& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Paola Massari,
Tufts University, United States

REVIEWED BY
Trevor F Moraes,

University of Toronto, Canada

Karsten R.O. Hazlett,

Albany Medical College, United States
Jeremy Derrick,

The University of Manchester,

United Kingdom

*CORRESPONDENCE
Myron Christodoulides
mc4@soton.ac.uk

TPRESENT ADDRESS

David W. Cleary,

Institute of Microbiology and Infection,
College of Medical and Dental Sciences,
University of Birmingham, Birmingham,
United Kingdom

RECEIVED 15 June 2023
AcCePTED 09 August 2023
PUBLISHED 07 September 2023

CITATION

Dijokaite-Guraliuc A, Humbert MV, Skipp P,

Cleary DW, Heckels JE and
Christodoulides M (2023) An
immunoproteomics study of antisera from
patients with gonorrhea identifies novel
Neisseria gonorrhoeae proteins.

Front. Bacteriol. 2:1240807.

doi: 10.3389/fbrio.2023.1240807

COPYRIGHT
© 2023 Dijokaite-Guraliuc, Humbert, Skipp,
Cleary, Heckels and Christodoulides. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Bacteriology

TvpPE Original Research
PUBLISHED 07 September 2023
Dol 10.3389/fbrio.2023.1240807

An immunoproteomics study of
antisera from patients with
gonorrhea identifies novel
Neisseria gonorrhoeae proteins

Aiste Dijokaite-Guraliuc', Maria Victoria Humbert®, Paul Skipp?,
David W. Cleary**', John E. Heckels*
and Myron Christodoulides™

!Molecular Microbiology, School of Clinical and Experimental Sciences, University of Southampton
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Background: Neisseria gonorrhoeae (gonococcus) is the causative agent of the
sexually transmitted disease gonorrhea, for which no vaccines exist. Efforts are
being made to identify potential vaccine protein antigens, and in this study, an
immunoproteomics approach was used to identify protein signatures in
gonococci that were recognized by sera from patients with gonorrhea.

Methods: Sera from patients with uncomplicated gonorrhea and from controls
were reacted on Western blot with gonococcal whole-cell lysate separated by
2D electrophoresis. Reactive bands were excised and digested, and peptides
were analyzed by mass spectrometry to identify protein hits. Proteins were
analyzed with in-silico bioinformatics tools (PSORTb v3.0, CELLO, SOSUI-
GramN, LipoP 1.0, SignalP 5.0, TMHMM 2.0, eggNOG-mapper 5.0) to select for
surface-exposed/outer membrane proteins (OMPs) and exclude cytoplasmic
proteins and most periplasmic proteins. Sera were tested for bactericidal activity
against homologous and heterologous gonococcal strains.

Results: Patient sera reacted with 180 proteome bands, and 18 of these bands
showed >2-fold increased reactivity compared with sera from individuals (n = 5)
with no history of gonococcal infection. Mass spectrometry produced peptide
signatures for 1,107 proteins, and after bioinformatics analyses, a final collection
of 33 proteins was produced that contained 24 OMPs/extracellular proteins
never previously studied to our knowledge, 6 proteins with homologs in
Neisseria meningitidis that can generate functional immune responses, and 3
unknown proteins. The sera showed little or no significant bactericidal activity,
which may be related to the immunoproteomic identification of contraindicated
proteins Rmp and H.8 that can generate blocking antibodies.

Conclusion: Studies on the vaccine potential of these newly identified proteins
deserve consideration.
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1 Introduction

Neisseria gonorrhoeae (Ng, gonococcus) is the causative agent of
the sexually transmitted disease gonorrhea. There are no effective
vaccines for preventing gonococcal infection, and several key
indicators justify the need for research in this area. Worldwide,
there are ~87 million cases of gonococcal infection reported
annually by the World Health Organization (Rowley et al., 2019),
with the majority in the least developed/low-to-middle income
countries. However, this number is probably an underestimate
due to unreported asymptomatic infection. Gonococci infect the
mucosal epithelium of the genitourinary tract; in men, infection of
the urethra causes urethritis and painful discharge, and in women,
localized infection of the endo/ectocervix leads to a mucopurulent
cervicitis. However, in approximately 10%-25% of untreated
women, the bacteria can ascend into the upper reproductive tract.
The host response to this ascending infection can manifest as the
clinical syndrome of pelvic inflammatory disease (PID), which can
leave patients with long-term and/or permanent sequelae such as
chronic pelvic pain, fallopian tube damage (salpingitis),
endometritis, ectopic pregnancy, and infertility. These outcomes
impact significantly on the health of women worldwide. There is
also a risk of co-infection with other sexually transmitted disease
pathogens, e.g., human immunodeficiency virus, Treponema
pallidum, and Chlamydia. Antibiotics have successfully treated
patients with gonorrhea since the 1940s, but gonococci have
developed resistance to every single class of antibiotic used.
Today, multi-antibiotic-resistant bacteria are circulating and
compromising treatment, making paramount the need for other
control measures such as effective vaccines (Jerse and Deal, 2013;
Wetzler et al., 2016).

The incubation period for gonococcal infection is unclear but
may be between ~1 and 8 days before symptoms appear. The
comprehensive review from Lovett and Duncan (2018) summarizes
the natural life cycle of gonococcal infection and estimates that up
to ~33% of exposed individuals do not develop infection.
Gonococcal infection can be symptomatic or asymptomatic, with
the former persisting for at least 14 days and can be up to 1 year and
the latter persisting for as long as 165 days but often eventually
progressing to symptomatic presentations. What is known is that
gonococci can be spontaneously cleared in up to 25% of infected
individuals, but the mechanisms are unknown. The gonococcus
displays extensive antigenic and phase variation and clearly can
manipulate the human immune response (Russell et al., 2019
Walker et al., 2023). The hallmarks of uncomplicated,
symptomatic purulent urethritis and endo/ectocervicitis are a
robust inflammatory response, characterized by the influx of
neutrophils, and the production of inflammatory cytokines. In
addition to this cell-mediated inflammatory response, there are
many reports of serum and genital tract antibody production during
uncomplicated gonorrhea and that some antibodies recognizing
gonococcal surface antigens can kill bacteria via a complement-
dependent mechanism or through opsonophagocytosis. However,
antibody responses during uncomplicated gonorrhea, i.e., following
infection of the lower urogenital tract, rectum, or pharynx, are
generally considered weak and of short duration, and there is no
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induction of protective immunity based on memory. Thus,
individuals can suffer from repeat infections, and the gonococcus
employs several mechanisms to inhibit the development of B- and
T-cell immunity (Walker et al, 2023), including molecular
mimicry, Ig proteolytic cleavage, immune avoidance through
inhibition of bactericidal antibody function, LOS sialylation,
manipulation of apoptosis, and reprogramming of neutrophil and
macrophage functions. However, the picture is more complex, and
adaptive immune responses appear to vary according to the severity
of gonococcal infection. For example, women with PID syndromes
or individuals with systemic infection(s) (Humbert and
Christodoulides, 2019) have increased antibody production and
antibody-dependent complement-mediated serum bactericidal
activity, and memory is induced (Kasper et al., 1977; Buchanan
et al, 1980; Hook et al, 1984). The adaptive immune response
therefore appears to be greater when gonococci penetrate deeper
tissues resulting in more severe disease.

Thus, gonococci can manipulate the host and avoid the immune
response during its infection life cycle, and in-depth details can be
found in the comprehensive review from Walker et al. (2023). There
is an increasing body of data from mouse studies showing that
gonococci suppress adaptive Thl and Th2 immune responses and
induce Th17 innate immune responses that the bacterium is
subsequently able to resist (Russell et al., 2019). In the complex
cytokine milieu produced by gonococcal infection, Th17-associated
cytokines such as IL-17 and IL-22 are produced, but not cytokines
such as IFN-y or IL-4 that are associated with Th1 or Th2 immune
responses (Song et al., 2008; Feinen et al., 2010). TGF- was found
to be important for inducing the Th17 response and for suppressing
adaptive immunity (Liu et al., 2011), and the addition of anti-TGF-
B antibodies enabled the production of anti-gonococcal antibodies
and Th1/Th2 cells secreting IFN-y and IL-4 and the clearance of
infection in the mouse and immunological memory. Similarly,
inhibiting IL-10, which normally suppresses adaptive immunity,
contributes to the development of protective antibody responses.
Thus, there is a potential strategy to overcome the gonococcus’
ability to limit innate and adaptive immune responses by
developing a vaccine containing protective surface-exposed
antigens administered with anti-cytokine antibodies (Russell
et al,, 2019).

Gonococcal vaccines that have entered clinical trials have all
largely failed (Rice et al., 2017). A killed whole-cell vaccine gave no
evidence of protection in a controlled experiment in a population of
Inuit with high incidence and prevalence of gonococcal infection in
Northern Canada (Greenberg, 1975). A purified single-antigen
pilus-based vaccine did protect human volunteers (rate ~50%)
from experimental urethral infection with the homologous strain
(Brinton et al., 1982) but showed no protection against a
heterologous strain expressing antigenically variant pili (Tramont
and Boslego, 1985) or in a large-scale vaccination field trial in high-
risk US military personnel stationed in Korea (Boslego et al., 1991).
In the 1970s, a trial of outer membrane protein (OMP) PorB
(previous nomenclature protein I or PI) isolated from the
gonococcus [but contaminated with lipooligosaccharide (LOS),
Rmp (previous nomenclature protein IIT or PIII), and Opa
(previous nomenclature protein II or PII) proteins] found that
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immunity against PorB, LOS, and Opa “transpired theoretically to
predict protection from infection,” whereas Rmp was “subversive
for PorB immunogenicity in humans and enhanced the probability
of infection” (Gulati et al., 2016). Since these failed trials,
fundamental research has attempted to identify putative vaccine
candidates from microbiological-biochemical studies of the
gonococcus and using technologies that exploit whole genome(s)
information, e.g., proteomics, bioinformatics, and transcriptomics
(Baarda and Sikora, 2015; Mcclure et al., 2015; Zielke et al., 2016;
Almonacid-Mendoza et al., 2018; Balzano et al., 2018; El-Rami et al.,
2019; Gulati et al,, 2019). None of these newly identified candidates
has progressed yet to the phase I human challenge model, and
vaccine development is complicated by the lack of known correlates
of protection for N. gonorrhoeae.

