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Neisseria gonorrhoeae MutS Affects Pilin Antigenic Variation through
Mismatch Correction and Not by pilE Guanine Quartet Binding

Ella Rotman, H. Steven Seifert

Department of Microbiology-Immunology, Northwestern University Feinberg School of Medicine, Chicago, lllinois, USA

ABSTRACT

Many pathogens use homologous recombination to vary surface antigens to avoid immune surveillance. Neisseria gonorrhoeae
achieves this in part by changing the properties of its surface pili in a process called pilin antigenic variation (AV). Pilin AV oc-
curs by high-frequency gene conversion reactions that transfer silent pilS sequences into the expressed pilE locus and requires
the formation of an upstream guanine quartet (G4) DNA structure to initiate this process. The MutS and MutL proteins of the
mismatch correction (MMC) system act to correct mismatches after replication and prevent homeologous (i.e., partially homol-
ogous) recombination, but MutS orthologs can also bind to G4 structures. A previous study showed that mutation of MutS re-
sulted in a 3-fold increase in pilin AV, which could be due to the loss of MutS antirecombination properties or loss of G4 bind-
ing. We tested two site-directed separation-of-function MutS mutants that are both predicted to bind to G4s but are not able to
perform MMC. Pilus phase variation assays and DNA sequence analysis of pilE variants produced in these mutants showed that
all three mutS mutants and a mutL mutant had similar increased frequencies of pilin AV. Moreover, the mutS mutants all
showed similar increased levels of pilin AV-dependent synthetic lethality. These results show that antirecombination by MMC is
the reason for the effect that MutS has on pilin AV and is not due to pilE G4 binding by MutS.

IMPORTANCE

Neisseria gonorrhoeae continually changes its outer surface proteins to avoid recognition by the immune system. N. gonor-
rhoeae alters the antigenicity of the pilus by directed recombination between partially homologous pilin copies in a process that
requires a guanine quartet (G4) structure. The Mut$ protein of the mismatch correction (MMC) system prevents recombination
between partially homologous sequences and can also bind to G4s. We confirmed that loss of MMC increases the frequency of
pilin antigenic variation and that two MutS mutants that are predicted to separate the two different functions of MutS inhibit
pilin variation similarly to a complete-loss-of-function mutant, suggesting that interaction of MutS with the G4 structure is not a

major factor in this process.

Neisseria gonorrhoeae is the sole causative agent of gonorrhea,
the second most commonly reported sexually transmitted in-
fection in the United States, with an estimated 800,000 new cases
per year (1). N. gonorrhoeae extensively uses phase and antigenic
variation to provide a reversible subpopulation of genetic variants
that can be selected for during infection (2). The use of various
surface antigens is one of the most effective strategies used by
pathogens to evade immune surveillance. By changing outer sur-
face components, N. gonorrhoeae can avoid recognition by the
adaptive immune system, which can prolong a current infection
and enable reinfection. These diversity generation mechanisms
can also provide functional changes for N. gonorrhoeae.

It is estimated that there are over 100 phase-variable genes in
the pathogenic species of Neisseria, with an average of 80 phase-
variable genes per strain (3-5). Phase variation is the reversible
change between different expression states of a gene (for example,
“on” or “off”) and in Neisseria is mediated by the mispairing of
polynucleotide repeats during replication (6). Phase variation in
Neisseria alters the expression of many genes involved in viru-
lence, including the pilus assembly factor PilC and genes encoding
lipooligosaccharide biosynthetic enzymes and Opa attachment
proteins, which use phase variation to achieve antigenic variation
(reviewed in reference 7).

Pilin antigenic variation (AV) is a main system of genetic di-
versification used by Neisseria to change their type IV pili, long
surface-exposed fibers involved in attachment, aggregation, DNA
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transformation, twitching motility, and protection from poly-
morphonuclear leukocyte (PMN) killing (8-11). Pilin AV differs
from the major forms of phase variation in that the amino acid
sequence of the protein is altered, rather than just its expression
level, allowing for the production of multiple forms of the antigen.
However, due to the many different pilin products produced, both
pilus antigenic and phase variants can be produced by pilin AV
(12), and pilus phase variation has been a major assay used as a
surrogate measure of pilin AV (e.g., see references 13, 14, and 15).

Pilin AV is mediated by a gene conversion process that involves
the nonreciprocal transfer of DNA from one of many silent donor
pilin gene copies (pilS) to the recipient pilin expression (pilE)
locus without the donor locus being changed (Fig. 1A and B).
There are four to six pilS loci in each gonococcal isolate, with 19
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FIG 1 Pilin antigenic variation in N. gonorrhoeae. (A) Graphic representation
of the pilE gene (red) and a pilS copy (blue) with homologous regions repre-
sented in gray. Bent arrows represent promoters, the G4 sequence is repre-
sented by a star, and the Sma/Cla region is represented by a circle. (B) Some of
the many possible homeologous recombination products of pilin AV, demon-
strating its segmental characteristics and the stability of the pilSlocus. (C) Pilin
AV can result in piliated gonococcal cells with a changed PilE amino acid
sequence (P") or nonpiliated or underpiliated (P~) gonococcal cells. The
FA1090 recA6 Avd-1 and FA1090 recA6 ApilE strains, both grown in the pres-
ence of IPTG for 22 h, are shown as examples of P* and P~ colonies,
respectively.

silent copies located in six separate loci in strain FA1090 (16).
These silent pilS copies share significant sequence similarity to the
expressed pilE gene and act as reservoirs of variant genetic infor-
mation. Silent copies lack a promoter and approximately 150 bp
of the 5" end of the 500-bp gene but have homology to conserved
parts of the pilE gene (Fig. 1A).

