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ABSTRACT The function and extracellular location of cell envelope proteins make
them attractive candidates for developing vaccines against bacterial diseases, includ-
ing challenging drug-resistant pathogens, such as Neisseria gonorrhoeae. A proteomics-
driven reverse vaccinology approach has delivered multiple gonorrhea vaccine can-
didates; however, the biological functions of many of them remain to be elucidated.
Herein, the functions of six gonorrhea vaccine candidates—NGO2121, NGO1985,
NGO2054, NGO2111, NGO1205, and NGO1344 —in cell envelope homeostasis were
probed using phenotype microarrays under 1,056 conditions and a ΔbamE mutant
(Δngo1780) as a reference of perturbed outer membrane integrity. Optimal growth
conditions for an N. gonorrhoeae phenotype microarray assay in defined liquid me-
dium were developed, which can be useful in other applications, including rapid
and thorough antimicrobial susceptibility assessment. Our studies revealed 91 condi-
tions having uniquely positive or negative effects on one of the examined mutants.
A cluster analysis of 37 and 57 commonly beneficial and detrimental compounds,
respectively, revealed three separate phenotype groups: NGO2121 and NGO1985;
NGO1344 and BamE; and the trio of NGO1205, NGO2111, and NGO2054, with the
last protein forming an independent branch of this cluster. Similar phenotypes were
associated with loss of these vaccine candidates in the highly antibiotic-resistant WHO X
strain. Based on their extensive sensitivity phenomes, NGO1985 and NGO2121 appear to
be the most promising vaccine candidates. This study establishes the principle that phe-
notype microarrays can be successfully applied to a fastidious bacterial organism, such
as N. gonorrhoeae.

IMPORTANCE Innovative approaches are required to develop vaccines against preva-
lent and neglected sexually transmitted infections, such as gonorrhea. Herein, we have
utilized phenotype microarrays in the first such investigation into Neisseria gonorrhoeae
to probe the function of proteome-derived vaccine candidates in cell envelope homeo-
stasis. Information gained from this screening can feed the vaccine candidate decision
tree by providing insights into the roles these proteins play in membrane permeability,
integrity, and overall N. gonorrhoeae physiology. The optimized screening protocol can
be applied in investigations into the function of other hypothetical proteins of N. gonor-
rhoeae discovered in the expanding number of whole-genome sequences, in addition to
revealing phenotypic differences between clinical and laboratory strains.

KEYWORDS Neisseria gonorrhoeae, vaccine antigens, cell envelope, phenotypic
microarrays, antibiotics, Biolog

In Gram-negative bacteria, the cell envelope is composed of the outer membrane, the
cell wall, and the cytoplasmic or inner membrane, each of which can be further

broken down into its constituents (1). The outer membrane is a bilayer composed of a
lipopolysaccharide (LPS) or lipooligosaccharide (LOS) outer leaflet facing the extracel-
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lular milieu and an inner leaflet of phospholipids. Housed in the periplasm between the
outer and inner membranes, repeating units of N-acetylglucosamine-N-acetylmuramic
acid disaccharides cross-linked by pentapeptide side chains make up the peptidoglycan
cell wall (2), which provides a rigid structure and allows cells to maintain their shape (1).
The inner membrane is a phospholipid bilayer containing proteins involved in energy
production, secretion, lipid synthesis, and transport (1).

Proteins in the cell envelope play integral roles in its function and in bacterial
physiology. Most outer membrane proteins are either �-barrel proteins or lipoproteins
(1), with lipoproteins secured to the membrane by lipid anchors covalently attached to
an invariant N-terminal cysteine (3). �-Barrel proteins frequently function as porins or
as transporters or gated channels for the transport of ions or large substrates (1). Little
is known about the functions of most lipoproteins (1), but those for which information
is available have been shown to be involved in nutrient acquisition, cell wall structure
and metabolism, cell signaling, antibiotic resistance, attachment to host cells, and
ligands for Toll-like receptor 2, which triggers an innate immune response and helps
establish adaptive immunity (4). Because of this potential interaction between host and
pathogen, we are currently pursuing 20 novel outer membrane-localized proteins,
including lipoproteins, as vaccine candidates against Neisseria gonorrhoeae, the gono-
coccus (GC) (5, 6).

The sexually transmitted infection gonorrhea is caused by N. gonorrhoeae, a highly
adaptable pathogen that has acquired resistance to nearly every antibiotic currently
available. Treatment failures with the last viable class of antibiotics, third-generation
cephalosporins, have been encountered in several countries (7, 8). The development of
a protective vaccine(s) is of paramount importance (9–13). An exciting development in
vaccine research has been the recent success of an experimental vaccine composed of
membrane vesicles derived from N. gonorrhoeae FA1090 (14) coadministered with
interleukin-12. Mice immunized with this treatment mount a type 1 T helper cell-driven
immune response that accelerates the clearance of gonococcal infections and defends
against subsequent infection for at least 6 months after immunization. Critically,
vaccination with FA1090-derived membrane vesicles protects from challenges with the
commonly used laboratory strains MS11 and FA19, as well as recent clinical isolates
GC68 and GC69 (15). Using proteomics-based reverse vaccinology (16), we have
investigated the composition of N. gonorrhoeae cell envelopes and naturally released
membrane vesicles across common laboratory strains, including FA1090, MS11, and
FA19 (6), as well as FA1090 cell envelopes under four different host-relevant growth
conditions (5) to identify vaccine candidate targets. Among the ubiquitously expressed
proteins in four examined isolates were novel vaccine candidates NGO2121, NGO1985,
NGO2054, NGO2111, NGO1205, and NGO1344 (5, 6), with predicted functions associ-
ated with cell envelope homeostasis. Herein, we utilized Biolog Phenotype MicroArrays
(PMs) to identify the phenotypes of gene knockout mutants in our six vaccine candi-
dates. Elucidating the physiological roles of these proteins is important to our vaccine
candidate decision tree, as antibodies against protein antigens can disable their
function (17).

Assessing the functions of hypothetical proteins is difficult due to the lack of
available information on the protein, and a prohibitive number of treatments may need
to be examined in a mutant organism before a phenotype is associated with the loss
of that protein. To increase the number of conditions available for testing, bacterial PMs
have been designed to comprehensively screen bacterial strains for unique phenotypes
(18). These arrays have been used to assess the fitness cost of antimicrobial resistance
(19), to determine whether the increased pathogenicity of sequence type 131 extraint-
estinal pathogenic Escherichia coli is due to an altered metabolic profile (20), to examine
the biological role of two-component systems in E. coli (21), and to identify the
physiological functions of genes (22, 23). Here, we have optimized growth conditions
(culture medium, inoculum size, and incubation time) for N. gonorrhoeae and used
them for the first PM analysis of N. gonorrhoeae to assess the physiological functions of
vaccine candidate proteins NGO1205, NGO2054, NGO2121, NGO1985, NGO2054,
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NGO2111, NGO1205, and NGO1344, in addition to our marker of compromised mem-
brane integrity, NGO1780 (gonococcal homolog of BamE [BamEGC]).

RESULTS AND DISCUSSION
Selected vaccine candidate proteins. The open reading frames (ORFs) of our

proteome-derived vaccine candidates chosen for further investigation, NGO2121,
NGO1985, NGO2054, NGO2111, NGO1205 and NGO1344, encode hypothetical proteins.
Homology, database, and literature searches were performed to gain information about
their possible biological functions. All proteins contain predicted domains involved in
cell envelope homeostasis (Fig. 1). NGO2121 is annotated as a predicted lipoprotein,
maintenance of lipid asymmetry (MlaA; also known as VacJ [virulence-associated,
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FIG 1 Protein domain schematics. ORFs were examined for the presence of putative domains using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) and for the presence of signal peptides using the
SignalP 4.1 and LipoP 1.0 servers. (A) A predicted MlaA domain is present in NGO2121, in addition to a
signal peptide. (B) NGO1985 is composed of two bacterial OsmY and nodulation (BON) domains and a
lipoprotein signal peptide. (C) NGO2054 contains a Lambda-Bor domain that overlaps with a lipoprotein
signal peptide, as well as a fragile site-associated protein C terminus (FSA-C). (D) NGO2111 is composed of
a DUF560 domain and contains an N-terminal signal peptide. (E) NGO1205 comprises a plug domain, a
Ton-B dependent receptor domain, an outer membrane protein (OMP) �-barrel domain, and a Seadorna-
virus (SDV) VP10 domain. (F) NGO1344 includes an AsmA domain and an AsmA C-terminal domain.
Schematics are not to scale. SP, signal peptide; LSP, lipoprotein signal peptide; Mla, maintenance of lipid
asymmetry; DUF, domain of unknown function.
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chromosome locus J]); however, in N. gonorrhoeae, it does not contain an invariant
cysteine residue, a hallmark feature of all lipoproteins (4). Residues 25 to 218 of
NGO2121 in FA1090 form a conserved ABC transporter Mla domain (Fig. 1A). MlaA is
involved in maintaining lipid asymmetry in the E. coli outer membrane (24), contributes
to outer membrane vesicle formation (25), and is essential for Shigella flexneri to spread
to adjacent cells during infection (26, 27).

