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Molecular interaction between host mucosal surfaces and outer membrane components of microbes is
crucial in the infection process. The outer membrane of pathogenic Neisseria contains surface molecules such
as pili, PilC, and Opa and a monolayer of lipooligosaccharide (LOS), all of which are involved in the
interaction with host cells. Pili mediate the initial attachment to human epithelial cells, which is followed by
tight contact between bacteria and the eucaryotic cells, leading to bacterial invasion. To further examine the
basis for bacterium-host cell contact, we constructed an LOS-deficient Neisseria meningitidis serogroup C
mutant. LOS deficiency was without exception accompanied by altered colony opacity and morphology, which
most likely represented an “on” switch for Opa540 expression, and by reduced levels of the iron-regulated
proteins FetA and FbpA. We show here that LOS is essential for pilus-associated adherence but dispensable
for fiber formation and twitching motility. The absence of attachment to epithelial cells could not be attributed
to altered levels of piliation or defects in the pilus adhesion phenotype. Further, LOS mutants do not invade
host cells and have lost the natural competence for genetic transformation.

The mucosal epithelial cell barrier is the first physical de-
fense encountered by bacteria upon contact with the human
host. Immediately upon adherence of bacteria, the epithelial
cells initiate a nonspecific or innate immune response by pro-
duction of proinflammatory factors. The inflammatory re-
sponse to bacterial infections plays an important role in detec-
tion and elimination of invading microorganisms. Various
components of the bacterial cell wall such as peptidoglycan,
lipoteichoic acid, lipoproteins, and lipopolysaccharide (LPS)
are capable of activating the proinflammatory reaction. For
gram-negative bacteria, LPS is the dominant trigger of the
systemic inflammatory response. Recently, Toll-like receptors
(TLRs) have been implicated in host responses to bacterial
pathogens. Specifically, TLR4 mediates LPS responses
whereas TLR2 plays a broader role in the recognition of a
variety of bacteria and bacterial antigens (41). The host inflam-
matory response in meningococcal sepsis is generally believed
to be induced by lipooligosaccharide (LOS).

LOS of Neisseria meningitidis (meningococcus) is an endo-
toxin that is structurally distinct from LPS of enteric gram-
negative bacteria (21, 33). Unlike most enteric LPSs, menin-
gococcal LOS lacks O-antigen and possesses relatively short
polysaccharides, only two to five sugar residues, attached to the
meningococcal LOS inner core. LOS is an amphipathic mole-
cule that consists of a hydrophilic carbohydrate portion and a
hydrophobic lipid A portion that anchors the LOS to the outer
membrane. Endotoxic shock is mediated by the lipid A portion
of LOS and is characterized by activation of macrophages and
production of a diverse array of cytokines, including those that
act as chemoattractants for other leukocytes. Meningococcal
septic shock is a direct result of the overstimulation of this
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response and is characterized by hypotension, organ failure,
and death. The severity of the disease correlates with the
concentrations of circulating LOS and proinflammatory cyto-
kines.

Escherichia coli mutants defective in early steps of lipid A
biosynthesis are not viable, indicating that LPS is essential for
bacterial growth and survival. However, conditionally lethal
mutants have been reported despite the fact that intact LPS is
important in maintaining the permeability barrier of the outer
membrane (35). Those mutants show a compensatory rear-
rangement of the outer leaflet with replacement of LPS by
glycerophospolipids. This creates patches in the outer mem-
brane, allowing diffusion of hydrophobic solutes which, in turn,
make those mutants extremely susceptible to hydrophobic an-
tibiotics (49). In contrast to E. coli, N. meningitidis strains with
mutations in genes encoding enzymes for early steps of lipid A
biosynthesis are viable. Recently, viable LOS-deficient N. men-
ingitidis mutants derived from the serogroup B strain H44/76
were isolated (46) and have been intensively studied for proin-
flammatory activity, immunogenicity, and outer membrane
composition (6, 17, 34, 45, 47-48).

