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a-2,3-Sialyltransferase mutants of three genetically and phenotypically diverse Neisseria meningitidis strains
were compared with regard to resistance to human serum and systemic spread in the infant rat. Lipopolysac-
charide sialylation was found to be of minor importance for the resistance of serogroup B and C meningococcal
disease isolates to complement attack.

The complement system serves as a first line of defense
against meningococci (Neisseria meningitidis) (2, 9, 12, 21, 26).
Meningococci protect themselves against complement attack
by the expression of polysaccharide capsules (13, 19, 20, 28,
30). In the case of serogroup B and C meningococci, the poly-
saccharide capsules consist of homopolymers of sialic acid (N-
acetyl-neuraminic acid [NANA]) (3, 9). Sialic acid also occurs
in pathogenic neisseriae as a terminal substitution of lipopoly-
saccharide (LPS) (16, 17, 22, 23, 31). In gonococci, sialylated
LPS contributes to serum resistance (4, 6, 8, 31), probably by
enhancing the binding of the regulatory factor H (24). The role
of LPS sialylation in serum resistance of encapsulated menin-
gococci, however, is a matter of debate. We demonstrated that
truncation of the LPS molecule by mutation of the galE gene
renders meningococci serum sensitive despite the presence of
a polysialic acid capsule (28, 30). The galE gene encodes the
UDP-glucose 4-epimerase, which is necessary in meningococci
and gonococci for the production of galactose, a residue of the
LPS of virulent meningococci and gonococci (11, 14, 15, 25).
Furthermore, we showed that, in contrast to gonococcal serum
resistance, LPS sialylation is dispensable for meningococcal
serum resistance (27). These experiments were performed with
the serogroup B strain B1940, whose isogenic a-2,3-sialyltrans-
ferase (lst) mutant showed a serum-resistant phenotype. The
a-2,3-sialyltransferase catalyzes the terminal linkage of sialic
acid to the lacto-N-neotetraose (LNnT) epitope of the menin-
gococcal LPS with immunotype L3,7,9, which is often found in
virulent neisserial strains (10, 16, 18). This enzymatic activity
requires activated N-acetyl-neuraminic acid (CMP-NANA),
which is endogenously synthesized or exogenously supplied
(16, 17). Knockout of the lst gene resulted in the exclusive
expression of unsialylated LNnT. In contrast to our findings
regarding the role of meningococcal LPS sialylation, a recent
analysis by Estabrook et al. (7) of a set of serogroup C menin-
gococcal isolates which exhibited varying degrees of LPS sia-
lylation suggested that the amount of free LNnT expressed by
meningococci is negatively correlated with serum resistance.
These conflicting results prompted us to analyze the serum
resistance of isogenic lst mutants of meningococcal strains,
which were different from strain B1940, previously studied by
our group (27), in order to rule out the possibility of strain- or
serogroup-specific effects. We continued our recent approach

with isogenic lst mutants because we wanted to study LPS
sialylation in a genetically defined background and because we
wanted to analyze the interaction of the complement system
with meningococcal surfaces devoid of sialylated LPS.

The serogroup B and C meningococcal strains used in this
study are listed in Table 1. The strains exhibited different sero-
(sub)types. Strains MC58 and 2120 were derived from clonal
lineages frequently causing meningococcal disease, i.e., from
electrophoretic types belonging to the ET-5 and ET-37 com-
plexes, respectively (1). Expression of the Opc protein and of
pilin differed among the three strains (Table 1). galE mutants
were constructed as previously described (11). For the con-
struction of lst mutants, a PCR product of the lst gene of strain
B1940 was obtained by using primers UV21 (59-ATGGGCTT
GAAAAAGGCTTGT-39; positions 573 to 593 [GenBank ac-
cession no. U60660]) and UV23 (59-CCGCGCACTGCCCGC
C-39; positions 2039 to 2024). This PCR product was 350 bp
larger than the UV21-UV22 PCR product used recently for
the same purpose (27), which greatly facilitated the final trans-
formation of meningococci with the plasmid harboring the
mutated lst gene. The UV21-UV23 PCR product was cloned
into the vector pCR-Script Amp SK(1) (Stratagene, Heidel-
berg, Germany). The kanamycin resistance gene of plasmid
pUC4K (Pharmacia, Freiburg, Germany) was then inserted
into the HincII site of the lst gene (position 1549), resulting in
plasmid pCR-Script-lst/Kan, which was used to transform me-
ningococci. The genotype of the meningococcal lst mutants was
controlled by PCR with primers UV21 and UV22 (27) and by
Southern blot hybridizations of EcoRI/ClaI-digested chromo-
somal DNA with the kanamycin resistance gene or the lst gene
used as probes. Both tests demonstrated that correct allelic
exchange of the lst gene had been achieved (data not shown).
The lst mutants of strains B1940, MC58, and 2120 retained
binding of the monoclonal antibody (MAb) 9-2-L379, specific
for immunotype L3,7,9 (kindly provided by W. D. Zollinger),
as evidenced by immunofluorescence techniques (data not
shown). Western blot analysis revealed that Opa, Opc, and
pilin expression was not altered in the lst mutants, compared to
the wild-type strains (Table 1).

