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The genes encoding the glycosyltransferases responsible for the addition of the five sugars in the a-oligo-
saccharide (a-OS) moiety of lipooligosaccharide (LOS) have been identified. Disruption of these glycosyl-
transferase genes singly or in combination results in corresponding truncations in LOS. In the present work
we show that sequential deletion of the terminal four sugar residues of gonococcal a-OS had no discernible
effect on the invasion of human conjunctival, endometrial, and cervical cell lines. However, deletion of the
proximal glucose, which resulted in the complete deletion of a-OS, significantly impaired invasion of the
gonococci into all three cell lines. The effect of deleting a-OS on invasion was independent of and additive to
the known invasion-promoting factor OpaA. These data suggest that the proximal glucose residue of the a-OS
chain of LOS is required for efficient invasion of gonococci into host mucosa.

Neisseria gonorrhoeae (the gonococcus [GC]), a gram-nega-
tive bacterium that naturally infects only humans, is the caus-
ative agent of gonorrhea. Gonorrhea is one of the more prev-
alent sexually transmitted diseases, with more than 600,000
cases reported every year in the United States (82). Currently,
no gonococcal vaccine is available, mainly due to the high
frequency of phase and antigenic variation of GC surface struc-
tures.

Early in vitro studies of GC invasion were done with fallo-
pian tube explants obtained from patients undergoing surgical
sterilization or hysterectomy. In this model it was shown that
GC are internalized by nonciliated cells and sequestered within
membrane-bound vacuoles which transcytose, fuse with the
cells’ basolateral membranes, and release the bacteria into the
submucosa (22, 26, 39–41, 80), where they can initiate an in-
flammatory reaction and invade the bloodstream to spread
systemically.

Most of the recent in vitro studies of GC adherence and
invasion have been done with cell lines. Internalization by
epithelial cells requires viable GC (52) and occurs by a process
termed parasite-directed endocytosis (38). This mechanism is
reminiscent of classical phagocytosis (which is microfilament
dependent and thus inhibited by the cytochalasins), but differs
in that it occurs in ordinarily nonphagocytic cells and appears
to be initiated by bacterial rather than host cell factors. There
is evidence from studies using cell lines as well as direct exam-
ination of urethral discharge that intracellular GC reside both
within vacuoles and free in the cytoplasm (43, 64, 81).

Three GC surface structures of particular relevance to the
initiation of GC infection include pili, opacity (Opa) proteins,
and lipooligosaccharide (LOS). Pili are filamentous outer
membrane appendages that cause an initial attachment of GC
to epithelial and endothelial cells (55, 56, 69, 78) via human
membrane cofactor protein CD46 (30). GC recovered from
the urethras of infected male human volunteers form piliated

colonies exclusively, indicating a role in the initiation of the
infection in vivo (73). Furthermore, extensive antigenic varia-
tion of pilus components occurs by a variety of mechanisms
(17, 27) throughout the course of both natural and experimen-
tal infections (63, 73), allowing immune evasion and tissue
tropism. Efficient invasion of some human epithelial cells by
GC occurs in the nonpiliated (P2) rather than the pillated
(P1) phase (23, 35).

Opacity (Opa) proteins are a family of GC outer membrane
proteins that mediate tight adherence to and invasion of host
cells (3, 5, 14, 32, 65). There are 11 different complete Opa
genes in GC strain MS11, with antigenic variation being de-
termined by which Opa proteins happen to be turned on or off
in a particular GC (6). This phase variation of individual Opa
proteins occurs at a frequency of ;1023 and is mainly con-
trolled at the translational level by a recA-independent slipped-
strand mispairing mechanism (4, 6, 37, 44, 68). It has been
shown that OpaA mediates efficient GC strain MS11 invasion
of Chang conjunctival, HEC-1-B endometrial, and ME-180
cervical human epithelial cell lines (32, 35). Adherence of
OpaA1 GC and their internalization by epithelial cells is me-
diated through the binding of OpaA to epithelial heparan
sulfate proteoglycans (9, 20, 77).

Neisseria gonorrhoeae expresses (LOS), which lacks the O-
antigen sugar repeats present in the lipopolysaccharides (LPS)
of enteric bacteria. GC LOS consists of lipidA, which is em-
bedded in the outer membrane and attached to two 2-keto-3-
deoxy-mannooctulosonic acid (KDO) molecules. Attached to
the first KDO residue are two heptoses carrying the a-, b-, and
g-oligosaccharide chains (Fig. 1); this is in contrast with enteric
LPS, which contains a single oligosaccharide chain. Schneider
et al. challenged human volunteers with GC strain MS11 var A,
which predominantly expresses a lactosyl group as its a-oligo-
saccharide (a-OS) (31), and found that the majority of the
variants recovered after the onset of dysuria and discharge
expressed higher-molecular-weight LOS molecules (60). An
isolate with the full-length a-OS was named variant C (var C)
(60) and is the parental variant we chose for this study. LOS
varies independently of other GC surface structures (including
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Opa proteins and pili) at a frequency of ;1023 in the absence
of selective pressures (1, 61).