Identifying proteins that can induce antibodies with
complement-dependent bactericidal and/or opsonic activity
against gonococci is still one major goal for advancing progress in
gonococcal vaccinology, and the ability of antigens to induce
functional antibodies is potentially important for protection
against infection and perhaps a surrogate for vaccine efficacy
(Rice et al,, 2017). In the early 1980s, a study of patients
presenting at a hospital in the South of England with symptoms
of acute gonorrhea or as sexual contacts of an index case was
reported by Heckels and colleagues (Zak et al., 1984). This study
described the properties (i.e., auxotype, serovar; PorB, Opa, and
Pilin Mr) of 25 gonococcal isolates from different sites in seven
groups of sexual partners. To detect antibodies to gonococcal
surface proteins, serum from each patient was tested against the
homologous surface-labeled gonococcal isolate, and all sera were
tested against a heterologous surface-labeled strain P9, in a
radioimmunoprecipitation assay followed by one-dimensional
(1ID) SDS-PAGE. This protocol identified antibodies in all of the
serum samples to a variety of gonococcal surface proteins and
structures, including pili, PorB, and Opa, unknown proteins of
molecular weight (Mr) ~28-31 kDa, and a common unknown
surface protein of 43 kDa (Zak et al., 1984).

For the current study, we applied an immunoproteomics and
bioinformatics approach to test several of the sera from the original
Heckels et al. study, against the heterologous strain P9 to try and
identify additional putative cross-reactive vaccine candidates. Our
focus was on identifying principally proteins that had some element
of “surface exposure,” whether in the outer membrane (OM),
secreted and/or proteins with extracellular domains, the rationale
being that all could potentially be under immune surveillance as a
consequence of presenting biological functions that are important
for the gonococcal life cycle, e.g., as adhesins/invasins, pumps,
porins, and autotransporters. Such proteins could potentially be
targeted by Thl and Th2 adaptive immune responses and thus be
developed into vaccine candidates capable of overcoming
gonococcal immunosuppression. The surface of the gonococcus,
like most Gram-negative bacteria (Sun et al.,, 2022), is composed of
an OM containing an abundance of OM proteins (OMPs) that are
structurally transmembrane B-barrels with surface-exposed loops/
domains, as well as lipoproteins (Hooda et al., 2017b) and LOS. In
the current study, we used a range of bioinformatics tools to assess
the potential localization of proteins that were recognized by
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immune sera, to identify lipoproteins, and to determine other
properties such as the presence of signal peptides and
transmembrane domains. In addition, the study also served to
demonstrate serum reactivity with many other candidate proteins
that have been identified by other technologies.

2 Materials and methods
2.1 Bacteria and growth conditions

Neisseria gonorrhoeae strain P9-17, a 1B-26 serovar isolate (ND:
P1.18-10,43: F1-26: ST-1926, Pil" Opay,"), was originally isolated
from a patient with gonococcal prostatitis (Ward et al., 1970). P9-17
is our reference laboratory strain, which we have used extensively in
studies of gonococcal pathogenesis and for vaccine development.
The strains isolated from patients with gonorrhea are shown in
Table 1. Gonococci were grown on supplemented GC agar plates
(Zak et al., 1984) incubated at 37°C in an atmosphere containing 5%
(v/v) CO,. Bacteria were also grown in the presence of
deferoxamine mesylate salt (Desferal, Merck Gillingham, United
Kingdom) to deplete iron and promote the expression of proteins
involved in iron uptake. Briefly, an overnight culture of bacteria was
used to inoculate 10 mL of supplemented GC broth without ferric
nitrate; the bacterial mixture was adjusted to an optical density
(OD) of 0.1 at A595 nm and incubated at 37°C with shaking (200
rpm) for 2 h or until OD had doubled. Iron stress was initiated by
adding Desferal to a final concentration of 50 uM followed by
incubation for a further 4 h (Cornelissen, 2019). Bacteria were also
grown in normal supplemented GC broth (with ferric nitrate) and
without Desferal.

2.2 Preparation of gonococcal whole-cell
lysates and outer membranes

To prepare whole-cell lysates, bacteria grown in broth were
centrifuged at 3,400xg for 5 min at 4°C, and the cell pellet was
suspended in 500 pL of PBS and sonicated with an MSE Soniprep
150 (5 cycles of 20 s on and 20 s off). OMs were prepared by
extraction in 0.2 M of lithium acetate, pH 5.8 buffer with stirring
with glass beads for mechanical disruption, as described previously
(Heckels, 1977; Williams et al., 2007). The protein content of lysates
and OM preparations was estimated with a bicinchoninic acid
(BCA) assay, and both preparations were stored at —20°C
until required.

2.3 Human sera

Archival human serum samples were available for
immunoproteomics from a study of antigenic variation during
infection with N. gonorrhoeae, published in 1984 by Heckels and
colleagues (Zak et al., 1984). In this study, all patients presented at a
hospital in the South of England, during 1980-1982, with
symptoms of acute gonorrhea or they were sexual contacts of an

frontiersin.org


https://doi.org/10.3389/fbrio.2023.1240807
https://www.frontiersin.org/journals/bacteriology
https://www.frontiersin.org

Dijokaite-Guraliuc et al.

index case. Samples taken with a cotton wool swab from the urethra
of men and from the cervix and urethra of women were inoculated
onto agar to culture gonococci, and a blood sample was taken at the
same time and stored at —70°C. In addition to the published 25
gonococcal isolates and the sera collected from the different sites in
the seven groups of sexual partners, another 26 gonococcal isolates
and sera were collected from an additional 11 groups of sexual
partners that had attended the same clinic. A further 10 isolates and
serum samples were collected from 8 men with urethritis and from
2 women with cervicitis, who did not belong to a group. These
samples were not analyzed by radioimmunoprecipitation assay. In
total, 61 gonococcal isolates from the time of the study were
collected and stored. From the original study, 4 serum samples
were available from the published 7 groups of sexual partners (Zak
et al, 1984), 6 serum samples were available from among the
additional 11 groups of sexual partners, and a serum sample was
available from each of the 10 individual patients. Thus, there were
20 individual serum samples available for immunoproteomics
analysis along with the homologous gonococcal isolate (Table 1).
Sera (n = 5) were also collected at the same time from laboratory
staff with no known history of gonococcal infection, to act as non-
infection controls.

TABLE 1 Serum samples and Neisseria gonorrhoeae isolates available for
this study.

Serum Sex Laboratory gonococcal isolate
sample no. designation

1 M SU72

2 F SU73C

3 F SU63

4 F SU8IC

5 F SU82C

6 M SU50

7 M SU98

8 F SU8SC

9 M SU93

10 F SU87C

11 F SU119C

12 M SU96

13 M SU103

14 F SU118C and SU118U
15 M SU120

16 M SU107

17 M su121*

18 M SU95

19 M SU99

20 M SU84

F, female; M, male; C, cervix; U, urethral.
“Sensitive to human complement.
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2.4 Two-dimensional electrophoresis

Proteins were separated according to their isoelectric pH in the
first dimension and then by their molecular weight in the second
dimension. Whole-cell lysates prepared from N. gonorrhoeae P9-17
grown with and without Desferal were separated using an Agilent
3100 isoelectric focusing (IEF) system and Agilent 3100 OFFGEL
Fractionator kit, following the manufacturer’s instructions.
Preliminary experiments showed that a concentration of 1 mg/mL
of lysate was optimal for electrophoresis and Western blotting
reactivity with human sera (data not shown). The system has a
liquid phase recovery of proteins (Horth et al., 2006). Briefly, for
IEF, proteins were focused on 24-cm-long, pH 3-10 immobilized
pH gradient (IPG) strips (GE Healthcare, Hatfield, United
Kingdom). Strips were placed with the gel side up into the tray,
and a frame with 24 fraction wells was inserted into the tray, above
the IPG strip, and pressed down gently without disrupting the gel.
Each fraction has a predicted pH value increasing from fraction 1
(3.35-3.61) to fraction 24 (9.39-9.65) (Horth et al., 2006). After
securing the tray, 40 uL of rehydration solution [protein OFFGEL
stock solution (1.25x) diluted with dH,O] was pipetted into each
well of the frame to hydrate and swell the gel. Electrode pads were
wetted with a rehydration solution, and two of them were stuck
together and put on both sides of the IPG strip, assuring that the
wetted electrode pads were touching the frame. The pads were
replaced every 24 h during the fractionation. The rehydration
solution was left for 15 min to swell the IPG gel, and 150 pL of
OFFGEL protein sample solution was pipetted into each well of the
frame. The tray was placed on the instrument platform, and cover
fluid (GE Healthcare) was applied onto the IPG strip ends,
following the manufacturer’s instructions. Electrodes were
attached to the tray and the “OG24PRO1” program, suitable for
24-cm-long strips, was used.