Examination of NGO1985 showed that it is a predicted lipoprotein containing two
bacterial OsmY and nodulation domains, BON domains, which are hypothesized to bind
phospholipids (28) (Fig. 1B).

Among the selected candidates is NGO2054, a predicted lipoprotein containing a
Lambda-Bor motif involved in resistance to serum in E. coli (29). Additionally, this protein
contains a segment with homology to a fragile site-associated protein C terminus (FSA-C)
involved in adipocyte differentiation in mammalian cells (30) (Fig. 1C). We have recently
determined that NGO2054 is surface exposed, induces bactericidal antibodies, and is
continuously expressed at the same level throughout all stages of gonococcal growth and
under tested host-relevant conditions (5).

NGO2111 is annotated as a hypothetical protein containing a DUF560 domain of
unknown function (Fig. 1D). In our proteomic profiling, we found that this protein was
upregulated during growth under iron-limited conditions (5). The meningococcal homolog,
NMB1971, has been described as a paralog of the surface lipoprotein assembly modulator
Slam and was designated Slam2. In Neisseria meningitidis, this protein is responsible for
specifically translocating the hemoglobin-haptoglobin utilization protein HpuA to the cell
surface, and it has no effect on the localization of Slam1 substrate transferrin binding
protein (TbpB), lactoferrin binding protein (LbpB), or factor H binding protein (fHbp). The
presence of only the DUF560 domain was shown to be sufficient for translocation of Slam1
surface lipoprotein substrates, but the same experiment was not performed with the Slam2
DUF560 domain (31). It is likely that lipoprotein translocation is affected in the Δngo2111
mutant background.

Our searches showed that NGO1205, also known as TdfJ, is a member of the ferric
uptake regulator regulon (32, 33) and has homology to the meningococcal zinc uptake
protein ZnuD (34). Supporting this role, NGO1205 includes a predicted TonB-dependent
receptor domain, as well as a plug domain. An outer membrane protein �-barrel domain
within the TonB-dependent receptor domain further suggests that this protein is a receptor
channel. NGO1205 also comprises a domain with homology to the Seadornavirus structural
protein VP10 of unknown function (Fig. 1E). Structural studies of N. meningitidis ZnuD
indicated that zinc binding induces multiple conformational changes of surface loops,
potentially allowing this protein to avoid detection by the immune system despite high
sequence conservation among meningococcal strains (35). Further, a meningococcal ZnuD
mutant is less virulent in a mouse model of systemic infection (35) and is more sensitive to
killing by neutrophil extracellular traps (36), which contain calprotectin to impose nutri-
tional immunity by sequestering zinc ions (37). In N. gonorrhoeae, NGO1205 was not
required for survival within cervical epithelial cells (38) but was upregulated in biofilms,
where anaerobic respiration is primarily employed for survival (39). Corroborating these
findings, high-throughput proteomics of cell envelopes showed increased levels of
NGO1205 during the growth of N. gonorrhoeae under anaerobic conditions (5).

Finally, NGO1344 has homology to the assembly suppressor mutation protein AsmA
of E. coli (40), where removal of this protein resulted in reduced LPS biosynthesis (41).
However, when it was knocked out in N. meningitidis, no effect on LPS was observed
(42). Examination of NGO1344 indicated the presence of an AsmA domain from residues 8
to 611, as well as an AsmA C-terminal domain from amino acids 467 to 634 (Fig. 1F).

Rationale of experimental design. To assess the functions of our six vaccine candidate
proteins in the N. gonorrhoeae cell envelope, we chose to use the Phenotype MicroArray
(PM) technology developed by Biolog (22). PMs are 96-well microtiter plates formulated
with various concentrations of compounds selected to evaluate a wide range of pheno-
types, ranging from nutrient requirements and antibiotic sensitivities to responses to
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osmolytes and chemicals (18). For this study, we have selected PM9, which contains various
osmolytes, and PM11 to PM20, which are formulated with a series of compounds to probe
cellular membrane integrity, including metals, antimicrobial peptides, small hydrophobic
molecules, and dyes. We did not employ the PMs designed to test nutrient utilization,
because N. gonorrhoeae is a fastidious organism that can catabolize only glucose, pyruvate,
and lactate (43).

We have chosen N. gonorrhoeae strain FA1090 as our type strain for vaccine
candidate research. This strain was isolated in 1983 from a woman with disseminated
gonococcal infection (14). Its infection characteristics have been extensively character-
ized, both in human male volunteer trials (44) and in the murine model for female
infection (45–48). FA1090 is naturally streptomycin resistant (46), which allows for
selection from normal human or murine flora without additional genetic manipulation.
Our criteria for suitable vaccine candidates include that antigens are universally present
and do not display phase or antigenic variation. The FA1090 genome is one of the
smallest gonococcal genomes, with only 2,157 annotated coding sequences (RefSeq
accession no. NC_002946.2). We hypothesize that proteins encoded in this compact
genome are more likely to be conserved across multiple strains and are important for
bacterial physiology. Therefore, we predict that vaccine candidates selected from the
FA1090 proteome will provide protection against heterologous strains. In support of
our strategy, mice treated with interleukin-12 and immunized with membrane vesicles
derived from FA1090 that contain proteins investigated in the current study (6) are
protected against infection by both laboratory strains and clinical isolates (15).

Screening was performed in WT FA1090 and isogenic strains deficient in NGO2121,
NGO1985, NGO2054, NGO2111, NGO1205, and NGO1344. To have a reference of
phenotypes associated with compromised cell envelope integrity, we included a mu-
tant deficient in NGO1780, the gonococcal homolog of BamE (BamEGC). BamE is a
member of the �-barrel assembly machinery (BAM) complex together with BamA to
BamD. Neisseria spp., in contrast to E. coli, do not possess BamB (49). In E. coli, BamE is
thought to influence the structure of the integral member of the complex, BamA,
through its interaction with BamD (50). The ΔbamEGC knockout mutant in N. gonor-
rhoeae FA1090 was obtained easily but displayed characteristics of perturbed outer
membrane permeability, including increased sensitivity to antibiotics and detergents,
alterations in cell envelope composition, and increased vesiculation (A. E. Sikora, I. H.
Wierzbicki, N. Noinaj, R. A. Zielke, R. F. Ryner, and K. V. Korotkov, unpublished data).

For the screening, we used Graver-Wade (GW) liquid medium (51), as it is clear,
colorless, and free of protein, unlike gonococcal base liquid (GCBL) medium. Addition-
ally, it has been successfully utilized to establish a time course of bacterial killing with
antibiotics of different mechanisms of action (52).

Protein profiling. Our initial investigations into the effects of knockout mutations

of NGO1985, NGO2121, NGO2111, or NGO1344 when probed with bile salts, polymyxin
B, Tween 20, sodium dodecyl sulfate, urea, and chloramphenicol indicated that the cell
envelope was disrupted to various extents, depending on the missing vaccine candi-
date. An N. gonorrhoeae FA1090 mutant lacking NGO1985 was the most severely
affected, exhibiting increased sensitivity to all of the compounds tested, while the
Δngo2121 mutant was sensitive to bile salts and polymyxin B. In contrast, gonococci
lacking NGO1344 or NGO2111 were not affected by any of the compounds tested (6).

