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Previous studies led to the development of a model of contact-induced enhanced gonococcal invasion of
human reproductive cells that utilizes the lutropin receptor (LHr) as both the induction signal for conversion
to this enhanced-gonococcal-invasion phenotype (Inv* GC) and as the specific Inv* GC uptake mechanism.
This model proposes that gonococci express a surface feature that mimics human chorionic gonadotropin
(hCG), the cognate ligand for LHr, and that this structure is responsible for the specific and productive
interaction of GC with LHr. In this report, we identify a 13-kDa gonococcal protein with immunological
similarities to hCG. The antiserum reactivity is specific since interaction with the 13-kDa gonococcal protein
can be blocked by the addition of highly purified hCG. This gonococcal “hCG-like” protein, purified from
two-dimensional gels and by immunoprecipitation, was determined by N-terminal sequencing to be the
ribosomal protein L12. We present evidence that gonococcal L12 is membrane associated and surface exposed
in gonococci, as shown by immunoblot analysis of soluble and insoluble gonococcal protein and antibody
adsorption studies with fixed GC. Using highly purified recombinant gonococcal L12, we show that preincu-
bation of Inv- GC with micromolar amounts of rL12 leads to a subsequent five- to eightfold increase in
invasion of the human endometrial cell line, Hecl1B. In addition, nanomolar concentrations of exogenous L12
inhibits gonococcal invasion to approximately 70% of the level in controls. Thus, we propose a novel cellular
location for the gonococcal ribosomal protein L12 and concomitant function in LHr-mediated gonococcal

invasion of human reproductive cells.

Neisseria gonorrhoeae is the causative agent of gonorrhea, a
disease that presents most often as a surface mucosal infection
of the genital tract but which can progress into invasive infec-
tions of pelvic inflammatory disease (PID) or disseminated
gonococcal infection (DGI). It is believed that up to 50% of
women with gonococcal infections are asymptomatic, and the
lack of treatment enables the progression to complicated gono-
coccal disease (10). Understanding the process by which gono-
cocci (GC) become invasive would allow the development of
therapies which could block this progression of asymptomatic
mucosal infections into the serious complicated gonococcal
disease patterns. The study of virulence mechanisms in this
obligate human pathogen is hampered by the lack of animals
models. Using a variety of organ and tissue culture models,
many gonococcal features have been identified as factors in
gonococcal infection. These include the well-studied roles of
lipooligosaccharide, pilin, and opa proteins in the adherence
and/or invasion of cellular targets (for recent reviews, see ref-
erences 17, 36, 40, 43 and 44).

We have previously reported the existence of a contact-
inducible enhanced invasion phenotype in N. gonorrhoeae
(Inv" GC) that increases adherence to HeclB cells, a human
endometrial cell line, 2-fold but results in a 5- to 10-fold in-
crease in gonococcal invasion compared to GC grown in tissue
culture media alone (Inv- GC) (59). This suggested that
changes in the gonococcal surface that occurred following con-
tact with human reproductive cells gave rise to a new adhesin
that specifically directs Inv" GC binding to a host cell uptake
process. We have demonstrated that Inv* GC bind to HeclB
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cells by an adhesin not present on Inv™ GC and that this novel
adherence is completely abolished in the presence of exoge-
nous human chorionic gonadotropin (hCG), a fetal hormone
that plays a critical role in the maintenance of uterine function
during implantation and pregnancy. In addition, we have found
that gonococcal access to the lutropin receptor (LHr), the
cognate receptor for hCG, is necessary for the conversion to
Inv" GC (59). Similar studies showed that Inv" but not Inv~
GC invasion is also dependent on LHr expression by target
cells.

The putative role of LHr in the fallopian tube is to mediate
transcytosis of the fetal hormone hCG into the mother’s blood-
stream for maintenance of the uterine lining. We proposed
that Inv™ GC, via the novel, hCG-inhibitable adhesin, usurps
this normal LHr function to achieve transcytosis through the
mucosal surface of the fallopian tube. This type of LHr-medi-
ated transcytosis has been observed in endothelial cells from
reproductive tissues and is presumed to facilitate the transport
of the glycosylated hormones hCG and luteinizing hormone
(LH) through the blood vessels for delivery to their target
tissues (21). Thus, the gonococcal virulence factors which are
induced following contact with LHr may prove to be critical in
the progression of gonococcal disease from the surface muco-
sal infections to the more invasive disease patterns of PID and
DGIL.

Our model of LHr-mediated gonococcal invasion proposed
two roles for this receptor, as both the host cell feature that
induces the conversion to Inv* status and the Inv™ specific
uptake mechanism (59). Accordingly, GC must have a consti-
tutively expressed adhesin that interacts with LHr to initiate
the phenotypic change to Inv*, an “LHr sensor.” In addition,
we propose that the unique Inv" GC adhesin specifically in-
teracts with LHr in a manner that triggers receptor activation
and internalization, a form of hormone mimicry. Immunolog-
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ical techniques, using high-titered antibodies to the native hor-
mone, are commonly used to identify mimetic molecules that
share structural and/or functional features. Using this ap-
proach, we report on a gonococcal hCG-like molecule that is
able, when used as a pretreatment, to enhance Inv- GC inva-
sion of HeclB cells by five- to eightfold compared to phos-
phate-buffered saline (PBS)-treated controls. In addition, com-
petitive addition of nanomolar concentrations of the “hCG-
like” molecule inhibits invasion by both Inv*" and Inv~ GC.

MATERIALS AND METHODS

Bacterial strains. N. gonorrhoeae F62 was used exclusively. Morphologically
transparent, nonpiliated variants were selected on Swanson’s medium (60), and
frozen stocks of these transparent type I'V colonies were maintained and used for
all invasion assays. GC were grown in GC broth or solid GC medium base (Difco
Laboratories, Detroit, Mich.) with 1% Kellogg’s supplement (35) at 37°Cin a 5%
CO, incubator.

