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The PilB protein of Neisseria gonorrhoeae has been reported to be
involved in the regulation of pilin gene transcription, but it also
possesses significant homology to the peptide methionine sulfox-
ide reductase family of enzymes, specifically MsrA and MsrB from
Escherichia coli. MsrA and MsrB in E. coli are able to reduce
methionine sulfoxide residues in proteins to methionines. In ad-
dition, the gonococcal PilB protein encodes for both MsrA and MsrB
activity associated with the repair of oxidative damage to proteins.
In this work, we demonstrate that the PilB protein of Neisseria
gonorrhoeae is not involved in pilus expression. Additionally, we
show that wild-type N. gonorrhoeae produces two forms of this
polypeptide, one of which contains a signal sequence and is
secreted from the bacterial cytoplasm to the outer membrane; the
other lacks a signal sequence and is cytoplasmic. Furthermore, we
show that the secreted form of the PilB protein is involved in
survival in the presence of oxidative damage.

Pathogenic bacteria that contact the human host at the
mucosal surface are subjected to host responses including

localized membrane defenses such as the production of mucus,
lysozyme, secretory antibodies, lactoferrin, reactive oxygen spe-
cies (ROS), and reactive nitrogen intermediates (1, 2). The
obligate human pathogen, Neisseria gonorrhoeae, is the causative
agent of the disease gonorrhea. The hallmark of symptomatic
gonorrhea is an influx of polymorphonuclear leukocytes (PMNs)
into the urethra (3, 4). PMNs possess a variety of mechanisms for
destroying bacteria; of particular importance is the respiratory
burst of the phagocytes. This process generates a variety of ROS,
including superoxide, hydrogen peroxide, hypochlorite, hydroxyl
radical, and peroxynitrite (5–8). To exist as an effective patho-
gen, N. gonorrhoeae possesses a number of defenses to resist the
host’s oxidative burst, including both catalase and peroxidase
activities (9, 10). Additionally, N. gonorrhoeae possesses a Mn(II)
uptake system involved in resistance to oxidative damage
through the accumulation of manganese (11). N. gonorrhoeae is
unusual in that, despite the inevitable encounter with ROS,
resistance to oxidative killing is independent of superoxide
dismutases that destroy certain ROS (11). Considering the high
level of toxic oxygen radicals likely encountered inside the host,
it seemed probable that this pathogen has additional, and as yet
unidentified, factors that permit it to survive in the presence
of ROS.

Monomeric pilin, encoded by the pilE gene, is the major
component of the pilus, a hair-like appendage involved in
attachment of the bacterium to the host epithelium (12, 13). The
PilA and PilB proteins of N. gonorrhoeae were originally re-
ported to comprise a two-component system that regulates pilE
transcription (14). The PilA protein has since been shown to be
an FtsY homologue capable of hydrolyzing GTP, likely involved
in protein transport and not in the regulation of pilin transcrip-