The genes encoding the glycosyltransferases responsible for
the stepwise addition of each sugar to gonococcal a-OS have
been identified and are labeled in Fig. 1. The lgtA to lgtE genes
are located in a single cluster (Fig. 2A) that is not adjacent to
other LOS synthesis genes. Four of the genes (lgtA, -B, -D, and
-E) encode the glycosyltransferases that add the four terminal
sugars of a-OS, whereas lgtC encodes the a-galactosyltrans-
ferase responsible for the alternative a-chain (19). lgtA (lsi-2)
was also independently identified by Danaher et al. (12). lgtA,
-C, and -D can phase vary due to the presence of poly(G) tracts
within the gene sequences; these nucleotide repeats can cause
slipped-strand errors in replication, resulting in translational
frameshifts (7, 12, 19, 24, 85). lgtF encodes the glycosyltrans-
ferase that adds the proximal Glc of a-OS to Hep1; it is located
immediately upstream of rfaK, which adds the g-chain (Fig. 1
and 2B). The two genes are cotranscribed, and this operon has
been named ice, for inner core extension (29). lgtF was previ-
ously identified in the meningococcus (MC) (29), and we sub-
sequently cloned the GC homolog (this study).

Disruption of the a-OS glycosyltransferase genes singly or in
combination results in the stable expression of truncated LOS,
as evidenced by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), immunochemical, and struc-
tural analyses (19, 29, 79; this study). Data presented herein
specifically address the effect of these stable truncations in the
a-OS of LOS on the interaction of N. gonorrhoeae strain MS11
with Chang conjunctival, HEC-1-B endometrial, and ME-180
cervical cells. These cell lines represent tissues that are natural
sites for infection by GC (75). Adherence and invasion of the
MS11 LOS mutants was measured by the gentamicin selection
assay (15, 35). We show that the proximal glucose but not the
terminal four sugars of a-OS is necessary for efficient GC
invasion into these cell lines.

(This study was presented in part at the 11th International
Pathogenic Neisseria Conference, Nice, France, 1 to 6 Novem-
ber 1998.)

MATERIALS AND METHODS

Reagents and supplies. Reagents and chemicals were obtained from Sigma
Chemical Co. (St. Louis, Mo.) or Fisher Scientific (Springfield, N.J.). Restriction
enzymes and prestained molecular weight markers were purchased from New
England Biolabs (Beverly, Mass.). Tissue culture plates were purchased from
Falcon (Franklin Lakes, N.J.). Tissue culture medium was purchased from
Gibco-BRL (Grand Island, N.Y.), and fetal bovine serum (FBS) was purchased
from Hyclone Laboratories, Inc. (Logan, Utah).

Bacterial strains. The parental wild-type (wt) strain used was N. gonorrhoeae
MS11 var C, a recent human-passaged strain that expresses full-length LOS (60).
GC strain MS11 expressing wt or truncated forms of LOS were either stored at
270°C in Greave’s solution (5% monosodium glutamate and 5% bovine serum

FIG. 2. Mutations in the lgt genes. The poly(G) tract in lgtA was altered by
replacing the guanines with thymine or adenine in the third position of the
codons in the reading frame; this locks lgtA into an on position by abolishing its
ability to phase vary (19, 85). The lgtF gene was disrupted by the insertion of a
modified erythromycin resistance cassette (erm); the construct was nonpolar (i.e.,
did not affect the downstream rfaK gene), as it was devoid of the erm transcrip-
tional terminator (see text). In this figure, the extents of the deletions are marked
by broken lines, and insertions are indicated by up arrows.

FIG. 1. Generic structure of GC LOS. The underlined genes can phase vary (on/off) due to the presence of poly(G) or poly(C) tracts that potentially result in
slipped-strand errors during replication (2, 7, 12, 19, 24, 85). The alternative a-chain is expressed when lgtA is off and lgtC is on (19). Note that a deletion of rfaF leads
to the absence of the a-chain as well as the absence of Hep2 with its b- and g-chains (18, 46, 47, 62). Futhermore, an rfaK mutant contains Hep2 but lacks a-, b-, and
g-chains (28).
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albumin in sterile distilled water) or passed daily on GC agar supplemented with
1% IsoVitaLex (70) and then incubated at 37°C in 6% CO2. Escherichia coli
strain HB101 was stored at 270°C in Greave’s solution or passed on Luria agar
and then incubated at 37°C in 6% CO2. The GC were monitored for piliation by
viewing colony morphology under a dissecting microscope (72) and for expres-
sion of the invasion-promoting OpaA by colony morphology (35, 70, 71), SDS-
PAGE, and Western blotting.