Tissue culture cells. The human endometrial cell line Hec1B (HTB113) was
purchased from the American Type Culture Collection (Rockville, Md.) and
maintained in RPMI 1640 medium containing 2 mM glutamine (Life Technol-
ogies, Grand Island, N.Y.) supplemented with 5% fetal bovine serum (FBS)
(HyClone Laboratories, Inc., Logan, Utah) and 1 mM sodium pyruvate (Sigma
Chemical Co., St. Louis, Mo.) at 37°C in 5% CO.,. Cell lines were passaged every
5 days and discarded after approximately 20 passages.

Induction pretreatment. GC were treated to induce either Inv™ or Inv*"
phenotypes as previously described (59). Briefly, Inv" GC were generated by
incubating GC on fixed HeclB cells in complete RPMI for 2 h with rocking at
37°Cin a 5% CO, incubator. After incubation, the monolayers were washed, and
the Inv* GC were separated from Hec1B by vigorous vortexing, followed by brief
centrifugation to pellet the HeclB cells. The Inv* GC containing supernatant
was collected and standardized to a concentration of approximately 8 X 10° GC
ml~! in complete media containing chloramphenicol (1 mg ml~'). Inv~ GC were
generated by incubating GC in complete RPMI alone at the same relative
concentration and under the same incubation conditions as for Inv" GC. After
incubation, the Inv- GC were vigorously vortexed and diluted to the same
concentration as described for Inv* GC. These gonococcal suspensions were
added at 0.5 ml per well of a 24-well plate for invasion assays. Input concentra-
tions were determined by obtaining CFU counts for each suspension prepared.

Invasion assays. GC invasion was determined by use of standard gentamicin
resistance assays as previously described (59), using HeclB cells as the targets at
a multiplicity of infection of approximately 10. For the competitive-invasion
assays, the denoted amount of recombinant .12 was added immediately prior to
the addition of GC. To measure the effects of recombinant L12 (rL12) preincu-
bation on Inv™ GC, prepared Inv- GC were incubated with micromolar con-
centrations of rL.12 for 30 min at 37°C 5% CO, with gentle rocking prior to their
use in the invasion assay.

Immunoblot analysis of “hCG-like” gonococcal proteins. Whole-cell gonococ-
cal lysates were prepared in 1% sodium dodecyl sulfate (SDS). The proteins were
separated by SDS-polyacrylamide gel electrophoresis (PAGE) using 13 or 15%
polyacrylamide gels under reducing conditions and blotted onto a nitrocellulose
0.2-pm (pore-size) transfer membrane (Schleicher & Schuell, Inc., Keene, N.H.)
using a wet tank electroblotter according to the manufacturer’s directions
(Hoefer/Amersham Pharmacia Biotech, Inc., Piscataway, N.J.). Proteins with
immunological similarity to hCG were identified by their specific reactivity in
blots probed with a polyclonal rabbit a-hCG serum (1:1,000) as opposed to those
probed with pooled normal rabbit serum (1:500), both from ICN (ICN Biomed-
ical, Costa Mesa, Calif.), followed by horseradish peroxidase-conjugated anti-
rabbit antibody (Amersham) at 1:5,000. Bands were visualized by standard en-
hanced chemiluminescence protocols (Amersham). In Fig. 1, the blots were
probed with the immunoglobulin G (IgG) fraction of either the a-hCG or normal
rabbit serum at 10 wg ml~ . The IgG fractions were purified from the sera using
staphylococcal proteins A and G conjugated to beads (SPA- and SPG-beads
[SPA/G-beads]) according to the manufacturer’s directions (Pierce, Rockford,
11L).

Immunoprecipitation. Gonococci for immunoprecipitation were metabolically
labeled for 2 h with 15 uCi of Expre®*S*S ml~!, a mixture of [**S]methionine
and [**S]cysteine (New England Nuclear, Boston, Mass.) while grown in a 50:50
mix of RPMI and RPMI deficient in both methionine and cysteine and supple-
mented with 1 mM pyruvate and 5% FBS. Whole-cell lysates were made of these
3S-labeled GC in a 10 mM Tris buffer containing 1% Triton X-100, 10 mM
EDTA, and 0.1% SDS. The lysates were precleared by incubation with normal
rabbit serum (pooled) overnight at 4°C and removal of all immune complexes
with SPA-beads according to the manufacturer’s directions (Pierce). Then, either
a-hCG or normal rabbit serum was added to aliquots of the precleared gono-
coccal lysates, which were incubated overnight at 4°C with rocking, and the
specific immune complexed material was collected with SPA-beads. Following
extensive washing in lysis buffer, the immunoprecipitated material was removed
from the SPA/G-beads by boiling the samples in 2X SDS-PAGE loading buffer.
The mixtures were centrifuged to pellet the beads, and the clarified samples were
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FIG. 1. Immunoblot of whole-cell gonococcal lysates separated by SDS-
PAGE on 15% polyacrylamide gels from Inv~ GC (lanes 1 and 3) or Inv" GC
(lanes 2 and 4) probed with rabbit a-hCG antiserum (lanes 1 and 2) or normal
rabbit serum (lanes 3 and 4) at 10 pg ml~'. This demonstrates that a 13-kDa
gonococcal protein shares immunological similarities with hCG.

analyzed by SDS-PAGE on a 13% polyacrylamide gel under reducing conditions.
These gels were transferred onto nitrocellulose or polyvinylidene difluoride
(PVDF) membranes (Schleicher & Schuell, Inc.) according to standard proce-
dures using a wet-tank electroblotter (Hoefer). Samples on nitrocellulose were
used for autoradiography, followed by immunoblotting as previously described.
The appropriate protein band on PVDF was determined by Western blot anal-
ysis of a duplicate lane, and the N-terminal sequence was determined by the
Micro Peptide Protein Sequencing Core Facility, University of Rochester, Roch-
ester, N.Y.