tion in the gonococcus (15, 16). Additionally, controversy sur-
rounds the involvement of PilB in the regulation of pilin pro-
duction. A strain containing a transposon insertion in the pilB
gene was shown to exhibit increased levels of both piliation and
pilin mRNA (14). More recently, the predicted PilB protein of
N. gonorrhoeae was found to have considerable homology to both
the MsrA (17, 18) and MsrB proteins of Eschericia coli (19).
Although encoded by two genes in most bacteria, a small subset
of microorganisms, including Helicobacter pylori, Haemophilus
influenza, Streptococcus pneumonia, and N. gonorrhoeae, possess
both MsrA and MsrB homologues as a fused protein in a single
ORF (19). MsrA and MsrB are highly conserved proteins in
eukaryotes and prokaryotes, and MsrA has been identified as
part of the minimum gene set required for life (20). The MsrA
and MsrB proteins of E. coli are members of the peptide
methionine sulfoxide reductase (PMSR) family of enzymes that
catalyze the reduction of methionine sulfoxide residues in pro-
teins (21–23). The oxidation of methionine results in the for-
mation of two epimers of Met(O) (R and S). MsrA is specific for
the S epimer of methionine sulfoxide, Met-S-(O), whereas MsrB
reduces the R epimer, Met-R-(O) (19, 24, 25). The formation of
methionine sulfoxide residues has been implicated in confor-
mational changes in proteins, possibly leading to inactivation or
modulation of activity (26–29). Consistent with its homology to
MsrA and MsrB, the PilB protein of the pathogenic Neisseria has
been shown to possess both MsrA and MsrB activity (30, 31). In
the present study, we address how a protein reported to be
involved in the regulation of piliation possesses both homology
and enzyme activity associated with survival in the presence of
ROS. We demonstrate that the PilB protein is not involved in
pilus expression but is involved in survival to agents that can
generate ROS. We show that the full-length gonococcal PilB
protein is secreted from the bacterial cytoplasm to the outer
membrane, and this extra-cytoplasmic localization is required
for survival in the presence of oxidative damage. In addition,
cellular fractionation experiments show the presence of a trun-
cated cytoplasmic form of PilB in wild-type cells that does not
confer protection against damage by oxidative agents.

Materials and Methods
Bacterial Strains, Bacterial Growth, and Molecular Genetics. Gono-
coccal strain MS11, variant VD300, was used in all experiments,
and grown on GC Medium Base (GCB; Difco) plus Kellogg
supplements (12) at 37°C in 5% CO2. Transformants were

Abbreviations: ROS, reactive oxygen species; PMN, polymorphonuclear leukocytes; CFU,
colony forming unit.

�To whom reprint requests should be addressed at: Department of Microbiology-
Immunology, Northwestern University Feinberg School of Medicine, 303 East Chicago
Avenue, Searle 6-458, Chicago, IL 60611. E-mail: h-seifert@northwestern.edu.

10108–10113 � PNAS � July 23, 2002 � vol. 99 � no. 15 www.pnas.org�cgi�doi�10.1073�pnas.152334799



selected with 10 �g�ml chloramphenicol. All pilB alleles were
transferred to an MS11 VD300 strain carrying an isopropyl-�-
D-thiogalactopyranoside (IPTG)-regulatable gonococcal recA
allele, recA6, which has been described (32). All strains encoded
the same starting pilE sequence, as described (33).

Adherence Assays. The standard colony forming unit (CFU)
adherence assay was performed as described (34) with the
following differences. Gonococci (1 � 108 CFU per well) were
incubated with Chang cell monolayers for 1 h at 37°C in 5% CO2.
After washing, monolayers were incubated with 1% saponin
(Sigma)-PBS for 10 min to disrupt the monolayers. The cell
suspensions were diluted and plated on GCB for CFUs.

Analysis of Piliation. Total pilin levels were determined by West-
ern analysis (34) by using pilin mAb 1E8�G8 (35) at a dilution
of 1:1,000. Pili were purified as described (36) and analyzed by
SDS�PAGE followed by Coomassie staining to detect the pilin
subunit. For electron microscopy, gonococci were grown for 18
to 20 h on plates, and poly-L-lysine-treated (1 �g�ml) formvar-
coated grids (Ladd Research Industries, Burlington, VT) were
used to lift cells from colonies. The grids were fixed and
negatively stained as follows: once in 1% (vol�vol) glutaralde-
hyde in 0.1 M cacodylate buffer for 2 min, twice in sterile water
for 3 s, and once in 1% (vol�vol) phosphotungstic acid (pH 6.0)
for 1 min (37). Grids were viewed in a Jeol JEM-100 CX II
transmission electron microscope at 60 kV.