First, we aimed to examine the possible differences between the phenotypes of
gonococci cultured in GCBL and GW media by monitoring bacterial growth and
assessing the protein profiles of supernatants as well as whole-cell lysates. A compar-
ison of the time the strains required to reach mid-logarithmic growth (optical density
at 600 nm [OD600], 0.6 to 0.8) indicated that the overall growth rates in GW medium
were more consistent than those in GCBL medium. While the eight strains required 2.0
to 2.3 h to reach mid-log phase in GW medium, the same stage of growth was achieved
within 2.08 to 3.5 h in GCBL (Fig. 2A).
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Supernatant samples were obtained from all strains grown in both GCBL and GW
media to mid-logarithmic phase, and the proteins were precipitated with a modified
pyrogallol red-molybdate-methanol procedure, as described previously (53). Visualiza-
tion of their protein contents by silver staining (Fig. 2B and C) revealed dramatic
differences. While GW medium is protein free, GCBL medium is predominantly proteo-
lytically digested peptone, resulting in high background staining and protein bands
that were less distinct than those seen in GW medium, making it difficult to assess
differences in protein abundance and in the overall number of protein species (Fig. 2B).
Silver staining of supernatants derived from the WT and the mutants cultured in GW
medium revealed that the Δngo1344 mutant released the most protein species into the
extracellular milieu, followed by the ΔbamEGC and Δngo1985 mutants (Fig. 2C). To
assess whether this elevated protein content was due to cell lysis, the supernatants
were also probed with antibodies against cytoplasmic proteins GmhA, Obg, and Zwf
(54–57). During growth in GCBL medium, the Δngo1985 and ΔbamEGC mutants had
elevated amounts of all cytoplasmic protein markers compared to the WT (Fig. 2D, left),
indicating increased cell lysis. However, when the mutants were grown in GW medium
(Fig. 2D, right), the release of cytoplasmic proteins appeared to be greatly decreased,
suggesting that a component(s) of the GW medium partially compensated the pheno-
type. In contrast, the Δngo1344 mutant did not exhibit enhanced cell lysis during
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FIG 2 Growth comparison and protein profiling of Neisseria gonorrhoeae cultured in GCBL and GW media. (A) FA1090 (WT) and all mutant strains were cultured
in GCBL or GW liquid medium until mid-logarithmic growth (OD600, 0.6 to 0.8), and the time required to achieve the appropriate turbidity was recorded. n �
2; bars represent mean � the standard error of the mean (SEM). Culture supernatants were precipitated with a pyrogallol red-molybdate-methanol procedure
and concentrated 15-fold. (B and C) Equivalent material, based on the OD600 of the original culture, was separated with a 4 to 12% Bis-Tris NuPAGE gel and
silver stained. Migration of molecular weight markers and their masses (in kilodaltons) are indicated on the left. Supernatants from cultures grown in GCBL (B)
or GW (C) medium are presented. (D and E) Immunoblotting analysis of supernatants (D) or whole-cell lysates (E) from cultures grown in GCBL or GW medium,
as indicated, were normalized based on OD600 values of the original cultures and resolved on either Bio-Rad Any kD or 4 to 20% TGX precast protein gels.
Proteins were transferred and probed with polyclonal rabbit antiserum, as indicated. WT and mutant strains are indicated at the top of the immunoblot.
Supernatant collection was performed on two separate occasions, and representative gels and immunoblots are presented. GCBL, gonococcal base liquid
medium; GW, Graver-Wade liquid medium; OD600, optical density at 600 nm.
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growth in GCBL medium. However, when cultured in GW medium, there was increased
cell lysis, based on the elevated levels of GmhA, Obg, and Zwf. These striking differ-
ences were not observed when the abundance of the proteins was compared to the
whole-cell lysates (Fig. 2E), which suggests that the increase in protein abundance
observed in the culture supernatants was not due to alterations in expression.

Our protein profiling indicated that the culture medium played an important role in
the growth characteristics of the mutants, which should be considered when investi-
gating protein biological function. It also further validated our choice of GW medium
for the screening, as the growth rates for all mutants were highly consistent and
reproducible.

Screening optimization. Initially, our screening workflow was based on the time-
kill experiments performed by Foerster et al. (52), who suspended N. gonorrhoeae in
phosphate-buffered saline to a turbidity equivalent to a 0.5 McFarland standard and
then inoculated 15 ml of GW medium with 30 �l of suspension. The inoculum was
dispensed into microtiter plates and grown for 4 h, at which point antibiotics were
added, and cultures were grown up to 6 h longer (52). However, we were unable to
achieve consistent, reliable growth with this method using N. gonorrhoeae strain
FA1090, likely due to the various degrees of cell lysis observed between different
gonococci (58–62) as well as of our knockout strains. Additionally, there were no means
of ensuring that bacteria were actively dividing before dispensing the culture into the
screening plates. In a subsequent method optimization attempt, N. gonorrhoeae strains
were collected from solid medium, suspended in GW medium to an OD600 of 0.1,
cultured for 3 h, back diluted to an OD600 of 0.1, and then dispensed into each well of
the screening plate, which was subsequently cultured for 6 h. This approach resulted in
consistent, predictable growth and provided a way to ensure growth before screening
(as the turbidity of the cultures at OD600 was monitored before dispensing into plates),
but the bacteria reached stationary phase between 4 and 6 h. As a result, some of the
gonococci likely underwent autolysis, yielding incomparable growth curves. Finally,
minimized autolysis was achieved by diluting the culture 10-fold more, to an OD600 of
0.01, before dispensing it into the screening plates. With our optimized protocol,
gonococci were actively dividing before initiating the screening and showed consistent,
reproducible growth kinetics without reaching stationary phase before the end of the
experiment. Typically, a tetrazolium dye is added to the suspension used to inoculate
the PM plates as a measure of bacterial viability (18); however, we found that this dye
prevented gonococcal growth in GW medium, so it was omitted.

Our final experimental workflow is outlined in Fig. 3A. Bacteria were suspended to
an OD600 of 0.1 in prewarmed GW medium and cultured in a 5% CO2 atmosphere at
37°C with shaking for 3 h. Cultures were then diluted to an OD600 of 0.01. We
enumerated the CFU to quantify the starting material for each strain. Between 3.8 � 106

and 5.8 � 106 CFU/ml (Fig. 3A) were dispensed into individual wells of the PM plate,
and the remaining suspension was cultured separately in conical tubes to monitor
growth without compounds. Cultures inoculated into 96-well plates and tubes were
both treated for 6 h in the same manner as described above, and the turbidity of the
cultures maintained on the PM plates was measured every 2 h. The raw data from all
plates at all time points can be found in File S1 in the supplemental material, and the
growth monitoring data are shown in Fig. 3A. Each compound at each concentration
tested was designated one condition. Two sets of screening experiments were per-
formed. In the first, the WT, Δngo2121 mutant, and Δngo1985 mutant were tested, and
the WT and Δngo2054, Δngo2111, Δngo1205, Δngo1344, and ΔbamEGC mutants were
examined in the second set.

Phenomes of N. gonorrhoeae FA1090 and isogenic vaccine candidate mutants.
Overall, we screened 1,056 conditions for each of eight N. gonorrhoeae strains: the WT and
the Δngo2121, Δngo1985, Δngo2054, Δngo2111, Δngo1205, Δngo1344, and ΔbamEGC mu-
tants. For each condition, mutant growth was compared to that of the WT by calculating
the log2 ratio of the mutant to WT OD600 value at the experimental endpoint. If the log2

ratio was 0.5 or above, the condition was considered beneficial to the mutant, while a ratio
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of �0.5 or below was considered detrimental. Next, the hits were manually curated to
remove any false positives where (i) the mutant and WT OD600 values decreased over the
course of the experiment, (ii) the mutant OD600 decreased or the increase was not
consistent for a beneficial hit, or (iii) the WT OD600 decreased or the increase was not
consistent for a detrimental hit. These criteria were applied to each condition indepen-
dently for each mutant. Mutant-to-WT ratios were calculated based on the WT data
collected in the respective experiment (Fig. 3B).