Protein electrophoresis and immunoblotting. GC were grown overnight on
GC agar plates; opaque colonies were analyzed to verify OpaA expression, and
transparent colonies were analyzed to verify lack of detectable Opa protein
expression. The colonies were suspended in Laemmli buffer (33) and heated at
100°C for 5 min; the lysates were then subjected to SDS-PAGE. The Opa
proteins were also detected by SDS-PAGE and immunoblotting (74) using rabbit
polyclonal anti-OpaA antiserum (3) as the primary antibody, with alkaline phos-
phatase-conjugated goat anti-rabbit immunoglobulin (Sigma) as the secondary
antibody. The blot was developed with 5-bromo-4-chloro-3-indolylphosphate and
p-nitro blue tetrazolium chloride in a Tris-MgCl2 buffer. GC subcultured and
stored in frozen aliquots for further study expressed either OpaA or no detect-
able Opa proteins and were either piliated or nonpiliated.

Electrophoretic analysis of LOS. GC, either swabbed from GC agar plates or
pelleted from culture in proteose peptone liquid medium (19), were suspended
in sample buffer, heated at 100°C for 5 min, and incubated with proteinase K
(;500 mg/ml) for 1 h at 55°C. LOS was analyzed by tricine-SDS-PAGE and silver
staining (34).

Construction of pLGTA*CDD. In order to prevent undesired phase variation,
the poly(G) tract in lgtA (Fig. 2A) was altered by oligonucleotide-mediated
mutagenesis, using the method of Zoller et al. (86) as modified by Sambrook et
al. (57). The two primers were the M13 reverse primer and the mutagenic primer
C GAA TTG GCA AAG TCT GGA GGT GGA GAA TAT ATT GCG CGC,
which was synthesized by the Rockefeller University Technology Center. The
template was a cloned copy of the wt lgtA. As indicated by the underlined
segment of the mutagenic primer sequence, 11 G’s [equivalent to the poly(G)
tract in GC strain MS11 lgtA (85)] were replaced with thymine or adenine in the
third position of the codons in the reading frame; thus, the gene’s poly(G) tract
was eliminated, in effect locking lgtA into an on position by abolishing its ability
to phase vary without affecting the amino acid sequence. E. coli cells containing
a plasmid with the mutated sequence were identified by colony hybridization with
the mutagenic primer labeled with 32P (57). The mutated lgtA gene was verified
by DNA sequencing and renamed lgtA9. The deletion of lgtC and lgtD (Fig. 2A)
was accomplished by digesting a plasmid containing the complete lgt locus with
Tth111I and religating to create pLGTACDD; this mutation removed a DNA
segment consisting of 635 nucleotides from the 39 end of lgtC plus 462 nucleo-
tides from the 59 end of lgtD. Subsequently, the mutated lgtA9 was substituted for
the wild-type lgtA in pLGTACDD by subcloning to yield pLGTA9CDD.

Construction of pNGLGTF::erm. An Neisseria menigitidis lgtF amplicon was
generated by a PCR protocol using MC strain BNCV genomic DNA as the
template and MC lgtF primers CK23 and CK24 (29). The CK23-CK24 lgtF
amplicon was labeled with enhanced chemiluminescence (Amersham-Pharma-
cia) and used to probe a GC strain 15253-lZapII phage library by plaque
hybridization (2). This screen yielded a phagemid clone, pGCLGTF, containing
626 bp of the ;750-bp lgtF gene as well as a ;6-kb upstream sequence. In order
to disrupt lgtF, pGCLGTF was digested with BsiWI at 493 nucleotides into the
lgtF gene fragment and filled with Klenow enzyme; a 789-bp erythromycin (erm)
resistance cassette (19) was then inserted into this site (Fig. 2B). The resultant
plasmid, named pGCLGTF::erm, was further modified in four sequential steps.
First, it was reduced in size from 9,902 to 6,927 bp by digestion with EcoRV,
which removed ;3 kb of the DNA sequence upstream of lgtF. Second, the erm
gene was reversed by cutting out the cassette with BsiWI, religating the frag-
ments, and selecting a clone with the erm gene inverted to the same orientation
as lgtF. Third, the erm transcriptional terminator and the downstream, incom-
plete 133-bp lgtF 39 sequence were removed by digestion with Ppu10I and SpeI.
Fourth, a 1.2-kb amplicon (generated from GC strain FA1090 genomic DNA
using lgtF and rfaK primers) consisting of the complete 265-bp 39 end of lgtF plus
the entire rfaK gene was subcloned into the Ppu10I and SpeI sites to obtain the
recombination substrate vector pNGLGTF::erm.

The modified erm cassette of pNGLGTF::erm contains the sequence up to bp
2196 (Ppu10I site) of the original ermC9 cassette of vector pIM13 (GenBank
accession no. M13761) (42); hence, the pNGLGTF::erm construct was nonpolar,
as it was devoid of the transcriptional terminator. Furthermore, the presence of
glucosamine (GlcNAc is added by rfaK to make the g-chain) was determined by
carbohydrate analysis of MS11 lgtF LOS by high-pH anion-exchange chroma-
tography (2, 16), confirming the nonpolar nature of the mutation (data not
shown).