Cloning of the Truncated Forms of PilB. Truncated forms of PilB
were cloned downstream of an IPTG-inducible promoter in
pQE32 (Qiagen, Chatsworth, CA). PCR was performed on a
plasmid containing the pilB gene as template (18). The forward
primer used with both reverse primers shown below was 5�-
TCGGATCCCATGAACACGCGCACCAT. The two reverse
primers used were 5�-TAAGCTTTTATTTCACTTCGCCCT-
TCAAC and 5�-TAAGCTTTAGAAGCCTTTGCCTTGCG.
One set of primers yielded DNA coding from amino acid 196 to
the end of the protein (331 amino acids), encoding both MsrA
and MsrB homology. The second primer pair produced DNA
encoding a shorter protein (a termination codon has been
inserted in the primer) stopping after the Phe residue at position
331 (135 amino acids) that contains only MsrA homology. Both
products putatively initiate from an internal methionine residue
at amino acid 196 (15). E. coli XL-1 blue cells were grown with
IPTG, and the PilB derivatives were purified on Ni-NTA agarose
beads. The purified proteins demonstrated the predicted masses
of about 15 and 35 kDa.

Enzyme Activity. MsrA and�or MsrB activity were determined as
described (38) by using 5 nmol N-acetyl-[3H]methionine-R,S-
sulfoxide as a substrate. Cell-free extracts of N. gonorrhoeae were
prepared by sonication of a suspension of mid log-phase cells.
The extract was centrifuged at 32,000 � g for 20 min, and the
supernatant was assayed for enzymatic activity.

Oxygen Sensitivity Assays. Hydrogen peroxide sensitivity was
measured by using a disk inhibition assay. Approximately 109

CFUs were added to 3 ml of GCB-Top Agar (29 g�liter GCB
dissolved in 800 ml of H2O plus 200 ml of GCBL for a final agar
concentration of 0.8%), warmed to 48°C, and poured onto GCB
plates containing Kellogg’s supplements (12). Filter discs im-
pregnated with 400 mM H2O2 were placed on solidified top agar.
Plates were incubated overnight at 37°C with 5% CO2, and zones
of inhibition were scored. The xanthine�xanthine oxidase assay
was modified from that described by Wilks et al. (39). N.
gonorrhoeae cells were harvested, washed once in PBS, and the
concentration of cells was estimated by lysing a proportion of the
suspension in 1% (vol�vol) SDS � 0.1 M NaOH and measuring

A260 (A260 of 1 � 108 cells). Cells (104 to 105) were added to a
solution of GCBL with Kellogg’s supplements containing 43 �M
xanthine (Sigma). Xanthine oxidase (3 milliunits�ml; Sigma) was
added and cultures were incubated at 37°C with shaking at 180
rpm. Throughout 0–60 min, 10 �l of the cell suspension was
withdrawn, plated onto GCB plates, and incubated at 37°C in 5%
CO2. Experiments were done in triplicate and repeated 3 or 4
times.

Isolation of Membranes. A modification of the procedure of
Osborn and Munson (40) was used for isolation of inner and
outer membranes. Pellets of whole cells were resuspended in 6.25
ml (per 250 ml of culture) of 200 mM Tris�HCl, pH 8.0 and
diluted with an equal volume of ice cold 1 M sucrose�200 mM
Tris�HCl, pH 8.0. The following prechilled reagents were added
sequentially with vortex mixing: 25 �l of 250 mM EDTA, 100 �l
of N-acetylmuramidase (5 mg�ml in H2O; mutanolysin, Sigma),
12.5 ml of 4°C H2O (added by pipetting). After 16 h shaking at
4°C, cells were sonicated (below) and centrifuged at 12,000 � g
for 10 min. The supernatant then was centrifuged at 240,000 �
g for 2 h at 4°C in a Ti80 rotor (Beckman Coulter). Pellets were
resuspended in 1 ml of 18% (wt�wt) sucrose.