Bacterial attachment to the host mucosa is a first and essen-
tial step in the process of development of disease caused by
pathogenic Neisseria. Colonization of target cells is modeled in
two steps: an initial attachment mediated by type IV pili fol-
lowed by an intimate contact between bacterial membrane
components and host cell surface receptors that can lead to
uptake of the bacterium and invasion of host cells. The type IV
pili of pathogenic Neisseria are essential during the initial stage
of infection. These structures are built up of thousands of
major pilus subunits, PilE proteins, and a few copies of pilus-
associated proteins, such as PilC and PilV (19, 39, 49). Adher-
ence to epithelial cells is dependent on expression of PilC and
PilV and is modulated by sequence variation of PilE (20, 28,
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37). Pili have been shown to recognize cellular receptor CD46
on the surfaces of human cells (22-24).

Colonization of epithelial cells by pathogenic Neisseria is
followed by cellular invasion. The opacity proteins (Opa) are a
family of invasion-associated outer membrane proteins that
bind to CEACAM and heparan sulfate proteoglycan receptors
on human cells (1). Several recent studies have shown that
LOS of Neisseria gonorrhoeae is also important for invasion
into epithelial cells. In the absence of detectable Opa proteins,
the lacto-N-neotetraose of LOS is required for invasion of, but
not for adherence to, ME180 cells by N. gonorrhoeae (43).
Minor et al. (27) showed the importance of the proximal glu-
cose residue of the a-oligosaccharide chain of LOS for efficient
invasion of gonococci into the host mucosa. Further, Harvey et
al. (13) demonstrated that gonococcal LOS binds specifically to
the asialoglycoprotein receptor (ASGP-R) on sperm cells,
leading to the hypothesis that LOS could also mediate adher-
ence.

To examine the role of LOS in meningococcal adhesion to
target cells, LOS-deficient N. meningitidis FAM20 serogroup C
IpxA mutants were generated. The Ipx4 gene encodes an en-
zyme responsible of the first step of the lipid A biosynthesis
pathway, adding the O-linked 3-OH fatty acid to UDP-N-
acetylglucosamine. [px4 mutants switched on Opa540 expres-
sion, suggesting that Opa540 might be required to maintain
integrity of the outer membrane in the absence of LOS. LOS-
deficient meningococci retained piliation levels and pilus mor-
phology indistinguishable from those for the wild type. How-
ever, adherence to and invasion into epithelial cells by IpxA
mutants were severely reduced. Further, LOS-deficient mu-
tants lost natural competence for DNA transformation.

MATERIALS AND METHODS

Bacterial strains. E. coli DH5« was used for cloning and manipulation of the
meningococcal IpxA gene. Neisseria strains were grown at 37°C in a 5% CO,
atmosphere on Difco GCB agar or GC broth containing Kellogg’s supplement
(25). Bacterial growth was determined by measuring optical density at 620 nm
(ODygy) as a function of time. N. meningitidis FAM20 (P* PilC1" PilC2")
belongs to serogroup C (36). Meningococcal IpxA-deficient mutants were gen-
erated by transformation of FAM20 with a plasmid containing the Ipx4 gene
disrupted with a kanamycin resistance gene. An internal fragment encompassing
positions 5 to 587 of the ipx4 gene was amplified by PCR using the following
primers: IpxA02m (5'-GCCGTCTGAAGCCCGGCGTACTCATCATC-3") and
IpX03 (5'-TGCCTTCGCTG TTGAGCCCC-3’). Primer IpxA02m contains a
DNA uptake sequence (underlined) at the 5’ end, which is required for efficient
DNA transformation of Neisseria (12). The fragment was cloned into the Smal
site of pSK+ to produce pAB12. The kanamycin resistance gene from pUCKan
was inserted into a unique EcoRlI site (position 272) of the Ipx4 gene to produce
pAB20. The wild-type meningococcal strain FAM20 was transformed with lin-
earized pAB20, and colonies were selected on plates with 50 pg of kanamycin/ml.
Nine independent transformants (L1 to L9) were restreaked on GCB plates with
kanamycin to get pure clones and to check for resistance stability. The pilE gene
was amplified by PCR and sequenced by using primers 5'-GATGCCGCAAAT
TTCCAATC-3" and 5'-GGTTTGACCCGGTCGTGA-3'. Twitching motility
was assessed by the slide culture method (5), in which cells are inoculated onto
GC agar slices on microscope slides, covered with a coverslip, and visualized at
the periphery of colonies under a Leica phase-contrast microscope.

