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Abstract

The strict human pathogen Neisseria gonorrhoeae is the only causative agent of the sexually transmitted infection
gonorrhea. The recA gene from N. gonorrhoeae is essential for DNA repair, natural DNA transformation, and pilin antigenic
variation, all processes that are important for the pathogenesis and persistence of N. gonorrhoeae in the human population.
To understand the biochemical features of N. gonorrhoeae RecA (RecAyg), we overexpressed and purified the RecAyg and
SSBng proteins and compared their activities to those of the well-characterized E. coli RecA and SSB proteins in vitro. We
observed that RecAyg promoted more strand exchange at early time points than RecAg. through DNA homologous
substrates, and exhibited the highest ATPase activity of any RecA protein characterized to date. Further analysis of this
robust ATPase activity revealed that RecAyg is more efficient at displacing SSB from ssDNA and that RecAyg shows higher
ATPase activity during strand exchange than RecAg.. Using substrates created to mimic the cellular processes of DNA
transformation and pilin antigenic variation we observed that RecAg. catalyzed more strand exchange through a 100 bp
heterologous insert, but that RecAyq4 catalyzed more strand exchange through regions of microheterology. Together, these
data suggest that the processes of ATP hydrolysis and DNA strand exchange may be coupled differently in RecAyg than in
RecAg.. This difference may explain the unusually high ATPase activity observed for RecAyg with the strand exchange

activity between RecAyng and RecAg. being more similar.
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Introduction

RecA or RecA-like proteins are ubiquitous in nearly all cells and are
essential for the processes of homologous recombination, recombinational
DNA repair, induction of the SOS response of DNA repair, SOS
mutagenesis, and chromosome partitioning [1]. All these processes are
crucial for maintenance of genome stability and survival of DNA damage.
In witro, E. coli RecA is a DNA-dependent ATPase that promotes a three
DNA strand-exchange reaction between homologous double-stranded
DNA (dsDNA) and circular single-stranded DNA (cssDNA), which is
believed to mimic the recombination functions of RecA & vao [2,3]. DNA
strand exchange occurs in three distinct steps. First, in the presence of an
adenine nucleotide cofactor, RecA binds ssDNA in a 5’ to 3’ direction,
forming an active helical nucleoprotein filament; second, the nucleoprotein
filament aligns with homologous dsDINA, forming a joint molecule; third,
the region of hybrid DNA is extended via unidirectional branch migration,
yielding nicked circular dsDNA and the displaced linear ssDNA product.
E. col RecA-mediated ATP hydrolysis occurs throughout a nucleoprotein
filament [4], and is required for disassembly from the 5'-proximal end [5—
7). The processes of homologous pairing and strand exchange between
short regions of homologous DNA (~1 kb) require ATP binding but not
ATP hydrolysis [5,8-10]. However, ATP hydrolysis is required to
exchange longer homologous DNA substrates because it is coupled to
the unidirectional extension phase of DNA strand exchange [11], and ATP
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hydrolysis is also required to bypass barriers of heterology [12,13]. Finally,
E. coli RecA exhibits a coprotease activity. In the context of an active
nucleoprotein filament, RecA facilitates the self-cleavage of the LexA
repressor protein, leading to induction of over 30 genes of the £. coli SOS
regulon [14]. RecA also facilitates cleavage of the UmuD protein and
participates directly in mutagenic translesion DNA synthesis [15-17].

The strand exchange catalyzed by E. coli RecA is strongly
stimulated by the F. coli SSB protein [18] as well as other SSB
orthologs [19-21], and E. coli SSB functions with other RecA
proteins [22,23]. SSB is a heterotetrameric, single-stranded DNA
binding protein that melts secondary structure in ssDNA, thereby
allowing RecA monomers to form an active nucleoprotein
filament [24]. SSB also functions postsynaptically, binding the
displaced single strand of DNA [25]. However, when present in a
reaction before RecA, SSB presents a barrier to RecA nucleation,
which RecA overcomes only slowly i vitro [26-29]. In vivo, it is
likely that RecA relies heavily on the activity of recombination
mediator proteins for loading onto SSB-coated DNA [26].