Pilin AV is dependent on a 16-nucleotide (nt) guanine-rich
sequence located ~350 bp upstream of the pilE promoter (Fig.
1A) that has been shown to form a G4 (guanine quartet) structure
in vitro (13). G4 structures are composed of G-rich repeats that
form quartets with a monovalent ion using Hoogstein bonds, and
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the quartets stack to form stable alternative DNA structures (17).
G4 structures have key roles in diverse processes in eukaryotic
cells, such as telomere maintenance, gene regulation, immuno-
globulin class switching, DNA replication, translational control,
and packaging of retroviral DNA (reviewed in references 17 and
18). A significant percentage of putative G4 sequences are pre-
dicted to form G4 structures in bacterial and eukaryotic promot-
ers (18, 19), indicating a regulatory function. It is likely that G4
structures also have pleotropic roles in bacterial cells, but deter-
mination of the role of these G4 structures in prokaryotic biology
has lagged behind studies with eukaryotic cells. Other than N.
gonorrhoeae, functional roles for G4s have only been suggested for
Escherichia coli, Deinococcus radiodurans, and Clostridium difficile
(20-22).

Pilin AV in N. gonorrhoeae also requires the transcription of a
small noncoding RNA (sRNA) that initiates within the pilE G4
motif (23) (Fig. 1A). The current model for pilin AV proposes that
transcription of the pilE G4 sRNA melts the duplex and that the
RNA-DNA hybrid formed between the pilE G4 RNA and the C-
rich complement allows the formation of the G4 structure on the
opposite strand. Since there are a few G4 structures that rely on a
protein chaperone to facilitate structure formation (e.g., nucleolin
at the G4 of the c-myc oncogene [24]), it is possible that there are
one or more proteins that are involved in initiation of pilin AV
through interactions with the G4.

One candidate protein for pilE G4 binding is the MutS protein
of the DNA mismatch correction (MMC) system, which uses the
MutS and MutL proteins to avoid mutations and to preserve rep-
lication fidelity in many bacteria and eukaryotes (reviewed in ref-
erences 25 and 26). During MMC, MutS recognizes mismatches,
particularly the pairing between G and T, and alternative pertur-
bations of the DNA duplex, such as a G4 structure or mismatched
heteroduplex DNA (27). MutL then binds to mismatch-bound
MutS and other downstream MMC proteins (28). In E. coli, the
parental strand is distinguished from the newly synthesized strand
via differential methylation, and the process is referred to as methyl-
directed mismatch repair (26). MutH cuts the DNA at unmethy-
lated GATC sites during the window of time after replication but
before Dam methylase has yet to act on the newly synthesized
strand. Like many bacterial species, N. gonorrhoeae lacks a MutH
homologue, and it is proposed that the weak endonuclease activity
of MutL is sufficient to cleave the DNA (29). The nature of strand
differentiation is unknown but is likely based on nicks in the newly
synthesized strand, such as at the ends of Okazaki fragments, as
proposed for eukaryotes (30). The UvrD helicase unwinds the
processed DNA, while various exonucleases digest the single-
stranded tails of the incorrect strand. Disruption to MMC in E. coli
results in a strong mutator phenotype, with primarily single-nu-
cleotide changes in the progeny (31). MMC mutations in N. gon-
orrhoeae result in a modest increase in spontaneous mutations and
an increase in pilus phase variation, mediated mainly by increases
in the phase variation of pilC expression (32).

In addition to its role in MMC during replication, MutS also
acts to limit recombination between homeologous (partially ho-
mologous) DNA molecules. In vitro, the E. coli MutS (EcMutS)
protein will prevent RecA from performing branch migration on
mismatched homologues during strand exchange (33, 34) and
addition of MutS from thermostable bacteria to PCRs can inhibit
the formation of nonspecific banding by blocking the polymerase
action on primer mispairings (35). The neisserial pilS copies can
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FIG 2 The mutSlocus of N. gonorrhoeae. (A) Schematic representation of the mutSlocus in N. gonorrhoeae strain FA1090 with the Kan" marker used to introduce
the site-directed mutations. Open reading frames are indicated by arrows drawn in the direction of transcription. Gene or locus names are written either inside
the arrow or directly underneath. The lines between genes represent intergenic regions (Igr). Stars represent the locations of the F32A and S661A amino acid
substitutions. Drawings are to scale. (B) Alignment of N. gonorrhoeae (Neigo) MutS and E. coli (Ecoli) MutS amino acid sequences. Identical and related residues
are shown in the center line, and the conserved phenylalanine and serine residues (in red) are indicated with an asterisk.

be considered homeologous to pilE, and it is likely that the in-
creased frequencies of pilin AV in MMC-deficient gonococci re-
sult from loss of disruption of mismatched heteroduplex DNA
(32).

Recently, the E. coli MutS$ protein has been shown to bind to G4
structures more strongly than to its canonical G-T mismatch in
vitro (36), strengthening MutS as a reasonable candidate protein
for binding to the pilE G4. In this study, we tested the idea that the
role of MutS in pilin AV is dependent primarily on MMC by
constructing two different mutS separation-of-function mutants
(Fig. 2) that disrupt MMC but should retain G4 binding. Both
separation-of-function mutants showed increased levels of spon-
taneous mutation but no decrease in pilin AV relative to a mutS
null mutation. These results demonstrate that MutS interaction at
the G4 structure is not important for pilin AV.