One milliliter of the membrane fraction was layered on a step
gradient of 60%, 55%, 50%, 45%, 35%, 25%, and 20% sucrose
(wt�wt) containing 1 mM EDTA and 200 �M DTT and centri-
fuged at 80,000 � g for 48 h at 4°C. After centrifugation, 1 ml of
the fractions were collected and analyzed by refractometry and
absorbance at 280 nm. Absorbing fractions in the density range
of �1.1–1.2 were pooled and dialyzed. Pooled fractions were
used for SDS�PAGE and Western blotting studies.

To confirm separation and outer membrane identity, the
proteins of all fractions were separated by SDS�PAGE and
stained with Coomassie brilliant blue, or blotted, and probed
with antibodies to known cytoplasmic and periplasmic markers
(EFTu; ref. 41) and outer membrane markers (Por, Omp85; refs.
42 and 43, and data not shown).

Isolation of Cytoplasm. Cells were resuspended in 100 �l of
Dulbecco’s PBS and subjected to four 20-s bursts at full power
using a Fisher 550 Sonic Dismembranator (Fisher Scientific).
Cellular debris was removed by centrifugation at 12,000 � g for
10 m. The supernatant was aspirated and ultracentrifuged at
130,000 � g for 1 h. The supernatant was used in SDS�PAGE
and Western blotting studies (44).

Alkaline Phosphatase Assay. Alkaline phosphatase (AP) assays
were performed as described (45) by using Sigma 104 phospha-
tase substrate (Sigma) at 28°C. Gonococci were grown on GCB
for 18–24 h and swabbed into 1 M Tris pH 8.0 to approximately
108 CFU�ml. Gonococcal cell suspension (0.9 ml) in 1.0 M Tris
pH 8.0 was added to 0.1 ml of 10 mM Tris pH 8.0 and used
directly in alkaline phosphatase assays. AP units were standard-
ized to the A600 of the bacterial culture.

Results
The Transposon Insertion Used in All Previous Analyses of PilB Results
in Overexpression of a Truncated Form of PilB. The initial account
of the N. gonorrhoeae PilA and PilB described these proteins as
being part of a two-component regulation system. This work
demonstrated that a transposon insertion into the pilB gene of
gonococcal strain MS11 (strain MS11–105) resulted in an in-
crease in piliation and pilin mRNA (14). These results suggested
that the gonococcal PilB acts as the negative regulator of a
two-component system controlling pilin transcription and ad-
herence. This observation was extended by a report of increased
adherence to epithelial cells of MS11–105 compared with wild
type (17). This result was particularly interesting because of the
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noted similarity between the PilB protein and the PMSR family
of enzymes. In addition, the Neisserial protein encodes for both
MsrA and MsrB activity (31). Searching the complete N. gon-
orrhoeae genome sequence has identified PilB as the only MsrA
and MsrB homologue in this organism. Analysis of the MsrA�B
activity of the original MS11–105 transposon mutant strain (14)
unexpectedly revealed that this strain produced a three- to
fourfold increase in MsrA�B activity compared with wild type
(data not shown). We investigated how a transposon mutant of
a gonococcal MsrA�B homologue might lead to an increase in
MsrA�B activity and pilus expression.

For the sake of clarity, we will refer to MS11–105 as PilB-105
throughout this article, although these two strains are identical.
We sequenced out of the transposon and located it to the 5�
region of the pilB gene, just upstream of the MsrA domain (Fig.
1A), with the cat gene of the transposon in the same transcrip-
tional orientation as pilB. There is a candidate ribosome-binding
site just 3� of the site of transposon insertion, and an in-frame
AUG in register to the ribosome-binding site (Fig. 1 A and B).
We postulated that strain PilB-105 was producing a truncated