Bacterial cell fractionation. Gonococcal proteins from both Inv* and Inv~ GC
were separated into soluble and membrane fractions. GC were induced to the
desired phenotype as previously described (59). Following induction, GC were
washed two times in PBS plus Ca and Mg and once in 50 mM Tris (pH 8) and
then resuspended in 50 mM Tris (pH 8) with 20% sucrose. Freshly prepared
lysozyme (1 mg ml™! in 0. mM EDTA) was added, and the mixture was
incubated for 30 min on ice. Cell lysis was achieved by adding a 5X volume of
ice-cold 10 mM Tris (pH 8), followed by sonication. The suspension was centri-
fuged for 10 min at 1,000 X g to remove intact cells. The supernatant was
centrifuged for 1 h at 3,000 X g to pellet the membrane without removing
ribosomal complexes from the supernatant. Following a brief wash in 10 mM
Tris, the membrane pellet was dissolved in 0.1% SDS. The soluble proteins in the
supernatant were concentrated by precipitating with a 2X volume of ice-cold
ethanol followed by incubation overnight at 4°C. The precipitated proteins from
the soluble fraction were collected by centrifugation at 30,000 X g for 1 h at 4°C
and redissolved in 0.1% SDS. Equal amounts (5 pg) of protein preparations were
added to duplicate lanes for SDS-PAGE and Western analysis.

L12 overexpression and purification. The entire putative gonococcal L12
reading frame was amplified by PCR from F62 genomic DNA by using primers
designed from the 5’ end (5'-TAAAATggatccCTATTACTAAAGAAGACATT
TTGG-3'; contains a BamHI site) and the 3’ end (5'-TAAGAAgaattcAATTA
TTTGATTTCGACTTTAGCG-3'; contains an EcoRI site) of the L12 coding
region. The 5" primer was designed to eliminate the initial methionine, since
N-terminal sequencing of the native L12 started with alanine, the second amino
acid in the putative reading frame. Following PCR (55°C annealing, 72°C exten-
sion, 35 cycles), the amplification product was digested with BamHI and EcoRI,
ligated to a similarly digested pGEX-2T expression vector (Pharmacia), and
transformed first into Escherichia coli XL-1 Blue and then into the E. coli
expression strain BL21(DE3). The reading frame and sequence of the expression
construct in the resulting plasmid, pGCL12, were verified by DNA sequencing
using primers directed to the pGEX vector (5’ sequencing primer, 5'-GGGCT
GGCAAGCCACGTTTGGTG-3'; 3’ sequencing primer, 5'-CCGGGAGCTGC
ATGTGTCAGAGG-3"). Expression of the recombinant fusion protein was in-
duced by adding IPTG (isopropyl-B-p-thiogalactopyranoside; 1 mM) to a mid-
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log culture of BL21 containing pGCL12. Following an additional 3 to 5 h of
growth, the bacteria were collected by centrifugation and frozen. Bacteria were
lysed with B-Per (Pierce) containing the serine protease inhibitor Pefabloc SC
(Boehringer Mannheim) at 0.4 mM and then separated into soluble and mem-
brane fractions according to the manufacturer’s directions. The recombinant
glutathione S-transferase (GST)-GCL12 fusion protein was isolated from the
soluble fraction by bulk adsorption to glutathione-Sepharose beads. The beads
were washed, and the native gonococcal L12 molecule was cleaved from the
fusion protein with thrombin (Sigma) according to the manufacturer’s directions
(Pharmacia). Protein concentration and purity was determined by the BCA
method (Pierce) and SDS-PAGE.

In E. coli, the ribosomal protein L7 is produced by acetylation of the N-
terminal serine of L12. We believe that the recombinant gonococcal L12 is not
modified to L7 for two reasons. First, the recombinant is produced by a fusion of
GST with the N terminus of L12; thus, the N terminus is not available for
modification within the E. coli host. When the recombinant protein is cleaved
from GST, all other E. coli proteins have been previously removed by washing.
Second, the N-terminal amino acid in the gonococcal L12 is alanine, not serine
as found in E. coli, and therefore would not be suitable substrate for the E. coli
L12 acetylating enzyme (61).

Antibody adsorption was performed using gonococci that had been fixed in 1%
paraformaldehyde. To prevent autolysis, an enzymatic process, GC were chilled
by suspension in ice-cold buffer, and all subsequent steps were performed at 0°C.
Type IV F62 were washed three times in ice-cold D-PBS plus Ca and Mg and
incubated for 1 h on ice in 1% paraformaldehyde (Sigma) with occasional gentle
mixing, followed by several more washes with D-PBS plus Ca and Mg to remove
all of the paraformaldehyde. Microscopic examination of the fixed GC revealed
only intact bacteria, indicating that no detectable lysis occurred during the
fixation process. The fixed GC were tightly pelleted (16,000 X g for 5 min),
resuspended in antiserum, and incubated on ice for 1 h with occasional mixing.
After centrifugation, the antiserum was collected and incubated with a second
fixed gonococcal pellet for 1 h on ice. Following the second incubation, the
sample was centrifuged, and the adsorbed antiserum was collected.

RESULTS

Immunological identification of a gonococcal hCG-like pro-
tein. Our previous studies have found that GC have both con-
stitutive and contact-induced adhesins which mediate binding
to Hec1B cells in a manner that can be inhibited by exogenous
hCG (59). This datum implies that GC have at least one and
possibly more surface features that are structurally similar to
hCG. One approach that has been successfully used to identify
bacterial hCG-like molecules employed high-titered polyclonal
antiserum to hCG in a variety of immunochemical assays,
including immunocytolabeling and Western analysis (1-3). Us-
ing a commercially available rabbit anti-hCG (pooled), we
were able to identify a gonococcal protein from whole-cell
lysates of approximately 13 kDa that reacted strongly with the
a-hCG serum, used at 10 pg of IgG ml~'. This interaction
appears to be specific since commercially available normal
rabbit serum (pooled), also used at 10 pg of IgG ml ', showed
no reaction with gonococcal proteins in this size range (Fig. 1).
This immunoreactive protein was found in both Inv* and Inv™
GC in apparently equivalents amounts.

