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Mannose-binding lectin (MBL) is an important component of the innate immune system. It binds to the
arrays of sugars commonly presented by microorganisms and activates the complement system independently
of antibody. Despite detailed knowledge of the stereochemical basis of MBL binding, relatively little is known
about how bacterial surface structures influence binding of the lectin. Using flow cytometry, we have measured
the binding of MBL to a range of mutants of Salmonella enterica serovar Typhimurium and Neisseria gonor-
rhoeae which differ in the structure of expressed lipopolysaccharide (LPS). For both organisms, the possession
of core LPS structures led to avid binding of MBL, which was abrogated by the addition of O antigen
(Salmonella serovar Typhimurium) or sialic acid (N. gonorrhoeae). Truncation of the LPS within the core led
to lower levels of MBL binding. It was not possible to predict the magnitude of MBL binding from the identity
of the LPS terminal sugar alone, indicating that the three-dimensional disposition of LPS molecules is
probably also of importance in determining MBL attachment. These results further support the hypothesis
that LPS structure is a major determinant of MBL binding.

Mannose-binding lectin (MBL) is a collagenous lectin (col-
lectin) found in the serum of mammals and birds (32). In
humans, it is believed to play an important role in innate host
immunity by binding to microorganisms and then activating the
complement system in an antibody-independent fashion via
two MBL-associated serine proteases (MASP-1 and MASP-2)
(20, 31). MBL may also interact directly with phagocytic cells
to promote the opsonization of bacteria and viruses (2, 14, 22).

The importance of MBL in host defense has been high-
lighted by the predisposition to certain infections of individuals
who have a genetically determined deficiency of the protein
(15, 17, 28). MBL deficiency was initially linked to a common
opsonic defect, identified in children as a syndrome of recur-
rent infections such as otitis media and diarrhea (30). This has
been supported by the more recent report of a generalized risk
of infection in admissions to hospital (29) and reports of spe-
cific susceptibilities to infection by human immunodeficiency
virus (4), malaria (16), and Neisseria meningitidis (5).

MBL is synthesized in the liver and comprises three identical
polypeptide chains associated to form a single subunit with a
collagenous triple helix attached to three globular carbohy-
drate recognition domains (CRD) at the carboxy terminus.
Two to six of these subunits then associate to form the func-
tional protein (32). Each of the CRDs is able to bind to mem-
bers of a family of monosaccharides which includes mannose,
N-acetylmannosamine, N-acetylglucosamine, glucose, and fu-
cose (34). The affinity of single interactions is low, with the
large number of CRDs giving rise to the higher functional

affinity of the intact protein. The regular spacing between the
sugar binding sites (49 Å) is thought to be particularly well
adapted to the repeating sugars exposed by microorganisms
but not the mammalian host (27).

Despite the relatively detailed knowledge of the stereochem-
ical basis of the interaction of MBL with monosaccharides, the
binding of MBL to the complex carbohydrate structures of
microorganisms is poorly understood. Although the presence
of a bacterial capsule was reported to reduce MBL binding
(33), other studies suggest that the structure of the lipopoly-
saccharide (LPS) may be equally or more important. The ex-
pression of high-mannose LPS by Salmonella enterica serovar
Montevideo is associated with increased MBL binding (14),
and overall LPS structure has been shown to be important in
determining MBL binding to S. enterica serovar Typhimurium
(7, 8, 11) and N. meningitidis (9).

In this investigation, we have studied the influence of LPS
structure on the binding of MBL to Salmonella serovar Typhi-
murium and N. gonorrhoeae. The expression of a full-length
(Salmonella serovar Typhimurium) or fully sialylated (N. gon-
orrhoeae) LPS was required to prevent MBL binding. The
expression of some truncated LPS structures allowed the bind-
ing of MBL, but the identity of the terminal LPS sugar was not
always a reliable predictor of MBL binding. This suggests that
the three-dimensional structure of the LPS has an important
role in determining MBL attachment to the organism. The
expression of certain LPS structures may be an important bac-
terial virulence mechanism which acts to reduce MBL binding.