For electrophoresis of IEF fractions, hand-cast gels were made
using 12% (w/v) acrylamide, Mini-PROTEAN® Tetra Hand Cast
System (Bio-Rad, Watford, United kingdom), and 15 well combs.
The gels were loaded with PageRuler (Thermo Scientific' ",
Abingdon, United Kingdom, 5 uL/well) molecular weight ladder,
followed by collected fractions 1 to 12 or 13 to 24 in duplicate from
the Agilent 3100 OFFGEL fractionator system. Gel electrophoresis
was done at 200 V for 50-60 min or until the 10-kDa mark of the
ladder reached the bottom of the Tetra Cell buffer tank (Bio-Rad).
Each experiment to test a single serum sample required four gels:
two gels with fractions 1 to 24 were used for immunoblotting, and
two gels with fractions 1 to 24 were stained with colloidal blue
staining kit (InvitrogenTM Paisley, Scotland, United Kingdom)
following the manufacturer’s instructions.

2.5 Western immunoblotting of 2D gels

Proteins were transferred from two gels to nitrocellulose
membranes as described previously (Christodoulides et al., 1998).
The membranes were blocked with 5% (w/v) non-fat dried milk in
Tris-buffered saline containing 0.05% (v/v) Tween-20 (TTBS) and
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reacted with each serum at a 1/200 dilution and overnight at 4°C,
conditions determined from pilot experiments with 1D SDS-PAGE
and Western blotting using different antibody concentrations,
incubation times, and temperatures. After incubation with
primary sera, membranes were washed three times for 5 min with
TTBS and reacted with goat anti-human 1gG (H+L)-AP conjugate
(Bio-Rad) at a 1/3,000 dilution for 1 h at RT. Bands were visualized
with 4-bromo-3-chloro-3-indoyl phosphate (BCIP) and nitro blue
tetrazolium (NBT).

The levels of reactivity were scored by densitometry readings as
positive (+) through to strongly positive (+++). Western blots were
done in duplicate for each serum, and the scores are the average of
the two measurements of densitometry.

2.6 Sample preparation for mass
spectrometry analysis

Bands were excised from SDS-PAGE gels that were stained with
MS-appropriate colloidal blue, and gel pieces were processed using
an in-gel digestion protocol (Shevchenko et al., 2006). Gels were
washed with Milli-Q water, and bands of interest were cut with a
clean scalpel blade and transferred into 1.5 mL size microcentrifuge
tubes containing 150 pL of Milli-Q water. Each gel piece was mixed
with 500 pL of acetonitrile (Merck), incubated at RT for 10 min, and
centrifuged briefly, and the liquid was removed. Dithiothreitol
solution (50 uL) was added to completely cover the gel pieces,
and tubes were incubated on a Dri-Block heater (Techne, St Neots,
United Kingdom) at 56°C for 30 min. Next, acetonitrile (500 uL)
was added with incubation at RT for 10 min. Samples were
centrifuged at 12,000xg for 1 min, the supernatant was removed,
and iodoacetamide solution (50 uL) was added, with incubation in
the dark at RT for 20 min. After incubation, ammonium
bicarbonate (100 mM, 300 pL) was added to each sample, with
incubation and occasional mixing at RT for 30 min. Acetonitrile
(500 pL) was added to each sample, with incubation and occasional
mixing at RT until gel pieces became white and shrunk. All liquid
was removed by gentle centrifugation.

Digestion of gel pieces was done with trypsin; briefly, dry gel
pieces were mixed with 50 pL of trypsin buffer [10 mM of
ammonium bicarbonate containing 10% (v/v) acetonitrile] and
left at 4°C for 90 min, followed by the addition of ammonium
bicarbonate (20 pL/sample) and overnight incubation at 37°C. For
peptide extraction after overnight digestion, 15 uL of 25 mM
ammonium bicarbonate was added to each sample followed by
incubation at 37°C for 30 min. Gel pieces were centrifuged at
13,000xg for 1 min, and supernatants were collected into fresh
microcentrifuge tubes. Then, dry gel pieces were mixed with 100 pL
of extraction buffer (formic acid/acetonitrile, 1:2 ratio) and
incubated at 37°C for 15 min with shaking. After incubation, gel
pieces with extraction buffer were pooled with the corresponding
supernatants from microcentrifuge tubes and centrifuged at
13,000xg for 3 min. Supernatants were collected into fresh
Eppendorf tubes and lyophilized at 45°C until no liquid remained
in the tubes and then stored at 4°C for mass spectrometry
(MS) analysis.
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Nanocapillary liquid chromatography-tandem mass
spectrometry (GeLC-MS/MS) was used to catalog peptides and
proteins in selected N. gonorrhoeae P9-17 bands (Schirle et al,
2003). Peptide hits were searched against the database of predicted
protein sequences for the P9-17 genome (https://pubmlst.org/
bigsdb?db=pubmlst_neisseria_isolates&page=query, ID 36675,
accession http://www.ebi.ac.uk/ena/data/view/ERR977394). Data
were analyzed with ProteinLynx Global Server, version 2.05.

2.7 Bioinformatics

Protein hits generated by MS were analyzed using publicly
available resources (El-Rami and Sikora, 2019). Subcellular
localization and prediction of OM, cytoplasmic membrane (CM),
periplasmic (P), and cytoplasmic (C) proteins was done with
PSORTb v3.0 (https://www.psort.org/psortb/) (Yu et al, 2010),
CELLO (http://cello.life.nctu.edu.tw/) (Yu et al., 2004), and
SOSUI-GramN (https://harrier.nagahama-i-bio.ac.jp/sosui/
sosuigramn/sosuigramn_submit.html) (Imai et al., 2008)
programs. The LipoP 1.0 software program (http://
www.cbs.dtu.dk/services/LipoP/) (Juncker et al., 2003) was used
to predict lipoprotein signal peptide cleavage by signal peptidase I/
II. The SignalP 5.0 (http://www.cbs.dtu.dk/services/SignalP/)
(Nielsen, 2017; Almagro Armenteros et al, 2019) was used to
help distinguish between signal peptides. The TMHMM 2.0
program (http://www.cbs.dtu.dk/services/TMHMM/) (Moller
et al., 2001) was used to predict transmembrane helices and
regions, and the eggNOG-mapper 5.0 (http://eggnog-
mapper.embl.de/) (Huerta-Cepas et al., 2019) program was used
to predict orthology and provide some functional annotation of
proteins. Amino acid sequences were also examined for the
presence of cysteine residues and scored for 0, 1, 2, 3, 4, and 5 or
more residues. Allergenic proteins and allergenic regions in a
protein were predicted in silico using the AlgPred 2.0 web server,
with a cutoff value of 0.5 (Sharma et al., 2021). Hypothetical/
unknown protein amino acid sequences were also run through
the STRING database (Szklarczyk et al., 2019) and NCBI’s
Conserved Domain Database (CDD) (Marchler-Bauer et al,
2017). BLAST+ 2.13.0 [BLAST: Basic Local Alignment Search
Tool (nih.gov)] (Altschul et al., 1990; Boratyn et al., 2012) and
UniProt (Uniprot, 2021) were used for protein homology searching.

2.8 Human complement-dependent serum
bactericidal assay in vitro

The human complement-dependent serum bactericidal assay
(hSBA) was based on the protocol described by Mcquillen et al.
(1994) with minor modifications (Christodoulides et al., 1993;
Humbert and Christodoulides, 2018). Gonococci were grown
overnight on GC agar plates for <16 h, subcultured onto fresh
GC plates, and used for experiments after 6-7 h of growth, and
assays were done in sterile 96-well microtiter plates with lids
(Greiner Bio-One, Stonehouse, United Kingdom), with wells
containing 25 pL of bacteria (~1,000 CFU) in Dulbecco’s
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modification of PBS (PBSB), 17 puL of normal human serum (NHS)
as the exogenous complement source, and 10-25 uL of serial
dilutions of pooled test serum and made to a final volume of 100
pL with PBSB containing 1% (v/v) decomplemented fetal calf serum
(dFCS). NHS from a single source (laboratory staff with no history
of gonococcal or meningococcal infection and with written consent
provided) was used for all the hSBA experiments and prescreened
for its ability to support the complement-mediated killing of
gonococcal strain P9-17, using murine sera raised to OM as a
reference antiserum of known bactericidal activity (Almonacid-
Mendoza et al., 2018). Control wells contained no serum or serum
from sham-immunized animals, and decomplemented NHS was
prepared by heat inactivation in a water bath at 56°C for 30 min, to
prove that bactericidal activity was due to a complement-mediated
mechanism and not to other factors present in the sera. To confirm
that the bactericidal assay was working, each assay included wells
containing anti-P9-17 OM serum of known bactericidal activity,
e.g., the 50% endpoint serum dilution, as a positive control. Plates
were incubated for 1 h at 37°C in a humidified atmosphere with 5%
(v/v) CO,. Aliquots of 15 uL were plated in triplicate on GC agar
plates, and colonies were counted 24-48 h later (ProtoCOL,
Synoptics Ltd., Cambridge, UK). Human serum complement-
dependent bactericidal activity was determined from the numbers
of bacteria surviving in the presence of serum, and complement was
compared with the numbers surviving with complement but
without test serum. The 50% hSBA titers for each serum pool
were determined from a minimum of n = 3 independent
experiments and are presented as the mean values with the range
observed between the experiments. For certain serum-sensitive
strains, hSBA experiments were done similarly with gonococci
grown in the presence of cytidine-5'-monophospho-N-
acetylneuraminic acid (CMP-NANA) (Elkins et al., 1992; De La
Paz et al., 1995). Serum resistance of gonococci is due to sialylation
of a Gal beta 1-4GIcNAc group on a conserved 4.5-kDa LOS
component by CMP-NANA, and this is catalyzed by a
gonococcal sialyl transferase enzyme. Thus, the addition of CMP-
NANA to media for growing serum-sensitive gonococci imparts
serum resistance and makes the strain(s) useful for in-vitro
bactericidal assays. Briefly, 1 mL of a 1-mg/mL solution of CMP-
NANA sodium salt (Sigma, Gillingham, United Kingdom) was
filter-sterilized, spread onto a surface of a 20-mL GC agar plate,
and allowed to diffuse into the agar to give a final concentration of
50 pg/mL (Elkins et al.,, 19925 De La Paz et al., 1995). Single colonies
grown on plates without CMP-NANA for 16 h at 37°C in an
atmosphere of 5% (v/v) CO, were grown as a lawn on the CMP-
NANA plates for a further 16 h. Sialylated bacteria were then
harvested and immediately used in hSBA assays.