MATERIALS AND METHODS

Bacteria and growth conditions. The strains used in this study were de-
rivatives of N. gonorrhoeae FA1090 isolates, with all strains containing an
IPTG (isopropyl-p-p-thiogalactopyranoside)-regulatable recA6 allele
(37) to prevent antigenic variation of the pilE gene in the absence of
inducer. The detailed description of all strains is outlined in Table 1.
Strains were incubated for 22 h on GCB medium with Kellogg’s supple-
ments (38) at 37°C with 5% CO,. When required, IPTG (Diagnostic
Chemicals, Ltd.) was added to 1 mM, and the final concentrations of
antibiotics were 50 pg/ml kanamycin, 0.5 to 5 pg/ml chloramphenicol,
2.5 pg/ml erythromycin, 0.2 pg/ml tetracycline, and 70 ng/ml rifampin.
Bacterial transformations. Gonococcal genomic DNA was isolated
from the donor strain by swabbing a half plate of confluent lawn growth
into 1 ml GCBL (1.5% peptone protease no. 3 [Difco], 0.4% K,HPO,
[Fisher], 0.1% KH,PO, [Fisher], 0.1% NaCl [Fisher]) and washed once in
1X phosphate-buffered saline (137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, 2 mM KH,PO,). The pellet was resuspended in 180 pl buffer
ATL from the QIAmp DNA minikit (Qiagen), and total DNA was ex-
tracted following the manufacturer’s instructions. The recipient strain
was transformed by plating a small patch of cells on an IPTG plate using 3
to 5 starting colonies. Ten microliters of supplemented GCBL with 10 mM
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MgSO, was combined with 10 pl chromosomal or plasmid DNA, spotted
on the lawn, and grown for 22 h. The growth containing the spot was
swabbed into GCBL and spread onto a GCB plate containing the antibi-
otic whose resistance marker was linked to the donor DNA. Colonies were
streaked twice on antibiotic plates, and 5 to 6 candidates were saved for
confirmation of the mutation (by the size of locus-specific PCR products)
and for the identity of pilE (direct sequencing). All mutS alleles were
sequenced (using the first 14 primers listed in Table 2) at the Northwest-
ern University Genomics Core Facility. For the AmutL and pilCl,; (ie.,
phase-locked pilC1) mutations without antibiotic resistance markers, 960
colonies were collected in 96 pools to check the transformants by PCR.
Pools with correctly sized bands were streaked out, with 10 colonies sub-
sequently rechecked.

F7458-1A was transformed to pilE variant 1-81-S2 (2) by selecting for
a chloramphenicol resistance cassette in the upstream RS1 region (pUSS2
5-13 with Tn9 excised by Nrul and Sall and replaced by cat amplified with
primers containing the same restriction sites).

Site-directed mutagenesis. The mutS gene is flanked in N. gonor-
rhoeae FA1090 by intergenic region 1584 (igr1584) and igr1585 (Fig. 2A).
Primers 1585_mutS_for (with a HindIII site) and MutS_rev_int_EcoRI
were designed to amplify the region between igr1585 and the 5" end of the
mutS gene just beyond the naturally occurring EcoRI site at 448 nt (1.15
kb). Primers 1584_mutS_rev (with the Pvul site) and MutS_for_
int_EcoRI were designed to amplify the mutS gene downstream of the
EcoRI site and igr1584 (2.8 kb). Both PCR fragments were ligated sepa-
rately into pCR-Blunt-II (Invitrogen). The pBlunt-1584 construct, contain-
ing the majority of the mutS gene, had difficulty growing in E. coli cells.
pBlunt-1585 was changed to mutS-F32A (TTT-GCC) with primers SDM-
_MutSfor and SDM_MutSrev using the QuikChange IT XL site-directed
mutagenesis kit (Stratagene) following the manufacturer’s instructions.
Amino acid substitutions were chosen using commonly used codons in N.
gonorrhoeae FA1090 from http://www.kazusa.or.jp. The 1585-mutS frag-
ment was excised using EcoRI and HindIII and ligated into similarly dou-
ble-digested pBR322 (ATCC 37017). pBlunt-1584 was digested with Ndel
and blunted with T4 polymerase. The 1.25-kb Kan" cassette was excised
from pBSL86 (ATCC 87129) with Smal and ligated codirectionally with
the mutS gene in pBlunt-1584. The 4-kb Pvul-EcoRI fragment containing
Kan" in igr1584 along with the 3’ end of mutS was excised and cloned into
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Strain Relevant genotype Source or reference
FA1090 Background strain J. Cannon
Phase-variable parent FA1090 recA6::Tet" 37
Phase-variable AmutS mutant FA1090 recA6 mutS::Erm"® 32
Phase-variable Kan" parent FA1090 recA6 igr1584::Kan" This study
Phase-variable mutS-F32A mutant FA1090 recA6 mutS-F32A igr1584::Kan* This study
Phase-variable AmutL mutant FA1090 recA6 AmutL 32
Tn9/G4mtAvd-1 FA1090 recA6 Avd-1 13
Phase-variable ApilE mutant FA1090 recA6 ApilE A. Criss
FA7458-1A FA1090 A23a ApilC2 pilCly, 47

Parent FA1090 A23a ApilC2 pilClp; recA6 RS1::cat This study
Kan" parent FA1090 A23a ApilC2 pilCl,; recA6 RS1::cat igr1584::Kan” This study
AmutS mutant FA1090 A23a ApilC2 pilCly,; recA6 RS1::cat mutS:Erm" This study
Kan" AmutS mutant FA1090 A23a ApilC2 pilClp; recA6 RS1::cat mutS:Erm" igr1584::Kan" This study
mutS-F32A mutant FA1090 A23a ApilC2 pilCly; recA6 RS1::cat mutS-F32A igr1584::Kan® This study
mutS-S661A mutant FA1090 A23a ApilC2 pilClyp; recA6 RS1::cat mutS-S661A igr1584::Kan" This study
Complemented parent FA1090 A23a ApilC2 pilClp; recA6 RS1::cat mutS-NICS This study
AmutL mutant FA1090 A23a ApilC2 pilClyp; recA6 RS1::cat AmutL This study
AmutS AmutL mutant FA1090 A23a ApilC2 pilCly,; recA6 RS1::cat mutS:Erm" AmutL This study
Complemented AmutS strain FA1090 A23a ApilC2 pilClp; recA6 RS1::cat mutS:Erm" mutS-NICS This study
Phase-variable ruvB recG mutant FA1090 ruvB:Erm" recG::Kan" recA6 49
Phase-variable ruvB mutant FA1090 ruvB::Erm" recA6 49