Cell line and growth conditions. ME180 (ATCC HTB33), an epithelium-like
human cell line from a cervical carcinoma, was maintained in McCoy’s 5A
medium supplemented with 10% inactivated fetal bovine serum (FBS) and 2 mM
L-glutamine. The cell line was maintained at 37°C and 5% CO, and occasionally
grown in penicillin-streptomycin-containing medium to prevent contaminations.
All experiments were performed without FBS, antibiotics, and L-glutamine. Me-
dia and growth supplements were purchased from Life Technologies. Cell cul-
ture materials were purchased from Costar.
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LOS and outer membrane preparations. Bacteria were grown on GCB plates
for 18 h at 37°C in 5% CO,_Bacteria from one plate were harvested into 600 ml
of Tris-EDTA buffer containing 0.5% sodium dodecyl sulfate (SDS) and 12.5 mg
of proteinase K/ml and incubated for 12 h at 65°C. Ten-microliter aliquots of
each sample lysate were mixed with sample buffer and used for electrophoresis
on a 16.5% Tricine SDS-polyacrylamide gel electrophoresis (PAGE) gel. LOS
was visualized by silver staining.

Outer membranes were prepared either by lithium acetate (LiAc) purification
or by sarcosyl purification as previously described (20). Briefly, for LiAc purifi-
cation meningococci from one GCB plate were suspended in 1 ml of LiAc buffer
(0.2 M lithium chloride, 0.1 M sodium acetate, 0.01 M EDTA, pH 5.8). The
suspension was passaged 15 times through a 22-gauge needle to shear off the
outer membrane blebs and centrifuged for 1 min at 12,000 X g. The supernatant
was centrifuged for 2 h at 100,000 X g at 4°C to pellet the outer membrane. The
pellet was resuspended in 100 wl of distilled water. For sarcosyl purification,
meningococci from one GCB plate were suspended in 1 ml of phosphate-buff-
ered saline (PBS), sonicated, and centrifuged for 15 min at 5,000 X g. The
supernatant was centrifuged for 1 h at 100,000 X g and 4°C. After resuspension
of the pellet in 0.2% sarcosyl, the sample was recentrifuged for 1 h at 100,000 X
g at 4°C in order to collect the outer membrane blebs. Finally, the pellet was
resuspended in 200 pl of distilled water. Total-protein concentrations were
determined by using the Bio-Rad protein assay and bovine serum albumin
standards according to the manufacturer’s instructions. Pili were purified as
previously described (19, 50).

Immunoblotting. Outer membrane preparations were heated to either 37 or
95°C, electrophoresed on a 15% Tris-glycine SDS-PAGE gel, and transferred to
a polyvinylidene difluoride Immobilon membrane (Millipore) by using a Bio-Rad
semidry transfer system. Membranes were incubated overnight at 4°C with 5%
nonfat dry milk in Tris-buffered saline containing 0.2% Tween 20. Membranes
were immunoblotted with mouse monoclonal Opa antibodies (1:3,000), washed,
and incubated with horseradish peroxidase-conjugated donkey anti-mouse im-
munoglobulin G (1:10,000). After being washed, the blots were developed by
using the ECL system (Perkin-Elmer). Opa-specific monoclonal antibodies
(H22.2, H21.1, 4B12/C11, and 7-24-D9) were a kind gift from Mark Achtman
(Max Planck Institut fiir Molekular Genetik, Berlin, Germany) and J. Cannon
(University of North Carolina, Chapel Hill). 4B12/C11 recognizes all Opa pro-
teins, H21.1 recognizes Opal700, H22.2 recognizes both Opa540 and Opal800,
and 7-24-D9 recognizes Opa540 (15).

For N-terminal sequence determination, proteins were electrophoresed on
SDS-PAGE gels and transferred to a polyvinylidene difluoride Immobilon filter
(Millipore) by electroblotting. The proteins were stained and sequenced as
previously described (19).

