Exogenous sialylation also significantly increased resis-
tance to SBA. The strains that were least resistant to SBA
when they were not exogenously sialylated had the greatest
increase in resistance when they were exogenously sialylated.
The resistance-inducing effect of exogenous sialylation could
be overcome by increasing the concentration of PHS. The
masking of LNnT expression by sialylation affected killing
through both the CP and ACP. The amounts of endogenous,
exogenous, and total sialic acid bound to LNnT did not corre-
late with the resistance of strains to SBA; rather, the loss of
free LNnT expression by sialylation was associated with resis-
tance. Because strains make different amounts of LOS bearing
LNnT, strains with similar amounts of sialic acid bound to
LNnT can vary in the expression of free LNnT (7, 23, 25). It
appears that the expression of free LNnT, not the amount of
LOS sialic acid, correlates with the amount of killing of organ-
isms in PHS.

The dependence of a neisserial strain’s sensitivity to SBA on
the concentration of serum has previously been shown for
gonococcal strains (13, 36) but remains poorly understood. The
SBA depends on the activation of complement on the bacterial
surface in such a way that it results in cell lysis. C3 plays a
central role in complement-mediated host defense, as it is the
site of convergence of the two pathways of complement acti-
vation, the CP and ACP. The amount of C3 deposition and the
extent of its degradation determine the subsequent fate of
complement-opsonized bacteria. C3 binds covalently through a
reactive intramolecular thiolester in the C3d domain of its a
chain to hydroxyl groups via an ester linkage or to primary
amino groups via an amide bond (15). The fate of surface-
bound C3b is regulated by factors H and I, found in plasma.
The binding of factor H to C3b prevents the formation of
C3bBb, the ACP-derived surface-phase C3 convertase, and
augments the degradation of C3b by factor I (29). C3b, which
binds in a protected molecular environment where factor H
is excluded or binds C3b with low affinity, is refractory to
cleavage by factor I (11). It can then bind activated factor B

to serve as a positive feedback amplifier of its own deposi-
tion through the ACP. C3 also participates in the formation
of the C5 convertase that cleaves C5 and initiates sequential
cleavage of the remaining complement components to form
the C5b-C9 membrane attack complex, which results in bac-
terial lysis (9).

The activated thioester site of metastable C3b has previously
been shown to primarily form ester linkages with hydroxyl
groups rather than amide linkages with primary amino groups
(5, 22). The work of Sahu et al. indicates that the reactivity of
metastable C3 exhibits a strong preference for terminal sugar
residues (35). Galactose, which is the terminal sugar of unsia-
lylated LNnT, has a strong reactivity with C3, and in particular
the six-position hydroxyl group is considerably more reactive
than is the average hydroxyl group in sugars. Sialylation of the
terminal galactose of LNnT may affect the attachment of C3b
to the terminal galactose and to other sugars of the LOS by
creating either steric or electrostatic constraints. Previous work
from one of our laboratories (16) showed that the deposition
of both ester- and amide-linked iC3b as well as total C3 ex-
hibited strain variability for 10 group C LNnT-bearing menin-
gococcal strains but was not influenced by the percentage of
LNnT that was sialylated or the amount of group C capsule.
This work did not examine the association of free LNnT ex-
pression and C3 deposition, however. The results of the pres-
ent study suggest that the sensitivity of group C organisms to
complement-mediated killing is associated with free LNnT
expression and may be dependent on the binding of C3 to
LNnT.

Previous work (16) also showed that total C3 deposition did
not correlate with the sensitivities of group C meningococcal
strains to the SBA of 40% human serum. This suggests that a
decrease in C3 attachment to LNnT or other LOS structures by
sialylation affects sensitivity to SBA by altering the site rather
than the total amount of C3 deposition. Several previous stud-
ies of the mechanism of stable serum resistance by N. gonor-
rhoeae support this proposal (14, 18). The qualitative rather