ruvB mutant FA1090 ruvB:Erm" recA6 pilCl,,. This study
ruvB recG mutant FA1090 ruvB:Erm" recG::Kan" recA6 pilCl,; This study
ruvB recG AmutS mutant FA1090 ruvB::Erm" recG::Kan' recA6 pilClp,; mutS:Erm® This study
ruvB recG mutS-F32A mutant FA1090 ruvB:Erm" recG:Kan" recA6 pilCl,; mutS-F32A igr1584::Kan" This study

both pBR322 and pBR322 with the mutS-F32A. The mutS-S661A
(T1981G) mutant was created using the QuikChange kit on pET15b (No-
vagen) containing the mutS gene. Both mutS-F32A and mutS-S661A con-
structs were transformed by selecting for kanamycin resistance. Se-
quencing was confirmed along the entire mutS region for intermediate
and final products.

Construction of mutS complements. Complementation with the
wild-type mutS gene was performed using the neisserial insertional
complementation system (NICS) (39), where the gene of interest is placed
in the N. gonorrhoeae chromosome between the IctP and aspC genes.
AmutS was transformed with the chloramphenicol-resistant plasmid
pGCC5MutS (32) using 5 pg/ml chloramphenicol. The mutS™ parent was
transformed using the erythromycin-resistant plasmid pGCC2Mut$, cre-
ated by excising the Sall-Pmel mutS fragment from pGCC5MutS and
ligating it into similarly digested pGCC2. The entirety of both mutS genes
(at the normal locus and at the external NICS locus) was confirmed by
sequencing along the length of the mutS region.

Mutator assay. The phase-locked parent, AmutS, mutS-F32A, and
mutS-S661A strains were heavily streaked on GCB solid medium (10 col-
onies per half a plate) and were incubated for 22 h. The lawns were
swabbed into 4 ml GCBL with 500 pl spread on GCB Rif plates, and serial
dilutions of the suspension were plated on GCB plates to measure the total
CFU per milliliter. The titer plates were counted after overnight incuba-
tion, while the Rif plates were counted after 42 h. Both large and small Rif"
colonies formed, both of which were able to be propagated on GCB Rif
plates.

PDCMC assays. For the pilus-dependent colony morphology change
(PDCMC) assays, strains were revived from frozen stock to GCB plates
and grown for 22 h. One colony was picked with a filter disk and dispersed
into 500 wl GCBL. After dilution of 1 pl into 500 wl GCBL, 30 pl was
spread onto a fresh IPTG plate. At 22 h, colonies were examined under a
stereomicroscope, and 10 were selected that were entirely piliated (P™).
The number of nonpiliated or underpiliated (P~ ) blebs was counted every
2 h, with each bleb receiving a score of 1, until 4 or more appeared, which
was scored as a maximum of 4. The assay was repeated 5 to 7 times, and all
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colony scores were considered for the Student ¢ test. The standard error of
the mean (SEM) was provided for the average of each 10-colony PDCMC
repeat.

Traditional sequencing assay. After growth on GCB IPTG for 22 h,
seven progenitor colonies of the phase-variable Kan® parent and the
phase-variable mutS-F32A strain were propagated on GCB without IPTG
to prevent variation of the pilE sequence. The pilE sequences from 28 to 32
piliated (P™) colonies were amplified, sequenced, and analyzed for vari-
ants differing from the starting pilE sequence (pilin variant 1-81-S2 [2])
using AlignX (Vector NTI software; Invitrogen).

Next-generation sequencing assay and analysis. Approximately 300
colonies per strain were grown for 22 h on GCB IPTG plates and pooled
for total DNA extraction. The 500-bp pilE sequence was amplified with
primers CONSTF2 and SmaClal on 10 to 20 ng of chromosomal DNA
with unique multiplex identification tags encoded into the primers. The
samples were sent for next-generation sequencing at the Roche 454 Se-
quencing Center in Branford, CT, with 13,207 reads for the parent strain
and 5,037 for the AmutL derivative, 18,756 for the AmutS derivative, 1,686
for the mutS-F32A derivative, and 6,118 for the mutS-S661A derivative.
The percentages of variants and silent copy identities were determined
using an in-house-generated Perl program that matched sequences from
silent copies to different parts of each read. The frequency was calculated
as the percentage of variant pilE reads over total pilE sequences. Statistics
were calculated using the prop.test function in R on the number of variant
reads per total reads for each strain. The MMC mutants showed a statis-
tically significant difference of P < 0.0001 between the mutants and the
parent.

Viability assay. Strains were streaked onto GCB plates from frozen
stocks and grown for 22 h. One colony was picked and diluted in GCBL so
that ~200 colonies were evenly spread onto plain GCB and GCB-IPTG
plates. At 22 h, 3 to 4 colonies were individually picked with a filter disk
and dispersed into 500 pl GCBL. Serial dilutions were plated onto GCB
plates, and the resulting titer was counted. The assay was performed 4 to 6
times, and the SEM was taken from each of the averaged titers.
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TABLE 2 List of primers used

Primer

Sequence

1585_mutS_for
1584_mutS_rev
MutS_for_int_EcoRI
MutS_rev_int_EcoRI
MutS_intfor
MutSfor_N_His
MutS_intrev
MutSrev_N_His
Irg4-7

Irg4-7RC
mutS_int_endF
MutS_int-f13
MutS_int-r14
PILRBS

SP3A

SmacClal
CONSTF2
Cat_intF
Cat_intR
pilCupstream
pilCdownstream
Ngo055up
pilC_int
pilCPLfor
SDM_MutSfor
SDM_MutSrev
MutS-T1981G-for
MutS-T1981G-rev
ermCoutl
ermCout2
RuvBfor2
RuvBrev2
recGfor2
RECGREV