Assays of adhesion to and invasion of cultured cell lines. Cells were grown to
a confluent monolayer in 24-well tissue culture plates. After the cell layer was
washed, N. meningitidis wild-type FAM20 and IpxA-deficient mutant (ODgo, =
0.1) cells were added and incubated with ME180 cells for 90 min at 37°C in 5%
CO, to allow the bacteria to adhere. The wells were extensively washed in PBS
until no unbound bacteria were seen in the microscope. The infected cells were
treated with 1% saponin for 5 min, serially diluted, spread onto GCB plates, and
incubated overnight at 37°C and 5% CO,. Adherence was quantified by counting
CFU the next day.

Prior to invasion assays the cell layer was carefully washed. N. meningitidis
FAM20 and lpxA-deficient mutant cells were added at an ODyy of 0.1 to ME180
cells for 6 h at 37°C in 5% CO, to allow the bacteria to invade the cells. The wells
were extensively washed in PBS until no unbound bacteria were seen. The cells
were treated 2 h with gentamicin (200 pg/ml) to kill extracellular bacteria. The
infected cells were treated with 1% saponin for 5 min, serially diluted, spread
onto GCB plates, and incubated overnight at 37°C and 5% CO,. CFU were
counted the next day. The sensitivity of the /px4 mutant to saponin was exam-
ined. No difference in saponin sensitivity between the wild type and the mutant
was observed.

TEM. For transmission electron microscopy (TEM), strains of N. meningitidis
were grown overnight on GCB agar plates, suspended in Tris-Mg buffer (10 mM
Tris-HCI [pH 7.4], 10 mM MgCl,), and overlaid on 200-mesh carbon-coated
copper grids for 5 min. The grids were washed with water and negatively stained
with 1% sodium silicotungstate and examined in a Philip 100X microscope.

DNA transformation. Meningococci were grown on plates for 18 h, collected
with cotton swabs, and suspended to a density of 10® bacteria per ml in GC liquid
medium. Twenty microliters of bacterial cells was added to 200 pl of GC liquid
medium containing 1 pg of pABJ04 (19), which when recombined into the
meningococcal chromosome confers resistance to chloramphenicol. After 30 min
at 37°C, the transformation mixtures were diluted into 2 ml of GC liquid with
Kellogg’s supplement and then incubated for 5 h at 37°C in 5% CO,. The
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FIG. 1. SDS-PAGE analysis of LOS expressed by N. meningitidis
FAM20 (wt) and its [px4 mutants (L1 to L9). Proteinase K-digested
whole-cell lysates were separated on Tricine polyacrylamide gels and
silver stained. M,,, molecular weight marker.

transformation mixtures were diluted and plated on GCB medium with 10 pg of
chloramphenicol/ml to select transformants and on GCB plates to determine
CFU.

RESULTS

Construction of an LOS-deficient N. meningitidis serogroup
C mutant. LOS of N. gonorrhoeae has been carefully studied
and is involved in bacterial invasion of epithelial cells (13, 27,
43). However, little is know about the interaction of meningo-
coccal LOS with host target cells. To study the role of menin-
gococcal LOS in adherence and invasion of epithelial cells, we
constructed an Ipx4A mutant version of the N. meningitidis se-
rogroup C strain FAM20. The /px4 gene was insertionally
inactivated by introduction of a kanamycin cassette. PCR am-
plification and Southern blotting confirmed insertion of a
1.4-kb fragment into the /px4 genes of nine independent mu-
tants (data not shown). To further verify the genetic inactiva-
tion of IpxA4, LOS was extracted from lysates of whole cells
grown on GC agar plates and analyzed by Tricine SDS-PAGE.
As expected, LOS was not detected in the /px4 mutants,
whereas wild-type FAM20 expressed a single LOS band of
~6.5 kDa (Fig. 1). These data show that the Jpx4 mutants were
completely deficient in LOS biosynthesis.