In the first and second sets of experiments, 573 and 593 conditions, respectively,
prevented growth of the wild type, determined by counting the conditions under
which the OD600 of the well increased by less than 0.01 over the course of the
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experiment (Fig. 3C and File S1). Three hundred twenty-three conditions influenced at
least one of the tested mutants, with 60 conditions being beneficial to only one of the
seven mutants screened and 31 conditions that were uniquely detrimental (Fig. 3C). No
compound was universally beneficial or detrimental. The structures or molecular
formulas, with molecular weights and mechanism of action, of the compounds that
affected at least one of the mutants are provided in Fig. S1. In both the previous study
(6) and the current one, the Δngo1985 mutant exhibited the most striking phenotypes
with three and 46 detrimental and beneficial conditions, respectively (Fig. 4). As might
be expected from our preliminary phenotypic screen (6), the Δngo2121 mutant was the
second most affected mutant, with six unique beneficial conditions and 15 detrimental
conditions (Fig. 5). None of the other mutants tested was affected by as many unique
conditions as the Δngo2121 or Δngo1985 mutant. Both the Δngo2054 and Δngo1205
mutants were benefitted by two conditions (red and orange bars, Fig. 6), while two and
one conditions were detrimental to the growth of these mutants, respectively (blue and
light blue bars, Fig. 6). One condition enhanced the growth of the Δngo1344 mutant,
while four conditions attenuated the mutant’s growth (bright pink and dark blue bars,
Fig. 6). Finally, three conditions were beneficial to the ΔbamEGC mutant, and six
conditions were detrimental (light pink and teal bars, Fig. 6). Notably, no conditions had
a unique effect on the Δngo2111 mutant.

Phenome of �ngo1985 mutant. Our experiments revealed 46 unique conditions

under which the Δngo1985 mutant grew better than the WT and three unique condi-
tions where mutant growth was attenuated compared to the WT (Fig. 4). Among the
unique beneficial compounds was ethylene glycol at all concentrations tested in the
osmolyte screening plate. A common component of antifreeze, ethylene glycol can act
as an osmoprotectant, blocking membrane pores caused by antimicrobial peptides
(63). In our screening, ethylene glycol may have partially compensated for the cell
envelope defects caused by the loss of NGO1985, allowing the mutant to grow to an
OD600 up to 0.442, while the WT grew to an OD600 of 0.298 at an ethylene glycol
concentration of 20% (Fig. 4 and File S1). Ammonium sulfate was beneficial to the
Δngo1985 mutant at 10 to 20 mM but was detrimental to the mutant at 100 mM (Fig.
4 and File S1). This chemical has been used to induce bacterial aggregation, which is
dependent on cell surface hydrophobicity and can be quantified by measuring the
decrease in turbidity after ammonium sulfate application (64). It is also commonly used
to precipitate proteins (65). Our results suggest that the loss of NGO1985 affects the
surface hydrophobicity of the mutant; therefore, the presence of ammonium sulfate
might result in cell aggregation lower than that of the WT, rather than enhancing the
growth of the mutant. Higher concentrations may impose high ionic or osmotic stress
that the mutant cannot withstand due to compromised membrane integrity.

The two most beneficial conditions for the Δngo1985 mutant were boric acid at
concentration 3 and guanidine hydrochloride at concentration 4, with log2 ratios of
1.74 and 1.77, respectively. Boric acid is a weak Lewis acid that exhibits antimicrobial
activity against another sexually transmitted disease-causing agent, Trichomonas vagi-
nalis, although the mechanism of action is unknown (66). Guanidine hydrochloride is a
chaotropic denaturant commonly used in the purification of otherwise insoluble pro-
teins (67). Finally, not surprisingly, kanamycin was designated a beneficial compound in
comparison to the WT. When knocking out the ngo1985 locus, we replaced it with the
kanamycin resistance cassette under the control of its own promoter (6). The other
mutants tested in this study were constructed in the same manner, and although they
did grow in the presence of kanamycin throughout the experiment, the mutant-to-WT
ratios did not meet our cutoff criteria. Compound concentrations are not provided for
the PM chemical sensitivity plates. Instead, the concentrations are listed from 1 to 4,
from lowest to highest. It is therefore not possible to compare the concentration of
kanamycin in the screening plate to the concentration we used to select for mutant
bacteria.
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FIG 4 Phenome of Δngo1985 mutant. Forty-nine conditions affected the Δngo1985 mutant without
having an effect on any of the other mutants tested. Forty-six conditions resulted in a log2 ratio of
�0.5 for the Δngo1985 mutant (red bars, beneficial). The ratio was �0.5 or lower for 3 conditions
(blue bars, detrimental). mut, mutant.
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The most detrimental compounds were alexidine and L-glutamic-�-hydroxamate,
resulting in ratios of �1.17 and �1.02, respectively. Alexidine is a bisbiguanide disin-
fectant that binds to LPS and increases the permeability of the cell membrane, potentially
by forming lipid domains within the membrane (68, 69). The already-perturbed
Δngo1985 mutant cell envelope likely cannot compensate for the additional disruption,
leading to inhibition of growth. While the WT OD600 increased from 0.039 to 0.11 over
the time course, the Δngo1985 mutant increased from 0.046 to 0.051 within 2 h and
then decreased to 0.049 by the end of the experiment. L-Glutamic-�-hydroxamate is a
glutamic acid hydroxamate derivative that irreversibly inhibits E. coli �-glutamyl-
cysteine synthase in an ATP-dependent manner (70). The inhibition of this biosynthetic
enzyme depletes cellular glutathione stores, reducing the cell’s ability to defend against
toxic molecules, including reactive oxygen species (71). Glutathione is also involved in
protecting the cell against the effects of low pH, chlorine compounds, and osmotic
stress (72). In N. gonorrhoeae, glutathione is responsible for defense against the reactive
nitrogen species nitric oxide (73). Thus, the reduction in available glutathione likely
exacerbates the cellular stress inherent to the Δngo1985 mutant, preventing its growth.

Phenome of �ngo2121 mutant. The screening indicated a total of 56 compounds
with a positive or negative effect on the Δngo2121 mutant. Six conditions improved the
growth of only the Δngo2121 mutant versus the wild type, and 15 conditions were
detrimental to the mutant uniquely (Fig. 5). Azlocillin and cefuroxime, a ureidopenicillin
and a second-generation cephalosporin, respectively, resulted in better growth of the
mutant. While both compounds interfere with cell wall synthesis by binding to
penicillin-binding proteins (74), another penicillin derivative with a similar mode of
action, ampicillin, was detrimental to mutant viability. Additionally, sulfachloropyrida-
zine and sulfamonomethoxine both attenuated the growth of the Δngo2121 mutant at
all concentrations, while sulfamethoxazole and sulfanilamide had no effect at any
concentration (Fig. 6 and File S1). All are sulfonamide antibiotics, which act to disrupt
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FIG 5 Phenome of Δngo2121 mutant. Twenty-one conditions affected the Δngo2121 mutant without
having an effect on any of the other mutants tested. Six conditions resulted in a log2 ratio of �0.5
for the Δngo2121 mutant (red bars, beneficial). The ratio was �0.5 or lower for 15 conditions (blue
bars, detrimental). mut, mutant.
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folate production by inhibiting dihydropteroate synthase (75). Analysis of computed
partition coefficient (XlogP3) values indicated that the lipophilicities of these com-
pounds increased in the following order: sulfanilamide (�0.6), sulfamonomethoxine
(0.8), sulfamethoxazole (0.9), and sulfachloropyridazine (1.0). Based on their biological
half-lives, sulfanilamide and sulfachloropyridazine are short-acting sulfa drugs, sulfa-
methoxazole is intermediate acting, and sulfamonomethoxine is long acting (https://
pubchem.ncbi.nlm.nih.gov) (76). These lines of evidence indicate that neither solubility
nor duration of action are adequate predictors of activity against the Δngo2121 mutant.
The Δngo2121 mutant appeared more sensitive to oxidative stress, as potassium
chromate and 3-amino-1,2,4-triazole were both detrimental to the growth of the
mutant. This is consistent with observations in other bacteria, as a Campylobacter jejuni
mutant deficient in the VacJ homolog, Cj1371, was more sensitive to oxidative stress
induced by exposure to paraquat (77). As a catalase inhibitor, 3-amino-1,2,4-triazole
increases cellular sensitivity to hydrogen peroxide (78). In Shewanella oneidensis, expo-
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and two conditions with a ratio of �0.5 or lower (blue bars, detrimental). The Δngo1205 mutant was
uniquely affected by two conditions with a log2 ratio of �0.5 (orange bars, beneficial) and one condition
with a ratio of �0.5 or lower (light blue bar, detrimental). The Δngo1344 mutant was uniquely affected
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sure to potassium chromate induced increased expression of numerous proteins with
roles in protection against oxidative stress (79). Additionally, potassium chromate
induced the SOS response in both S. oneidensis and E. coli (79, 80). Notably, another
compound detrimental to the Δngo2121 mutant was 5-fluorouracil, an antitumor agent
which induces the E. coli SOS response (81) and synergistically increases the sensitivity
of Gram-negative bacteria to �-lactam antimicrobials (82). While N. gonorrhoeae strain
MS11-A does not have a classical SOS system (83), the FA1090 genome does encode
SOS system homologs that are activated by DNA damage and oxidative stress (84).
Combined, the N. gonorrhoeae FA1090 mutant lacking NGO2121 displays an oxidative
stress phenotype and a specific membrane permeability defect.