KAN FP-1
LACPFOR
GCRecA-Rev2

ATGCAAGCTTCAGTACCTTGGAAACGGC
ATGCCGATCGATTCCGGAACCCTGTTGG
AACCAACCGCATCGTTGC
ATGCCGTCTGAAGTTGCG
TTGGACAGCAAAGAACACGC
GCATACATATGTCCAAATCCGCCGTTTCC
AAGATTTGATCGACAGGCCC
CGTCCGAAGCTTAAGATACGGATTTGCACAAAT
AGCACGTACTCGGATGGAAG
CTTCCATCCGAGTACGTGCT
CCCAAAAGCATTTGAACGG
AAACAACTCTTTGACGGCG
CGTATTGGCTTTCCAGCG
GGCTTTCCCCTTTCAATTAGGAG
CCGGAACGGACGACCCCG
TTGCAAACCCTTAAAAGACAAGC
TACCAAGACTACACCGCCCG
AATACCACGACGATTTCCG
GGTATTCACTCCAGAGCG
TAGGCGGTTAAGTTGTTGGGAAAG
CCATCTTTGGCGGTACCCTCGCTG
TATGTTCCAACACGCAGGG
CCCAACCAAGGATAATCCG
GGCGGAGGTGGCGGGGCC
GTTTTACCGTATGGGTGATGCCTACGAGCTGTTTTTGGATG
CATCCAAAAACAGCTCGTAGGCATCACCCATACGGTAAAAC
CGCCTCCAACCGCGCCACCTTCATGGT
ACCATGAAGGTGGCGCGGTTGGAGGCG
CAATTCTTATCTCTTTTCAATAGC
GAAGTAATAAAGTTTTGACTGTG
TGCCGTCTGAAACGCGCCG
CAAACGTCTGATAACAATGCCG
CCAACAACAGCAGGAAGCCG
GTCCTGATTTTTGTTAATCCACT
ACCTACAACAAAGCTCTCATCAACC
GAGCGGATAACAATTTCACA
CAAAGCCGAAGAAACCGC

Detection of pilE deletion events. Nonpiliated colonies that arose
after growth on IPTG-containing medium were lysed and used as the
templates for PCR with primers PILRBS and SP3A. Samples that yielded a
630-bp band contained an intact pilE region, blank lanes were presumed
to contain a deletion, and a larger product indicated an L-pilin (extra-long
pilin variant) duplication. The template DNA for all blank lanes was
amplified with pilC primers (either PilCdownstream/pilCPLfor or
Ngo055up/pilC_int) to confirm the presence of DNA in the reaction.
Over 200 colonies were analyzed for the parent, AmutL, AmutS, and
mutS-F32A strains, while 25 colonies were analyzed for the ruvB, ruvB
recG, ruvB recG AmutS, and ruvB recG mutS-F32A strains.

RESULTS

N. gonorrhoeae mutS-F32A and mutS-S661A mutants are MMC
deficient. The highly conserved phenylalanine residue at the N-
terminal domain of MutS from E. coli, Thermus aquaticus, and
Saccharomyces cerevisiae has been shown to be critical for the abil-
ity of MutS to recognize mismatches and small loops (40—-42). An
E. coli mutant carrying the mutS-F36A mutation is deficient in
MMC (41), but the mutant protein can still bind to a G4 structure
invitro, at 70% of the wild-type level (36). In addition, mutation of
the conserved E. coli mutS serine 668 to alanine (S668A) in the
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ATPase domain results in a mutant MutS with parental levels of
DNA binding to mismatches (and presumably G4s) but is unable
to perform MMC (43). The corresponding mutS-F32A and
-S661A site-directed mutations were independently constructed
and introduced into the mutS locus in N. gonorrhoeae FA1090
(Fig. 2A and B) to assay whether the gonococcal MutS (GecMutS)
interaction with the pilE G4 might be important for regulating
pilin AV.

To confirm the MMC-deficient phenotype of the site-directed
mutS mutants, the frequency of spontaneous resistance to the
antibiotic rifampin was measured for the AmutS, mutS-F32A, and
mutS-S661A mutants. Mutator frequencies were calculated by de-
termining the number of colonies that were rifampin resistant
(Rif") compared to the total number of CFU. The parental strain
had a median mutation frequency of 3.3 X 10~ Rif* CFU/total
CFU. All three mutS mutations resulted in a 10-fold increase in the
frequency of spontaneous rifampin resistance, with 2.5 X 10~°
Rif" CFU/total CFU for AmutS, 8.2 X 10~ ° Rif' CFU/total CFU for
mutS-F32A, and 4.0 X 10~° Rif' CFU/total CFU for mutS-S661A
(Fig. 3A). Similar increases in the spontaneous mutation fre-
quency were obtained for nalidixic acid resistance (data not

May 2015 Volume 197 Number 10


http://jb.asm.org

A.
S 104
2
g * *
g - - *
=2 108 -
53 A e
Ichs] -
25
55108 — 2
§& )
C
g
N S
N 2 7
? (b@) Q} &qy' \‘)@'\v~
Q & €& &
O 2
&
B. ) NG/
. = ‘v\
No IPTG ¢
(recA-) . N

. 4

With IPTG I'4

(recA+) ~® _'. . ./ .
L ;

mutS-F32A
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mutS+

shown). The results show that both the F32A and S661A muta-
tions each result in a mutator phenotype, similar to the AmutS
mutation, and confirm the predicted loss of function resulting
from the two site-directed mutations.