Generation of MS11 LOS mutants. Plasmids carrying the lgtABCDD,
lgtABCDED, and lgtF mutations (Fig. 2), which conferred erythromycin resis-
tance, were purified from E. coli XL1-Blue MRF9 by alkaline lysis, verified by
restriction analysis, and used to transform MS11 var C (OpaA1 P1) by means of
the spot dilution method (13). In brief, the GC colonies (16 to 18 h old) grown
on GC agar were suspended and diluted in proteose peptone liquid medium to
;104 CFU/ml. Fresh GC agar was spread with 200 ml of the final dilutions and
then spotted with 20 ml of plasmid preparations (;1 mg/ml). Plates were incu-
bated at 37°C in 6% CO2 for 30 h to allow transformation, recombination, ex-

pression of phenotypic markers, and colonial growth. Colonies were picked from
the plasmid-containing areas and then passed thrice on GC agar containing eryth-
romycin (2 mg/ml) for identification of transformants. Plasmid pLGTA9CDD was
purified from E. coli XL1-Blue MRF9 and used to transform the erythromycin-
resistant MS11 lgtABCDED (OpaA1 P1) by means of the spot dilution tech-
nique. Colonies were picked from the plasmid-containing areas and passed twice
on GC agar; transformants were chosen by screening for sensitivity to erythro-
mycin (2 mg/ml). The MS11 LOS mutants were analyzed for LOS and opacity
phenotypes.

Comparison of growth rates. Nonpiliated wt and LOS mutant GC grown for
;18 h on GC agar plates were suspended in proteose peptone broth to an optical
density (OD) of 0.3 at 540 nm. Suspensions were diluted 1:10 into fresh proteose
peptone broth supplemented with 1% IsoVitaLex and grown at 37°C in a shaker
incubator. The OD540 of each culture was measured at 1-h intervals.

Cell culture. Chang conjunctival cells (ATCCCCL 20.2), HEC-1-B endome-
trial cells (ATCC HTB 113), and ME-180 cervical cells (ATCC HTB 33) were
maintained in RPMI 1640 medium plus 1 mM sodium pyruvate and 5% FBS in
tissue culture flasks incubated at 37°C in 6% CO2.

Adherence and invasion assays. The gentamicin survival assay was used to
measure adherence and invasion (15, 35). We confirmed the susceptibility of our
MS11 LOS mutants to gentamicin by their lack of growth on GC agar containing
gentamicin (100 mg/ml). For infection experiments, monolayers were grown in
RPMI 1640 plus 1 mM sodium pyruvate and 5% FBS in 24-well tissue culture
plates. Confluent epithelial cell monolayers, obtained after 24 h of incubation of
;2 3 105 epithelial cells per well at 37°C in 6% CO2, were determined to contain
;4 3 105 epithelial cells per monolayer. Immediately before use, the monolayers
were rinsed once with RPMI 1640 medium with no FBS.

Wt and LOS mutant GC (nonpiliated and expressing either OpaA or no
detectable Opa protein) were grown for ;18 h on GC agarose plates (76) at 37°C
in 6% CO2 and then suspended in proteose peptone broth to an OD540 of 0.3
(;2 3 108 CFU/ml). One hundred microliters (;2 3 107 CFU) of the appro-
priate suspension was added to 1 ml of FBS-free RPMI medium (76) per Chang
conjunctival cell monolayer in 24-well tissue culture plates and incubated for 5 h
at 37°C in 6% CO2. For the cytochalasin D inhibition experiments, 1 ml of fresh
RPMI medium containing either 10 mg of cytochalasin D (10 ml of a 1-mg/ml
solution in dimethyl sulfoxide [DMSO]) per ml or 10 ml of DMSO (as a control)
was added to appropriate monolayers, which were then incubated for 30 min
prior to infection.

After the inoculation and a 5-h incubation, the monolayers were washed three
times in phosphate-buffered saline (PBS) to remove non-cell-associated bacteria.
In some assays, equal-volume samples of the different mutants were taken and
plated from the cell culture medium just prior to removing non-cell-associated
bacteria and verified to yield similar numbers of colonies. To measure total cell
association (a combination of adherent and invasive bacteria), infected mono-
layers were lysed with 1 ml of saponin (1% in PBS) for 15 min at 37°C. To
measure invasion, infected monolayers were incubated further with gentamicin
(100 mg/ml) in RPMI for 1 h (a step which kills extracellular bacteria, while
internalized bacteria survive), then washed and lysed. Appropriate dilutions were
made and plated on GC agar for CFU counts; in some assays, dilutions were also
plated on agar containing gentamicin (100 mg/ml) to verify susceptibility. Mono-
layers were inoculated in triplicate, and each experiment was performed at least
three times.