The serogroup C strain FAM20 lpx4 mutants show reduced
growth rate. All [pxA mutants produced smaller colonies than
wild-type bacteria, indicating either reduced growth rate or
smaller bacterial size. Electron microscopy indicated that the
retardation was not due to the smaller size of the bacteria (data
not shown). Consequently, the growth rates of the [px4 mu-
tants were compared with that of the wild type by measuring
the OD during 13 h of culture. As shown in Fig. 2, the gener-
ation time of the /px4 mutant L1 was clearly reduced com-
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FIG. 2. Growth curves of the wild-type FAM20 and the /px4 mu-
tant L1. Bacteria were grown in GC medium with Kellogg’s supple-

ment. The same growth retardation was observed for mutants L2 to L9
(data not shown).
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FIG. 3. Western immunoblots of outer membranes of FAM20 (wt)
and its /px4 mutant L1 incubated with anti-Opa monoclonal antibody
(MAb) 4B12/C11 recognizing all Opas (A), anti-Opa MAb H21.1,
recognizing Opal700 (B), anti-Opa MAb H22.2, recognizing Opal800
and Opa540 (C), and anti-Opa MAb 7-24-D9, recognizing Opa540
(D). Mutant L1 lost Opal700 expression and gained Opa540 expres-
sion. A faint band reacting with Opa540 antibodies was often, but not
always, observed in the wild type and could represent cross-reaction of
the antibody with Opal700 and Opal800 or a minor population of
wild-type bacteria that spontaneously turned on Opa540 by phase
variation. The criteria for turn-on of Opa540 in L1 are the colony color
difference between the wild type (weakly opaque) and L1 (strongly
opaque and yellowish) and the very distinct Opa540 signal in the L1
mutant.

pared to that of FAM20. These data are in accordance with
those of Steeghs et al. (46), who showed that the doubling time
for IpxA-deficient N. meningitidis H44/76, a serogroup B strain,
was 50% longer than that for the wild-type strain.

Inactivation of IpxA is accompanied by altered Opa expres-
sion. In addition to smaller colony size, the [pxA mutants ex-
hibited altered colony color when observed under a binocular
microscope. Colonies of the wild-type strain were smooth and
weakly opaque, whereas all mutants had a strong opaque color,
indicating alteration in Opa expression. All attempts to select
or screen for weakly opaque /px4 mutants failed, suggesting a
strong correlation between survival of the mutants and expres-
sion of the phenotype of strong opacity. We investigated the
Opa repertoire of FAM20 and its /px4 mutants by using a
polyclonal antiserum that recognizes all Opa proteins. We also
used monoclonal antibodies H21.1, H22.2, and 7-24-D9, which
distinguish between Opal700, Opal800, and Opa540. FAM20
and the /px4 mutants presented differences in expression pat-
tern when analyzed by immunoblotting with Opa antibodies.
The wild-type strain expressed two Opa proteins, Opal800 and
Opal700, whereas the mutants fell into two classes of Opa
repertoires (Fig. 3 and Table 1). One class of mutants ex-
pressed Opal800 and Opa540 and therefore must have turned
on Opa540 and turned oft Opal700. The other class of mutants
expressed Opal800, Opal700, and Opa540, i.e., this class of
mutants apparently turned on Opa540 but retained the Opa
proteins of the wild type. Our results show that colony mor-
phology and Opa expression in the IpxA mutants are clearly
altered. Furthermore, our data suggest that there is a strong
correlation between survival of the mutant strains and expres-
sion of Opa540.

Outer membrane proteins in the LOS-deficient mutant.
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TABLE 1. Genotype and phenotype of N. meningitidis strains used in this study

. Parental Relevant . a b o e Natural Reference
Strain(s) strain genotype Opa proteins expressed Pil PilC transformation or source
FAM20 FAM18 Opal800, Opal700 + + + 36
L1 FAM20 IpxA::kan Opal800, Opa540 + + - This work
L2-L9 FAM20 IpxA::kan Opal800, Opal700, Opas540 + + — This work

“ Determined by immunoblotting with Opa antibodies. Immunoblots of L1 are shown in Fig. 3.

® Determined by TEM. FAM20 and L1 are shown in Fig. 6A.

¢ Determined by immunoblotting with PilC-specific antiserum. FAM20 and L1 are shown in Fig. 6B.