(M.D.-J. has submitted this work in partial fulfillment of the
M.Sc. degree requirements of the University of East London.)

MATERIALS AND METHODS

Strains of Salmonella serovar Typhimurium. A series of mutants of Salmonella
serovar Typhimurium LT2 was obtained from the Salmonella Genetic Stock
Centre (K. E. Sanderson, Department of Biological Sciences, University of
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Calgary, Calgary, Alberta, Canada). The parent LT2 organism and different
mutants derived from it have been described previously (25) and are described in
Table 1.

Strains of N. gonorrhoeae. A series of isogenic mutants of N. gonorrhoeae
MS11-E1 was constructed by the insertion of a chloramphenicol acetyltrans-
ferase (CAT) cartridge, driven by a gonococcal opa gene promoter, into the gene
of interest, as previously described (24, 26). The galE mutant possesses a trun-
cated LPS lacking the sialic acid acceptor in the outer core (24); rfaK carries a
null mutation in the GlcNAc transferase resulting from the insertion of the CAT
cartridge at the ClaI site in the gene. It lacks the b-GlcNAc linked to the Glc II
and thus has no g-oligosaccharide. The rfaF mutant (26) and the rfaD mutant
(this study) carry null mutations and lack all three a-, b-, and g-oligosaccharides;
they also cannot be sialylated. The rfaF gene encodes heptosyltransferase which
adds the second a1,3-linked backbone heptose (Hep II) to the inner core. The
rfaD mutant has the central XbaI-to-EcoRI region deleted and replaced with the
promoter CAT cartridge and is defective in the epimerization of ADP-D-glycero-
D-manno-heptose to ADP-L-glycero-D-manno-heptose. Such mutants accumu-
late ADP-D-glycero-D-manno-heptose and synthesize defective LPS which lacks
LD-heptose but contains a small amount of the incorrect DD form (1).

Growth and preparation of bacteria. Salmonella serovar Typhimurium strains
were removed from frozen storage at 270°C and cultured for 16 to 18 h at 37°C
on blood agar. Immediately prior to each experiment the bacteria were sus-
pended in Veronal-buffered saline supplemented with 5 mM CaCl2 and 5 mM
MgCl2 (VBS11; A540 5 1). In certain experiments, Salmonella serovar Typhi-
murium was cultured for 16 to 18 h on minimal medium plates (Columbia agar;
Difco, West Molesey, United Kingdom).

N. gonorrhoeae strains were prepared similarly on GC agar (Difco) supple-
mented with Vitox (Oxoid, Basingstoke, United Kingdom) at 37°C-6%- CO2 and
suspended in VBS11. To compare sialylated and nonsialylated gonococci, GC
agar plates were supplemented with cytidine 59-monophospho-N-acetylneura-
minic acid (CMP-NANA) (50 mg/ml).

Purification of MBL. MBL was purified from human, ethanol-fractionated
plasma paste (kindly donated by C. Dash, Blood Products Laboratory, Elstree,
United Kingdom) by the method of Kilpatrick (13), modified to include positive
affinity removal of human immunoglobulin (M. P. Kelly, D. L. Jack, B. Man-
danda, R. C. G. Pollok, N. Klein, M. W. Turner, M. J. G. Farthing, submitted for
publication).

Conjugation of FITC to anti-MBL. The storage buffer of a 1-mg/ml solution of
monoclonal anti-MBL antibody (clone 131-1; State Serum Institute, Copenha-
gen, Denmark) was exchanged for conjugation buffer (18 mM Na2CO3, 30 mM
NaHCO3, 0.135 M NaCl [pH 9.5]), using a centrifuge ultrafiltration device
(Ultrafree MC; Millipore, Watford, United Kingdom) according to the manu-
facturer’s instructions. To this a solution of fluorescein isothiocyanate (FITC; 1
mg/ml in conjugation buffer) was added (0.3 ml/ml of antibody solution), and the
resulting mixture was incubated at room temperature for 3.5 h. The buffer was
exchanged for phosphate-buffered saline (PBS) using a ultrafiltration membrane,
which also removed unconjugated FITC from the antibody preparation. The
conjugated antibody was aliquoted and stored at 270°C until use.