Because the consolidated data from repeated experiments done at different
times did not follow a Gaussian distribution, we used a generalized Friedman-
type statistical procedure which ranks all the data points within each experiment
and then compares the average sum of ranks between groups in a set of exper-
iments; this nonparametric test has been modified to handle unbalanced designs,
tied values, and values that are off scale or missing at random (83, 84).

RESULTS

Disruption of the lgt genes in GC strain MS11 leads to
expression of truncated LOS. N. gonorrhoeae strain MS11 var
C is a recent human-passaged strain that expresses full-length
LOS (60). Our repertoire of LOS mutants (Table 1) was
created by transformation-recombination of MS11 var C
(OpaA1 P1) with plasmids carrying the lgtA9CDD, lgtABCDD,
lgtABCDED, or lgtF mutation (Fig. 2). Sequential deletion of
the LOS glycosyltransferase genes was predicted to result in
the expression of progressively shorter LOS chains. Accord-
ingly, as shown in Fig. 3, the LOS bands migrated by SDS-
PAGE in a manner consistent with their relative sizes, with the
band corresponding to MS11 var C (wt) migrating the shortest
distance and the LOS band corresponding to MS11 lgtF (com-
pletely lacking a-OS) migrating the longest distance. This also
provided evidence that none of the mutants underwent spon-
taneous slippage in the poly(C) tract of lgtG to an in-frame
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position, which would have resulted in expression of the
b-chain (see Fig. 1). Furthermore, the truncations of LOS had
no discernible effect on the growth rate of GC in liquid me-
dium (data not shown).

GC strain MS11 LOS mutants are unaltered in expression
of OpaA. Wt and LOS mutant GC (Table 1) used for study
were nonpiliated (because pili are known to interfere with GC
invasion in vitro) and expressed either OpaA or no detectable
Opa proteins (35). Expression of the ;30-kDa OpaA was
similar by SDS-PAGE analysis in GC expressing wt or mutant
LOS (Fig. 4A, lanes 2 to 6). The identity of OpaA was further
confirmed for the lgtF mutant by Western blotting with poly-
clonal anti-OpaA antiserum (Fig. 4B), which recognized OpaA
in extracts from E. coli expressing recombinant OpaA, MS11
var C (OpaA1), and MS11 lgtF (OpaA1) (lanes 3 to 5) but not
in extracts from E. coli carrying a plasmid control (lane 2) and
MS11 var C (Opa2) (lane 6).

Only complete truncation of MS11 a-OS impairs GC inva-
sion into human epithelial cell lines. Cell association and in-
vasion of the MS11 LOS mutants (Table 1) into Chang con-
junctival, HEC-1-B endometrial, and ME-180 cervical cells
were measured by the gentamicin survival assay (15, 35). Gen-
tamicin is an aminoglycoside which does not readily permeate
eukaryotic cell membranes; thus, internalized bacteria are
shielded from the bactericidal effects of this antibiotic (15).
Total cell association is a measure of the combination of ad-
herent and invasive bacteria. In our hands, the proportion of
gentamicin-resistant organisms was only ;1% of the measure-
ment of cell association; thus, total cell association provided a
good estimate of adherence, and we hereafter use the terms
interchangeably.

We found adherence and invasion of MS11 lgtA9CDD,
lgtABCDD, and lgtABCDED (Table 1) into Chang, HEC-1-B,

and ME-180 cell lines to be comparable to those of the wt (Fig.
5, P . 0.1). In contrast, MS11 lgtF (Table 1) was significantly
less invasive (Fig. 5, P # 0.05) in these cell lines. This mutant
was also consistently but only slightly less adherent than wt,
with statistical significance being reached in ME-180 cells (Fig.
5C, P , 0.05) but not in Chang (Fig. 5A, P . 0.1) or HEC-1-B
(Fig. 5B, P . 0.1) cells. As expected, in the Chang (Fig. 5A),
HEC-1-B (Fig. 5B), and ME-180 (Fig. 5C) cell lines, the neg-
ative control MS11 var C (Opa2) was significantly less adher-
ent (P , 0.05) and invasive (P , 0.001) than the positive
control MS11 var C (OpaA1). These results suggest that the
presence of the proximal glucose of the a-chain (added by the
glycosyltransferase LgtF) is indispensable for efficient invasion
into all three cell lines and has a significantly greater effect on
invasion than on adherence in Chang and HEC-1-B cells.

a-OS glucose and OpaA have an additive effect on the in-
vasion of Chang conjunctival and ME-180 cells. A relevant
question that we sought to address is whether Opa and LOS
(a-chain) act sequentially in a single pathway or via indepen-
dent parallel pathways. To this end, we determined whether
the lgtF mutation in an Opa2 background would cause levels of

TABLE 1. MS11 LOS mutant designation and phenotypes

LOS mutant Designationa a-OS phenotypeb Reference

MS11 var C (wt) a-OS5 GalNAcb133Galb134GlcNAcb133Galb134Glcb134R 60
MS11 lgtA9CDD: a-OS4 Galb134GlcNAcb133Galb134Glcb134R This study
MS11 lgtABCDD a-OS2 Galb134Glcb134R D5 mutation (19)
MS11 lgtABCDED a-OS1 Glcb134R D4 mutation (19)
MS11 lgtF a-OS0 R 29; this study

a The subscripts in the LOS designations denote the number of sugars present in the a-OS.
b R in the phenotypes refers to the remaining LOS structure, including the inner core and lipid A (see Fig. 1).