Other unique phenotypes. None of the remaining five mutants showed as many
phenotypes as the Δngo1985 or Δngo2121 mutant, and the Δngo2111 mutant was not
uniquely affected by any conditions (Fig. 6). A mutant lacking NGO2054 was positively
affected by vancomycin and 5,7-dichloro-8-hydroxyquinoline (Fig. 6, red bars). Vanco-
mycin is a glycopeptide antibiotic that blocks cell wall synthesis by binding to pepti-
doglycan subunits. Typically, Gram-negative bacteria are resistant to vancomycin,
because vancomycin is too large to easily diffuse through the outer membrane (74).
The loss of NGO2054 may further fortify the cell envelope against larger molecules, as
the mutant grew to an OD600 of 0.079, while the WT did not grow at all. The copper
chelator 5,7-dichloro-8-hydroxyquinoline is has been shown to inhibit DNA polymerase
activity and inhibit Rous sarcoma virus and herpes simplex virus 1 (85). Nordihydro-
guaiaretic acid and benserazide were both detrimental to the growth of the Δngo2054
mutant (blue bars). The primary active component in extracts of the creosote plant,
nordihydroguaiaretic acid is a redox-active compound that appears to target the
cellular membrane and can disrupt biofilm structure (86). Benserazide is an aromatic
L-amino acid decarboxylase inhibitor that is coadministered with levodopa to treat
Parkinson’s disease and has been shown to increase the sensitivity of multidrug-
resistant Pseudomonas aeruginosa to minocycline (87).

The growth of a mutant deficient in NGO1205 was enhanced compared to that of
the wild type by a 6% solution of NaCl supplemented with trimethylamine, as well as
by cephalothin. The presence of trimethylamine increases the pH of the culture
medium (88), suggesting that the mutant may better tolerate a more basic environ-
ment. Cephalothin, a first-generation cephalosporin that is 325-fold less effective than
ceftriaxone against N. gonorrhoeae (89), permitted the growth of the Δngo1205 mutant,
resulting in a final mutant OD600 of 0.101, while the WT did not grow at all (File S1).
However, the presence of moxalactam, a third-generation cephalosporin that is over
20-fold more effective than cephalothin (89), allowed the WT to grow to an OD600 of
0.195, while the mutant achieved an OD600 of 0.13 (File S1).

The growth of a Δngo1344 mutant was enhanced by oxycarboxin (Fig. 6, bright pink
bar), an antifungal that interferes with fungal mitochondrial electron transport and
inhibits succinate oxidation in the Gram-negative bacterium Micrococcus denitrificans
(90). Although the turbidity of both the WT and mutant started out high, at OD600

values of 0.209 and 0.212, respectively, over the course of the experiment, the WT
OD600 dropped to 0.051, while that of the Δngo1344 mutant increased to 0.333 (File
S1). The mutant-to-WT ratio was therefore inflated; however, oxycarboxin still met our
curation criteria. Growth of the Δngo1344 mutant was attenuated by 6-mercaptopurine
at concentrations 1 and 2. This compound is typically used as an immunosuppressant
in patients with Crohn’s disease but has also been shown to suppress the growth of
Mycobacterium paratuberculosis, a possible cause or trigger of Crohn’s disease (91). The
Δngo1344 mutant was also negatively affected by both colistin and 2-nitroimidazole.
Colistin is a cationic antimicrobial peptide, also known as polymyxin E. Like polymyxin
B, it targets the cell envelope, increasing permeability and causing cell death (92).
2-Nitroimidazole exhibits antitubercular activity, even to Mycobacterium tuberculosis
within macrophages (93). These data suggest that the loss of NGO1344 causes a
membrane defect that is more specific than that caused by a lack of NGO1985.
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Three osmolytes were beneficial to the growth of the ΔbamEGC mutant exclusively
(Fig. 6, light pink bars). A 6% NaCl solution supplemented with either creatinine or
L-proline improved the growth of the mutant to a log2 ratio of 1.75 or 1.48, respectively.
Sodium nitrite is commonly used as a packaged meat preservative and is bacteriostatic
toward Listeria monocytogenes (94). It also kills P. aeruginosa, Staphylococcus aureus, and
Burkholderia cepacia during both planktonic and biofilm growth (95). In contrast, a 20
mM solution of sodium benzoate at pH 5.2 attenuated the growth of the ΔbamEGC

mutant, resulting in a log2 ratio of �0.58. The mutant was also negatively affected by
five other compounds (Fig. 6, teal bars), including four antibiotics: nalidixic acid,
rifampin, doxycycline, and cefsulodin. All four antibiotics employ different mechanisms
to kill bacteria. Nalidixic acid hinders DNA synthesis, rifampin inhibits RNA synthesis,
doxycycline interferes with protein synthesis, and cefsulodin prevents cell wall synthe-
sis (74). Additionally, the ΔbamEGC mutant was more sensitive than the WT to chro-
mium chloride, which inhibits DNA synthesis (96). The diversity of the activities of
compounds that affect the BamEGC knockout indicated that the lack of BamEGC caused
a more general defect in membrane permeability. A lack of BamE affects membrane
permeability in both N. meningitidis and E. coli, as measured by an increase in suscep-
tibility to antibiotics, including vancomycin (49, 97), bacitracin and erythromycin (50),
and the antimicrobial peptide polymyxin B (98). The effects of BamE deletion have also
been studied in Caulobacter crescentus, where mutant bacteria exhibited increased
sensitivity to nalidixic acid, rifampin, and carbenicillin (99). No previous study utilizing
PMs has examined bacteria deficient in BamE, nor have sensitivity phenotypes to
sodium benzoate or chromium chloride been reported.

Cluster analysis of phenotypes. To gain further insight into the physiological
functions of the vaccine candidate proteins under investigation, we grouped them
together based on which compounds were beneficial or detrimental to two or more
mutants. For this analysis, as long as the mutant-to-WT log2 ratio meet our cutoff
criteria, the magnitude of the effect was ignored. Additionally, if a compound affected
two mutants at two different concentrations, the mutants were clustered together,
regardless of concentration. Based on the compounds that affected the mutants in
common, we generated a dendrogram of functional relatedness (Fig. 7). This analysis
indicated that NGO2121 and NGO1985 formed a phenotype cluster distinct from the
other five mutants tested, suggesting that they perform tasks unique from the other
proteins. NGO1344 and BamEGC clustered together, and NGO2054, NGO1205, and
NGO2111 formed a third cluster, with NGO1205 and NGO2111 being the most closely
related of the three. This phenotype clustering, combined with the fact that no
conditions had a unique effect on the Δngo2111 mutant, suggests that NGO2111 may
have a redundant role in the cell envelope; however, additional studies are needed to
further elucidate its function.