The LPS of wild-type MC58 and 2120 and their lst and galE
mutants was analyzed by Tricine gel electrophoresis of partially
purified LPS, as described previously (27). The analysis of the
set of mutants of strain B1940 has been shown recently (27).
LPS of the wild-type strains was partially endogenously sialy-
lated and accessible to exogenous sialylation during growth in
culture medium supplemented with CMP-NANA, as previ-
ously described (27). The LPS of the lst mutants migrated as
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fast as the unsialylated LPS fraction of the wild-type menin-
gococci (Fig. 1). No endogenous sialylation was observed.
Moreover, due to the knockout of the lst gene, the LPS of the
mutants was not exogenously sialylated. The LPS of strain
B1940 migrated slightly slower than that of MC58 and 2120,
indicating a chemical modification of the B1940 LPS. Trunca-
tion of the majority of the LPS population by galE mutation
was demonstrated by faster migration in the Tricine gel com-
pared to wild-type LPS, and visual inspection of the Tricine
gels suggested a similar appearance of the LPS of the galE
mutants of all three strains. One should nevertheless keep in
mind that structural analysis of a galE mutant of the menin-
gococcal strain NMB revealed a heterogeneity in the LPS
population which was most likely caused by a glycosyltrans-
ferase polymerizing glucose moieties (15) and which might
depend on the background of the strain used.

Bactericidal assays were performed as previously described
(27) in Veronal-buffered saline by using 105 CFU/ml of buffer
and normal human serum (NHS). In the case of wild-type
strains B1940 and 2120, a 10-fold reduction in bacterial counts
was achieved by 20 to 40% NHS after 1 h of incubation in
NHS, whereas .80% NHS was necessary for a comparable
reduction of the bacterial counts in the case of strain MC58
(data not shown). In all three strains, exogenous sialylation did
not result in enhanced serum resistance (Fig. 2), although LPS
sialylation was enhanced by exogenous supplementation with
CMP-NANA, as evidenced by silver-stained Tricine gels (Fig.
1). This suggests that the degree of endogenous sialylation
exhibited by the disease isolates investigated here was sufficient
for the maximum possible serum resistance. The following
experiments were therefore designed to study whether endog-

enous sialylation contributes to serum resistance of the disease
isolates. In dose titration curves, lst mutants of all strains re-
tained the serum-resistant phenotype of the parental strain
(Fig. 2). A reduction in serum resistance by lst mutation was
observed only at high serum concentrations (i.e., 50% NHS in
the case of the lst mutants of strains B1940 and 2120 and 90%
NHS in the case of strain MC58). This reduction was signifi-
cant, as determined by Student’s t test, in the cases of B1940
(P 5 0.0001) and 2120 (P 5 0.0009) but not in the case of
MC58 (P 5 0.27). Differences between the experimental
groups (wild-type strains and respective lst mutants) were cal-
culated by using Student’s t test from at least four independent
experiments and for all serum concentrations applied. Differ-
ences were considered significant at P of ,0.01. In all strains
used, a galE mutation resulted in a complete loss of serum
resistance, because a 16- to 32-fold higher dilution of NHS had
to be applied to achieve bacterial survival comparable to that
of the wild-type strain. Therefore, a galE, but not an lst, mu-
tation resulted in a modification of the LPS structure which
was incompatible with survival in NHS.

We recently demonstrated that the lst mutant of strain
B1940 induces bacteremia in the infant rat (27). The same held
true for the lst mutants of strains MC58 and 2120, indicating
that LPS sialylation is dispensable for survival in the infant rat
(Table 2). The animals were infected intraperitoneally with 106

CFU, and the number of CFU/ml of blood was determined at
8 h postinfection. There was a significant reduction in the
bacterial counts induced by the lst mutant of strain 2120, but
not of strain MC58, compared to the wild-type strain. How-
ever, the effect of lst mutation in 2120 was relatively small in
contrast to the effect of the galE mutation, which completely
abrogated the capability to survive immune attack in the infant
rat.