form of PilB that expressed increased levels of MsrA�B activity
(Fig. 1C) because of read-through transcription from the cat
gene (Fig. 1B). In support of this, a band migrating at the size
predicted for the truncated PilB protein was recognized by
anti-PilB antiserum in PilB-105 (for example, see Fig. 4C). To
determine if the transposon insertion in PilB-105 disrupted the
MsrA activity of PilB because of the proximity of the transposon
insertion to the MsrA domain, we tested the ability of the
putative PilB-105 truncated protein to reduce both the S and R
epimers of methionine sulfoxide. We cloned the predicted
truncated form of PilB and showed that it possesses both MsrA
and MsrB activity (data not shown). Additionally, we observed
that a shorter truncated form of PilB that contains only the MsrA
domain (see Methods) is stereospecific for the S form of methi-
onine sulfoxide (data not shown). These results demonstrate that
the transposon insertion in PilB-105 does not disrupt the reduc-
tase function of the MsrA or MsrB domains, and that the MsrA
and MsrB domains possess stereospecificity. We concluded that
the transposon insertion in strain PilB-105 was producing a
truncated, overexpressed form of the protein, leading to in-
creased amounts of MsrA�B activity. Therefore, we needed a
PilB loss-of-function mutant to investigate the exact role of PilB
in piliation.

Previously, a strain was isolated containing a minitransposon,
carrying both the phoA’ allele and a cat marker, inserted into the
pilB gene (strain PilB-1; ref. 46). PilB-1 contains the cat gene in
the opposite transcriptional orientation to the pilB gene and is
predicted to produce a protein containing the N-terminal signal
sequence of PilB fused to PhoA’. MsrA�B activity assays re-
vealed that PilB-1 lacked detectable MsrA�B activity, whereas
PilB-105 had approximately four times the activity of wild-type
strain VD300 (Fig. 1C). These results provided us with a panel
of three strains (VD300, PilB-1, and PilB-105) to address the role
of PilB and its associated MsrA�B activity in pilus expression of
N. gonorrhoeae.

PilB Is Not Involved in Piliation, Pilin Production, or Adherence. To
ascertain the role of PilB in pilus expression, we transformed the
two pilB alleles into MS11recA6 to allow IPTG regulation of
transcription of recA and the control of antigenic variation at
pilE. Transformants containing the same pilE sequence and
either the wild-type pilB allele (VD300recA6), pilB-null mutant
allele (PilB-1recA6), or the truncated overexpressed pilB allele
(PilB-105recA6) were isolated. Comparison of piliation by trans-
mission electron microscopy showed no substantial difference in
the number of pili, or number of cells expressing pili, on
VD300recA6, PilB-1recA6, or PilB-105recA6 (Fig. 2A). This
observation was supported by the ability of all three strains to
mediate equivalent levels of pilus-dependent adherence to
Chang conjunctival cells, all of which adhered significantly better
than the nonpiliated control MS11-B2 (Fig. 2B).

Anti-pilin Western blots demonstrate that the levels of total
pilin do not vary between VD300recA6, PilB-1recA6, and PilB-
105recA6 (Fig. 2C). In addition, purification of pili did not reveal
any differences in the level of total extracellular pilin produced
between VD300recA6, PilB-1recA6, and PilB-105recA6 (Fig.
2D). Finally, quantitative reverse transcription-PCR analysis of
pilE mRNA showed no difference in the level of pilin message
between the three strains (data not shown). Therefore, we
conclude that, contrary to previously published reports (14, 17),
the PilB protein of N. gonorrhoeae is not involved in piliation,
adherence, pilin production, or pilE transcription.

PilB Affects the Survival of N. gonorrhoeae to ROS. The observation
that the gonococcal PilB protein has homology to proteins of the
PMSR family of enzymes, combined with the MsrA�B activity of
the gonococcal PilB, suggested that PilB might be involved in
survival of N. gonorrhoeae to oxidative damage. To determine