To confirm the specificity of this antibody reaction, immu-
noprecipitation of whole-cell gonococcal lysates was per-
formed in the presence or absence of exogenous hCG. Accord-
ing to routine protocols, **S-labeled GC lysates of both Inv™*
and Inv- GC were made and precleared of nonspecific reac-
tions with rabbit immunoglobulins, followed by incubation with
a-hCG antibodies in the presence or the absence of hCG. The
gonococcal proteins precipitated with «-hCG antiserum were
separated by SDS-PAGE, transferred to nitrocellulose, and
analyzed by autoradiography and immunoblotting. The results
from Inv™ GC clearly showed that a 13-kDa protein was im-
munoprecipitated by a-hCG antiserum and that this reaction
was blocked by the addition of exogenous hCG (Fig. 2A). The
results from Inv- GC samples were not so clear in that the
addition of hCG did not block, though it did lessen, the im-
munoprecipitation of the 13-kDa hCG-like protein, as seen by
autoradiography (Fig. 2A, lanes 3 and 4). Western analysis of
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FIG. 2. Autoradiography (A) and immunoblot (B) analysis of *>S-labeled
gonococcal proteins from whole-cell lysates of either Inv™ GC (lanes 1 to 4) or
Inv" GC (lanes 5 to 8). Whole-cell gonococcal lysates were immunoprecipitated
with either normal rabbit serum (lanes 1, 2, 5, and 6) or rabbit a-hCG antiserum
(lanes 3, 4, 7, and 8) in the presence (lanes 2, 4, 6, and 8) or absence (lanes 1, 3,
5, and 7) of hCG. (A) Autoradiography of SDS-13% PAGE of the immunopre-
cipitates. (B) Immunoblot of the blot from panel A, probed with rabbit «-hCG
antiserum (1:1,000 dilution). The arrows denote the dye front of the gel. Immu-
noreactive material observed at the dye front in lanes 4 and 8 is from the hCG
preparation. These data show that the 13-kDa gonococcal protein, identified in
both Inv*" and Inv~ GC by the polyclonal rabbit a-hCG antiserum, is due to
reactivity with antibodies specific for hCG.

this autoradiographic blot shows that hCG is capable of spe-
cifically inhibiting the immunoprecipitation of the 13-kDa
gonococcal hCG-like protein (Fig. 2B, lanes 3 and 4).

Before continuing with extensive analysis of the gonococcal
hCGe-like protein, we wanted some indication that this protein
could be involved in gonococcal adherence and/or invasion. To
participate in gonococcus-host cell interactions, the hCG-like
molecule must be exposed on the surface of the GC. To ad-
dress this question, we tested the ability of fixed GC to adsorb
from the polyclonal a-hCG sera those antibodies that reacted
with the gonococcal hCG-like protein. GC that were fixed in
1% paraformaldehyde were able to remove all reactivity
against the 13-kDa protein (Fig. 3). In addition, antibody
eluted from fixed GC with 0.1 M glycine (pH 2.5) was capable
of reacting with the 13-kDa protein by immunoblot (data not
shown). This is strong evidence that the 13-kDa protein is truly
surface exposed since the GC were washed multiple times,
using low-speed centrifugation to avoid trapping soluble pro-
teins in the cell pellet prior to fixation. Various dilutions of the
adsorbed «a-hCG antiserum were tested in the immunoblot
analysis to control for any unaccounted dilution during the
adsorption process.

Purification and sequencing of the gonococcal hCG-like pro-
tein. Gonococcal proteins immunoprecipitated with a-hCG
antibodies were separated by SDS-PAGE (15%), transferred
onto PVDF membranes, and Coomassie blue stained, and the
appropriate band was submitted for N-terminal sequencing
(Micro Peptide Protein Sequencing Core Facility, University
of Rochester, Rochester, N.Y.). The identity of the hCG-like
gonococcal molecule was confirmed by N-terminal sequencing
of a 13-kDa protein from a blot of a two-dimensional gel
analysis of Inv™ GC whole-cell lysate that reacted with a-hCG
antiserum (data not shown). The 10 amino acids derived from
these sequence analyses (AITKEDILEA) were used to search
the N. gonorrhoeae genome (B. A. Roe, S. P. Lin, L. Song, X.
Yuan, S. Clifton, T. Ducey, L. Lewis, and D. W. Dyer, Gono-
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FIG. 3. Immunoblot analysis of whole-cell gonococcal lysate probed with
rabbit a-hCG antiserum (lanes 4 to 6) or a-hCG antiserum adsorbed with fixed
GC (lanes 1 to 3). Gonococcal proteins from a whole-cell lysate were separated
by SDS-15% PAGE. The gonococcal proteins were probed with various dilu-
tions of a-hCG antiserum adsorbed with paraformaldehyde-fixed GC (lane 1,
1:250; lane 2, 1:500; lane 3, 1:1,000) or nonadsorbed a-hCG antiserum (lane 4,
1:500; lane 5, 1:1,000; lane 6, 1:2,000). The ability of fixed GC to adsorb all
reactivity to the 13-kDa gonococcal protein implies that this protein is surface
exposed on intact GC.

coccal Genome Sequencing Project, http://www/genome.ou-
.edu/gono.html). The only high-probability match (E < 0.005)
was a perfect match with the 10-amino-acid search sequence
and identified an open reading frame (ORF) on contig 130
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(8/8/99). A comparison search of gene banks (5; National Cen-
ter for Biotechnology Information, http:/www.ncbi.nlm.nih
.gov/) found that this ORF has significant homology (>62%
identity, >75% similarity) to the ribosomal protein L7/L12
(RpIL) from many different prokaryotes (Fig. 4). The putative
gonococcal L7/L12 reading frame encodes a protein of 123
amino acids, with an expected mass of 12.5 kDa. This is in good
agreement with the apparent size of the hCG-like gonococcal
protein found by SDS-PAGE.