N. gonorrhoeae mutS-F32A shows increased pilus phase
variation. Piliated gonococcus cells form small domed colonies
due to interactions between adjacent pili, while nonpiliated cells,
which do not have the intercell connections mediated by pili, grow
faster and spread out to form large flat colonies (Fig. 1C) (44). As
piliated (P™) colonies grow over time, a subset of bacteria convert
to a nonpiliated (P™) phenotype, leading to irregular borders or
blebs (Fig. 3B) (15). P~ variants arise from three major mecha-
nisms: (i) the nonreversible deletion of the pilE gene (45), (ii)
introduction of variant pilE sequences by pilin AV that encode a
nonfunctional or poorly expressed pilus (Fig. 1C), and (iii) loss of
expression of the minor pilin protein PilC by phase variation (46).
The P~ blebs that form due to pilS incorporation or pilE deletion
are RecA dependent, while the P~ blebs that occur due to the loss
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of PilC are RecA independent. All strains used in this study con-
tain an IPTG-inducible recA allele (37) to control pilin AV. In the
absence of IPTG, P~ blebs due to pilin AV are eliminated; how-
ever, P~ blebs due to pilC phase variation are unaffected (12). Like
the previously described mutS loss-of-function mutant (32), the
mutS-F32A mutant formed numerous P~ blebs in the absence of
pilin AV (Fig. 3B, recA—), confirming a deficiency in the MMC of
slipped-strand mispairs.

N. gonorrhoeae mutS-F32A and mutS-S661A mutants show
increased pilin AV by PMCDC. The colony variation assay, which
follows pilus-dependent colony morphology changes (PDCMC),
measures the rate of formation of the faster-growing P~ blebs that
emerge on the edge ofa P colony over time (Fig. 3B). An increase
in the number of emerging P~ cells usually corresponds to an
increase in the pilin AV frequency. In the absence of IPTG, P~
blebs rarely form in the parent strain over the course of an 8-h
experiment, but due to the absence of slipped-strand correction at
pilCin MMC mutants, most (~70%) of the mutS mutant colonies
contain atleast one P~ bleb after 22 h of growth (data not shown).
This makes it difficult to perform the PDCMC assay, which re-
quires completely P* colonies at the start, and also obscures the
results, since both pilin AV and slipped-strand mispairing at pilC
contribute to nonpiliated blebs.

To reduce the background level of nonpiliated cells, the mutS
alleles were placed into a strain where every third G of the pilCI
gene has been changed to a synonymous substitution to make PilC
production constitutive (the phase-locked pilCI,; allele) (47). In
the phase-locked pilC strain, very few blebs emerge without IPTG,
even in the MMC mutants. In the presence of IPTG, the colony
variation score of the AmutS was significantly increased over that
of the mutS™ parent strain, and both the mutS-F32A and mutS-
S661A alleles had a similarly elevated rate of pilin AV compared to
the mutS™ allele (Fig. 4A). The same level of colony variation
between the AmutS mutant and the two site-directed mutS-F32A
and mutS-S661A mutants supports the hypothesis that G4 bind-
ing by MutS is not required for pilin AV.

When complemented with a copy of the wild-type mutS allele
at an ectopic locus, the AV frequency of the AmutS mutant was
reduced close to parental levels, and when two copies of mutS were
present (one at its normal position and one at an external locus),
the AV frequency was significantly lower than that in the strain
with one copy of mutS (Fig. 4B). The increased frequency of PD-
CMC observed in MMC mutants without PilC phase variation
and the lowered frequency of PDCMC with additional MutS sug-
gest that the antirecombination properties of MutS act to reduce
the recombination at the pilE locus.

MutL and MutS are in the same pathway for pilin AV. Al-
though MutS and MutL both act in MMC, they have different
functions; MutS directly binds to the mismatch or perturbation,
while MutL binds to MutS to initiate the repair of the improper
DNA strand (31). Individual disruption of mutS or mutL in gono-
cocci resulted in a similar increase in the colony variation assay
compared to the parent strain in the locked pilC background (Fig.
4B), consistent with previous results using the phase-variable pilC
background (32). By PDCMC, the AmutS AmutL double mutant
exhibited the same level of pilin AV as either of the single mutants,
suggesting that both MutS and MutL are required for the MMC-
dependent increase in the level of pilin AV.
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FIG 4 Pilin-dependent colony morphology changes (PDCMC) of MMC mu-
tants. (A) PDCMC of the Kan" parent and the Kan" AmutS, mutS-F32A, and
mutS-S661A derivatives grown in the presence of IPTG. Shown is the average
of results from 5 to 7 assays (of 10 colonies each) with error bars representing
the SEM. Statistical significance was determined using Student’s two-tailed ¢
test. Asterisks indicate P <0.001 relative to the parent strain for the indicated
time point. There was no statistically significant difference between the AmutS,
mutS-F32A, and mutS-S661A strains. (B) PDCMC assay of the parent and
AmutS, AmutL, and AmutS AmutL derivatives grown in the presence of IPTG.
The parent and mutants are depicted by solid lines, with a copy of the wild-type
mutS" gene at the NICS locus represented by a dashed line. Shown is the
average of results from 5 to 6 assays (of 10 colonies each) with error bars
representing the SEM. Statistical significance was determined using Student’s
two-tailed  test. Asterisks indicate P < 0.01, and # denotes P = 0.05 relative to
the parent strain.

mutS-F32A and mutS-S661A mutants show the same level of
pilin AV as the AmutS mutant by pilE sequencing assays. The
most direct way to measure pilin antigenic variation is to sequence
the pilE genes of multiple independently isolated progeny to de-
termine the percentage that have changed and the donor silent
copies used. In traditional Sanger sequencing, over 200 individual
PilE PCR products are sequenced from cells grown under condi-
tions that allow pilin AV. After 19 generations, ~12% of progeny
have a pilin gene that differs from the starting sequence (12). A
previous study showed that the AmutS strain had a 2- to 3-fold
increase in pilin AV compared to its parental mutS™ strain by a
sequencing assay (32). Using a similar assay, we found that the
mutS-F32A mutant showed a similar 3-fold increase in pilin AV
over the mutS™ strain (Table 3). Although both strains were in the
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background with phase-variable pilC, only P* colonies were se-
quenced, and the results were not affected by P~ pilC variation
(12). Analysis of the profile of silent copies incorporated into pilE
showed there were no significant differences between the mutS-
F32A mutant and the AmutS mutant (data not shown).