Fig. 1. Maps of pilB alleles and their MsrA�B activity. (A) Location of
transposon insertion in PilB-105 relative to protein domains. Checkered box
represents signal sequence, white box represents putative disulfide oxi-
doreductase domain, gray box represents MsrA domain, and the black box
corresponds to the MsrB domain. Transposon insertion is shown just upstream
of the putative ribosome binding site (white circle). Putative start codons are
marked with ATG. (B) Transposon insertions and predicted protein products.
Squiggly line is the predicted mRNA transcript, white circle represents the
predicted internal ribosome-binding site, and the checked bar is the predicted
N-terminal signal sequence. Strain MS11–105 contains the same pilB allele as
shown in PilB-105. VD300 is wild type, and PilB-1 contains the N-terminal signal
sequence of PilB fused in frame to phoA’. (C) Levels of MsrA�B activity. *, P �
0.05, as compared with VD300recA6 in Student’s t test.
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whether inactivation or overexpression of the truncated PilB
affected growth in the presence of hydrogen peroxide, a hydro-
gen peroxide disk diffusion assay was carried out. Both strains—
PilB-1recA6 and PilB-105recA6—were more sensitive to hydro-
gen peroxide than the wild-type strain (Fig. 3A). This finding
demonstrates that mutations in the N. gonorrhoeae PilB lead to
an increased sensitivity to the ROS generated by hydrogen
peroxide.

The effect of the superoxide ion on survival of the PilB mutant
strains was determined by incubating the cells in the presence of
xanthine�xanthine oxidase (39). Both PilB-1recA6 and PilB-
105recA6 demonstrated a decreased survival rate, as compared
with VD300recA6 in the presence of xanthine�xanthine oxidase.
Notably, PilB-105recA6 survived less well than PilB-1recA6 in
these assays (Fig. 3B). These results allow us to conclude that
wild-type PilB is involved in survival in the presence of both
hydrogen peroxide and superoxide.

Decreased Survival of the Truncated Overexpressed PilB Mutant in the
Presence of Reactive Oxygen Radicals Is Due to a Loss of Secreted
Forms. PilB-105recA6 expresses more MsrA�B activity than wild
type (Fig. 1C), yet survives less well than wild type when exposed
to ROS (Fig. 3 A and B). Because the transposon insertion in
PilB-105recA6 is predicted to eliminate the wild-type signal
sequence from PilB (Fig. 1 A and B), we hypothesized that the
increased sensitivity to ROS of PilB-105recA6 might be caused
by inappropriate localization of PilB. We confirmed that PilB-
1recA6 produces levels of alkaline phosphatase consistent with
secretion of this fusion protein from the bacterial cytoplasm
(data not shown; ref. 47), supporting our hypothesis that in strain

PilB-105recA6, the truncated form of PilB is unable to leave the
bacterial cytoplasm because of the absence of the N-terminal
signal sequence.

To identify the cellular locale of the gonococcal PilB protein,
cellular fractionation experiments were performed. These frac-
tionations revealed the presence of two proteins that are rec-
ognized by anti-PilB polyclonal antisera in the outer membrane
fraction of VD300recA6 (Fig. 4A). The larger protein migrates at
the mass consistent for the full-length PilB protein, whereas the
faster migrating band is likely a truncated form of PilB. The
mutations in both strains PilB-1recA6 and PilB-105recA6 lead to
the disappearance of these bands in the outer membrane (Fig. 4
B and C), demonstrating that both proteins are encoded by the
pilB gene. In addition to the two proteins observed in the outer
membrane fraction of VD300recA6, additional truncated forms
of PilB are present in the whole-cell fraction of VD300recA6.
The truncated form that migrates the fastest of the three bands
specifically localizes to the cytoplasmic fraction (Fig. 4A). This
band appears to have the same mobility as the truncated form of
PilB observed in PilB-105recA6 (Fig. 4C). This result is not
surprising, as VD300recA6 encodes the same internal RBS and
AUG initiation codon that is still intact in PilB-105recA6 (Fig.
1A). The bands visible in PilB-1recA6 are cross-reactive bands
running similarly but not exactly at the size of full-length PilB.
No PilB or MsrA�B activity was found in the supernatant of
PilB-105 (data not shown), showing that the loss of detection in
the outer membrane is not caused by secretion into the medium.
These results, in combination with the alkaline phosphatase
activity assays, support the hypothesis that the oxygen-sensitive
phenotype of PilB-105recA6 is due to the loss of the extra-
cytoplasmic forms of PilB. The observation that the truncated
form of PilB present in PilB-105recA6 is also present in