3 Results

3.1 Reactivity of human sera with
heterologous gonococcal strain P9

Immunoproteomics was done with the human sera on whole-
cell lysates of the heterologous N. gonorrhoeae strain P9-17,
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produced from bacteria grown in culture with Desferal, in order
to induce the expression of iron-repressible proteins (West and
Sparling, 1985). The use of whole-cell lysates was selected over OM
preparations so as not to exclude any proteins that might be
extracellular/secreted. Preliminary experiments were done to
compare fractions of whole-cell lysates prepared from gonococci
grown with and without Desferal; these were separated by IEF and
SDS-PAGE, and examination of the protein profiles showed that the
addition of Desferal appeared to increase the number and intensity
of the proteins (Supplementary Figures 1A, B). In addition, and
prior to testing with human sera, further preliminary experiments
were done to validate the choice of whole-cell lysates prepared from
gonococci grown with Desferal, whereby fractions were blotted and
reacted with murine antisera raised to P9-17 OM (Almonacid-
Mendoza et al., 2018). Proteins on immunoblots of Desferal whole-
cell lysates appeared to show stronger reactivity with anti-OM sera
than proteins on immunoblots from whole-cell lysates without
Desferal (Supplementary Figures 1C, D).

Next, we tested the 20 patient and 5 control sera individually on
Western blots of the whole-cell lysates separated by IEF and SDS-
PAGE. Western blots are shown in Supplementary Figure 2 for all
patient sera and in Supplementary Figure 3 for all control sera. We
also prepared a pool of the sera from the 20 patients and from the 5
controls and tested each by Western blot on a whole-cell lysate
prepared from P9-17 gonococci grown with Desferal. This
experiment with the pooled sera was repeated twice and then
each band of immunological reactivity was marked and recorded
to create a “reference reactivity pattern,” numbering the bands from
left to right in the fractions and from top to bottom from the largest
to smallest proteins (Figure 1). This reactivity pattern was used to
identify and select the gel bands for excision for GeLC-MS/MS. The
total number of identified bands was 180, and they were recorded as
present or absent in individual immunoblots of the sera from 20
gonorrhea patients and from the 5 controls (Table 2,
Supplementary Table 1). The inclusion criterion used for selecting
bands for GeLC-MS/MS was a ratio of band reactivity at least >2-
fold higher than the control. Of the 180 bands, 18 fit this criterion,
and these are marked on a representative immunoblot of pooled
gonorrhea patient sera (Figure 1) with recorded levels of reactivity
summarized in Table 2. The number of patient sera showing
positive reactivity ranged from 40% (8/20 sera reacting with
bands 44, 74, 81, and 175) up to 85% (for 17/20 sera reacting
with band 162) (Table 2). By contrast, the reactivity of control sera
was uniformly lower, ranging from 0% (no reactivity against bands
10, 74, 166, and 175) to between 20% and 40% for the other bands.

3.2 GeLC-MS/MS analysis
and bioinformatics

The 18 identified bands were excised from the corresponding
gels, and extracted peptides were analyzed by GeLC-MS/MS. A total
of 1,107 proteins were identified and PSORTb was used initially to
predict subcellular localization (Table 3, Supplementary Table 3).
Among the 1,107 proteins, we identified 818 that were cytoplasmic
(C), 67 that belonged to the cytoplasmic membrane (CM), 34 that
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FIGURE 1

Western immunoblot of the reactivity of a pool of serum from
patients with gonorrhea against heterologous gonococcal strain P9-
17. A pool of sera from patients (n = 20) with gonorrhea was reacted
against heterologous gonococcal strain P9-17. There were 180
bands of immunoreactivity, and the numbered bands refer to those
that were excised from the corresponding gel(s) for mass
spectrometry. These bands show reactivity >2-fold higher than the
reactivity observed with control sera. The images are representative
of n = 2 immunoblots. The immunoblot images for all patient sera
and control sera are shown in Supplementary Figures 2, 3.

were periplasmic (P), 57 that were assigned to the outer membrane
(OM), and 2 that were extracellular (E). There were also 134
proteins that PSORTb could not assign to a compartment and
classified as unknown (U) localization.

The cytoplasmic and cytoplasmic membrane proteins were
removed from the list, as well as some proteins that were identified
multiple times in different compartments. The rationale for
removing the C, CM, and IM proteins is that these do not have
surface exposure and thus are not under immune surveillance.
Any antibody reactivity with such proteins most likely follows
bacterial lysis rather than from functional surface expression. This
reduction produced a list of 93 target proteins. The proteins were
analyzed also with CELLO (Supplementary Table 4) and SOSUI-
GramN (Supplementary Table 5) programs to create a
“Consensus” final and more rigorous prediction of localization
based on these three programs. We then used additional
bioinformatics tools to refine our list of proteins, focusing on
those that are potentially surface-exposed, i.e., located in the OM,
extracellular/secreted, SPII lipoprotein, and proteins identified
with virulence functions such as adhesins/invasins and toxins.
The rationale for focusing on these proteins is their potential roles
in pathogenesis and immune surveillance and the fact that they
may show antigenic and phase variation, which are suggestive of
immune tracking and thus potential targets for vaccine
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development based on the premise of inducing functional
immune responses targeted at these antigens.

In addition, the amino acid sequences were analyzed by LipoP
(Supplementary Table 6) to determine the presence of lipoproteins,
particularly those that have SPII cleavage sites, since SPII enzymes
play a critical role in exporting lipid-modified proteins (Dalbey
et al,, 2012). In general, SPII lipoproteins were retained as this is
suggestive of surface exposure. We also analyzed the proteins with
TMHMM?2 (Supplementary Table 7), which is a deep learning
model for transmembrane topology prediction and classification
and currently the best-performing method for predicting o.-helical
and B-barrel transmembrane protein topology (Krogh et al., 2001).
The outputs shown from TMHMM?2 as described in the legend of
Supplementary Table 14 and those proteins with outputs from
TMHMM?2 probably describe the presence of signal peptides. We
used SignalP (Supplementary Table 8) to distinguish between the
different types of signal peptides in the proteins, with a preference
for Sec/SPII signals that identify lipoprotein SPs transported by the
Sec translocon and cleaved by Signal Peptidase II (Lsp). eggNOG-
mapper was used to try and provide functional annotations for
those proteins that we identified without a named function
(Supplementary Table 9). The program confirmed in most cases
the preferred names for the proteins and provided descriptions to
complete the protein name in Supplementary Table 14. Finally,
we counted the cysteine residues manually in the proteins and,
in general, excluded all proteins with three or five or more
residues and retained proteins with one, two, or four residues
(Supplementary Table 9). The rationale of doing this was
practical for downstream expression of the proteins in
recombinant form since those with three, five, or more residues
are more difficult to produce recombinantly. Finally, the list was
narrowed further by excluding all cytoplasmic membrane proteins,
any newly annotated cytoplasmic proteins, false periplasmic
proteins that were actually cytoplasmic, and any obvious
periplasmic proteins that have intracellular functions, e.g.,
as enzymes.

The final list of 70 proteins with data from all the bioinformatics
analyses is shown in Supplementary Table 10 and re-ordered in
Supplementary Table 14. The list contains i) novel proteins that
have not been studied as potential gonococcal vaccine candidates to
our knowledge, ii) proteins that have been studied already as
potential Neisseria vaccine candidates, and iii) proteins that can
be excluded from study due to their lack of surface exposure.

3.3 Bactericidal activity of human sera

We examined whether any of the patient sera had any
bactericidal activity toward the homologous infecting strain and
against the heterologous strain P9-17. Preliminary experiments
showed that using dilutions of sera >1/4 showed no significant
bactericidal activity, and as serum volumes were limiting, only 13
individual patient sera and 2 control sera could be tested at 1/4.
However, we could test a pool of the sera from the 20 gonorrhea
patients and of the 5 controls. Homologous strain SU121 was the
only strain sensitive to human complement and grown on CMP-
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TABLE 2 Reactivity of sera from gonorrhea patients and controls on Western blots of heterologous P9-17 and the recorded levels of reactivity.