Steeghs et al. (47) showed that expression of iron limitation-
inducible cell surface-exposed lipoproteins, such as LbpB and
TbpB, in the [pxA mutant of the serogroup B strain H44/76 was
greatly reduced. In contrast, no difference in levels of expres-
sion of other outer membrane-associated proteins was found.
To identify changes to the outer membrane in the serogroup C
strain FAM20 IpxA mutant, we purified outer membranes us-
ing both sarcosyl extraction and LiAc extraction for outer
membrane blebs. The [px4 mutant expressed reduced amounts
of three major outer membrane proteins and increased
amounts of two proteins as detected by SDS-PAGE analysis
(Fig. 4). Proteins of interest were subjected to amino-terminal
sequencing and subsequently identified in the National Center
for Biotechnology Information GenBank database (Table 2).
Expression of iron-regulated proteins FbpA and FetA (former-
ly designated FrpB) was reduced in the /px4 mutant. The third
protein with reduced expression in the /px4 mutant was iden-
tified as Opal700, supporting the finding that the opacity phe-
notype was altered. Comigration of Opa540 and Opal800
made it impossible to detect changes in expression of these two
Opa proteins by SDS-PAGE. In addition, PorA protein ex-
pression was slightly reduced in the LOS mutant (Fig. 4 and
data not shown), a phenomenon previously described as an
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FIG. 4. Analysis of outer membrane proteins expressed by N. men-
ingitidis FAM20 (wt) and its [px4 mutant L1. Outer membrane pro-
teins were purified by the LiAc method for outer membrane bleb
purification and separated by SDS-PAGE. Five proteins with altered
expression levels in the /px4 mutant were subjected to amino-terminal
sequencing. Asterisks, proteins with reduced levels in the LOS mu-
tants; circles, proteins with increased amounts in the mutants. Identical
results were obtained with outer membranes prepared by sarcosyl
extraction. The same profiles were observed with the other eight mu-
tants (L2 to L9; data not shown). M,,, molecular weight marker.

effect of proteolytic degradation of PorA due to improper
localization in the outer membrane (47). The two proteins with
increased amounts in the /px4 mutant were identified as
GroEL and glutamate dehydrogenase and probably represent
a general response to biological stress conditions. In conclu-
sion, these results show that inactivation of Ipx4 leads to al-
terations of the outer membrane protein composition.

LOS-deficient N. meningitidis is unable to interact with
ME180 epithelial cells. Assays of adherence to the epithelial
cell line ME180 showed that the IpxA mutant was severely
impaired, with the level of adherence being reduced 50-fold
relative to that for the wild-type strain (Fig. 5A). Similarly, the
mutant did not invade epithelial cells as determined by genta-
micin treatment assays (Fig. 5B). To exclude the possibility
that the impaired adherence was due to PilE antigenic varia-
tion, the pilE gene in the mutant was sequenced and found to
be unaltered (data not shown).

The simplest explanation for the nonadherence phenotype
would be a defect in type IV pilus formation. Examination by
TEM demonstrated that the [px4 mutants retained piliation
levels indistinguishable from that of the wild type (Fig. 6A).
Piliation levels were confirmed by immunoblotting with me-
ningococcal pilus antiserum in whole-cell lysates and sheared
fractions. No difference in piliation between the wild type and
the mutant was observed (data not shown). Another possible
explanation for the lack of attachment of the mutant to human
epithelial cells would be that LOS is required for PilC stability
or localization. Consequently, we examined PilC expression in
outer membrane preparations and in purified pili by immuno-
blotting with PilC antiserum but could not detect any differ-
ences between the wild type and the /px4 mutant (Fig. 6B and
Table 1). Our data show that, despite the expression of pili and
PilC, the LOS-deficient mutant was unable to adhere to host
epithelial cells. The adherence defect could be the result of
expression of nonadherent pili, i.e., pili unable to attach to host
target cells. To address this issue, crude pili isolated by the

TABLE 2. Proteins with altered expression level in the LOS mutant

Prno(:im N-terminal sequence Designation
1 ASEDGSRSPYTVQAD Opal700
2 DITVYNGQHKEAAQA FbpA
3 AENNAKVVLDTITVK FetA (FrpB)
4 HLNTLFANLK Glutamate dehydrogenase
5 AAKDVQFGNEVRGKM GroEL