Fig. 2. Mutations in pilB do not affect piliation, pilin production, or adher-
ence. MS11B2 is a pilin-null mutant strain (55) used as a negative control. (A)
Negatively stained whole-mount electron micrographs. (B) Adherence assays
to Chang conjuctival cells. (C) Western blot of total cellular protein using
anti-Pilin antibody. Lane 1, �pilE; lane 2, VD300recA6; lane 3, PilB-1recA6; lane
4, PilB-105recA6. Two dilutions of protein sample loaded per strain to com-
pare at different levels. (D) Total extracellular pilin. Lane 1, VD300recA6; lane
2, PilB-1recA6; lane 3, PilB-105recA6.

Fig. 3. PilB mutant strains show increased sensitivity to oxygen radical
generators. (A) Hydrogen peroxide disk inhibition assay. *, P � 0.05, as
compared with VD300recA6 in Student’s t test. (B) Xanthine�xanthine oxidase
survival assay.
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VD300recA6 suggests that this truncated form has a physiolog-
ical role in wild-type N. gonorrhoeae.

Discussion
PilB was initially designated as a regulator of gonococcal pilin
expression. This work was initiated to determine (i) the level of
involvement of the PilB protein in pilin expression, (ii) the
physiological significance of the MsrA�B activity of PilB, and
(iii) if PilB is involved in pilin production, does this involvement
depend on the MsrA�B activity of PilB. The PilB-1recA6-null
mutant strain and the PilB-105recA6 truncated, overexpressed
mutant strain are not substantially affected in piliation, pilin
production, adherence, or levels of pilin mRNA. Therefore, we
conclude that PilB has no role in pilus expression or piliation.
Inactivation or a lack of extra-cytoplasmic localization of the
PilB protein resulted in increased sensitivity to ROS, suggesting
a role for secreted PilB in protection against an oxidative burst.
We propose that the name of the gonococcal PilB protein be
changed to MsrA�B to conserve the nomenclature used in other
organisms.

The initial descriptions of the role of the gonococcal MsrA�B
protein in piliation, using the same pilB allele present in PilB-
105recA6, suggested that this protein, in cooperation with PilA,
regulates transcription of pilE (14, 48). Subsequent work re-
ported an increased ability of the same strain to adhere to
epithelial cells (17). Pilin-associated phenotypes, including ad-
herence, are differentially affected by alterations in pilE se-
quences (34). We noticed that the strains being compared in
these analyses were not matched for starting pilE sequences.
Thus, because the starting pilE sequences were matched in our
work, we suggest that these different results are due to the fact
that strains compared in this study lack any intrinsic differences
in pilin-associated phenotypes.