The obligate human pathogen N. gonorrhoeae (the gonococcus, Ge)
is a Gram-negative diplococcus and is the sole causative agent of the
sexually transmitted infection gonorrhea. In N. gonorihoeae homol-
ogous DNA recombination mediated by RecA is required for
recombinational DNA repair, as well as the cellular processes of
natural DNA transformation and pilin antigenic variation, and recA
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1s essential for all of these processes [27,28]. RecA mediates
recombinational DNA repair in V. gonorrhoeae in concert with either
the RecBCD or RecF-like pathway (so designated because it lacks a
RecF homologue) [29-32]. Natural DNA transformation in N.
gonorrhoeae refers to the ability to take up gonococcal DNA from the
environment in a sequence-dependent manner and incorporate it
into its genome [33-35]. Many gene products are involved in DNA
uptake and transformation competence, including factors involved
in the elaboration of type IV pili [36]. Once DNA is inside the cell, it
is recombined into the chromosome, a process which requires
RecA, PriA, and is partially dependent on the RecBCD, Rep, and
RecN enzymes [28,29,31,37,38]. The ability of N. gonorrhoeae to
incorporate foreign DNA aids in the transfer of antibiotic resistance
genes [39] and contributes to the antigenic diversity of the
population [40], both of which are important for the continued
spread and persistence of Ge in the human population.

The plasticity of the gonococcal genome is perhaps best
exemplified by the process of pilin antigenic variation, which is
also dependent on reed [27]. Antigenic variation occurs via
unidirectional homologous recombination between the pilin coding
gene (pilE) and one of many unexpressed S loci located at several
sites on the gonococcal chromosome. This recombination can occur
with as little as 24 bases of sequence identity [41,42], suggesting
that antigenic variation is a specialized form of homologous
recombination. Pilin antigenic variation occurs quite frequently,
at a rate of 4x10™? events per cell per generation [42]. Although
antigenic variation does not require the RecBCD pathway [43], in
addition to RecA antigenic variation requires the Recl-like
pathway [29], the branch migration enzymes RuvABC and RecG
[44], the RdgC [45], and Rep proteins [37]. Antigenic variation of
the gonococcal pilus is believed to be an important means of evasion
of the host immune response, aiding in successful transmission of the
organism. Therefore, the gonococcal RecA is central to the
pathogenesis of N. gonorrhoeae, catalyzing recombinational DNA
repair, contributing to the spread of antibiotic resistance genes, and
catalyzing antigenic variation of the pilus.

N. gonorrhoeae has historically been reported to lack a classical
SOS response [46] due the absence of UmuC, and UmuD
homologues and dearth of canonical SOS boxes in the genome
[47]. Moreover, neither the rec4 transcript nor RecA protein levels
increase after treatment of N. gonorrhoeae with DNA damaging
agents [47,48]. Although in E. coli, the LexA response regulator
represses the expression of approximately 40 SOS genes [49],
recent work has revealed that N. gonorrhoeae encodes a LexA
homologue that controls the expression of a small gene regulon
[50].

The importance of the recd gene for N. gonorrhoeae pathogenesis
has been recognized for nearly 20 years [27,28]. Although there
has been extensive analysis of the genetic requirements for these
cellular processes, biochemical characterization of the proteins
mvolved in these processes has lagged behind. The parsed amino
acid sequence of the N. gonorrhoeae RecA shows a high degree of
overall sequence identity with the E. coli RecA protein (65%
identity; 81% similarity); however, the sequences diverge in their
carboxy termini [51], a variability that has been noted in other
bacterial RecA proteins [52]. Despite the difference in sequence,
the abundance of negatively charged residues in the E. coli RecA
C-terminal 25 amino acids is conserved in N. gonorrhoeae. These C-
terminal sequence differences may be important for the interaction
of the RecA proteins with other cellular proteins, or may be
important for the intrinsic activities of the RecA proteins.
Therefore, we purified the N. gonorrhoeae RecA and SSB proteins
(RecAng and SSByg) to assess the recombinase, ATPase, and
coprotease activities of RecAng compared to those of the well-
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characterized E. coli RecA protein. We found that RecAyy exhibits
the highest ATPase activity of any characterized RecA protein,
but catalyzes only slightly more strand exchange at early time
points than RecAg,.