“ Protein numbers are indicated in Fig. 4. Proteins 1 to 3 are expressed in
reduced amounts and proteins 4 and 5 are expressed in increased amounts in the
LOS mutant relative to expression in the wild type.
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FIG. 5. LOS-deficient N. meningitidis fails to interact with human
epithelial cells. (A) FAM20 and its [pxA-deficient mutant L1 were
allowed to adhere to confluent layers of ME180 cells for 90 min. The
cell layers were washed, treated with saponin, and spread on GC
plates. (B) Invasion into ME180 cells of FAM20 and its lpxA4-deficient
mutant L1 was assessed for 6 h. Extracellular bacteria were killed by
gentamicin, and the cell layers were treated with saponin and spread
on GC plates. Mean values and standards deviations of three indepen-
dent experiments are shown. Identical results were obtained with mu-
tants L2 to L9 (data not shown).

FAM20 L1

shearing of bacteria were added to ME180 epithelial cells and
detected with fluorescein isothiocyanate-conjugated pilus an-
tibodies. Pili isolated from the /px4 mutant and the wild type
bound to the cells, indicating that the pili still possessed cell-
binding capacity by themselves (data not shown). However, pili
from the /pxA mutant seemed to attach at slightly lower levels.

LOS-deficient N. meningitidis is not naturally competent for
DNA transformation. Expression of type IV pili by Neisseria is
essential for natural genetic transformation at the level of
sequence-specific uptake of DNA (10). Although the pilus
morphology of the Ipx4 mutant was indistinguishable from that
of the wild type, the mutant had dramatically reduced compe-
tence for DNA transformation (Table 1). Further, the LOS
mutant was examined microscopically for the expression of
twitching motility. Zones of spreading at the periphery of col-
onies of both wild-type and mutant strains were readily de-
tected. As negative controls, nonpiliated mutants were assayed
in parallel; no evidence of cell movement was found. These
results, taken together, show that the /px4 mutant has lost
natural competence for DNA transformation but retains
twitching motility.

DISCUSSION

Attachment of microbes to host epithelial cells represents
the first step in the pathogenesis of infection, with the target
specificity being defined by precise adhesin-receptor interac-
tions. The ability of most gram-negative bacteria to colonize
host mucosa requires the expression of pili or fimbriae (44).
The purpose of these proteinaceous filaments appears to be
presentation of adhesive molecules capable of binding to spe-
cific epithelial cell receptors. Since pili extend several millime-
ters from the bacterial cell surface, the effective physical range
of interaction allows the pathogen to maintain dense surface
structures such as polysaccharide, capsules, and LPS, which
enable the bacteria to evade immune responses.

In this work we generated N. meningitidis serogroup C LOS-
deficient mutants and analyzed their pilus-associated charac-
teristics, including their ability to interact with human target
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cells. The /px4A mutants were viable, did not express any LOS,
and showed reduced growth rate, which is in agreement with
the results of Steeghs et al. (46). Our /px4 mutants expressed
and assembled most outer membrane proteins similarly to the
wild type. However, expression of the iron-regulated proteins
FbpA and FetA in the mutant was reduced. In addition, mu-
tant colonies displayed an altered opacity relative to the wild
type, which encouraged us to further analyze the Opa reper-
toire of the mutants and the wild type. The finding that the
IpxA mutants without exception turned on expression Opa540
and that mutants with wild-type opacity morphology could
never be isolated strongly suggested a correlation between
bacterial survival and expression of Opa540.