The identification of this gonococcal hCG-like protein as a
ribosomal protein raised a question concerning the location of
this protein in gonococci. The expression of most ribosomal
proteins is tightly regulated, with very little found outside the
ribosomal complex. To test whether gonococcal L7/L12 could
be found associated with the outer membrane, whole-cell
gonococcal lysates were carefully fractionated into soluble and
membrane proteins. Since the ribosomal complex can be pel-
leted by centrifugation at >100,000 X g, the membrane frac-
tion was prepared at a centrifugation force no greater than
30,000 X g, and the membrane pellet was carefully washed to
limit any contamination of the preparation with soluble pro-
teins. The membrane and soluble protein fractions were ana-
lyzed by immunoblot for the presence of the immunoreactive
13-kDa hCG-like protein (Fig. 5). The 13-kDa hCG-like gono-
coccal protein is readily apparent in all preparations. This
shows that gonococcal protein L7/L12 is present in significant
quantities at sites other than in the ribosome.

Since there is no animal model for gonococcal infection and
since L7/L12 is an essential gene, we measured the effects of
L12 in a well-characterized in vitro invasion system using
HeclB cells (15, 29, 58, 59). If L7/L12 is expressed on the
gonococcal surface and functions as an adhesin or invasin, then
the addition of exogenous L12 should competitively inhibit
gonococcal invasion.

Purified gonococcal L12 was prepared using the pGEX ex-
pression system. The recombinant gonococcal L12 was cleaved
from the GST fusion protein by thrombin and subjected to
SDS-PAGE analysis to assess purity and test for its immuno-
reactivity with a-hCG antiserum. The native rL12 is >95%

N. gonorrhoeae 1 MAITKEDILEAVGSLTVMELNDLVRAFEEKFGVSAAAVAVAGPAG--AGA
M. luteus 1 AN[ Q| | [ [+R++{ [+{ TP+ ]+ v ]G] =m——-
H. influenzae 1 |++|N|Q|+||+A|K||T{+V+|+A|M AVA|A| |A--G
H. pylori 1 [{+] | ++] [Y+] || +]+] [+++] | |M TPV ’A v||Ga
B. abortus 1  MADLAK|+({D+S+|||+|AA+|S|LL|| |+ P AA|--|AP
E. coli 1 |+ [+Q|+]| | |A+++] | ++V+|+S|M | -|||va||--PVE
N. gonorrhoeae 49 ADAEERTEFDVVLASAGDQKVGVIKVVRAITGLGLKEAKDIVDGAPKTIK
M. luteus 44 A‘ | A+|+K IIE] ++| |N| | |a+
H. influenzae 49 |A K|||AN||A|||Al|GA + +s‘ AN+
H. pylori 51 |++ +|+| |D+|A+|+K M E| AT+KT |HV+
B. abortus 48 |a DG|AN|+N| | |E| ||+ +i+]]{ls+
E. coli 48 |- +|K+| |AN| |A|||Aa]|GA [+[+s| |an+
Homology to N.go L7/L12(%)
N. gonorrhoeae 99 EGVSKAEAEDIQKQLEAAGARVEIK Identity Similarity
M. luteus 94 D|||+]|+a+]| |EV]||S]| |+ 69 82
H. influenzae 99 E|||A++|+||[E]]||+]]|+ 65 77
H. pylori 99 +||E T|+|+]| |EV + 64 80
B. abortus 98 S|[D|||R|+A|}{}] | 67 78
E. coli 96 D+ {a++|A| |E| | [+]| |+ 62 78

FIG. 4. Comparisons of the deduced amino acid sequences of L7/L12 from several bacterial species using the CLUSTAL W multiple sequence alignment algorithm
(62). Amino acids identical to those of the N. gonorrhoeae sequence are denoted by “I”, nonidentical but similar amino acids are denoted by “+”, and dashes represent

gaps.
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FIG. 5. SDS-PAGE and immunoblot analysis of soluble and membrane
gonococcal proteins. Duplicate samples of gonococcal proteins (5 pg/lane) were
separated by SDS-15% PAGE and stained with Coomassie blue (lanes 1 to 5) or
transferred to nitrocellulose and probed with rabbit a-hCG antiserum (lanes 6 to
10). Samples are gonococcal whole-cell lysate (lanes 1 and 6), Inv™ GC soluble
proteins (lanes 2 and 7) and membrane proteins (lanes 3 and 8), and Inv* GC
soluble proteins (lanes 4 and 9) and membrane proteins (lanes 5 and 10). The
13-kDa gonococcal protein recognized by rabbit a-hCG antiserum is found in
both the soluble and the membrane protein fractions from both Inv* and Inv™
GC. This shows that gonococcal L7/L12 is present in both membrane-associated
and ribosomal (soluble) locations and supports the previous finding that L7/L.12
is expressed on the gonococcal surface (Fig. 3).

pure and retains the ability to react with a-hCG antiserum in
a manner similar to that of the native protein (Fig. 6). In
addition, purified rL12, immobilized on nitrocellulose, was
able to adsorb all reactivity to the gonococcal 13-kDa protein
from the a-hCG antiserum (data not shown). These data sug-
gest that the recombinant gonococcal L12 is a suitable analog
for use in invasion competition studies.

Effects of rL12 on gonococcus-host cell interactions. Com-
petitive-invasion assays were performed in triplicate with both
Inv' and Inv~ GC in the presence of either buffer (no L12
control) or increasing concentrations of rL12. Invasion was
measured using gentamicin resistance assays and is presented
as a percentage (gentamicin-resistant CFU/input CFU). The
results are cumulative data from more than six experiments
using three different preparations of gonococcal L12 (Fig. 7).
We determined that Inv"™ GC invasion was inhibited at all
concentrations of rLL12 tested, while inhibition of Inv- GC
invasion was found at 2 to 20 nM concentrations of rL12 with
P < 0.005 (one-tailed Student’s ¢ test). However, the degree of
inhibition, while quite reproducible, was only to 70% of the
controls. Competitive-invasion assays using 1 to 2 uM concen-
trations of rL12 did not inhibit Inv- GC invasion and in some
cases actually increased invasion levels relative to Inv- GC
controls. No such changes were observed with Inv" GC.