Results

Experimental rationale

N. gonorrhoeae RecA is essential for the diverse cellular processes
of DNA repair, pilin antigenic variation, and natural DNA
transformation. We therefore characterized the N. gonorrhoeae RecA
and SSB proteins to determine whether they possess unique
biochemical properties that could account for the importance of
recombination-based processes in the lifestyle of this obligate
human pathogen.

Identification and cloning of the N. gonorrhoeae ssb gene

To identify open reading frames in the N. gonorrhoeae strain
FA1090 genome with sequence similarity to the E. coli ssb gene, we
performed a search of the FA1090 genome using the STDGEN
website (http://stdgen.northwestern.edu/). A single open reading
frame (ORF) was identified which was predicted to encode a 167
amino acid protein showing 63% sequence similarity and 50%
sequence identity to the 169-amino acid E. coli SSB (SSBg.)
protein (Figure 1) over the length of the protein. This ORF was
amplified from FAI1090 chromosomal DNA and cloned into
expression vector pET2la. The nucleotide sequence of the
amplified ssb gene was identical to the sequence in the STDGEN
website.

Purification of the recombinant RecAyg and SSByq
proteins from E. coli

The RecAyng, and SSBy, proteins (Figure 1) were both
overexpressed in E. coli and purified to >99.9% homogeneity
(Figure S1 and data not shown). Following the basic purification
strategy for F. coli RecA (see Materials and Methods), we noted
subtle differences in the purification profiles of RecAy, versus
RecAg,. First, in the DEAE-Sepharose column purification step,
RecAyg bound to the column, whereas RecAg, is found in the
initial column flow-through. Second, RecAy, required a higher
concentration of phosphate to elute from the hydroxyapatite
column than does RecAg.. The purity of RecAyn, was assessed by
SDS-polyacrylamide gel electrophoresis and Coomassie blue
staining (Figure S1). Purified RecAy, migrated slightly faster than
RecAg,. on SDS-PAGE (data not shown), which is consistent with
the predicted difference in molecular masses of the two proteins
(37,842 Da for E. coli versus 37,700 Da for N. gonorrhoeae RecA)

(Figure 1).

RecAng shows increased recombinase activity relative
RecAg.

Recombination is essential for a number of cellular processes in
N. gonorrhoeae; therefore, we assessed the recombinase activity of
RecAng by measuring the ability of RecAn, to catalyze the three-
strand DNA exchange reaction relative to RecAg,. i vitro. In this
reaction, circular ssDNA and homologous linear dsDNA (LDS)
molecules are incubated together in the presence of RecA, an ATP
regeneration system, and SSB protein. RecA promotes pairing of
the homologous molecules, yielding a joint molecule (JM), and
subsequently transfers the complementary linear strand to the
circular ssDNA by branch migration, yielding nicked circular (NC)
and linear ssDNA products (Figure 2A). Using completely
homologous Ndel-cut (generating a 5’ overhang) pGEM DNA

February 2011 | Volume 6 | Issue 2 | 17101



A RecA

Ec 1 | WKAT.AAR < SERL i G-EDRSMD)Y
Ng MDA AAATA 35 1 DGS QQEEN

Neisseria gonorrhoeae RecA Protein

NLDIAT
€LDRAL

AGGLIZE
GGLITNES

Ec MEGRIVEINGPESSGKTTLL] R WWCAFIDAEHAINDPIYARKT. GVIEEDIILI
Ng LPEGCRIVE IFGPESSGKTTL VAR SORKNGEWMCAFVDAEHAIYD PV Y ARKL GVIVI X

| {-EEN VAP DTGEQALE I CDELERS GAVDVIVVD S VAALIWPKAE I EGEIL GD SHMGLAARMMS QAMRKL,

Ng 119 |peei{erNdoadeiyTi

Ec 180 NLEKSNTLETF INQT RMKT GVMF GYPE TTTGGNALKF YIS VRLD TRREGENY V
[« S YA B G D KITN T LVVE INQ T RMKTGVME GYPETTTGGNALKF YR SVRLD IRR¥N G E|
oI MV CRIE TRVK VN ENKIARPFROAEF®TIL YGEGI) i GELVMDEGVKIR ! \‘GAWYSYE 1K T
Ng 239 ETRVKVEEKNKMARPFROAEFIBTLYGEGIEWXGELEDEGVERINT TRIKEGAWY S YWGEK T
Ec 300 EUWLKDNPE EEIRLLSNPNS PDFSVEDSEGV TNEDF