FIG. 3. MS11 mutant a-OS phenotypes. Silver-stained tricine-SDS-PAGE
gel scanned using Adobe Photoshop 4.0 and Microtek ScanMaker III. Note that
var C expresses several forms of a-OS (represented by the band pattern in lane
1), including the tetrasaccharide (represented by the predominant band) and
full-length pentasaccharide chains (60). This is possibly due to factors such as
phase variation in lgtD (see Fig. 1), incomplete glycosyltransferase activity, or the
elaboration of a-OS repeats (25). Lanes: 1, MS11 var C; 2, MS11 lgtA9CDD; 3,
MS11 lgtABCDD; 4, MS11 lgtABCDED; 5, MS11 lgtF.

FIG. 4. OpaA expression by MS11 LOS mutants. (A) Coomassie brilliant
blue-stained SDS-PAGE gel scanned using Adobe Photoshop 4.0 and Micro-
tek ScanMaker III. Lanes: 1, size markers; 2, MS11 var C (OpaA1); 3, MS11
lgtA9CDD (OpaA1); 4, MS11 lgtABCDD (OpaA1); 5, MS11 lgtABCDED
(OpaA1); 6, MS11 lgtF (OpaA1); 7, MS11 var C (Opa2); 8, size markers. Note:
the arrow (lane 1) points to the 30-kDa OpaA band; this is absent from Opa2GC
(lane 7). (B) Western blotting with polyclonal anti-OpaA rabbit antiserum, blot
scanned using Adobe Photoshop 4.0 and Microtek ScanMaker III. Lanes: 1, size
markers; 2, E. coli(pGEM-3Z) expressing no Opa proteins; 3, E. coli(pEXA)
expressing OpaA; 4, MS11 var C (OpaA1); 5, MS11 lgtF (OpaA1); 6, MS11 var
C (OpaA2); 7, size markers. Note: the recombinant vector pEXA consists of a
b-lactamase–OpaA fusion in vector pGEM-3Z (3).
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invasion even lower than with MS11 var C (Opa2) (Table 1) in
Chang conjunctival and ME-180 cervical cells. A sequential,
OpaA-dominant pathway would be expected to result in no
further reduction in invasion by MS11 lgtF (Opa2) (Table 1).
In contrast, we found that (in the absence of cytochalasin D),
MS11 lgtF (Opa2) was less invasive than MS11 var C (Opa2)
in Chang cells (Fig. 6A, P , 0.05) and also in ME-180 cells,
though this latter P value did not quite reach significance (Fig.
6B, P 5 0.09). In ME-180 cells, MS11 lgtF (Opa2) was also less
invasive than MS11 lgtF (OpaA1) (Fig. 6B, P , 0.05). These
data argue for two independent pathways rather than one
sequential pathway, since the absence of both OpaA and the
LOS a-chain (proximal glucose) caused a greater reduction in
invasion than did either property alone.

Cytochalasin D inhibits invasion of MS11 var C (OpaA1)
and MS11 lgtF (OpaA1) into Chang and ME-180 cells. GC
invasion is dependent upon actin polymerization, which is in-
hibited by cytochalasin D (5, 64). As expected, cytochalasin D
significantly inhibited invasion of MS11 var C (OpaA1) (Table
1) in Chang conjunctival cells (Fig. 6A, P , 0.001) and ME-180
cells (Fig. 6B, P , 0.001). MS11 lgtF (OpaA1) (Table 1) was
likewise significantly inhibited by cytochalasin D in ME-180

cells (Fig. 6B, P 5 0.001). These results confirmed that opti-
mum OpaA-mediated invasion by both MS11 var C and MS11
lgtF is dependent upon actin polymerization.

Invasion by MS11 var C (Opa2) (Table 1) was significantly
inhibited by cytochalasin D in both Chang conjunctival cells
(Fig. 6A, P , 0.05) and ME-180 cells (Fig. 6B, P , 0.01). In
contrast, cytochalasin D significantly inhibited the invasion of
MS11 lgtF (Opa2) (Table 1) into ME-180 cells (Fig. 6B, P ,
0.01) but not into Chang conjunctival cells (Fig. 6A, P . 0.5).
It is possible that the very small numbers of bacteria recovered
from the MS11 lgtF (Opa2) invasion experiments included
adherent GC that were gentamicin tolerant due to being se-
questered within folds of the eukaryotic membrane and
shielded from the effects of the antibiotic; alternatively, the
recovery could represent invasion through another pathway
not inhibited by cytochalasin D.