Assigned Sera from patients with gonorrhoea % Reactivity Sera from controls % Reac-
Band 2D-Frac- gonorrhoea tivity
[\[e} tion No. 9 12 13 14 C1 c2 C3 C4 C5 control
44 2 9 + + + + + ++ + + 40 + 20
+
74 3 11 + |+ + + + ++ + + 40 0
+

81 4 12 + + + + + + + + 40 + 20

85 5 12 + + o+ |+t + ++ + + + + 50 + 20
+ +

94 6 13 + + + + + + + + + 45 + 20

114 7 15 + |+ o+ ++ + ++ + + + ++ 55 ++ 20
+ + + + +

121 8 16 + |+ ++ o+ + + ++ + ++ ++ + + + ++ 70 ++ 20
+ + + + + +

128 9 17 + o+ o+ + + + ++ + ++ o+t + ++ + ++ 70 + 20

+ + + + +
133 10 18 + |+ + + ++ ++ ++ ++ ++ ++ + ++ 60 + 20
+ + + + + + +

144 11 20 + |+ ++ + ++ + ++ o+t + ++ + ++ 60 + 20
+ + + + + +

149 12 21 + |+ + + + + + + + 45 ++ 20

+

153 13 21 + |+ ++ o+ ++ + + ++ ++ + ++ + ++ 65 ++ 20
+ + + + + + +

158 14 22 + |+ + + ++ + ++ + + 45 ++ 20

+ + +

162 15 22 + |+ ++ o+ o+ + ++ ++ + ++ + + ++ ++ + ++ ++ 85 ++ + 40
+ + + + + + + + +

166 16 23 + 0+ |+t + + + + + 45 0

175 17 24 + o+ o+ + ++ + + + 40 0

+
177 18 24 + + + + + ++ + + + + + + + + + 75 + 20
+

Sera from patients with gonorrhea (n = 20) and controls (uninfected, n = 5) were reacted individually on Western blots of heterologous N. gonorrhoeae strain P9-17. The levels of reactivity were scored by densitometry readings as positive (+) or strongly positive (+++).
Empty cells denote no reactivity. The % reactivity refers to the number of sera—patient or control—showing positive reactivity with the protein band as a % of the total numbers of each. Western blots were done in duplicate for each serum, and the scores are the average of
the two measurements of densitometry.
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NANA plates (Table 1). The SBA data showed that only sera from
patients 4 and 7 killed ~50% of their homologous gonococcal strain
at a 1/4 dilution (Figure 2). The remaining sera did not achieve a
50% threshold of killing when tested at this dilution against either
homologous or heterologous strain. Pooled patient sera killed ~30%
of heterologous P9-17 gonococci, whereas individual and pooled
control sera showed no activity (Figure 2). The growth of gonococci
with Desferal did not improve the minimal SBA observed for any of
the sera (data not shown).

4 Discussion

We identified 70 gonococcal proteins in total within excised
bands that showed increased immunoreactivity with patient sera
compared with sera from individuals with no known history of
gonococcal infection. There were many proteins that, to our
knowledge, have not been examined as vaccine antigens, with no
information in the literature on their ability to induce bactericidal
and/or opsonizing antibodies and/or to clear gonococcal infection in
the intravaginal mouse infection model. We also found proteins that
have been identified already by previous mining studies, e.g., using

TABLE 3 PSORTDb analysis of GeLC-MS/MS data.

MS/MS band no.

Assigned number

Total proteins

10.3389/fbrio.2023.1240807

proteomics and in-silico bioinformatics and RNA sequencing
(Mcclure et al.,, 2015; Almonacid-Mendoza et al., 2018; Zhu
et al, 2019; Baarda et al, 2021) and many important and well-
characterized protein antigens that have been reported previously
to induce bactericidal antibodies against gonococci or
against meningococci by their respective meningococcal homologs.
Identification of the latter demonstrates that an immunoproteomics
approach can complement other experimental antigen
discovery methods.

4.1 Gonococcal proteins identified for
possible future vaccine studies

We identified the OM-located lipoprotein adhesin MafA 2/3
(Supplementary Table 14, number 1), which is returned as a single
locus in PubMLST/Neisseria database (NGO1393/1584). Maf
proteins are a family of OM/secreted toxins in pathogenic
Neisseria species (Jamet and Nassif, 2015), and recent studies
have shown that the MafA protein of Neisseria meningitidis
formed oligomers on the OM. A protein of ~36 kDa, which may
be a MafA protein, has been postulated to function as a glycolipid-

Cellular location

OoM P

10 1 5 3 0 0 0 0 2
44 2 28 22 2 2 1 0 1
74 3 65 55 5 1 2 0 2
81 4 44 37 1 2 0 0 4
85 5 75 63 6 1 1 0 5
94 6 111 95 4 4 2 0 6
114 7 28 22 0 2 0 0 4
121 8 40 28 1 2 1 0 8
128 9 31 20 2 1 0 0 8
133 10 107 72 10 3 3 0 19
144 11 51 37 0 1 1 1 11
149 12 61 41 3 3 5 0 9
153 13 91 64 6 6 3 0 12
158 14 92 69 6 5 4 0 12
162 15 53 32 2 2 3 1 13
166 16 95 65 8 10 1 0 11
175 17 63 42 6 8 3 0 4
177 18 67 51 5 4 4 0 3

1,107 818 67 57 34 2 134

The table shows the number of proteins in each band analyzed by GeLC-MS/MS and their predicted subcellular location by PSORTb.
C, cytoplasm; CM, cytoplasmic, inner membrane; OM, outer membrane; P, periplasm; E, extracellular; U, unknown.
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Serum bactericidal activity of sera from patients with gonorrhea. Serum from patients with gonorrhea (n = 13) were tested for bactericidal activity
against their respective homologous gonococcal isolate and against the heterologous strain P9-17. Sera from controls (n = 2) were tested against
the heterologous strain, as well as a pool of all n = 20 serum samples and n = 5 control samples. The 50% hSBA titers for each serum pool were
determined from a minimum of n = 3 independent experiments and are presented as the mean values with the range observed within the

experiments

binding adhesin, interacting with gangliotriosylceramide (GgO3)
and gangliotetraosylceramide (GgO4) receptors expressed on
human endocervical cells (Paruchuri et al., 1990). MafA 2/3
(NGO1393/1584) exhibits 97% identity to the product of the
mafAl gene (AAF62309.1) of N. meningitidis MC58. The recent
study from Baarda et al. (2021) reported that strain FA 1090, which
was used to annotate the genome of our strain P9-17, possessed four
copies of MafA: two pairs of identical loci, designated MafA 1/4
(NGO1067 and NGO1972) and MafA 2/3 (NGO1393/1584). Their
data suggested that the two MafA subtypes were evolutionarily
distinct, and the alleles associated with each subtype were closely
related (Baarda et al, 2021). A vaccine containing MafA may
therefore need representatives from both subfamilies to
provide strain coverage. Antisera also recognized NG00225
(Supplementary Table 14, number 9), a polymorphic toxin MafB
class 2 protein. MafB is a toxin secreted by pathogenic Neisseria spp.
(Jamet and Nassif, 2015) specifically via the novel MafA protein
secretion pathway (Arenas et al., 2020). In meningococci, MafB is a
fratricidal toxin that can inhibit the growth of strains that do not
produce the corresponding immunity protein Mafl (Arenas
et al., 2015).

HpuA (NGO1495, Supplementary Table 14, number 2) and
HpuB (NGO2109, Supplementary Table 14, number 3) are OMPs
that are TonB-dependent hemoglobin/lactoferrin/transferrin family
receptor proteins (Schryvers and Stojiljkovic, 1999). Pathogenic
Neisseria can use hemoglobin as an iron source, and the only likely
receptor in gonococci consists of the OM lipoprotein, HpuA, and a
transmembrane protein, HpuB. Growth on hemoglobin is
dependent on the inner membrane TonB and requires both
HpuA and HpuB (Chen et al., 1996; Chen et al., 1998). Jerse et al.
showed in the mouse intravaginal infection model that there was an
increased frequency of phase variants in the HpuA/B receptor with
“on” (hemoglobin+) occurring in ~50% of the infected mice and the
presence of hemoglobin in inflammatory exudates selected for
hemoglobin+ phase variants during infection (Jerse et al., 2002).
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Thus, under iron-restricted conditions in the genital tract, switching
on of the HpuA/B complex provides a potential vaccine target.

We identified protein NGO10270 (Supplementary Table 14,
number 10), a PilC/PilC2 pilus assembly/adherence protein,
ostensibly located in the periplasm. PilC is a minor pilus tip-
located protein adhesin (Rudel et al., 1995b) that undergoes phase
and structural variation and is associated with the bacterial cell
surface (Rahman et al, 1997). PilC1 plays an important role in
pilus-mediated adherence of gonococci to human epithelial cells
(Rudel et al, 1992; Kirchner and Meyer, 2005) and in natural
competence for transformation (Rudel et al., 1995a). PilC2 has been
shown also to mediate adherence of meningococci to epithelial cells
(Morand et al., 2009). Although surface exposure of PilC makes the
protein an attractive vaccine candidate, concerns over phase and
structural variation possibly preclude its use.

NGO1092 (Supplementary Table 14, number 4) is a large
molecular weight uncharacterized OMP (181 kDa), and UniProt
and BLAST analysis identified this as a PLxRFG domain-containing
protein, that with high confidence (90% similarity) is a phage-
associated protein. Neisseria gonorrhoeae genomes encode for
several phages, though they have not been isolated. Gonococcal
phage-associated proteins have been reported to be able to associate
closely with bacterial OMP (Pickarowicz et al., 2020), which may
account for their recognition by patient sera. Recently, antisera
generated in rabbits immunized with purified filamentous NGO®fil
phages were shown to bind to the structural Ngo®6fil proteins
present in phage particles and to gonococci, but not to react with
gonococcal OMP. Notably, sera to these phage proteins had
bactericidal activity and blocked the adhesion of gonococci to
tissue culture cells (Klyz and Piekarowicz, 2018).