To further investigate the effects of higher levels of rL12 on
Inv™ GC invasion, we preincubated Inv~ GC with micromolar
concentrations of rL12 for 30 min prior to their use in standard
invasion assays. The results are presented as a ratio to the
invasion level observed with PBS-pretreated Inv™ GC (Fig. 8).
These assays showed that micromolar concentrations of rL.12
greatly enhanced Inv™ GC invasion levels, with amounts ap-
proaching the invasiveness observed with Inv® GC (Fig. 8).
This is conclusive evidence of the potential for L12 to mediate
gonococcal invasion of human reproductive cells.

Preliminary studies on the effect of rL12 on gonococcal
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adherence to Hec1B cells, using the same parameters as in the
invasion assays, produced no statistically significant effects.
The results are similar in pattern to those observed in compet-
itive-invasion assays, in that nanomolar concentrations of rL.12
slightly decrease Inv~ GC adherence, by <10%, while micro-
molar concentrations slightly enhanced adherence, but again
only by a fraction of that observed by invasion (data not
shown). This indicates that the rL12 effects on invasion are not
due to overall changes in gonococcal adherence to target cells
and suggests that rL.12 inhibits gonococcal interactions with a
specific uptake mechanism. These results were not surprising
since GC have many potent adherence mechanisms, and block-
ing adherence to a low-density host cell receptor, such as LHr,
would be difficult to ascertain against such a high background.
These data parallel our previous findings in which minor in-
creases in Inv" GC adherence (2) resulted in a significantly
larger increase in invasion (five to ten times) compared to Inv ™~
GC (59).

DISCUSSION

Gonococcal invasion of human host cells is a multifactorial
process. Much work has been done regarding the roles of
lipo-oligosaccharide, opa, and pilin in gonococcal infection
using a variety of in vitro systems. However, since GC are
obligate human pathogens, the true in vivo role of these vari-
ous factors is difficult to ascertain. The human male volunteer
studies have allowed some evaluation of virulence factors cru-
cial for initial colonization and have confirmed the high degree
of antigenic and phase variation that occurs during gonococcal
infections (31, 57). However, appropriate ethical restraints
limit the testing of gonococcal factors related to the develop-

MW 1 2 3 4 5 6 7

FIG. 6. SDS-PAGE and immunoblot analysis of the purification of recom-
binant gonococcal L12 from E. coli BL21 transformed with pGCL12. The Coo-
massie blue stain of the SDS-PAGE shows: lane 1, whole-cell lysate before IPTG
induction; lane 2, whole-cell lysate following IPTG induction; lane 3, soluble
proteins following IPTG induction; lane 4, insoluble proteins following IPTG
induction; lane 5, nonadsorbed proteins from glutathione-affinity adsorption;
lane 6, recombinant gonococcal L12 following thrombin cleavage of GST-GC
L12 fusion protein adsorbed onto glutathione-beads. Lane 7 is an immunoblot of
a duplicate of lane 6, probed with rabbit a-hCG antiserum. The recombinant
gonococcal L12 preparation was judged to be >95% pure.
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FIG. 7. Effect of exogenous gonococcal rL12 on GC invasion of Hec1B cells.
Various amounts of rL.12 were added to HeclB cells simultaneously with Inv*
GC (black bars) or Inv™ GC (gray bars). Invasion is expressed as the percentage
of gentamicin-resistant CFU/input CFU. The results are averages of data from
triplicate wells from over six experiments. The inhibition of Inv* GC invasion
observed at all concentrations of rL12 and with Inv~ GC for rL12 concentrations
between 2 and 200 nM is significantly different from the no-rL12 controls (P =
0.005; one-tailed paired Student’s ¢ test). At 2,000 nM of rL12, the invasion level
of Inv™ GC is significantly enhanced over the no-rL12 controls (P < 0.001;
one-tailed paired Student’s ¢ test). The error bars denote the standard error of
the mean.

ment of invasive gonococcal disease, such as DGI and PID,
both of which occur disproportionately in women.

We have demonstrated two roles for LHr in gonococcal
invasion (59). This suggests that GC might make structural
homologues to hCG. Many bacteria are known to make hCG-
like molecules (1-3, 7, 27, 40, 54). These molecules were iden-
tified by immunological techniques using a variety of antibod-
ies, including those to the intact hCG heterodimer, to the
individual « and B chains, and to specific regions of the B chain
of hCG. Some microbes have also been found to produce
proteins that bind hCG. These microbial hCG-like receptors
are able to bind their cognate ligands with K, in the range of
107% to 107" M (12-14). In the case of Stenotrophomonas
maltophilia, this hCG-like ligand and receptor system is capa-
ble of regulating growth and cell morphology in a dose-depen-
dent manner (11). This implies that these bacterial hCG-like
homologues are functional and not simply a curious anomaly.
In addition, it has been reported that Candida albicans, a
human pathogen, uses its hCG-like molecule to regulate germ
tube formation, a known virulence factor (14). Thus, the exis-
tence of microbial hCG-like molecules and their function in
virulence has precedence.

Using a similar immunological approach, we identified a
gonococcal hCG-like molecule with a molecular mass of ap-
proximately 13-kDa (Fig. 1) from both Inv~ and Inv" GC. We
immunoprecipitated a 13-kDa gonococcal protein with rabbit
oa-hCG antiserum, and this immunoprecipitation could be in-
hibited by the addition of highly purified hCG (Fig. 2A). This
implies that the antibodies reacting with the 13-kDa gonococ-
cal protein are of high affinity and that the reaction is due to
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antibodies specific for hCG epitopes. While hCG was able to
inhibit the immunoprecipitation of the 13-kDa protein from
both Inv* and Inv~ GC, the degree of inhibition appeared to
be greater with Inv* (Fig. 2A, lanes 7 and 8) than with Inv~
GC whole-cell lysates (Fig. 2A, lanes 3 and 4). However, the
Inv™ protein immunoprecipitated in the presence of hCG did
not appear to react as strongly by Western blot analysis as the
autoradiographic data would imply (Fig. 2, lane 4).