Ng 299 I (WLKENPEIRIV] GVEMHTIpEGTQD|3 TDGERPIZE — -~

B SSB

Ec A7 X:1:le VKV I LVGIL.G®DPE VRYMPNGEA VIANITLATSE i o '-vg
Ng 1 --=-MSi I ILEGHLGIDPEVRYMPNGIXHA SVATSE SN-EOR IT&'
Ec 61 E‘SE SQ i TDQS[EQRRYTT GGTEQ\I RGGG
Ng 57 pRpkSgnc 1, Ol {QGED[E TIHNTAYD ---ESKIRCEOL ENS
Ec 121 EPHGGNI PRlcE coloRPoceNiFsceRoR EoR SIS S SNE - — ————

Ng 114 5(£PYDE S &Q - - SREPAPDIIPE: 13- SENFSNIRROPVE T}

Ec 175 Bjagg
Ng 171 uhssgy

Figure 1. Amino acid sequence alignments of RecA and SSB proteins from E. coli (Ec) and N. gonorrhoeae (Ng). Identical residues are
boxed in black; similar residues are boxed in grey. Dashes represent gaps introduced to optimize sequence alignment. A. Alignment of RecA proteins.

B. Alignment of SSB proteins.
doi:10.1371/journal.pone.0017101.g001

substrates, RecAn, and RecAg, proteins, and the cognate SSB
proteins in DNA strand exchange reactions, we observed that
RecAn, formed significantly more NC product (P<0.05) than
RecAg,. at early time points (time 4, 8, 12 min) (Figure 2B).
However, both RecAng and RecAg. eventually yielded the same
amount of nicked circular product (time 20, 30, 60 min)
(Figure 2B). Similar results were seen for strand exchange reactions
using Psd-cut linear ds pGEM substrates (generating a 3’
overhang) and ®X174 DNA substrates (data not shown).
Together, these data clearly demonstrate that RecAn, promotes
increased stand exchange at early time points, but does not show a
higher overall efficiency of strand exchange relative to RecAg,.
We characterized the binding activity of SSBy, to ssDNA and
found it to be essentially the same as that of SSBg, (Figure S2). To
measure the contribution of SSB to the efficacy of strand
exchange, we carried out strand exchange reactions with both
the cognate and the non-cognate SSB proteins and each of the
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RecA proteins. RecAy, showed the same kinetics of strand
exchange with either SSBy, or SSBg., and RecAg. showed the
same kinetics with either SSBg. or SSBy, (data not shown).
Therefore, the increased efficiency of strand exchange appears to
be strictly due to intrinsic features of the RecAx, protein.

RecAng promotes DNA strand exchange in the presence
of lower Mg?* than RecAg.

It is well established that RecAg, shows optimal strand exchange
at about 10 mM Mg?**, with no detectable strand exchange
occurring at 3 mM Mg** [53,54]. We measured the ability of
RecAy, to catalyze strand exchange using homologous ®X174
DNA substrates over a range of Mg®' levels (Figure 3). Like
RecAg, RecAng showed the highest activity between 10-20 mM
Mg®" (Figure 3 and data not shown). However, unlike RecAy,,
RecAn, promoted a small amount of strand exchange at 3 mM
Mg®. In the average of three independent experiments RecAng
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Figure 2. DNA strand exchange activity of RecAyg and RecAg.
proteins. Reactions were carried out as described in the Materials and
Methods and Results sections using cognate SSB proteins and the
described substrates. Aliquots of the strand exchange reactions were
removed and stopped at each indicated time point. The substrate linear
dsDNA, joint molecule reaction intermediates, and nicked circular
products are denoted LDS, JM, and NC, respectively. All ssDNAs (circular
or linear), migrate identically under these gel conditions. A. RecAyq
promotes faster strand exchange than RecAg. using homologous
substrates. Representative gel of strand exchange reactions performed
using homologous pGEM cssDNA and linear dsDNA and the cognate
SSB proteins. B. Nicked circular product formation plotted versus time.
Error bars represent the standard error of the mean of 4 separate
experiments. *P<<0.05 by Student’s two-tailed t-test. (Note that not all
time points shown in Figure 2A are represented on this graph.)
doi:10.1371/journal.pone.0017101.g002