There was one extracellular protein NGO0554 (Supplementary
Table 14, number 5), whose gene was highly upregulated in
gonococci transiently exposed to H,0,, suggesting a role in
protection against host oxidative damage (Stohl et al., 2005).
NGO0648 (Supplementary Table 14, number 8) is an SPII
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membrane lipoprotein, which was identified in a study of RNA
transcripts to enable phenotypic test of antibiotic susceptibility in
gonococci exposed to ciprofloxacin (Khazaei et al., 2018). NGO1847
(Supplementary Table 14, number 13) is a DUF (domain of
unknown function) 560 domain-containing protein, and such
domains are found within the OM transmembrane barrel of
SLAM (surface lipoprotein assembly modulator) family proteins
(Hooda et al., 2017a).

Other proteins identified for possible future study include the OMP
AsmA (NGO1344, Supplementary Table 14, number 14), which has
been shown to contribute to cell envelope integrity (Baarda et al., 2018).
There was also a large molecular weight OM/extracellular
autotransporter domain-containing IgA protease (NGO0275,
Supplementary Table 14, number 15), and human sera from patients
with gonorrhea and sera from immunized rabbits have been shown to
contain broadly cross-reactive neutralizing activity (Lombholt et al,
1995). Surface-exposed BamE (NGO1780, Supplementary Table 14,
number 16) is part of the OMP assembly complex and involved in the
assembly and insertion of 3-barrel proteins into the OM (Sikora et al,,
2018). LtgE (NGO0608, Supplementary Table 14, number 17) is a lytic
transglycosylase (LT), located in the periplasm, and its function and
whether it can translocate to the OM, as predicted for other LTs such as
LtgA and LtgD, is unknown (Chan et al., 2012). MtrC (NGO1365,
Supplementary Table 14, number 18) is a periplasmic membrane
fusion lipoprotein, part of the gonococcal efflux pump that
contributes to the survival of gonococci exposed to human
neutrophils and their antimicrobial components (Handing et al,
2018). In our study, NGO1873 (Supplementary Table 14, number
22), the peptidoglycan-binding protein LysM, was predicted to be in
the periplasm, but Leuzzi et al. (2013) speculated that NGO1873 is able
to reach the OM when the Rmp protein acts as a bridge between the
OM and peptidoglycan layer. There was also the protein NGO2104
(Supplementary Table 14, number 24), identified as Fic (filamentation
induced by cyclic AMP) toxin, whose cellular location was unknown.
We kept the protein in our candidate list as Fic proteins are widespread
in bacteria, and various pathogens produce Fic proteins as bacterial
toxins that are delivered into host cells via type III or type IV secretion
systems (Roy and Cherfils, 2015). Thus, these Fic proteins contribute to
pathogenicity and may be potential vaccine targets.

NGO1440 (Supplementary Table 14, number 41) is annotated as
the peripheral membrane protein MacA (Kobayashi et al., 2001), an
ABC transporter protein that is part of the MacA-MacB efflux pump
that recognizes and exports macrolide antibiotics (Rouquette-
Loughlin et al, 2005). Another ABC transporter protein identified
was NosD (NGO7400 and NGO7395, Supplementary Table 14,
numbers 42 and 65), which was predicted to be periplasmic or
possibly extracellular in location. NGO0626 (Supplementary Table
14, number 48) is the membrane-bound lytic murein transglycosylase
B (ItgD), which is involved in the release of cytotoxic peptidoglycan
fragments by gonococci. We annotated ItgD as a periplasmic protein,
whereas in fact, unlike other lytic transglycosylases, ltgD is a
lipoprotein that localizes to the OM and thus should be immune-
accessible (Schaub et al,, 2016).

There were several proteins ostensibly found in the periplasm that
have not been studied as vaccine antigens but are potential candidates
based on some evidence for their surface exposure. Antisera recognized
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the periplasmic PPlase proteins SurA (NGO1714 and NGO0766,
Supplementary Table 14, numbers 45 and 64) and PrsA (NGO1655,
Supplementary Table 14, number 61), but there is evidence that these
PPlases can be secreted (Unal and Steinert, 2014). NGO0138
(Supplementary Table 14, number 53) is SPII lipoprotein DegQ, a
probable serine protease in gonococci that is likely anchored to the
inner or OM by the lipid tail (Volokhina et al, 2011). Interestingly,
vaccination with an unrelated purified recombinant DegQ protein
protected fish against infection by Vibrio harveyi (Zhang et al., 2008).

4.2 Gonococcal proteins identified with
meningococcal homologs

Several of the gonococcal proteins in our list that have not
been examined as vaccine antigens, to our knowledge, have
homolog proteins in meningococci whose biological functions
and/or antigenicity have been reported. The OM-located TonB-
dependent receptor ZnuD (NGO1205, Supplementary Table 14,
number 34) is a member of the ferric uptake regulator regulon
and is involved specifically in the uptake of zinc. Murine antisera
to the meningococcal homolog were shown to be bactericidal
for meningococci (Stork et al., 2010), and the gonococcal
homolog was identified as a potential therapeutic target (Zielke
et al., 2014; Baarda et al., 2021). We identified the peptidyl-prolyl
cis-trans isomerase macrophage inhibitory potentiator (MIP)
protein (NGO1225, Supplementary Table 14, number 33),
and murine antisera generated to a truncated form of the
meningococcal homolog have been shown to kill gonococci
(Humbert and Christodoulides, 2018). The serine endopeptidase
autotransporter NalP (NGO5610, Supplementary Table 14,
number 6) is an OM lipoprotein with extracellular exposure
consistent with the properties of autotransporter proteins. The
homolog NalP in meningococci has been extensively studied and
shown to be phase variable, to have proteolytic activity for other
autotransporter proteins, and to be involved in initiating biofilm
formation and for survival in the blood (Van Ulsen et al., 2003;
Echenique-Rivera et al., 2011; Arenas et al., 2013). The latter
appears to be dependent on the ability of NalP to cleave human
complement C3 and facilitate the degradation of C3b (Del
Tordello et al., 2014). However, in gonococci, the nalP gene is a
pseudogene because of the presence of several termination codons,
and so gonococci do not encode full-length NalP proteins (Turner
etal, 2002; Del Tordello et al., 2014). This might limit its potential
as a vaccine candidate, though our data suggest that antibodies in
patients’ sera recognize the N-terminal truncated portion of
gonococcal NalP.

NGO1152 (Supplementary Table 14, number 54) is Art], a
periplasmic SPII lipoprotein that functions in transporting arginine.
Notably, the meningococcal homolog (NMB1612/NEIS1533) has
been shown to have surface exposure and to induce functional
bactericidal antibodies in mice (Hung et al., 2015). In addition, the
Art] proteins of Chlamydia trachomatis and C. pneumoniae, which
were also considered to be in the periplasm but shown to contain
amino acid regions that were exposed on bacterial surfaces, have
been investigated as vaccine candidates (Soriani et al., 2010).
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NGO0217 (Supplementary Table 14, number 23) is the gonococcal
FbpA (iron ABC transporter substrate-binding protein), and although
not tested itself for its ability to induce bactericidal antibodies, the 37-
kDa ferric-binding meningococcal homolog has been reported to
induce bactericidal antibodies (Gomez et al., 1998). Moreover,
NGO0217 is homologous to the meningococcal NMB0634 FbpA,
and immunoreactivity was detected by immunoproteomics in sera
from human volunteers vaccinated with experimental N. meningitidis
serogroup B vaccines based on strain H44/76 detoxified L3
lipooligosaccharide (LOS)-derived outer membrane vesicles (OMV)
or the licensed Cuban vaccine, VA-MENGOC-BC (Williams et al.,
2014). NGO11165 (Supplementary Table 14, number 36) is annotated
as the surface-exposed ComP minor pilin, which is responsible for the
recognition and binding of DNA and for DUS recognition (Cehovin
et al, 2013). No vaccine studies have been reported for gonococcal
ComP, but studies have been done with the meningococcal homolog,
which has been shown to be recognized by sera from patients
convalescing from meningococcal infection (Cehovin et al, 2011).
When testing the vaccine potential of meningococcal ComP, rabbit
antisera were non-bactericidal, although no details were provided of
how the antisera were raised. However, ComP may potentially be
precluded from vaccine development as it has been reported to be
present in gonococci at very low levels (Wolfgang et al., 1999).

It is worth stressing that all these mentioned meningococcal
homologs, i.e., ZnuD, MIP, NalP, Art], FbpA, and ComP, are all
OM, surface-exposed proteins in meningococci. It is also worth
noting that all the sera came from patients presenting in a hospital
with symptoms of acute gonorrhea or they were sexual contacts of
an index case. There is no information on whether these patients
had any prior exposure to meningococci (either symptomatically or
asymptomatically), but if that had been the case, it is possible that
their sera have antibodies to these meningococcal homologs that
cross-react with gonococci.

4.3 Gonococcal proteins identified with no
annotated NGO numbers

Our immunoproteomics study identified three proteins that
had no assigned NGO number and were annotated as hypothetical.
These were proteins PCKMOKAE_00078, PCKMOKAE_01763,
and PCKMOKAE_02133 (Supplementary Table 14, numbers 7,
11, and 12, respectively). It would be premature to exclude these
three proteins without gaining more information about their
function, location, and possible antigenicity. Of these three,
PCKMOKAE_01763 contains a TPR (tetratricopeptide repeat
protein) motif and could be related to an OM subunit
bacteriophage N4 receptor (Kiino and Rothman-Denes, 1989).