We expected that kanamycin and derivative compounds, such as neomycin and
paromomycin (Fig. S1), would have less of an effect on the mutant strains than the WT
because of the kanamycin resistance cassette used to replace the gene during gener-
ation of the knockout strains (5, 6). Aminoglycoside-modifying enzymes confer resis-
tance to kanamycin, neomycin, and paromomycin (100), so these antibiotics can serve
as a control for a beneficial compound. The log2 ratio of the Δngo2121 mutant did not
reach our 0.5 cutoff for neomycin, nor did the ΔbamEGC mutant ratio for paromomycin.
At lower concentrations, paromomycin was detrimental to the Δngo1344 and ΔbamEGC

mutants (Fig. 7 and File S1). However, the presence of paromomycin allowed the two
mutants to reach turbidities with OD600 values of 0.124 and 0.12, respectively, at the
highest concentration, while WT growth was limited to an OD600 of 0.086.

Among the tested compounds that differentially affected more than two mutants
was 18-crown-6 ether, which inhibited growth of the Δngo2121 and Δngo1985 mutants,
while it enhanced the growth of the other five mutants to log2 ratios of 0.82 to 4.30 (File
S1). The toxicity and antimicrobial activity (101) of this planar lipophilic compound (Fig.
S1) involve binding and solubilizing potassium ions within the cell membrane (102). It
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FIG 7 Dendrogram of vaccine candidates’ functional relatedness. A clustering analysis was performed
based on the mutants’ common responses to 37 beneficial compounds (red boxes) and 57 detrimental
compounds (blue boxes) that affected two or more mutants at any concentration. *, polymyxin B, present
on two screening plates, was detrimental to the Δngo1985 mutant on one plate and had no effect on the
Δngo1985 mutant on the other plate.
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is possible that the alterations in the membrane caused by the loss of NGO2121 or
NGO1985 increase the susceptibility of the mutants to this compound by allowing
easier penetration into the cell envelope. The other mutants may have cell envelope
modifications that limit the diffusion of 18-crown-6 ether into the cell, or the compound
may prevent the loss of potassium ions through channels in the membrane (103).

Also, thioglycerol had mixed effects on six mutants. It was beneficial to the growth
of the ΔbamEGC, Δngo2054, Δngo1205, and Δngo2111 mutants and detrimental to the
growth of the Δngo1344 and Δngo2121 mutants. This compound is able to inhibit the
growth of E. coli by depressing RNA synthesis, inhibiting aerobic respiration, and
reducing S-adenosylmethionine concentrations by acting as a methyl acceptor (104–
106). As noted previously, the Δngo2121 mutant appeared to be more sensitive to
oxidative stress, which likely contributed to its increased susceptibility to thioglycerol.

The sulfonamide antibacterial sulfanilamide was beneficial to the growth of the
Δngo1985, Δngo2111, Δngo2054, and ΔbamEGC mutants. This compound is the active
component of the prodrug prontosil, and it interferes with folate synthesis by acting as
a competitive inhibitor of dihydropteroate synthase (107). In contrast, the antibiotic
oxytetracycline, which inhibits protein synthesis (74), was detrimental to the growth of
the Δngo2111, Δngo1205, ΔbamEGC, and Δngo1344 mutants.

Caffeine has previously been shown to exhibit antibacterial activity against E. coli
through interfering with DNA synthesis (108, 109). It prevented the removal of thymi-
dine dimers induced by UV radiation, contributing to increased mutational frequency
(110). In our screening, the Δngo1205, Δngo2054, ΔbamEGC, and Δngo1344 mutants
were negatively affected by the presence of caffeine. The transport of membrane
proteins has also been shown to be inhibited by caffeine (111). These lines of evidence
suggest that the loss of NGO1205, NGO2054, BamEGC, or NGO1344 allowed increased
influx of caffeine into the cell, impeding appropriate protein transport while simulta-
neously impairing DNA synthesis.

Chemical sensitivity complementation testing. To ensure that the phenotypes
observed in the screening were due to the loss of the proteins under investigation, we
generated complemented strains of all null mutations by placing the individual genes
under the control of the lactose promoter in an unlinked chromosomal locus. We have
previously demonstrated full complementation of phenotypes associated with deletion
of NGO1985 (6) (I. H. Wierzbicki, R. A. Zielke, J. Li, A. A. Begum, L. E. Peterson, R. W. Reed,
M. Unemo, K. V. Korotkov, A. E. Jerse, and A. E. Sikora, unpublished data). WT, knockout
mutants, and all complemented strains were spotted on gonococcal base (GCB) solid
medium plates supplemented with isopropyl-�-D-1-thiogalactopyranoside (IPTG) and
9-aminoacridine, bile salts, azathioprine, or polymyxin B. Exposure to 9-aminoacridine,
a DNA binding dye that inhibits the activity of E. coli RNA polymerase (112), affected the
Δngo2054, Δngo2111, Δngo1205, and ΔbamEGC mutants. Resistance to this compound
was restored to the WT level upon expression of the genes (Fig. 8). Bile salts nearly
abolished gonococcal viability in mutants lacking NGO2054, NGO1205, NGO1344, and
BamEGC, while they grew similarly to the WT upon complementation (Fig. 8). We
previously examined the effect of bile salts on the Δngo2121, Δngo1985, Δngo2111, and
Δngo1344 knockout mutants, which resulted in strongly attenuated phenotypes for the
Δngo1985 and Δngo2121 mutants. The growth of the Δngo2111 and Δngo1344 mutants
was not noticeably affected in our earlier investigation (6); however, using a 2.6-fold
higher concentration of bile salts in the current study revealed a growth defect for the
Δngo1344 mutant. The Δngo2111 mutant was not affected by exposure to bile salts in
either study. The phenotype observed for the Δngo2121 mutant when exposed to bile
salts was not complemented (Fig. 8). This may be due to insufficient induction of
protein expression, reflecting a requirement for increased expression of this protein
during exposure to amphipathic membrane-perturbing agents. Complementation re-
versed the sensitivity of the Δngo2054, Δngo2111, Δngo1205, Δngo1344, and ΔbamEGC

mutants to azathioprine, a prodrug used as an immunosuppressant (Fig. 8). Azathio-
prine is metabolized to 6-mercaptopurine, which, as a purine analog, acts by inhibiting
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DNA synthesis (113). Exposure to polymyxin B was detrimental to the Δngo2121,
Δngo2054, Δngo1344, and ΔbamEGC mutants (Fig. 8), and viability was completely
restored upon expression of all proteins from an unlinked chromosomal locus. Notably,
the complementation of NGO2054 resulted in larger colonies than those of the WT,
suggesting that an increased level of this protein could confer a fitness benefit when
cells are exposed to antimicrobial peptides. Together, these complementation studies
showed that the lack of vaccine candidate proteins was responsible for the compound
sensitivities observed in the screening.