Assay for MBL binding to microorganisms. The binding of MBL to all bac-
teria was determined by a flow cytometric procedure described previously (9).
Briefly, a 50-ml aliquot of organism suspension was centrifuged, and the pellet
was resuspended in VBS11 containing MBL of differing concentrations. Sus-
pensions were incubated at 37°C for 30 min and then centrifuged. The cell pellet
was washed and resuspended in VBS11 containing 10 mg of FITC-anti-MBL per
ml. This mixture was incubated at 37°C for 30 min before centrifugation and
washing of the cell pellet. Samples were resuspended in 100 ml of PBS and fixed
by the addition of 100 ml of 2% (wt/vol) formaldehyde–2% (wt/vol) glucose in
PBS for flow cytometry. Organisms were identified on the basis of size and
granularity.

Evaluation of binding data and statistical analyses. MBL binding was ex-
pressed as median fluorescence intensity (MFI), and binding was arbitrarily
categorized into three levels, low (MFI , 5), moderate (5 to 20), and high (.20),
as described by Neth et al. (21). Kruskal-Wallis H tests were used to determine
the significance of differences in MBL binding to different organisms. In each case,
comparisons were made with the background fluorescence in the absence of MBL.

RESULTS

Binding of MBL to Salmonella serovar Typhimurium. In this
study, flow cytometry was used to investigate the interaction of
MBL with Salmonella serovar Typhimurium LT2 and 16 mu-
tants. Clear differences in binding were observed; representa-
tive MBL binding profiles are illustrated in Fig. 1.

The 17 Salmonella strains studied could be grouped into
three categories of MBL binding (see Materials and Methods).
Using a physiologically high concentration of MBL (3.4 mg/ml)
(15), there was high binding to SA1627 and SL4489, with
moderate binding to SL3769 and SL3789 (Fig. 2). There was
low but nevertheless statistically significant binding (P , 0.05)
to SL733, SL1250, SL1248, SL3600, SL1306, and SA1377 and
no detectable binding to the parent LT2, SL3748, SL1102,
SH7770, SL3750, SA1355, and SL3770 organisms.

To determine the concentration dependence of binding, or-
ganisms were incubated with MBL at concentrations ranging
from zero to 7.5 mg/ml. We observed three distinct patterns of
concentration-dependent binding; an example of each is shown
in Fig. 3. When organisms that bound high levels of MBL (e.g.,
SA1627) were incubated with increasing concentrations of
MBL, lectin binding increased rapidly from low concentrations
to a plateau of maximal binding at 3.4 mg/ml. With organisms
that bound moderate levels of MBL (e.g., SL3789), binding
increased more gradually, with no plateau observed over the
range of MBL concentrations studied. For the organisms that
bound little or no MBL at 3.4 mg/ml (for example, the deep
rough chemotype SL1102), no binding was observed at any
concentration.

To confirm that the binding of MBL was due to an interac-
tion of the C-type lectin domain with bacterial sugars, compe-
tition experiments were performed using known antagonists of
MBL. The addition of 25 mM N-acetylglucosamine or 5 mM
EDTA to the MBL preparation before incubation with organ-
isms inhibited binding by 75 and 95%, respectively. The addi-
tion of 25 mM galactose in the same experiments had no effect
on MBL binding. This pattern is compatible with previous
analyses of the sugar specificity and calcium dependence of the
C-type lectin domain (6).