A possible explanation for this observation is that Inv- GC
produce a protein of approximately 13 kDa that binds to hCG-
like molecules and was coprecipitated with hCG. Since it was
not immunoprecipitated due to its reaction with antibodies, it
would not react with a-hCG by Western analysis. In addition,
the binding of a gonococcal protein to hCG could limit the
ability of hCG to bind antibody. If the antisera was not satu-
rated with hCG, it would be available to immunoprecipitate
some of the 13-kDa gonococcal hCG-like protein, giving rise to
the significantly different level of reaction observed in Fig. 2B,
lanes 4 and 8.

The identification of the 13-kDa gonococcal protein that
reacts strongly with a-hCG antiserum as the ribosomal protein
L7/1L12 is very convincing. Comparison of the N-terminal se-
quence of the gonococcal hCG-like protein isolated by immu-
noprecipitation and from two-dimensional gel analysis with N.
gonorrhoeae genome sequence data (Roe et al., Gonococcal
Genome Sequencing Project) by tBLASTp (4) demonstrated
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FIG. 8. Effect of gonococcal rL12 pretreatment on GC invasion of HeclB
cells. Various amounts of rL12 were added to Inv™ GC (gray bars) for 30 min
prior to their use in the gentamicin-resistant invasion assay. Invasion is expressed
as the ratio to the Inv~ GC pretreated with PBS alone. The results are averages
of data from triplicate wells. Highly significant increases in invasion were ob-
served for all concentrations of rL12 of =2 uM. Inv* GC invasion ratios from the
same experiments are also shown (black bars). The error bars denote the stan-
dard error of the mean.
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only one match, which had 100% identity. The predicted
amino acid sequence of the identified ORF found significant
homology to other known bacterial L7/L12. In addition, the
sequence immediately upstream of the putative gonococcal
L7/L12 gene has homology to the ribosomal protein L10
(RplJ), while the downstream sequence has homology to the
beta subunit of DNA-directed RNA polymerase (RpoB), a
genetic organization that is found in other prokaryotes (48, 52,
71). While the identification of this protein as the gonococcal
L7/112 is relatively straightforward, the putative role of this
molecule as a virulence factor on the surface of GC is more
problematic, especially with regard to the tight regulation of
expression observed with most ribosomal proteins.

The rplL gene directs the formation of a protein core which
is identified as L12. This protein can also undergo an acetyla-
tion, whose product is called L7. These two ribosomal proteins
are unique in several ways, including their acidic nature and
their 4:1 ratio within the ribosomal complex. The regulation of
L7/L12 expression is partially controlled at the level of trans-
lation by attenuation. While this operon is attenuated by L10
alone in vitro, it has been shown that the L10-L7/L12 complex
is needed to inhibit translation in vitro. The need for the
L10-L7/L12 complex to inhibit translation suggests that a pro-
tein which binds L7/L12 with a greater affinity that L10 might
disrupt translational control by attenuation.

In addition, it has been reported that a significant amount of
L7/LL12 exists in a nonribosomal pool in E. coli (44, 45). The
nonribosomal L7/L12 molecules shared identical amino acid
composition and electrophoretic characteristics and were im-
munologically identical to ribosomal L7/L12 (45). However,
these nonribosomal L7/L.12 molecules were not able to interact
with protein-stripped ribosomes, showed different gel filtration
elutions, and presented a different trypsin peptide map than
that observed with ribosomal L7/L12. The authors of these
studies did not determine a function for this nonribosomal
pool but postulate that the differences might be due to modi-
fication of nonribosomal L7/L12 to inactivate excess L7/L12 or
to convert it into a form with other biological activities (44, 45).
If these processes occur in V. gonorrhoeae, it could serve as the
source of L7/L12 for surface expression.

The proposed model of LHr-mediated gonococcal invasion
requires that both the “LHr sensor” and the contact-induced
adhesin must be surface expressed to interact with LHr on host
target cells. Thus, prior to the identification of L7/L12 as a
gonococcal hCG-like protein, studies were done to confirm the
surface-exposed nature of this 13-kDa protein that reacted
with a-hCG antiserum. We showed that fixed GC can com-
pletely remove the antiserum reactivity to the 13-kDa protein
(Fig. 3). Following the identification of this 13-kDa protein as
L7/L12, these experiments were repeated, with extensive wash-
ing of GC prior to fixation to ensure removal of proteins that
might be nonspecifically adsorbed onto the gonococcal surface
during growth. In addition, both Inv™ and Inv* GC were tested
for their ability to adsorb the reactivity to L7/L12. Both phe-
notypes were capable of removing the anti-L7/L12 activity, and
antibody with L7/L12 reactivity could be eluted from these
fixed GC.

This ability of intact GC to adsorb anti-hCG antibodies is
consistent with previous studies on prokaryote hCG-like mol-
ecules which used immunocytochemical protocols to demon-
strate production of hCG-like material on the surface of bac-
teria (1-3). In addition, studies have determined that this
hCG-like material was associated with the bacterial mem-
branes as well as in the soluble protein fraction (19). While it
is difficult to obtain adequate amounts of Inv"™ GC for cell
fractionation studies, we were able to separate Inv* and Inv™
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GC proteins into soluble and membrane fractions. Care was
taken to ensure that contamination of the membrane fraction
with ribosomes was minimized by using a relatively low-speed
spin (30,000 X g) to avoid the pelleting of the ribosomal com-
plexes and washing the membrane pellet prior to dissolving the
proteins in 1% SDS for electrophoresis and immunoblotting.
The results (Fig. 5) demonstrate that the 13-kDa, a-hCG-
reactive gonococcal protein was found in the soluble (lanes 2
and 4) and membrane (lanes 3 and 5) fractions from both Inv™
and Inv™ GC and that the reactive 13-kDa band in the mem-
brane fraction was comparable to that observed in a whole-cell
gonococcal lysate (lane 1). Taken together, these data from
antibody adsorption and cell fractionation studies are strong
evidence that the L7/L12 protein is surface exposed in N.
gonorrhoeae.