Phenotype testing in WHO X background. Finally, we examined the role of the
vaccine candidates in a contemporary clinical isolate. Knockout mutations of each gene
were constructed in one of the 2016 World Health Organization (WHO) reference
strains, WHO X (11). This strain, formerly known as H041, was isolated in Kyoto, Japan,
in 2009 and was the first strain identified with high-level resistance to ceftriaxone (114).
Further examination revealed resistance to all �-lactams, fluoroquinolones, macrolides,
tetracycline, trimethoprim-sulfamethoxazole, chloramphenicol, and nitrofurantoin, as
well as elevated MICs for extended spectrum cephalosporins. However, it was still
sensitive to spectinomycin and rifampin (115). WHO X and isogenic knockouts were
spotted onto GCB solid medium containing polymyxin B, bile salts, azathioprine, or
9-aminoacridine (Fig. 9). As expected, when vaccine candidate proteins were knocked
out in the WHO X background, the chemical sensitivity profiles were similar to those of
the deletion mutants in the FA1090 background. However, the WHO X strain exhibited
increased resistance to all compounds tested; therefore, higher concentrations were
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FIG 8 Phenotypic complementation assessment. FA1090 (WT), isogenic knockout strains, and comple-
mented strains were suspended to 5 � 105 CFU/ml. Suspensions were serially diluted and spotted onto
a gonococcal base solid medium (GCB) plate, as well as GCB supplemented with 0.1 mM isopropyl-�-
D-1-thiogalactopyranoside (IPTG) and 9-aminoacridine (12 �M), bile salts (0.13%), azathioprine (80
�g/ml), or polymyxin B (600 U/ml). Plates were incubated at 37°C in a 5% CO2 atmosphere and inspected
after 22 h. Experiments were performed in triplicate, and representative images are presented. C,
complemented strain.
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required to observe similar sensitivity phenotypes. Exposure to 9-aminoacrine was
detrimental to the Δngo1344, ΔbamEGC, and Δngo1985 mutants. In stark contrast,
however, the viability of the Δngo2121 mutant was far greater than that of the wild type
when subjected to this compound. Bile salts completely abolished Δngo2121 mutant
growth and diminished growth of the Δngo2111 and Δngo1985 mutants. Azathioprine
had an effect only on the Δngo2121 mutant, while polymyxin B was detrimental to
mutants lacking NGO2121, NGO1344, BamEGC, and NGO1985. In the WHO X back-
ground, the loss of NGO2054 or NGO1205 did not result in a phenotype with the
compounds selected. However, the Δngo2111 mutant was sensitive to bile salts in the
WHO X background but was the only mutant resistant to this compound in the FA1090
background. The altered sensitivity profile of the Δngo2111 mutant between the two
strains tested suggested that alternative lipoproteins could depend on translocation by
NGO2111 in the WHO X strain if this protein acts as Slam2. The results of our phenotypic
assessment in WHO X illustrated the difference between strains and likely reflected the
adaptations this highly antibiotic-resistant strain has undergone. Importantly, these
studies indicated that vaccine candidate proteins NGO2121 and NGO1985 serve similar
functions in a drug-resistant contemporary clinical isolate, as their sensitivity phenomes
were comparable in the two strains. The evidence gathered from comparing these
mutants in the two strains further illustrated their potential utility in a protective
vaccine(s). Finally, the similarity in phenotypic profiles between mutants in the WHO X
background compared to the same null mutations in FA1090 provides additional
validation of our choice of N. gonorrhoeae FA1090 as a type strain for vaccine devel-
opment.

Conclusions. We present here the first phenotype microarray screening of N. gonor-
rhoeae to investigate the function of gonococcal vaccine candidate proteins NGO2121,
NGO1985, NGO2054, NGO2111, NGO1205, and NGO1344, in addition to a marker for
increased membrane permeability, BamEGC. Our optimized screening method can be
employed to search for inhibitors of gonococcal growth in a 96-well plate format or for the
assessment of novel antigonococcal therapeutics. The insights gained into the functions of
vaccine candidates will allow us to better understand the biology of the gonococcus and
the effects of targeting these proteins with a vaccine. Using our screening results, we
constructed a dendrogram illustrating the functional relatedness of the proteins under
investigation, revealing that NGO2121 and NGO1985 have the most distinct functions
compared to the other five proteins. We also confirmed our previous observations about
the extent of the membrane defects caused by the loss of NGO1985 (6). It was the most

Bile SaltsGCB

WHO X

WHO X ∆ngo2121

WHO X ∆ngo2054

WHO X ∆ngo2111

WHO X ∆ngo1205

WHO X ∆ngo1344

WHO X ∆bamEGC

9-Aminoacridine100 10-1 10-2 Azathioprine PolymyxinB

WHO X ∆ngo1985

FIG 9 Phenotypic analysis in a contemporary clinical isolate. WHO X (WT) and isogenic knockouts, as indicated,
were suspended to an optical density at 600 nm (OD600) of 0.1, cultured for 3 h at 37°C, and diluted to 5 � 105

CFU/ml. Cultures were serially diluted and spotted onto a gonococcal base solid medium (GCB) plate, in addition
to GCB plates supplemented with 9-aminoacridine (20 �M), bile salts (0.2%), azathioprine (118 �g/ml), or
polymyxin B (1,600 U/ml). Plates were incubated at 37°C in a 5% CO2 atmosphere and inspected after 22 h.
Experiments were performed in triplicate, and representative images are presented.

Baarda et al. Journal of Bacteriology

September 2017 Volume 199 Issue 17 e00037-17 jb.asm.org 18

http://jb.asm.org


highly affected mutant, with 64 compounds positively or negatively influencing its growth.
Additionally, for the first time, we identified conditions under which the growth of the
Δngo2111 or Δngo1344 mutant was affected, as our previous investigation did not reveal
any phenotypes for either mutant (6). The lack of any conditions that uniquely affected the
Δngo2111 mutant also suggested that this protein may have a redundant function and
could compensate for the loss of another protein. For the Δngo2121 mutant, our results
revealed a sensitivity to oxidative stress, as well as a specific outer membrane defect. This
study can act as a springboard for further characterization of these proteins in the cell
envelope. Furthermore, by revealing specific mutant sensitivities, the results of this study
can allow us to focus our attention on vaccine candidates that are likely to have a more
substantial physiological effect if their function is disrupted by the antibodies generated
against them. For example, the increased susceptibility to oxidative stress observed for the
Δngo2121 mutant and the sensitivity of the Δngo1985 mutant to a multitude of compounds
with widely varying modes of action illustrate the strong potential of these proteins as
vaccine candidates. Additionally, the similarity in phenotypic profiles in mutants lacking
NGO2121 or NGO1985 in both a laboratory strain and a highly antibiotic-resistant contem-
porary clinical isolate provide further support for their inclusion in a future vaccine. With the
increasing abundance of genomic and proteomic data available for N. gonorrhoeae, screen-
ings such as the one presented here have the potential to dramatically reduce the amount
of time required to evaluate novel vaccine candidates.

MATERIALS AND METHODS
Bacterial strains and growth conditions. For this study, we used Neisseria gonorrhoeae FA1090 as

the wild type (WT) (14). Isogenic knockout mutations of NGO2121, NGO1985, NGO1344, and NGO2111
were constructed previously (6), as were knockout mutations of NGO2054 (5) and NGO1780 (BamEGC)
(Sikora et al., unpublished). The Δngo1205 mutant and the complemented strains were generated for this
study as described below or in a previous study (5, 6). All mutations were introduced into the FA1090
background and WHO X (H041 [11]). Isolates of N. gonorrhoeae were streaked from frozen stocks stored
in glycerol at �80°C onto gonococcal base (GCB) agar solid medium (Difco) with Kellogg’s supplements
I and II, diluted 1:100 and 1:1,000, respectively (116). Strains were cultured for 18 to 20 h at 37°C in a 5%
CO2 atmosphere. Piliated or nonpiliated transparent colonies were subcultured onto fresh GCB agar
plates and cultured as described above. Piliated colonies were used for transformation experiments, and
nonpiliated colonies were used in all other experiments. To initiate growth in liquid medium, nonpiliated
colonies were collected from plates incubated for �18 h and suspended to an OD600 of 0.1 in prewarmed
GCB liquid (GCBL) medium supplemented as described above with the addition of 0.042% sodium
bicarbonate, or in Graver-Wade (GW) medium (51). Suspensions in GCBL medium were incubated at 37°C
with shaking at 220 rpm for 3 h. GW medium suspensions were cultured in the same manner in a 5% CO2

environment.
Phenotype screening. After an initial 3 h of incubation in GW medium, cultures were back diluted

to a 20-ml volume at an OD600 of 0.01 in prewarmed GW medium, and 100 �l was dispensed into each
well of the Biolog Phenotype MicroArray. Plates were incubated at 37°C in a 5% CO2 atmosphere with
agitation (220 rpm) for 6 h, and the OD600 values were measured every 2 h using a Synergy HT BioTek
plate reader. In parallel, the remaining volume of culture was incubated in a conical tube under the same
conditions to monitor overall bacterial growth. OD600 values were measured every 2 h. Additionally,
samples of each culture were taken immediately after dilution and serially diluted in GW medium, and
5 �l of each dilution was spotted onto a GCB plate for CFU enumeration. The GCB plate was cultured as
described above for 18 to 20 h, and colonies were counted. The WT, Δngo2121 mutant, and Δngo1985
mutant were screened in one set of experiments, and the WT and Δngo2054, Δngo2111, Δngo1205,
Δngo1344, and ΔbamEGC mutants were screened in a second set of experiments.