Construction of isogenic mutants of N. gonorrhoeae. Whole
cell lysates of the gonococcal mutants and parental strain were
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and silver stained to visualize the
LPS (Fig. 4). The galE and rfaF mutants (lanes 2 and 5)
exhibited a single truncated band as previously described (24,
26). The rfaD mutant (lane 4) produced a pattern similar to
that of the parent but with an increased amount of lower-
molecular-weight product. The schematic structures illustrated
in Fig. 5 highlight the effect of the mutations on the structure
of the LPS molecule.

TABLE 1. Strains of Salmonella serovar Typhimuriuma

Strain Relevant
genotype Chemotypeb

LT2 WT Smooth
SA1355 LT2 WT Smooth
SL3770 LT2 WT Smooth
SH7770 rfaP Smooth, reduced phosphates linked to

Hep I
SA1627 rfb Ra (no O antigen)
SL4489 rfaB rfb Ra (no O antigen), lacks Gal II attached

to Glc I
SL733 rfaK Rb1, deficient in outer core N-acetylglu-

cosamine and partly deficient in side
chains

SL3748 rfaI Rb3, lacks Gal I attached to Glc I
SL3750 rfaJ Lacks Glc II attached to the Gal II
SL1306 galE Rc, terminating at Glc I in the outer core
SL1248, SL1250 rfaB galE Lack some LPS galactosyl II transferase

activity with the LPS terminated at Glc
I in the outer core and lacking Gal II
attached to Glc I

SL3769 rfaG Rd1, lacking the Glc I attached to Hep II
SL3789 rfaF Rd2, lacks the heptosyltransferase that

adds the Hep II to the inner core
SA1377 rfaC Deep rough, terminates at KDOI
SL1102 rfaE Deep rough, terminates at KDOI
SL3600 rfaD Deep rough, terminates at KDOI

a Obtained from the Salmonella Stock Centre.
b Phenotypes are described by Schnaitman and Klena (25).
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MBL binding to N. gonorrhoeae. There were marked differ-
ences in the binding of MBL to the different N. gonorrhoeae
mutants studied (Fig. 6). At a physiologically high concentra-
tion of MBL (7.5 mg/ml), there was detectable binding to the
parent organism and rfaK mutant grown to stationary phase on
GC agar. There was slightly less binding to the rfaF organism
and low levels of binding to the galE and rfaD mutants.

To determine the effect of LPS sialylation on MBL binding,
the two organisms which had LPS structures containing the
sialic acid acceptor site (parent and rfaK) were grown on solid
medium containing 50 mg of CMP-NANA per ml and then
incubated with MBL as usual (Fig. 7). Gonococci grown in the
presence of CMP-NANA will exogenously sialylate their LPS,
and this process completely inhibited MBL binding to these
organisms.

DISCUSSION

The basis of protection against infection mediated by MBL
is the primary recognition of the target organism by the car-
bohydrate recognition domains of the protein followed by ac-
tivation of the complement system and/or the recruitment of

phagocytic cells (32). A recent study has shown that MBL is
able to bind to a wide range of the bacteria and yeasts that
commonly cause infections in children. MBL bound in this way
activated complement on the organisms tested in a concentra-
tion-dependent manner (21).

Previous work had indicated that bacterial encapsulation
significantly inhibited the binding of MBL to whole organisms,
similar to the effect of capsule on other immune processes (33).
Our own studies with N. meningitidis have indicated that LPS
structure, rather than and independently of encapsulation, may
be the major determinant of MBL binding to these bacteria,
with the subsequent activation of complement (9). This is sup-
ported by other studies which have also suggested that LPS
structure and composition are important in determining the
binding of MBL to bacteria (7, 8, 12, 14). Using Salmonella
serovar Typhimurium and N. gonorrhoeae mutants with specific
LPS mutations, we have attempted to identify whether LPS is
a common determinant of MBL binding.