DISCUSSION

Our aim was to determine the effect of GC a-OS phenotype
on GC interaction with Chang conjunctival, HEC-1-B endo-
metrial, and ME-180 cervical cells, three human cell lines rel-

FIG. 5. GC adherence to and invasion of human epithelial cells. Chang conjunctival (A), HEC-1-B endometrial (B), and ME-180 cervical (C) cells were infected
with nonpiliated N. gonorrhoeae strain MS11 wt and LOS mutants (Table 1), all variants expressing either OpaA or no detectable Opa protein. After a 5-h incubation,
cell-associated (predominantly adherent) GC were determined by lysis of the epithelial cells and plating of the released bacteria for CFU counts. Invasive GC were
determined by gentamicin treatment of the infected monolayers to kill extracellular bacteria, lysis of the epithelial cells, and plating of the surviving intracellular
bacteria. Monolayers were infected in triplicate, and the assays were done at least three times. One representative experiment is shown for each cell type tested. The
graphs are plotted as triplicate values (dots) with means (horizontal lines). Data were analyzed by a modified Friedman statistical procedure (83, 84). Asterisks mark
values reaching statistical significance compared to MS11 var C (OpaA1).
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evant to GC pathogenesis (75). We found that sequential de-
letion of the terminal four sugar residues of the a-OS in N.
gonorrhoeae strain MS11 had no discernible effect on the bac-
terium’s adherence to or invasion of these cell lines. In con-
trast, the effect of the nonpolar lgtF mutation (complete dele-
tion of the a-chain but no discernible effect on expression of
the g-chain) was quite marked, with a slight reduction in ad-
herence but a much greater (10- to 100-fold) reduction in
invasion into all three cell types. These results suggest that the
proximal glucose of the LOS a-chain plays an important role in
the establishment of the mucosal infection.

We found a 5- to 10-fold lower uptake of wt GC into ME-
180 cells compared to Chang conjunctival cells; this contrasts
with the results of Kupsch et al. (32), who demonstrated a

higher uptake of the bacteria into ME-180 cells than into
Chang conjunctival cells. The reason for our contrasting results
is unclear but could be due to different culture conditions—for
example, growth of the GC on agarose plates and the use of
serum-free medium for the invasion assays, both of which have
been demonstrated to increase the rate of invasion into Chang
conjunctival cells (76).

It is likely that GC do utilize more than one eukaryotic up-
take pathway. For example, our data and the results of Grassmé
et al. (21) confirmed the role of actin polymerization in inva-
sion by demonstrating that cytochalasin D causes a $90%
inhibition of GC internalization by Chang conjunctival cells.
Actin polymerization (as measured by inhibition of invasion by
cytochalasin D) is also required for optimum GC entry into
HeLa cervical cells (5), HEC-1-B endometrial cells (8; this
study), and ME-180 cervical cells (21; this study). However, it
has also been found that inhibitors of microtubule assembly
moderately decrease GC invasion into Chang conjunctival cells
(21) and baby hamster kidney cells (52). This suggests a major
requirement for a functional actin-based microskeleton, with
some contribution from the microtubular network.

The cloning of the GC lgtA to lgtF genes allowed the con-
struction of defined and stable a-OS mutants. Previously, other
kinds of mutants expressing truncated forms of LOS were
studied. For example, Robertson et al. cloned the GC galE
gene, which encodes the metabolic enzyme UDP-galactose-4-
epimerase (53). Because GC are unable to take up exogenous
galactose, the galE mutant cannot incorporate galactose into
its LOS and expresses an a-OS which consists of one sugar, the
proximal glucose. Interestingly, this MS11 galE mutant of Rob-
ertson et al. has a structure similar to that of our MS11
lgtABCDED (Table 1) and likewise exhibits wt levels of adhe-
sion to and invasion of epithelial cells (53; this study). In
contrast, a disruption of the GC lsi-1/rfaF gene leads to the
production of LOS that is truncated beyond a-OS and into the
inner-core region (18, 46, 47, 62) (Fig. 1), and Schwan et al.
showed that this markedly reduces the invasion of Chang con-
junctival cells by the OpaA1 and nonpiliated lsi-1 mutants
(62). It is noteworthy that such a mutation in LOS could be
linked to a clear defect in interaction with epithelial cells de-
spite GC expression of an invasion-promoting Opa protein.
Indeed, our study is the first in which a series of defined and
stable LOS mutants were generated, the effect of truncations in
a-OS on invasion were systematically tested, and the proximal
glucose (added by the product of lgtF) was pinpointed as the
specific residue in LOS that is likely to play a critical role in the
initiation of GC infection of the host mucosa.