4.4 Gonococcal proteins previously
identified as inducing bactericidal and/or
other functional responses

In our study, we found many gonococcal proteins that have been
identified previously using other experimental approaches and that
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have been examined already as potential vaccine antigens. The majority
were OMPs and surface-exposed and included BamA (NGO1801,
Supplementary Table 14, number 26) (Zielke et al., 2016), which is part
of the OM protein assembly complex that is involved in assembly and
insertion of B-barrel proteins into the OM (Noinaj et al., 2013); the
multidrug efflux transporter OM subunit MtrE (NGO1363,
Supplementary Table 14, number 28) (Wang et al., 2018); the OM-
located LPS assembly protein LptD (NGO1715, Supplementary Table
14, number 29) (Zielke et al.,, 2014; Zielke et al.,, 2016); TonB-dependent
transferrin-binding protein TbpA (NGO1495, Supplementary Table
14, number 31) and transferrin-binding protein B, TbpB (NGO1496,
Supplementary Table 14, number 35) (Price et al, 2007); PilQ
(NGOO0094, Supplementary Table 14, number 32), which is required
for type IV pilus extrusion (Haghi et al, 2012); the OMP assembly
factor Tam A (NGO1956, Supplementary Table 14, number 39), which
is part of the OMP85 family (Zielke et al., 2016; Sikora et al., 2018); and
lipoprotein MetQ (NGO2139, Supplementary Table 14, number 40),
which binds L-methionine with high affinity and is involved in
gonococcal adherence to cervical epithelial cells (Zielke et al., 2016;
Semchenko et al., 2017) and shortens experimental murine infection
(Sikora et al., 2020).

It is worth noting that there are two proteins annotated as
NGO1495 in our study, which is probably due to imprecise
annotation from the genome. These two proteins are
PCKMOKAE 01272 (protein 2 in Supplementary Table 14) and
PCKMOKAE 01566 (protein 31 in Supplementary Table 14, the
TbpA). The proteins are however different, regardless of annotation,
as the Mr values are different; the former contains one cysteine
residue, whereas the latter contains seven cysteine residues, and
Clustal alignment shows that there is only 41% similarity between
the amino acid sequences (Supplementary Figure 4).

NGO1812 (Supplementary Table 14, number 27) is the OM
porin PorB, which has long been recognized as the
immunodominant protein, capable of inducing bactericidal
antibodies in laboratory animals when administered as a
recombinant protein (Wetzler et al., 1988; Wetzler et al., 1992),
DNA vaccine (Zhu et al., 2004), a component of OMV (Zhu et al.,
2005), and through the use of synthetic peptides (Heckels et al.,
1990; Elkins et al., 1992). Although PorB is one of the few antigens
that can successfully accelerate clearance of cervico-vaginal
gonococci in the mouse model (Rice et al, 2017), a PorB-
containing vaccine is probably unrealistic as it would need to
include many variants to provide a broad coverage of circulating
strains in the population. This is because of variability in the amino
acid sequences of the surface-exposed loops, in response to immune
surveillance (Heckels et al., 1990).

In addition to the OMP, some proteins that were assigned to the
periplasm in our current study have been shown to be surface-
exposed and to generate immune responses. For example, we
identified NGO1981 (Supplementary Table 14, number 46), the
adhesin complex protein (ACP), which functions as a C-type
lysozyme inhibitor and has been shown to induce bactericidal
antibodies for gonococci (Almonacid-Mendoza et al., 2018).
Although probably located on the inner leaflet of the OM, it
has been reported that a proportion of the protein does become
surface-exposed and released extracellularly (Ragland et al., 2018;
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Ragland et al., 2020). We also identified SliC (NGO1063,
Supplementary Table 14, number 30), the second C-type lysozyme
inhibitor of the MIiC family, which is in the OM (Zielke et al., 2018).
SIiC plays a critical role in the colonization of genital tract mucosae
during infection in the female mouse model of gonorrhea, although
no data are available as to whether immunization induces
bactericidal antibodies or reduces colonization. Targeting lysozyme
inhibitor proteins could be a useful strategy to reduce the ability
of gonococci to survive in the lysozyme-rich genital tract.
Another protein assigned putatively to the periplasm is an SPII
lipoprotein NGO0690 (Supplementary Table 14, number 52), which
is involved possibly in threonine biosynthesis and pilin antigenicity
and was recently shown to induce bactericidal antibodies (Zhu
et al., 2019).

4.5 Proteins contraindicated for
gonococcal vaccine inclusion

Immunoproteomics identified two proteins that were recognized
by human sera but are contraindicated for inclusion in any
gonococcal vaccine. NGO1577 (Supplementary Table 14, number
25) is the OmpA-like OMP Rmp, antibodies to which can block the
bactericidal action of anti-lipooligosaccharide (LOS) and anti-PorB
antibodies present in immune serum (Rice et al., 1994). In addition,
the presence of natural antibodies to OmpA of Enterobacteriaceae has
been shown to cross-react with Rmp and block the bactericidal
activity of normal human serum and immune human serum
against gonococci (Rice, 1989). Notably, the trial of the gonococcal
OMV that was enriched with PorB, but contaminated with Rmp,
suggested that Rmp antibodies may have diminished the bactericidal
response induced by both PorB and LOS (Gulati et al., 2016). Indeed,
clearance of gonococci in the mouse intravaginal colonization model
induced by anti-LOS antibodies could be abrogated by the presence of
anti-Rmp antibodies (Gulati et al., 2015).

NGO0994 (Supplementary Table 14, number 37) is defined as
the H.8/Lip/azurin protein, and antibodies have been detected in
convalescent sera of patients with gonorrhea and disseminated
infection (Black et al., 1985), although they are not protective
(Brooks and Lammel, 1989). In addition, antibodies to the
meningococcal Lip protein were not bactericidal (Tinsley et al,
1992). Moreover, antimeningococcal Lip antibodies have blocking
effects on the bactericidal activities of human sera and of anti-Factor
H binding protein antibodies (Ray et al, 2011). Given that our
gonorrhea patient sera recognized both proteins, it is possible that
the low levels of bactericidal activity observed against homologous
and heterologous strains in our study are due to the presence of
these blocking anti-Rmp and anti-Lip antibodies.

4.6 Gonococcal proteins that can possibly
be excluded as vaccine candidates

We identified several proteins that are, possibly, unlikely

vaccine candidates. They are principally periplasmic proteins,
which by their general nature would not be normally exposed to
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the immune system, and their recognition by gonococcal antisera
probably reflects immune recognition of components released from
lysed gonococci. They include TcyA (NGO0372, Supplementary
Table 14, number 19), which is an SPII amino acid ABC transporter
substrate-binding lipoprotein; NGO2056 (Supplementary Table 14,
number 21), which is a thiamine ABC transporter substrate-binding
protein (El-Rami et al., 2019); NGO0571 (Supplementary Table 14,
number 43), which is a periplasmic peptidoglycan DD-
metalloendopeptidase family protein that is expressed under
manganese-induced oxidative stress (Wu et al., 2010); NGO0327
(Supplementary Table 14, number 44), which is the penicillin-
binding protein 4 (Stefanova et al., 2004); NGO0574
(Supplementary Table 14, number 66), which is an a-carbonic
anhydrase domain-containing protein; and DsbC (NGO1438,
Supplementary Table 14, number 47) and DsbA/DsbL
(NGO1717, Supplementary Table 14, number 50), which are
membrane-bound periplasmic SPII lipoproteins involved in
OMP assembly.

There is no information on NGO0250 (Supplementary Table
14, number 58), identified as a periplasmic ClpB protease; in
Escherichia coli, ClpB protease is part of a protein-disaggregating
multichaperone system (Barnett et al.,, 2000). NGOO0214
(Supplementary Table 14, number 59) is GlmU, a periplasmic
phosphate acetyltransferase, which has been shown to catalyze the
conversion of N-acetylglucosamine 1-phosphate into UDP-N-
acetylglucosamine, which is a key metabolite in the syntheses of
gonococcal LOS, peptidoglycan, and sialic acids (Ullrich and Van
Putten, 1995). NGOO0168 (Supplementary Table 14, number 60) is
the MntC protein, a ZnuA-like zinc ABC transporter substrate-
binding protein, which is a periplasmic-binding protein that is
essential for the protection of gonococci against oxidative stress. An
mntC mutant had reduced intracellular survival in a human cervical
epithelial cell infection model and reduced biofilm formation,
suggesting that the transporter is important for gonococcal
survival in the host (Lim et al., 2008). NGOO0101 (cytochrome c4,
cycA, Supplementary Table 14, number 62) was identified as a cell-
envelope-associated protein that was differentially expressed in
response to normal human serum (Zielke et al., 2016).