catalyzed the conversion of significantly more ldsDNA substrate to
the NC form (20% of DNA in NC form * 1.5% standard error)
than RecAg. (0% of DNA in NC form) after 60 min (P=0.005
relative to RecAg,. by Student’s #test) (Figure 3 and data not
shown). These results demonstrate that, although this level of Mg**
is not optimal for RecAyy, activity, the protein can function,
whereas RecAg, cannot.

RecAng shows higher ATPase activity than RecAg.

We measured the DNA-dependent ATPase or dATPase activity
of RecAn, relative to RecAg, in the presence of ssDNA using a
coupled spectrophotometric assay [55,56]. Briefly, cssM13mpl8
DNA was incubated with either RecAn, or RecAg. for 10 min.
Addition of either ATP (or dATP) and the cognate SSB protein
started the reaction in which we measured the rate of (d)ATP
hydrolysis by the decrease in absorbance at 380 nm (Table 1).
RecAn, exhibited a ke, of 44.74*1.10 min~! which is approx-
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Figure 3. Strand exchange activity of RecAyg and RecAg. at
varying levels of Mg>*. Reactions were carried out as described in
Materials and Methods using completely homologous ®X174 DNA with
the indicated levels of Mg>" present in the reactions. A representative
gel shows aliquots of the strand exchange reactions that were removed
and stopped at the times indicated. Nicked circular product (NC) and
linear dsDNA (LDS) are noted.

doi:10.1371/journal.pone.0017101.g003

imately 1.5 times that of RecAy. in the presence of ATP and
10 mM Mg?* and is the highest ATPase activity of any bacterial
RecA protein described to date. The same trend is also observed
when dATP is used as the nucleotide cofactor with RecAng
hydrolyzing dATP with a kcat of 59.66+0.58 min~' when
10 mM Mg®* are present. We tested whether RecAng is operating
at maximal velocity in our experiments by varying the concen-
trations of ATP in the reactions and found that the rates of ATP
hydrolysis did not change with varying ATP concentrations (data
not shown). Because of the noticeably high (d)ATPase activity of
RecAy, we were interested in further characterizing the basis of
this enhanced ATPase activity and possible ramifications for this
enhanced ATPase activity on strand exchange.

RecAyq is more efficient at displacing SSB from ssDNA

than RecAg.

An additional protein component that could affect both the
ATPase and recombinase activity of RecAng is the SSBy, protein.
The SSBy,. protein has been shown to stimulate RecAg,.-promoted
DNA strand exchange and ATPase activity [4,57], as well as
stimulate the activities of non-cognate recombinases [22,58].
Moreover, orthologous SSB proteins from both bacteria
[20,21]and yeast [19] have been shown stimulate the reactions
promoted by RecAg,, suggesting that the action of SSB is not due
to species-specific protein-protein interactions but likely due to
melting of any secondary structure in the DNA by SSB. To
determine whether the SSB proteins could differentially influence
the ability of the RecAy, and RecAg. proteins to nucleate on
ssDNA, we tested whether SSB presents a barrier to RecAng
nucleation and whether RecAn, can displace SSB more readily
than RecAg.. We carried out ATPase assays where SSB, ATP and
cssDNA were incubated for ten minutes, allowing SSB to coat the
DNA. These reactions were started by the addition of either
RecAng or RecAg, and required RecA to displace SSB to nucleate
onto the DNA. RecAy, was more efficient than RecAg. at
displacing both SSBy, and SSBg,. (Figure 4). The lag-times for
reaching steady state ATP hydrolysis for RecAx, on SSBg. or
SSByg-coated  DNA  were 15.120.4 minutes and 23.7+0.7
minutes, respectively. RecAyp. showed lag-times of 44.3%1.2
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Table 1. k., of ATP or dATP hydrolysis by RecAng and RecAg.
in the presence of Mg?*.

kear of ATP hydrolysis [min~ ']

RecAng RecAg.