Purified outer membranes from mutants contained reduced
amounts of the iron-regulated proteins FbpA and FetA (for-
merly designated FrpB) as well as less PorA. FbpA is a surface-
exposed 37-kDa outer membrane protein that plays a role in
transporting iron from the TbpAB complex to FbpB. FetA is a
77-kDa outer membrane protein involved in iron uptake (32).
It functions as a ferric enterobactin receptor that can take part
in transporting siderophores into the cell and is nonessential
for iron acquisition (2, 3). It is therefore unlikely that a re-
duced amount of this protein in the outer membrane would
affect viability, growth, or adherence properties of the lpx4
mutants. In contrast, the presence of reduced amounts of PorA
in the outer membrane is a possible explanation for reduced
growth rate. Porins are essential for organism survival since
they modulate the exchange of ions between the bacteria and
the surrounding environment (26). Further, Por is involved in
invasion but not in adherence (11). Expression of GroEL and
glutamate dehydrogenase was greater in the mutant than in the
wild type. GroEL is a stress-inducible chaperone and belongs
to the heat shock protein family Hsp60 (29, 30, 53). Bacterial
Hsps are conserved proteins that play important roles in pro-
tein folding and assembly and in the translocation of proteins
between compartments. Under stress, Hsp synthesis is drasti-
cally increased, representing an essential mechanism for cell
survival. Hsp60 in E. coli has been localized exclusively to the
cytoplasm; however, in other microorganisms such as Clostrid-
ium difficile, Haemophilus ducreyi, Helicobacter pylori, Legio-
nella pneumophila, and Salmonella enterica serovar Typhi-
murium Hsps are either associated with the membrane or
secreted (7, 8, 14, 16). A recent study demonstrated that alter-
ations in GroEL levels resulted in diminished survival of
stressed Haemophilus ducreyi (31). The large amount of
GroEL-like protein in the [px4-deficient mutants could repre-
sent an essential factor for the survival of bacteria or could
represent stress-induced expression of GroEL.

Absence of LOS in the meningococcal outer membrane is
likely to affect membrane integrity, with phospholipids as the
candidates of choice to replace LOS in order to maintain the
bilayer structure. It has been demonstrated for E. coli that
unbalanced membrane phospholipid composition could affect
transcriptional expression of certain genes (18). It is not known
whether the expression of FetA, FbpA, PorA, or GroEL is
affected at the transcriptional or translational level as a con-
sequence of changes in membrane phospholipid composition
in the [pxA-deficient mutant.

Initial attachment of bacteria to epithelial cells requires pili
and PilC. Although piliation and PilC expression in the wild
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FIG. 6. (A) Transmission electron micrographs showing piliation of meningococcal strain FAM20 (wt) and its LOS-deficient mutant L1.
(B) Immunoblotting of purified pili and outer membrane (OM) preparations by using PilC-specific antiserum. The same results were obtained with

mutants L2 to L9 (data not shown).
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type were indistinguishable from those in the LOS mutant, the
mutant was greatly impaired for adherence to and invasion
into epithelial cells. The possibility that PilC is not properly
inserted in the /px4 mutant membrane or pili cannot be ex-
cluded. In addition, the [px4 mutant was not naturally compe-
tent for DNA transformation. Several components have been
implicated as essential for natural transformation in Neisseria,
among which are pili, PilT, PilC, ComL, ComP, ComE, and
Dca (4, 9, 38, 40, 42, 51, 52). Although most of the studies of
DNA transformation have been performed with N. gonor-
rhoeae, many of the gene products have counterparts in me-
ningococci, with the exception of Dca, which has been found
only in gonococcal strains. It is possible that lack of LOS in the
outer membrane alters the localization and structural forma-
tion of proteins involved in the transformation process, either
by impeding the proper insertion of the membrane proteins
into the membrane or by affecting the general charge of the
bacterial surface, preventing the first necessary step of DNA
binding. It is also possible that LOS is itself essential for nat-
ural competence. LOS deficiency may perturb flexibility and
fluidity of the basic membrane structure, which modifies the
physicochemistry properties of pili, which in turn lose their
transformation competence and ability to mediate bacterial
adherence to target cells. It is possible that adhesion-associ-
ated proteins such as PilV may not be incorporated or may not
be allowed to perform their functions in formation of a func-
tional pilus. However, pill” mutation does not affect DNA
transformation (50).

Taken together, we have shown that a completely LOS-
deficient N. meningitidis serogroup C strain is unable to adhere
to human cells and that this phenomenon is linked to disrupted
competence for natural DNA transformation. Further, ab-
sence of LOS strongly selected for expression of Opa540,
which may assist in maintaining integrity of the membrane,
thereby promoting bacterial survival.
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