NGO2092 (Supplementary Table 14, number 49) is FetB, a
periplasmic iron siderophore ABC transporter substrate-binding
SPII lipoprotein (Carson et al., 1999). NGO1494 (Supplementary
Table 14, number 51) is PotF, another SPII lipoprotein that is
required for the activity of the bacterial periplasmic transport
system of polyamines such as putrescine found in genital tract
secretions (Goytia et al., 2015). NGO1767 (Supplementary Table 14,
number 55) is a periplasmic heme-binding catalase protein KatA
that provides protection against hydrogen peroxide-induced
oxidative stress (Zheng et al, 1992). NGO2029 (Supplementary
Table 14, number 56) is a periplasmic component of the ubiquinol
(reduced product of ubiquinone)-cytochrome ¢ reductase complex
(complex III or cytochrome b-c1 complex), which is a respiratory
chain that generates an electrochemical potential coupled to ATP
synthesis and an unlikely vaccine candidate. NGO1549
(Supplementary Table 14, number 57) is the FtsN protein that is
part of the cell division interactome of N. gonorrhoeae (Zou et al.,
2017). It is unlikely to be a vaccine candidate since FtsN has been
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postulated to form a bridge between the cell division machinery
located in the cytoplasmic membrane and the peptidoglycan layer
in the periplasm, e.g., in E. coli (Yang et al, 2004). NGO0757
(Supplementary Table 14, number 63) is annotated as a refolding
chaperone of the Spy/CpxP family, which has been hypothesized to
be involved in P pilus formation (Isabella and Clark, 2011).
NGO1081 (Supplementary Table 14, number 67) is the CMP-N-
acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase,
which plays a crucial role in sialylation of LOS, which imparts serum
resistance to gonococci and decreases antibody binding and the
bactericidal effects of neutrophils and antimicrobial peptides.
Although the enzyme is periplasmic/or inner membrane linked and
thus not a target vaccine candidate, it may be a target for new therapies
(Lewis et al., 2015). Two pilus-associated proteins were also identified
—periplasmic PiIN (NGO0097, Supplementary Table 14, number 68)
and a PilT protein domain-containing protein, also known as a type II
toxin-antitoxin system toxin FitB (NGO0907, Supplementary Table
14, number 69). The latter was retained from the immunoproteomics
analysis as it carried the toxin descriptor. PilN is a putative pilus
assembly protein identified in the inner membrane by quantitative
proteomics (Zielke et al., 2014) and FitB (“toxin”) or its partner FitA
(“antitoxin”), or the FitAB complex, has been hypothesized to slow
intracellular replication and intracellular trafficking of gonococci and to
bind gonococcal DNA (Mattison et al., 2006). FitB also shares features
of the cytoplasmic nucleotide-binding protein PilT. A protein identified
as a predicted amido-phosphoribosyltransferase of the ComF family
protein (PCKMOKAE_00797 with no ascribed NGO number and
unclear location, Supplementary Table 14, number 70) was also
recognized by immune sera. Though uncharacterized in Neisseria,
ComF of other bacteria are pilin-like polypeptides and play a role in
natural DNA translocation and are probably anchored in the
cytoplasmic membrane (Busch et al., 1999). Another protein
(PCKMOKAE_00288, with no ascribed NGO number,
Supplementary Table 14, number 20) was identified in the periplasm
as a putative zinc-binding DUF302 domain-containing protein; BLAST
analysis showed ~64% homology of this protein with a putative
fluoride ion transporter CrcB in Brucella spp., which UniProt
ascribed to the inner cell membrane. Gonococcal sera also showed
reactivity with the PilO protein (NGO0096, Supplementary Table 14,
number 38), which is predicted to be part of an inner membrane
transenvelope protein complex that facilitates pilus function (Tammam
et al, 2011), which probably excludes this as a viable vaccine target.

4.7 Potential allergens

A potentially important factor for further refinement of the final
list could be the possibility of the proteins being allergens or containing
possible allergenic regions. We ran the 70 candidate proteins through
the AlgPred 2.0 program, which identified 57 of the proteins as possible
“non-Allergens” and 13 proteins as possible “Allergens”
(Supplementary Table 11). The identified possible “Allergens” were
PilQ (NGOO0094), PilO (NGO0096), MafB (NGOO0225), LtgE
(NGO0608), membrane lipoprotein (NGO0648), H.8 (NGO0994),
phage-associated protein (NGO1092), Art] (NGO1152), FtsN
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(NGO1549), KatA (NGO1767), PorB (NGO1812), a DUF560
domain-containing protein (NGO1847), and MetQ (NGO2139).
Clearly, some of these are important vaccine candidates already
tested experimentally, and the balance between immunogenicity and
allergenicity for candidate proteins should be examined before any
decision is made for final exclusion.

4.8 Hypothetical proteins

There were many proteins within the list of vaccine candidates
that were annotated as hypothetical/unknown (Table 1). To
estimate their potential role, we ran the protein sequences of all
70 candidates through the STRING database using N. gonorrhoeae
FA 1090 as the search organism and through the NCBI Conserved
Domain Database (CDD). STRING did not annotate the
hypothetical proteins PCKMOKAE_00078, PCKMOKAE_0079,
PCKMOKAE_00288, PCKMOKAE_02133, and
PCKMOKAE_01763, and the CCD could only find superfamily
annotations for PCKMOKAE_00288 as COG3439 (superfamily
c121600) and PCKMOKAE_01763 as PEP-TPR lipoprotein
(TIGR02917, superfamily cl37187) (Supplementary Tables 12,
13). COG3439/DUF302 is an uncharacterized domain with a
widespread phylogenetic distribution that appears to be
homologous to the N-terminal domains of RNAse H3 and the E.
coli endoribonuclease toxin RnlA. TIGR02917, superfamily c137187,
is reported to occur strictly within a subset of Gram-negative
bacterial species with the proposed PEP-CTERM/exosortase
system, and all bacteria with PEP-CTERM have both OM and
exopolysaccharide (EPS) production genes (Haft et al., 2006).

5 Conclusions

In this immunoproteomics study, we reacted sera from patients
with gonorrhea against a well-characterized heterologous gonococcal
laboratory strain to identify any novel immunoreactive proteins. The
study has some limitations, notably the limited number of sera
remaining from the original study, whereupon it would have been
interesting to examine all the sera from all the infection groups, which
included samples obtained from heterosexual couples with
transmissible gonococci (Zak et al., 1984). However, these samples
were spent and thus unavailable for our study. In addition, it would be
interesting to compare sera collected more recently, to see if the
immunoproteomic patterns of reactivity are in any way different
from the samples we collected ~40 years ago. Such studies could
include sera collected from individuals living in high and low-to-
middle income countries, as well as, for example, from sex workers who
are subject to repeated gonococcal exposure and from men who have
sex with men. The data from Table 2 also show that there is evidently
more reactivity with patient sera than with control sera; however,
increasing the numbers of control sera examined may allow us to do a
statistical analysis to determine whether there are systematic differences
between the patients with acute gonorrhea and the controls.
Furthermore, the peptide “hits” from our MS/MS analyses could be
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searched against databases of predicted protein sequences from
gonococcal genomes other than P9-17, and this could increase our
knowledge of antigen diversity. Another potential limitation is that the
second dimension for separating the proteins was done under
denaturing conditions with SDS; thus, it is possible that we lose
conformational epitopes. For future studies, OM lysates could be
separated under “native” non-denaturing conditions to examine
whether reactive sera identify additional protein “hits.” It would also
be interesting to know what impact, if any, does vaccination with
meningococcal serogroup B protein vaccines have on gonococcal
immunoproteomic profiles.

To summarize, we identified 70 gonococcal proteins using a
strict bioinformatics analysis to be present in Western blot bands
that were immunoreactive with sera from patients with
gonorrhea. Although we appreciate that serum reactivity could
be due to the presence of other proteins in these bands, the
bioinformatics analyses have refined a candidate list of new
gonococcal proteins that could be examined as potential vaccine
candidates. To refine this list for practical vaccine studies of
potential novel antigens, we would exclude the following: 1) the
23 periplasmic proteins that lack surface exposure, 2) the 2
contraindicated proteins that can generate blocking antibodies,
and 3) the 12 proteins previously studied and shown to induce
anti-gonococcal bactericidal and/or other functional responses.
This would leave a collection of 33 proteins that could potentially
be investigated as vaccine antigens, comprised of novel proteins
never previously studied (n = 24), proteins with homologs
in meningococci that can generate functional immune responses
(n =6), and proteins (n = 3) that could be important antigens once
their biological function(s) and location have been deduced
experimentally (Supplementary Table 14). A systematic
approach could involve testing all 33 proteins, which is like the
approach taken with reverse vaccinology to produce the
meningococcal vaccine Bexsero, in which all the putative
surface-exposed or secreted proteins that could be expressed
successfully as recombinant proteins (350 out of 570) were used
to immunize mice for antigenicity studies (Pizza et al., 2000). A
more refined approach could investigate first the most novel and
lesser characterized proteins, by name and/or function; for
example, the first 13 proteins in Supplementary Table 14
include OMPs MafA2/3, HpuA and HpuB, NGO06438,
NGO1092, NGO1847, autotransporter NalP, extracellular/
exposed proteins such as PilC/PilC2 assembly protein, and
the hypothetical NGO0554, PCKMOKAE_00078,
PCKMOKAE_01763, and PCKMOKAE_02133. The list for
testing would inevitably lessen, for example due to
complications in producing recombinant proteins with large Mr
(>100 kDa) or proteins cytotoxic to bacterial expression strains,
e.g., the MafB class 32 polymorphic toxin (Dijokaite-Guraliuc,
unpublished observation). Alternative approaches to consider for
these antigens are protein expression in non-bacterial systems and
the generation of B-cell and T-cell peptide chimera antigens. A
second round of testing could be for those proteins that are
functionally named and characterized, for example AsmA,
BamE, LtgE, MtrC, LysM, Fic, MacA, NosD, LtgD, SurA, PrsA,
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and DegQ, as well as the homologs of ZnuD, MIP, Art], FbpA, and
ComP. We propose that these 33 proteins join the list of potential
candidates for further vaccine studies.
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