It was possible to detect striking differences in the capacity
of the different LPS mutants of both Salmonella serovar Ty-
phimurium and N. gonorrhoeae to bind MBL, which confirms
the importance of these structures in the attachment of this

FIG. 1. Representative flow cytometric profiles of MBL binding to the parent (LT2) and two mutants of Salmonella serovar Typhimurium. MBL was added at a
final concentration of 3.4 mg/ml. The control (filled histogram) shows samples incubated with FITC-anti-MBL alone, with the experimental samples (open histogram)
incubated with MBL and then FITC-anti-MBL. The results shown are representative of five separate experiments. The scheme below shows the LPS structure for the
LT2 organism, with the truncation points of SL1248 and SL1627 marked.
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collectin to bacteria. There were similarities between the two
species in the influence of certain LPS mutations on MBL
binding. In both cases the expression of core LPS (Ra chemo-
types of Salmonella serovar Typhimurium and N. gonorrhoeae

grown in the absence of CMP-NANA) was associated with the
binding of the maximum amount of MBL. Truncations at
deeper LPS structures generally resulted in reduced levels of
binding.

The carbohydrate recognition domain of MBL is thought to
form an association with the terminal sugar of microbial sac-
charide structures through an interaction with both the 3- and
4-OH groups of the sugar (34). The presence of glucose as the
terminal LPS structure was associated with MBL binding (Sal-
monella serovar Typhimurium SL733, SL1306, SL1248, and
SL1250; N. gonorrhoeae galE strain), with a higher level of
binding to mutants terminating with heptose sugars (Salmonel-
la serovar Typhimurium SL3769 and SL3789; N. gonorrhoeae
rfaF strain). However, the terminal sugar did not always de-
termine lectin binding. The nonsialylated forms of N. gonor-
rhoeae (parent and rfaK) both bound MBL avidly, but both
terminate with galactose or possibly with N-acetylgalac-
tosamine, neither of which is a ligand for MBL (6). MBL might
therefore have recognized branch sugars deeper within the
LPS, although the removal of N-acetylglucosamine from the
rfaK mutant did not affect binding compared to the parent
organism. These results indicate that it is not always possible to
predict the binding of MBL simply on the basis of the linear
LPS sequence, and we suggest that the three-dimensional
structure of LPS makes an important contribution to the bind-
ing of MBL to gram-negative bacteria.

The relevance of MBL binding to Salmonella serovar Typhi-
murium can be assessed by comparing the reported bacteri-
cidal properties of MBL toward Salmonella serovar Typhi-
murium strains bearing differing LPS structures. In early
studies, Kawakami et al. (11) showed that MBL (then known
functionally as Ra reactive factor) was bactericidal for Ra but

FIG. 2. The influence of Salmonella serovar Typhimurium LPS structure on
MBL binding. MBL was added at a final concentration of 3.4 mg/ml. Each bar
represents the mean MBL binding (median fluorescence) 1 upper 95% confi-
dence interval of at least three separate experiments. Adjacent bars with the
same shading represent organisms which have similar LPS phenotypes. The
reference line indicates the mean background MFI from experiments performed
in the absence of MBL, i.e., no MBL binding. The diagram below shows the LPS
structure of Salmonella serovar Typhimurium; the arrows indicate the primary
enzymatic defect in the LPS structure.

FIG. 3. Dose-dependent MBL binding to three different mutants of Salmonella serovar Typhimurium. Binding of MBL is expressed as mean MBL binding (median
fluorescence) 6 95% confidence intervals from three experiments. The scheme below represents the LPS structure of the organisms analyzed.
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not the Rb and Rd chemotypes. It was therefore interesting
that we detected MBL binding to the Rb (SL733) and Rd
(SL3769 and SL3789) chemotypes, but at reduced levels com-
pared to the Ra chemotype. This magnitude of binding may be
sufficient to increase phagocytic killing through increased op-
sonization with C3b but does not initiate direct complement-
mediated killing. This will require further investigation.