We used a new version of the pilin AV sequencing assay that
uses next-generation sequencing to analyze pilin AV of the mutS
mutants. After 22 h of growth under IPTG induction of RecA
expression, the pilE gene was amplified from the total DNA of a
pool of ~300 colonies. The sequence of the variable portion of the
pilE gene of each population was determined by multiplex 454
sequencing, and the reads were analyzed by an in-house-gener-
ated program that scored whether a read was a variant and also
determined which pilS copy was the donor. The parental locked
pilC strain showed a 12.8% frequency of pilE variants, similar to
the results using the phase-variable pilC strain in a traditional
sequencing assay (12). All of the MMC mutants showed about a
3-fold increase in pilin AV frequency, with 34.67% for the AmutL
mutant, 38.11% for the AmutS mutant, 39.87% for the mutS-
F32A mutant, and 38.95% for the muS-S661A mutant, consistent
with the frequencies reported by the traditional sequencing assay
(Table 3) (12). The mutS-F32A and mutS-S661 A mutant frequen-
cies were not statistically different from the AmutS mutant fre-
quency. Additionally, analysis of the silent copies used to produce
the variant pilE genes of all the MMC mutants showed similar
profiles to the parent, primarily containing pilS2c1/6¢I (orange),
pilS3cI (blue), and pilSicI (dark gray) donor silent copies (where
“c1” represents “copy 17) (Fig. 5). One difference between the
MMC mutants and the parental MMC-proficient strain is the
number of variants designated as double crossovers (green). These
variant pilE sequences, containing two or more stretches of DNA
donated from different silent copies, were increased in the MMC
mutants, as would be expected from an increased number of re-
combination events. The similarities between the donor copies
used, whether MMC is disabled or not, suggest that while the

TABLE 3 Pilin AV by traditional sequencing of mutS™ and mutS-F32A
mutants

No. of colonies No. of Frequency
Progenitor no.” sequenced variants of AV®
Parent strain
1 30 3 0.100
2 32 3 0.094
3 32 2 0.063
4 28 0 0.000
5 28 0 0.000
6 28 1 0.036
7 28 3 0.107
mutS-F32A mutant
1 31 6 0.194
2 32 2 0.063
3 32 8 0.250
4 30 7 0.233
5 30 9 0.300
6 30 8 0.267
7 29 5 0.172

“ The strain backgrounds are phase-variable Kan" FA1090 recA6.
b The median frequency for the parent strain is 0.063, and that for the mutS-F32A
mutant is 0.233.
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silent copies are exchanged more frequently, recombination is
likely to be by the same mechanism as in the MMC-proficient
strains.

Loss of MutS exacerbates the ruvB recG synthetic lethality.
Holliday junctions are central intermediates that arise during ho-
mologous recombination, and RuvAB and RecG are helicases that
catalyze the branch migration of the Holliday junction intermedi-
ates to extend or remove heteroduplexes (48). Initiation of pilin
AV in a ruvB recG double mutant results in a synthetic lethality
due to unresolved recombination intermediates at the pilE locus
(49). Cells that cannot undergo pilin AV (e.g., due to a mutation of
recA, deletion of the pilE gene, or disruption to the upstream G4)
are rescued from the synthetic lethality (13, 49). Since MutS acts to
prevent recombination at the pilE locus, we reasoned that the
absence of mutS would exacerbate the ruvB recG synthetic lethal-
ity. In the locked pilC background, the viability of a double ruvB
recG mutant was reduced an order of magnitude when grown
under AV-permissible conditions (IPTG induction of RecA),
while a single ruvB mutant was only mildly affected (Fig. 6). This
result is consistent with previous reports using a phase-variable
pilC strain (49). Both the AmutS and the mutS-F32A mutations
decreased the viability of the IPTG-induced ruvB recG mutant an
additional order of magnitude relative to the MMC-proficient
parent (Fig. 6). These results confirm that MMC limits the forma-
tion of Holliday junctions and heteroduplexes during pilin AV
and lend support to the idea that there is no additional role of
MutS in pilin AV.

One means to escape the ruvB recG synthetic lethality is the
chance deletion of the pilE locus or the partial duplication of the
pilE gene (49). In the parental locked pilC strain, only 2.7% of
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FIG 6 Effect of mutS on ruvB recG synthetic lethality. Viability of strains
grown in the presence of IPTG. Shown are the ruvB recG (blue), ruvB recG
AmutS (green), and ruvB recG mutS-F32A (red) strains and the single ruvB
mutant (turquoise). The cells were grown on plates for 22 h in the absence
(solid bars) and presence (striped bars) of IPTG, with the number or CFU
per colony measured for 3 to 4 colonies each. The assay was performed 6
times, except for the assay for the single ruvB mutant, which was done 4
times. Error bars represent the SEM, and the asterisk denotes a Student’s
two-tailed t test value of P < 0.05 compared to the ruvB recG strain grown
with IPTG.
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TABLE 4 pilE PCR products from nonpiliated colonies

% of colonies

Total

no. of With With
Strain® colonies Normal L-pilin  deletion
Parent 224 96 1.3 2.7
AmutL mutant 221 94.6 2.7 2.7
AmutS mutant 232 87.9 5.6 6.5
mutS-F32A mutant 228 94.3 4.8 0.9
mutS-S661A mutant 216 80.6 14.8 4.6
AruvB mutant 25 80 0 20
AruvB ArecG mutant 25 12 0 88
AruvB ArecG AmutS mutant 25 4 0 96
AruvB ArecG mutS-F32A mutant 25 4 0 96

“ The background for all strains is FA1090 recA6 pilClp, with the first five derived from
FA7458-1A.

analyzed P~ variants were nonpiliated due to a deletion of the pilE
locus. In contrast, the majority (88%) of the P~ colonies that arose
in the ruvB recG mutant under AV-permissible conditions were
deleted for pilE (Table 4), consistent with previous results (49).
Both the AmutS and mutS-F32A mutants in the ruvB recG strain
showed 96% deleted escape variants, suggesting that the failure to
disrupt heteroduplexes formed at pilE during pilin AV accumu-
lates a greater percentage of deletions to escape the increased le-
thality in an MMC mutant.