FIG. 5. Correlation between the expression of LNnT structure of LOS, as determined by the binding of MAb 1B2 by whole-cell ELISA and reported in ODU, and
sensitivity to the SBA of PHS for nine strains grown without and with exogenous CMP-NANA. When strains were grown without CMP-NANA, SBA susceptibility
correlated with the amount of unsialylated LNnT above a threshold of LNnT expression; strains that expressed less than the threshold survived in 25% PHS. Exogenous
sialylation reduced the expression of free LNnT. Susceptibility to SBA still correlated with expression of LNnT. Only datum points on the linear portion of the curve
in Fig. 4A are included, whereas all datum points in Fig. 4B are included.
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than the quantitative binding of C3 and terminal complement
components to the bacterial surface accounts for the stable
resistance of gonococci to complement-mediated lysis. The
membrane attack complex which mediates efficient bacterial
lysis is in a different molecular configuration on the surfaces of
sensitive organisms compared to that on the surfaces of resis-
tant organisms. This in turn may influence the covalent linkage
of nascent C3 molecules to specific outer membrane compo-
nents via noncovalent association with these components (18).
Whether sialylation of LNnT and the loss of LNnT expression
result in redirection of C3 and membrane attack complex dep-
osition on group C meningococci remains to be tested, but if
C3 and membrane attack complex deposition is restricted to
alternative sites by sialylation of LNnT, these sites may be
relatively inaccessible and require higher concentrations of C3
for the deposition of sufficient complexes in close proximity to
initiate lysis.

The association of LNnT expression and sensitivity to SBA
is not due to bactericidal antibody binding to LNnT. The PHS
used in our study was unable to significantly inhibit the binding
of MAb 1B2 to LNnT and did not contain antibodies that
bound to this LOS on immunoblots. The PHS used did contain
antibodies that bound to faster-migrating LOS, which was con-
sistent with our previous work (6, 8). The absence of LNnT
antibodies of the same specificity as that of MAb 1B2 was not
surprising, as we have previously reported that such antibodies
are not found in human sera except after disseminated neisse-
rial infections (24, 36). Although these studies of over 50 in-
dividual serum samples were done with gonococcal LOS, the
structures of the LNnT on the LOS of these two species are
identical; there is no reason to believe that the specificity of
MAb 1B2 differs between the two species. In addition, such
antibody would not be expected, as neisserial LOS share
LNnT structures with human glycosphingolipids (23, 25,
26). Whether sialylation of LNnT structures would interfere
with the binding of other bactericidal antibodies to proteins
or other LOS structures is unknown. We have previously
shown, however, that LOS sialylation of the serum-sensitive
N. gonorrhoeae strain F62 rendered it serum resistant but
did not reduce the total amount of bactericidal IgM anti-
body bound to the gonococcal surface (16). Meningococci
do not make the lgtD-dependent structure that binds bacte-
ricidal IgM antibody to N. gonorrhoeae F62 (13, 17), but they
do bind LOS bactericidal antibodies that are directed to
structures other than LNnT (6, 8). In the absence of C3 bind-
ing to the terminal galactose of LNnT, the killing of menin-
gococci may be dependent on the binding of these antibod-
ies to other LOS sites. The binding of sufficient antibody to
provide lysis would require increased concentrations of se-
rum, and therefore of antibody, in the absence of antibody-
independent C3 binding.

In conclusion, the expression of free LNnT is directly as-
sociated with the amount of killing of group C meningococci
in PHS. Both endogenous LOS sialylation and exogenous LOS
sialylation are associated with the increased serum resistance
of group C meningococcal strains by masking free LNnT. The
loss of LNnT expression by sialylation rather than the amount
of sialic acid is associated with increased resistance to SBA.

FIG. 6. Serum bactericidal assays of nine meningococcal strains grown to
mid-log phase without (A) and with (B and C) exogenous CMP-NANA. For each
of two trials per strain, the log2 dilution of PHS in which survival of each strain
reached 100% was plotted against that strain’s amount of sialic acid on the LNnT
structure of LOS. (A) Because a MAb that binds meningococcal LOS sialic acid
is not available, the amount of endogenous sialic acid bound to LNnT (strain
grown in broth without CMP-NANA) was determined for each strain in each
trial by subtracting the binding of MAb 1B2 (by whole-cell ELISA and reported
in ODU) before the removal of sialic acid from LOS with neuraminidase from
the binding of MAb 1B2 after neuraminidase treatment. (B) The decrease in the
binding of MAb 1B2 (by whole-cell ELISA) to LOS on strains grown in broth
with CMP-NANA was used to monitor exogenous LOS sialylation. The amount
of exogenous sialic acid added to LNnT was determined for each strain in each
trial by subtracting the binding of MAb 1B2 after growth with CMP-NANA from
the binding of MAb 1B2 after growth without CMP-NANA. (C) The amount of

total sialic acid bound to LNnT (endogenous plus exogenous) was determined
for each strain in each trial by subtracting the binding of MAb 1B2 after growth
in CMP-NANA from the binding of MAb 1B2 after treatment with neur-
aminidase (by whole-cell ELISA). The amounts of endogenous, exogenous,
and total sialic acid bound to LNnT did not correlate with resistance to the
SBA of PHS.
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