The finding that the addition of sialic acid (N. gonorrhoeae)
or O antigen (Salmonella serovar Typhimurium) abrogated
MBL binding is likely to be of clinical significance. Gonococci

are unable to add sialic acid to their LPS in the absence of the
activated sugar, CMP-NANA, which can be found in serum
(19). Nonsialylated gonococci are more adherent to epithelial
surfaces, but in this form a significant proportion of strains are
sensitive to the lytic activity of complement and would proba-

FIG. 4. Silver-stained gel after SDS-PAGE showing the LPS profiles of the
gonococcal mutants. Lane 1, MS11-E1 parental strain; lane 2, galE mutant; lane
3, rfaK mutant; lane 4, rfaD mutant; lane 5, rfaF mutant.

FIG. 5. N. gonorrhoeae MS11-E1 parent strain and four isogenic mutants
derived from it. The parent organism has the L3,7,9 immunotype, with the
mutants possessing truncated LPS structures due to insertional inactivation of
relevant genes. The galE mutant terminates at Glc I within the lacto-N-neo-
tetraose moiety and cannot be sialylated; rfaF lacks a-, b-, and g-oligosaccha-
rides; rfaK lacks GlcNAc attached to Hep II. rfaD is unable to convert L-glycero-
D-manno-heptose to D-glycero-D-manno-heptose, and some LPS molecules will
be truncated at these residues; however, there is evidence (Fig. 4) that some LPS
molecules are completed despite this defect (represented by the broken lines and
unfilled symbols). LOS, lipooligosaccharide.

FIG. 6. Representative flow cytometric profiles of MBL binding to the parent
and four mutants of N. gonorrhoeae. The control (filled histogram) shows sam-
ples incubated with FITC-anti-MBL alone. The experimental samples (unfilled
histogram) were incubated with MBL (7.5 mg/ml) and then FITC-anti-MBL. The
results shown are representative of five separate experiments.

FIG. 7. Effect of sialylation on MBL binding to the parent and rfaK organ-
isms of N. gonorrhoeae. The control (filled histogram) shows samples incubated
with FITC-anti-MBL alone; the experimental samples (unfilled histograms) were
incubated with MBL (7.5 mg/ml) and then FITC-anti-MBL. (A and B) MBL binding
to bacteria grown to stationary phase on GC plates; (C and D) experiments with
gonococci grown on GC agar plates supplemented with CMP-NANA (50 mg/ml).
The experiment was repeated four times, and representative profiles are shown.

3898 DEVYATYAROVA-JOHNSON ET AL. INFECT. IMMUN.



bly survive poorly in serum after migration across the epithelial
barrier of the urethra (10, 23). Gonococci become serum re-
sistant only by the sialylation of their LPS. MBL has been
shown to be present at extravascular sites in association with
inflammatory processes (3, 18; Kelly et al., submitted) and may
therefore be able to protect the host against gonococcal infec-
tion before LPS sialylation occurs. This would be likely to
occur through complement activation, similar to that described
previously for nonsialylated meningococci (9).

Smooth Salmonella serovar Typhimurium strains express a
range of LPS molecules with different numbers of attached O
antigens (35). In contrast to N. gonorrhoeae, it appears that
Salmonella serovar Typhimurium adds O antigen to the lipid
A-LPS core in the periplasmic space (35), and therefore it is
unlikely that MBL would have access to incomplete LPS struc-
tures on the external surface of the intact microorganism. The
effect of the number of O antigens or the effect of damage
mediated by other immune mechanisms on MBL binding re-
mains to be assessed.

The results presented here suggest that the three-dimen-
sional structure of the LPS molecule is important in determin-
ing MBL binding. For both Salmonella serovar Typhimurium
and N. gonorrhoeae, the construction of a complete LPS was
necessary to avoid MBL binding, suggesting that such avoid-
ance is an important step in bacterial virulence. This is another
instance in which the nature of LPS may be expected to alter
the host response to infection by gram-negative bacteria.
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