It is improbable that the lgtF mutation causes a nonspecific
disruption in the GC membrane that would affect invasion. In
E. coli and Salmonella spp., the minimal LPS structure re-
quired for viability consists of lipid A linked to two KDO res-
idues (reviewed in reference 51); however, there is evidence of
membrane perturbation in some enteric bacteria when there is
an inability to synthesize or incorporate heptoses into this
structure (45, 58). In contrast, a meningococcal lpxA mutant
(which is defective in the first committed step in lipid A bio-
synthesis and lacks detectable LOS) is viable and exhibits nor-
mal cell envelope ultrastructure but a reduced growth rate
(67). Thus, the absence of the LOS a-chain alone would not be
expected to adversely affect GC membrane integrity; indeed,
we found that the lgtF mutation had no effect on GC growth
rate in liquid culture (data not shown).

E. coli cells expressing recombinant OpaA (rOpaA) adhere
to (10, 21) but do not invade (21) Chang conjunctival cells,
indicating that OpaA alone is insufficient to mediate invasion
into this cell type. Kupsch et al. found that E. coli (rOpaA1)

FIG. 6. Additive effect of a-OS glucose and OpaA on MS11 invasion. Gen-
tamicin protection assays were done using tissue culture medium containing
either cytochalasin D (10 mg/ml) in DMSO or an equal volume of DMSO without
cytochalasin D as a control (see text). Monolayers were infected in triplicate, and
each experiment was done at least three times. Shown is one representative
experiment each for Chang conjunctival (A) and ME-180 (B) cells. The graphs
are plotted as triplicate values (dots) with means (horizontal lines). Data were
analyzed by a modified Friedman statistical procedure (83, 84). The data in the
left portion of each graph illustrate the additive effect of the proximal glucose
and OpaA, in that MS11 lgtF (Opa2) was consistently less invasive than either
MS11 lgtF (OpaA1) in ME-180 cells or MS11 var C (Opa2) in both Chang and
ME-180 cells. The asterisk marks the value for invasion by MS11 lgtF (Opa2)
that reached statistical significance compared to MS11 var C (Opa2). As ex-
pected, the invasion of OpaA1 GC was consistently inhibited by cytochalasin D;
this is shown in the right portion of each graph. The plus signs denote significant
inhibition of invasion by cytochalasin D.

VOL. 68, 2000 EFFECT OF a-OS ON GC INVASION OF EPITHELIAL CELLS 6531



showed poor adherence to and invasion of HEC-1-B and ME-
180 cells (32). These results indicate that some bacterial fac-
tor(s) other than Opa may also be involved in the internaliza-
tion of GC by human epithelial cells. Indeed, Song et al. have
recently demonstrated that GC expressing both pili and full-
length a-OS can efficiently invade human epithelial cells in the
absence of detectable Opa proteins (66). Accordingly, we have
here presented evidence that the proximal glucose of a-OS is
a component essential to the efficient invasion of GC into three
physiologically relevant human cell lines: Chang conjunctival,
HEC-1-B endometrial, and ME-180 cervical cell monolayers.
We also showed data suggesting that GC OpaA and a-OS
glucose operate via independent pathways.

Among the many questions that now need to be addressed
are the following. First, what is the epithelial receptor for GC
LOS? Many possibilities exist. It is known that GC LOS struc-
tures mimic an array of human epithelial glycosphingolipids
(reviewed in reference 36). Also, researchers have reported the
binding of GC LOS to a 70-kDa eukaryotic protein found on
HepG2 cells (50). Additionally, Pier et al. showed that cystic
fibrosis transmembrane conductance regulator is a receptor for
Pseudomonas aeruginosa LPS that mediates the internalization
of the bacteria by lung epithelial cells (48, 49). It is intriguing
that a pseudomonal algC mutant, which resembles our MS11
lgtF mutant in lacking glucose in the core of its LPS (11, 54)
(Table 1), is significantly less invasive than P. aeruginosa pos-
sessing a complete outer oligosaccharide core (49).

Another relevant question is whether the MS11 lgtF mutant
is attenuated in vivo. Results of our in vitro experiments showed
that MS11 lgtABCDD (Table 1) was comparable to MS11 var C
in adherence and invasion (Fig. 5). In contrast, Schneider et al.
found that MS11 var A, which, like MS11 lgtABCDD, expresses
a lactosyl-LOS (31) (Table 1), was not as infectious as MS11
var C in clinical trials (59). Furthermore, when symptoms of
gonorrhea ensued subsequent to inoculation of volunteers with
MS11 var A, var C organisms were recovered in higher pro-
portions than the expected (1023) frequency of variation (59,
60). It would thus be interesting to compare the infectiousness
of our repertoire of defined and stable MS11 LOS mutants in
clinical trials. Such studies would further clarify the specific
nature of the contribution of GC LOS to the establishment of
the GC infection.
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