Supernatant protein profiling. After initial incubation, cultures were diluted to an OD600 of 0.1 in
prewarmed GCBL or GW medium. Strains were cultured as described above until they reached approx-
imately mid-logarithmic growth (OD600 between 0.6 and 0.8). Supernatants were separated by low-speed
centrifugation (6,000 � g, 10 min, 25°C) and filtered through a 0.22-�m polyethersulfone (PES) filter
(VWR). Proteins in the supernatant were precipitated through a pyrogallol red-molybdate-methanol
procedure, as described previously (53), except that supernatants were treated with 10 U/ml DNase I
(Thermo Scientific), and membrane vesicles were not removed prior to precipitation. Supernatant
samples from cultures grown in both GCBL and GW media were subsequently analyzed by SDS-PAGE and
immunoblotting.

SDS-PAGE and immunoblotting. Precipitated supernatant protein samples were standardized by
the OD600 of the source culture, separated in either an Any kD Criterion TGX stain-free protein gel
(Bio-Rad) or a 4 to 20% Criterion TGX precast protein gel (Bio-Rad), and transferred to a 0.2-�m
polyvinylidene difluoride (PVDF) or nitrocellulose membrane (Bio-Rad) with a Trans-Blot Turbo transfer
system (Bio-Rad). Membranes were blocked in blocking buffer (5% skim milk in phosphate-buffered
saline [PBS {pH 7.4}; Molecular Biologicals International] with 0.1% Tween 20 [PBST]) for 1 h at room
temperature. Polyclonal rabbit antisera were diluted in blocking buffer as follows: anti-ObgGC, 1:2,500
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(54); anti-Zwf, 1:2,500 (55); and anti-GmhA, 1:2,500 (55). Horseradish peroxidase-conjugated goat anti-
rabbit IgG antiserum (Bio-Rad) was used as secondary antibody and diluted 1:10,000 in blocking buffer.
Membranes were incubated in primary antiserum solutions overnight at 4°C and in secondary antiserum
solution for 1 h at room temperature. Membranes were washed in PBST after antiserum applications.
Proteins were visualized by development with Clarity Western ECL substrate (Bio-Rad) and imaging with
a ChemiDoc MP system (Bio-Rad).

Whole-cell lysate samples were analyzed as described above, except that primary antisera were
diluted an additional 4-fold, and membranes were blocked overnight at 4°C and incubated in primary
antisera for 1 h at room temperature.

For visualization of the overall supernatant protein profile, samples were normalized as described
above, separated on a NuPAGE Novex 4 to 12% Bis-Tris protein gel (Thermo Fisher Scientific), and
visualized by staining with a SilverQuest silver staining kit (Thermo Fisher Scientific).

DNA manipulations. The N. gonorrhoeae FA1090 genome sequence (accession no. NC_002946) was
used to design oligonucleotides with the SnapGene software version 2.8 (GSL Biotech LLC). Primers were
synthesized by Integrated DNA Technologies (IDT), and genomic DNA was purified with the Wizard
genomic DNA purification kit (Promega). The primers used in this study are listed in Table S1 in the
supplemental material. A QIAprep Spin miniprep kit (Qiagen) was used to purify plasmid DNA and PCR
products. Chromosomal or plasmid DNA was amplified by PCR using the appropriate primers and Q5
high-fidelity polymerase (New England BioLabs). Escherichia coli strain MC1061 was used to perform
genetic manipulations. Cloned fragment sequences were verified at the Oregon State University Center
for Genome Research and Biocomputing. Transformation into N. gonorrhoeae was performed as de-
scribed previously (6).

The deletion of ngo1205 was obtained by the following steps. The 522-bp region of chromosomal
DNA upstream of NGO1205 was amplified with primers NGO1205-Up-F and NGO1205-Up-R, cleaved with
EcoRI and KpnI, and inserted into similarly digested pUC18K, resulting in pUC18K-NGO1205Up. The
region 523 bp downstream from NGO1205 was amplified with NGO1205-Down-F and NGO1205-Down-R,
treated with BamHI and HindIII, and cloned into pUC18K-NGO1205Up cleaved with the same enzymes.
The resulting plasmid, pUC18K-NGO1205, was used to transform FA1090. Replacement of ngo1205 with
the nonpolar kanamycin resistance cassette was verified by PCR using primers NGO1205-Ver-F and
NGO1205-Ver-R, with FA1090 genomic DNA as a control.

For complementations, individual genes (ngo2121, ngo2111, ngo1205, and ngo1344) were amplified
by PCR using genomic DNA of FA1090 as the template and primers listed in Table S1. PCR products were
subsequently cloned into the pGCC4 vector and placed at an unlinked chromosomal locus between the
lctP and aspC genes using the neisserial insertional complementation system (117).

Null mutations in ngo1205, ngo1344, ngo1985, ngo2111, ngo2121, ngo1205, ngo2054, and bamEGC

were also created in one of the 2016 World Health Organization (WHO) gonococcal reference strains,
WHO X (H041) (11), using genetic constructs described above and previously (5, 6) (Sikora et al.,
unpublished). Due to the elevated kanamycin resistance exhibited by WHO X, selection for transformants
was performed on GCB plates containing 50 �g/ml kanamycin. Genetic locus replacement with a
kanamycin resistance cassette was confirmed with primers listed in Table S1 and previously (5, 6) (Sikora
et al., unpublished).

Phenotypic microarray data analysis. The ratio of mutant to wild-type (WT) growth was calculated
by dividing the endpoint (6 h) OD600 of the mutant by the endpoint OD600 of the WT. Ratios were then
log2 transformed. Hits were deemed significantly beneficial if the compound resulted in a ratio of least
0.5 or significantly detrimental if the compound resulted in a ratio of �0.5 or lower. Hits were manually
curated and removed from analysis if (i) the OD600 values for both mutant and WT bacteria decreased
over the course of the experiment, (ii) mutant bacteria exhibited no or inconsistent growth in “beneficial”
hits, or (iii) WT bacteria exhibited no or inconsistent growth in “detrimental” hits. Each compound at each
concentration was termed a “condition,” and each condition for each mutant was evaluated indepen-
dently.

Susceptibility studies. Sensitivity to polymyxin B sulfate, bile salts, azathioprine, and 9-aminoacridine was
assessed as described by Zielke et al. (6) using 5 � 105 CFU/ml of nonpiliated N. gonorrhoeae FA1090 WT,
isogenic mutants, and complemented strains. Azathioprine was dissolved in dimethyl sulfoxide (DMSO).
9-Aminoacridine was dissolved in ethanol. Bacteria were serially diluted in GCBL, supplemented as described
above, with the addition of 0.1 mM isopropyl-�-D-1-thiogalactopyranoside (IPTG). Five microliters of each
dilution was spotted onto GCB plates, with the addition of 0.1 mM IPTG and polymyxin B (600 U/ml), bile salts
(0.13%), azathioprine (80 �g/ml), or 9-aminoacridine (12 �M). WHO X WT and knockout strains were
suspended to an OD600 of 0.1 in GCBL medium, supplemented as described above, and cultured at 37°C with
shaking until the OD600 had approximately doubled. Cultures were diluted to 5 � 105 CFU/ml and serially
diluted in GCBL medium, and 5 �l was spotted on plates supplemented with polymyxin B (1,600 U/ml), bile
salts (0.2%), azathioprine (118 �g/ml), or 9-aminoacridine (20 �M). Titrations of each compound with all
mutants in both strain backgrounds were performed, and experiments with concentrations resulting in
phenotypes were repeated three times. Bacterial growth was examined after incubation for 22 h in a 5% CO2

atmosphere at 37°C.
Clustering analysis. The seven strains were clustered using hierarchical clustering, based on the

binary matrices that indicated which strains had beneficial (and, respectively, detrimental) hits for each
compound. Hamming distance, which counts how many elements differ between two vectors, and is
equivalent to Manhattan distance on binary data, was used to determine the distance between strains.
Average linkage was used to determine distances between clusters; other linkage methods (single and
complete) were also explored and produced very similar results.
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Compound structural analysis. The structures or molecular formulas and the molecular weights of
the compounds screened in the phenotypic microarray that affected at least one of the mutants are
provided in Fig. S1. The structures were analyzed to determine if there was a correlation between
observed phenotype and chemical structure.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00037-17.
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