The final test of L7/L12 surface exposure and functionality
was to determine the effect of rL.12 on gonococcal invasion.
Preincubation of Inv™ GC with micromolar concentrations of
rL12 greatly increased invasion of HeclB cells, to the levels
observed with Inv* GC (Fig. 8). This clearly demonstrated the
ability of L12 to serve as an invasin for Hec1B cells. If L7/L.12
is not naturally present as a functional invasin on the gonococ-
cal surface, it is very unlikely that the addition of exogenous
L12 would have any inhibitory effect on GC-host cell interac-
tions. In competitive-invasion assays we showed that nanomo-
lar concentrations of L7/L12 decreased the gonococcal inva-
sion of both Inv* and Inv™ GC in a statistically significant
manner (P < 0.005; one-tailed paired Student’s ¢ test) (Fig. 7).
The ability of such a low concentration of L12 to significantly
affect invasion implies a physiologically relevant function for
L12 in this process. However, invasion was only suppressed to
approximately 70% of the level of controls.

We believe that the most likely explanation for these obser-
vations is that L12 interacts with both HeclB via LHr and a
gonococcal surface feature, with different affinities, and that
the invasion outcome depends on L12 concentration. At low
concentrations, rL.12 interaction with LHr inhibits binding by
the LHr sensor, blocking any low level of conversion to Inv*
status. At higher concentrations, we propose that the binding
of rL12 to the gonococcal surface is enhanced, as seen by the
ability of rL12 pretreatment to significantly increase gonococ-
cal invasion in a dose-dependent manner. Once the amount of
rL12 on the gonococcal surface reaches a critical density, its
relative affinity overcomes the inhibition posed by the soluble
rL12, and uptake occurs. Whether this difference in apparent
affinities is due to the multimeric presentation of rL.12 on the
gonococcal surface or to conformational differences of the
membrane-associated rL.12 compared to the soluble form is
unknown at this time. It is known that L12 readily forms dimers
and tetramers and is a relatively flexible protein with an iden-
tified hinge region. It is feasible that rLL12 binds to Inv™ GC by
way of its native surface-exposed L7/L12.

Another strong possibility is that surface-exposed L7/L12
protein is chemically modified in vivo, which enhances its af-
finity to LHr compared to the nonmodified recombinant pro-
tein. We believe this is the reason for the limited effect of rL12
on Inv*® GC invasion. The L7/L12 molecule is known to un-
dergo multiple types of chemical modifications, including acet-
ylation at the N terminus to generate L7, phosphorylation (31),
and acylation. In Brucella abortus, the acylated L12 is the es-
sential epitope for the delayed-type hypersensitivity response
to the Brucella vaccine (6). This modification is especially in-
teresting with regard to its potential to enhance L7/L12 asso-
ciation with membranes.

We have demonstrated that the conversion from Inv™ to
Inv*' involves the expression of a novel adhesin (59). It is
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feasible that this new adhesin is generated by chemical modi-
fication of a preexisting Inv- GC protein, the surface-ex-
pressed L12, and that this modification enhances the affinity of
the Inv' adhesin for LHr. We believe that only the Inv*
adhesin is capable of triggering receptor activation. This
would, in many ways, parallel what is known of LHr interac-
tions with its cognate ligands (reviewed in reference 55). It has
been shown that receptor occupation alone is insufficient for
activation, since deglycosylated hCG binds to LHr with high
affinity and yet is incapable of receptor activation (53, 69). It
would be intriguing to find that gonococcal L7/L12, in an
unmodified form, binds to LHr but only activates the receptor
if it is modified by glycosylation.

The remaining question is how does L7/L12 get to the gono-
coccal surface? The gonococcus is autolytic, as seen in many
naturally competent bacteria. Autolysis has been described as
a gonococcal virulence feature, one used as a means of gener-
ating the vast diversity of pilin types expressed in vivo (34, 56).
Thus, it is possible that L7/L12 is adsorbed from lysed neigh-
bors. A similar process, called altruistic autolysis, has been
proposed for Helicobacter pylori to explain the surface local-
ization of the cytoplasmic proteins urease and HspB (21). In
Streptococcus pneumoniae, autolysis is the proposed mecha-
nism by which the cytoplasmic toxin, pneumolysin (32), is re-
leased in vivo (37, 50). In addition, insertionally inactivated
autolysin mutants have reduced virulence in animal models of
pneumococcal disease (8). We have shown that GC have con-
tact-induced behavior that enhances invasion of target cells,
which has similarities to the behavior of pathogens that express
the contact-induced type III secretion system. While protein
sequence comparisons to the gonococcal genome have re-
vealed few homologues to any of the type III proteins involved
in the secretory apparatus, and only to PilQ, which has a role
in pili expression, it is still possible that neisseria contains
relatively unique proteins that serve the same function. It is
also possible that an hCG-like binding protein may bind to the
hCG-like determinants on L7/L12 and direct the expression of
L7/L12 to the bacterial surface. The finding of nominally in-
tracellular proteins that serve as surface-exposed virulence fac-
tors could aid in the elucidation of these different processes in
N. gonorrhoeae. Understanding this process may allow devel-
opment of therapies that block the conversion of GC to the
enhanced invasion phenotype.

In summary, we have demonstrated that the gonococcal
L7/L12 protein has immunologic similarities to hCG. This pro-
tein is surface exposed on GC, so it is available to interact with
LHr-expressing cells, as found in the reproductive tract of
women. We have purified recombinant gonococcal L12 and
shown that preincubation of Inv- GC with micromolar con-
centrations resulted in their phenotypic conversion to Inv*
GC. This proved the potential of L12 to serve as an invasin. In
addition, we showed that both Inv" and Inv~ gonococcal in-
vasion of human endometrial cells can be inhibited to a statis-
tically significant degree by nanomolar concentrations of re-
combinant gonococcal L12. This ability of hormone-like
concentrations to influence invasion of HeclB cells suggests
this protein has a physiologically relevant role in this process.
These findings may help in the understanding of basic viru-
lence processes in N. gonorrhoeae, with special regard to the
development of DGI and PID in women.

We are currently investigating the nature of surface-ex-
pressed L12, with special regard to possible chemical modifi-
cation. We are also determining what other gonococcal pro-
teins are associated with L12, which associations are involved
in surface expression, and whether Inv* and Inv~ GC differ in
these associations.
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