We show that MsrA�B is involved in the survival of N.
gonorrhoeae in the presence of ROS, consistent with what would
be expected from a protein with MsrA�B activity. Previous
studies in E. coli (49, 50) and yeast (51) have shown that a
knockout of MsrA results in the organism being more susceptible
to oxygen radicals. The gonococcal PilB protein contains a
candidate N-terminal signal sequence followed by two consec-
utive Msr domains with homology to both MsrA and MsrB, the
latter in the C-terminal portion of the protein (30). The trans-
poson insertion in PilB-105recA6 is predicted to produce a
protein containing both reductase domains, but lacking the
N-terminal signal sequence and a putative reductase domain
(19). We have shown that the cloned and expressed truncated
form possesses both MsrA- and MsrB-specific activities. We
identified a similarly truncated form of MsrA�B in the cytoplasm
of wild-type cells, indicating that this smaller form of MsrA�B
might have some physiological significance. However, the oxy-
gen sensitivity assays reveal that this truncated form of MsrA�B
does not afford protection against oxidative damage, possibly
because the critical methionine sulfoxide targets for MsrA�B are
located in the outer membrane in this organism. Previous work
on MsrA has speculated that the methionine residues in proteins
can act as a unique antioxidant system, scavenging ROS that
enter the cell (50, 52). In this mechanism, exposed Met residues
in proteins act catalytically to destroy ROS through oxidation,
followed by reduction by MsrA and MsrB. Also, ROS that are
not inactivated by antioxidant systems such as glutathione,
thioredoxin, glutaredoxin, or protein methionines can activate
additional systems that protect against oxidative damage (53,
54). This mechanism could potentially lead to an increase in
oxygen sensitivity of an overexpressing MsrA�B strain as com-
pared with wild type because of a lack of the critical threshold
of ROS buildup in the cells necessary to activate these additional
defensive systems.

A hallmark of gonococcal infection is a purulent exudate
consisting of bacteria and host neutrophils (3, 4). Upon inter-
action, the neutrophil produces toxic products directed at the
bacterial cell, including hydrogen peroxide, hydroxyl radicals,
hypochlorite, superoxide anion, and nitric oxide (6–8). Despite
this inhospitable environment, N. gonorrhoeae is quite successful
at colonizing the human urogenital tract. Although N. gonor-
rhoeae produces copious amounts of catalase and peroxidase,
this organism produces limited amounts of superoxide dis-
mutase. Additionally, the superoxide dismutase produced by the
gonococcus is not required for survival in the presence of ROS
(11). However, the accumulation of manganese protects against
superoxide-mediated killing (11). The present work has identi-
fied a new way by which this pathogen might survive in the
presence of the oxidative burst of host cells. We have shown that
the gonococcal MsrA�B protein is involved in survival in the
presence of hydrogen peroxide and superoxide anions. Recent
work has shown that MsrA in E. coli is also important for survival
in the presence of nitric oxide (50). If this protection is conserved
in the gonococcus, it would demonstrate a method of protection
against the different forms of ROS produced by neutrophils.
Attempts to determine if the PilB mutant strains survive less well
than wild type in a PMN killing assay provided inconclusive
results (data not show). We believe this is due to the effectiveness
of PMN killing being too great to reveal differences in survival
between these three strains. Although the action of the gono-
coccal MsrA�B might not be sufficient to mediate survival
against PMNs, the results of our in vitro assays suggest that
MsrA�B is protecting against certain components of neutrophil-
mediated killing in vivo. This study demonstrates that secretion
of this protein from the bacterial cytoplasm is essential for
complete protection against oxidative damage, underscoring the
importance of proper protein localization as it relates to bio-

Fig. 4. PilB-1recA6 and PilB-105recA6 lack an extra-cytoplasmic form of PilB.
Western blots of cellular fractions of VD300recA6, PilB-1recA6, and PilB-
105recA6 using polyclonal anti-PilB antiserum raised in rabbits injected with
purified PilB. Marker values are listed in kDa. Whole cell (WC), cytoplasm (C),
and outer membrane (OM) lanes are marked. (A) Strain VD300recA6. (B)
PilB-1recA6 loss-of-function mutant strain. Bands visible are cross-reactive
bands running similarly but not exactly at the size of full-length PilB. (C)
PilB-105recA6 truncated overexpressed mutant strain. Blots in A and C were
exposed for shorter times than blot in B, which explains the decreased inten-
sity of the cross-reactive bands in A and C.
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logical function. The fact that the gonococcal MsrA�B protein
requires extracytoplasmic localization to provide protection
against ROS suggests that the outer membrane requirement for
certain proteins may present new targets for novel antimicrobial
therapy for the disease gonorrhea.
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