DISCUSSION

Pilin AV is a major factor in the pathogenicity of N. gonorrhoeae, as
it mediates changes to the amino acid sequence and expression
levels of the main type IV pilin protein throughout the course of
infection. It was previously reported that loss of MMC increased
thelevel of pilin AV, and we have confirmed that result here. MutS
is known to have two main functions in the cell as part of MMC:
one is to recognize mismatches and small perturbations (like the
loops of slipped strands and G4 structures) that occur during re-
combination, and the other is antirecombination, by preventing
recombination with homeologous DNA. As pilS and pilE se-
quences are homeologous to each other, MMC is expected to limit
pilin AV. However, because MutS proteins have been shown to
preferentially bind to G4 sequences over a canonical mismatch, it
was a plausible hypothesis that MutS could have an alternative
role in pilin AV by interacting with the pilE G4.

This study focused on two mutS mutants (F32A and S661A)
that are predicted to encode proteins that are unable to perform
MMC but should still bind the pilE G4. Although the F36A muta-
tion in E. coli can still bind to G4s, albeit at a lower level than the
wild type, we have been unable to test whether the GeMutS-F32A
mutant binds to G4 structures like the corresponding EcMutS-
F36A mutant. We thus examined a second mutation, mutS-
S661A, that was reported to disrupt the ATPase domain in the E.
coli ortholog. The mutator phenotypes of both the mutS-F32A and
mutS-S661A mutants confirm that they are each deficient in
MMC, similarly to a mutS deletion mutant, and as expected, both
the mutS-F32A and mutS-S661A mutants exhibited an increase in
pilC phase variation. We used pilus-dependent colony morphol-
ogy changes in a locked pilC background to measure the pilin AV
levels of the mutants. Both site-directed mutS mutants and the
AmutS showed an elevated level of nonpiliated blebs compared to
the mutS™ parent, confirming the defect in MMC, and both site-
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directed mutants showed similar levels of pilin AV to the AmutS
strain. We also confirmed that MutL acts in the same pathway as
MutS, since the phenotype of a double mutant was the same as
that of each of the single mutants. Moreover, overexpression of
MutS (by supplying two chromosomal copies) further reduced
pilin AV, strongly suggesting that MutS is limiting for pilin AV.
Combined with the data that showed that loss of MutS exacerbates
the synthetic lethality of a ruvB recG mutant, these data show that
MutS working through MMC disrupts heteroduplex formed dur-
ing pilin AV.

The second assay we used to measure pilin AV was direct pilE
sequencing. Previous data used traditional sequencing to show
that the AmutS mutant had a 2- to 3-fold increase in pilin variants
compared to the parental strain. We show, using the same
method, that the mutS-F32A mutant also has a 2- to 3-fold in-
crease in variants compared to its parental strain. Since the tradi-
tional pilin AV sequencing assay is limited by the stochastic nature
of variant production and the small number of progeny that can
be effectively examined, we analyzed the mutS mutants by a pilin
AV deep-sequencing assay. This assay confirmed that there is no
difference in variation frequency or type of variants in the mutS
mutants and supports the conclusion that it is only the loss of
MMC that influences pilin AV, while the ability of MutS to bind to
G4s has no discernible role.

There are a number of cellular proteins involved in the forma-
tion, stability, and unwinding of G4s (50). The N. gonorrhoeae
RecA and RecQ proteins have already been shown to bind to the
PilE G4 in vitro (51, 52). RecA is required for pilin AV through
promotion of single-strand annealing and DNA strand exchange
in homologous recombination, and the pilE G4 may serve to re-
cruit RecA, facilitating strand exchange. RecQ is a 3'—5" helicase
that is proposed to unwind secondary structures, and mutations
to recQ severely decrease the rate of pilin AV (51, 53). Another
protein candidate for binding to G4s is MutS, whose eukaryotic
MutSa homolog activates the immunoglobulin switch recombi-
nation through G4 binding (54). In vitro, the E. coli MutS protein
has been shown to bind more strongly to G4 structures than to its
canonical G:T mismatch (36). The most definitive way to confirm
whether GcMutS binds to G4s (and in particular to the pilE G4)
was purification of the protein and in vitro experiments. We have
observed that wild-type GeMutS (a generous gift from Erik Lar-
son) binds both a folded pilE G4 and mismatched double-
stranded DNA using fluorescence anisotropy but not to a random
oligonucleotide or double-stranded DNA (data not shown).
These studies were complicated by the fact that the wild-type
GcMutS protein had solubility issues at high concentrations, and
the mutant proteins were even less soluble (E. Larson, personal
communication). Additional binding assays using purified wild-
type, F32A, and S661A versions of GcMutS would be required to
conclude that these are true separation-of-function mutations.
However, since both separation-of-function mutations have iden-
tical phenotypes that phenocopy the loss-of-function mutant, we
conclude that there is not likely to be a positive role for MutS in
pilin AV. It is possible that the limitation of pilin AV by MMC s a
way to regulate the frequency of variation, and this hypothesis will
be explored in the future.
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