In conclusion, we constructed lst mutants from two geneti-
cally diverse serogroup B and C meningococcal disease iso-
lates. This approach was chosen to obtain isogenic derivatives

FIG. 1. Tricine gel electrophoresis of partially purified LPS of strains MC58
and 2120 and their derivatives grown in the absence or presence of CMP-NANA.
Lane B, LPS of wild-type strain B1940 shown as a control (27); lanes 1 and 2,
wild-type strains; lanes 3 and 4, lst mutant; lane 5, galE mutant. Double bands
result from the different migrations of sialylated LPS (upper band) and unsialy-
lated LPS (lower band) in Tricine gels (27).

TABLE 2. Infant rat model of meningococcal infection

Parameter
MC58 2120

Wild type lst galE Wild type lst galE

Infective dose
[log10(CFU)/
animal]

6.32 6.37 5.58 6.67 6.49 6.66

n 9 8 4 7 7 4
Log10(CFU)/

ml of blooda
4.97 6 0.28 4.80 6 0.29 ,1.0 4.63 6 0.70 3.39 6 0.49 ,1.0

Pb 0.25 0.002

a The limit of detection was 1.0 CFU/ml of blood.
b Log10(CFU)/ml of blood values were compared by Student’s t test. Differ-

ences were considered significant at P of ,0.01.

TABLE 1. Meningococcal strains

Strain Source
(year of isolation)

Isolate type
(location)

Sero-
group Sero(sub)type Clustera

Reactivity with MAbb: Refer-
ence9-2-L379 B306 4B12/C11 SM1

B1940 U. Berger (?) Clinical (Germany) B NT:P1.3,6,15 — 1 1 1 1 9
MC58 E. R. Moxon (1985) Clinical (United Kingdom) B 15:P1.17,16b ET-5 complex 1 1 1 1 5
2120 Our clinical isolate (1997) Clinical (Germany) C NT:P1.2,5 ET-37 complex 1 2 1 2 29

a ET, electrophoretic type; —, the ET of strain B1940 does not correspond to any well-known clone associated with a high incidence of disease.
b Reactivities with MAbs were determined by indirect immunofluorescence (for 9-2-L379) and by Western blot analysis (for B306, 4B12/C11, and SM1). 9-2-L379

is reactive with LPS of immunotype L3,7,9 and was kindly provided by W. D. Zollinger (Washington, D.C.); B306 and 4B12/C11 bind to meningococcal Opc and Opa,
respectively, and were provided by M. Achtman (Berlin, Germany); and SM1 binds to neisserial pilin of class I pili (donation of M. Virji, Bristol, United Kingdom).
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expressing a maximum amount of unsialylated LPS. For all
strains tested, the lst mutants almost retained a serum-resistant
phenotype. Only at very high concentrations of NHS was the
serum resistance of strains B1940 and 2120, but not of MC58,
significantly reduced by lst mutation. In contrast to the lst mu-
tation, all galE mutants were serum sensitive. These findings
confirm our recent report that LPS sialylation is almost dis-
pensable for serum resistance of meningococci, and, even more
important, they show that our earlier conclusions hold true for
serogroup B and C disease isolates of genetically diverse clonal
groupings.

We cannot support the finding of Estabrook et al. (7) that
the amount of free (unsialylated) LNnT expressed on the me-
ningococcal surface is negatively correlated to serum resis-
tance. Two differences in study design, the methods applied
and the selection of strains, may account for this discrepancy.
In contrast to Estabrook et al., we constructed isogenic mu-
tants of meningococcal strains devoid of LPS sialylation. Thus,
we took a methodological viewpoint on LPS sialylation oppo-
site that of Estabrook et al., who analyzed natural variations
in the degree of LPS sialylation in different strains and the
effects of further exogenous sialylation. Estabrook et al. used a
collection of both carrier and disease serogroup C isolates. In
contrast, the purpose of our study was to analyze well-charac-
terized disease isolates derived from different clonal groupings
which frequently cause serogroup B and C meningococcal dis-
ease (i.e., ET-5 and ET-37 complexes). It is tempting to spec-
ulate that encapsulated immunotype L3,7,9 carrier isolates fre-
quently depend on exogenous sialylation of LPS for survival in
NHS and thus require the function of the a-2,3-sialyltransfer-
ase. These isolates, however, must differ in factors other than
LPS from serum-resistant disease isolates, which require nei-
ther exogenous nor endogenous sialylation of LPS to survive in
NHS. A possible mechanism might be that in serum-sensitive
carrier isolates, sialylated LPS works better than unsialylated
LPS to protect vulnerable sites on the bacterial surface from
complement attack. These sites may not be present or acces-
sible in serum-resistant disease isolates, which therefore re-
quire LNnT but not its sialylation for survival in NHS.

We thank M. Achtman, M. Virji, and W. D. Zollinger for the
donation of monoclonal antibodies and for helpful advice. R. E.
Moxon is acknowledged for providing strain MC58. A. W. Friedrich is
thanked for critically reading the manuscript.
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