10 mM Mg** 3 mM Mg>* 10 mM Mg** 3 mM Mg**
ATP 4474 (£1.10)  51.21 (£3.77) 2825 (+0.88)  31.67 (+£1.59)
dATP  59.66 (+0.58)  63.46 (*+1.23) 4038 (£2.24) 4523 (£1.47)

In all experiments the concentrations of RecA protein and M13mp18 css DNA
are 10 uM and 5 uMnt, respectively. k., was calculated over a linear range of
rates from 4 to 14 minutes for all experiments. Time zero represents the
addition of 3 mM ATP and 0.5 uM SSB. Averages and standard deviations were
calculated from values from 3 independent experiments.
doi:10.1371/journal.pone.0017101.t001

minutes and 73.0%5.6 minutes for displacing SSBg. or SSByg,
respectively. These data not only show that RecAyy is faster at
nucleating onto SSB-coated DNA than RecAg., but also that
SSBy, is a greater barrier to RecA nucleation than is SSBg,
perhaps due to unique features of the SSBy, protein that are
manifest only in the ATPase assay, since the efficiency of strand
exchange was not affected by replacing SSB (data not shown).

The ATPase activity during homologous pairing is faster
for RecAng than for RecAg.

Although RecAy, exhibits a higher ATPase activity than
RecAy,. and catalyzes more strand exchange at early time points
than RecAg,, the difference in product formation during strand
exchange is not as great as the elevated ATPase activity of RecAny,
would suggest. Therefore, we examined whether the ATPase
activity of RecAng decreases to a similar degree as RecAg. ATPase
activity during strand exchange. In RecAy,, homologous pairing
leads to a conformational change to the P-state, which
characteristically shows decreased ATPase activity [5,59,60]. We
carried out strand exchange reactions while monitoring RecA

Neisseria gonorrhoeae RecA Protein

ATPase activity in a spectrophotometer (Figure 5A). Upon
addition of linear dsDNA, the ATPase activity of RecAny,
decreased by 20.3%£4.3% whereas the ATPase activity of RecAp,
decreased by 34.1£2.9% as shown in Figure 5A. The rate of ATP
hydrolysis by RecAxg during strand exchange was similar to the
ATPase activity of RecAy,. on circular ssDNA, and greater than
the ATPase activity of RecAg,. during strand exchange. These data
are all consistent with RecAy, forming more nicked circular
product at earlier time-points than RecAg,.. Based on the greater
ATPase activity of RecAyn, compared to RecAg., we would have
expected a more substantial difference between the two RecA
proteins in product formation during strand exchange (Figure 5B).
RecAng forms at most 25% more nicked circular product than
RecAg,. at any given time-point, whereas the ATPase activity of
RecAng is roughly 40% higher than the ATPase activity of RecAg,
during strand exchange. This comparison suggests that ATP
hydrolysis and strand exchange are coupled differently in RecAnyg
and RecAg,..

DNA strand exchange activity using substrates to
simulate the cellular processes of DNA transformation
and antigenic variation in vitro

Our data thus far have demonstrated that RecAy, catalyzes
more strand exchange at early time points and exhibits a more
robust ATPase activity than RecAp. on DNA substrates
commonly used in the laboratory, both in the context of stand
exchange and alone. Since RecA recombinase activity is important
for the lifestyle of V. gonorrhoeae, we wanted to test the hypothesis
that RecAn, is more efficient than RecAg. at catalyzing strand
exchange through substrates generated to mimic the cellular
processes of DNA transformation and antigenic variation.

DNA transformation. The ability of N. gonorrhoeae to take up
and incorporate environmental DNA into its genome efficiently is
mmportant for the spread of antibiotic resistance genes [39].
Therefore we asked whether RecAy, is specifically adapted to
allow the recombination of heterologous DNA into the gonococcal
genome. We created a number of DNA substrates to mimic the
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Figure 4. SSB displacement from ssDNA by RecAng and RecAg.. The experiments were carried out as described in Materials and Methods. The
order of addition and the source of the proteins are indicated in the figure. Control reactions (A and O) contained 3 uMnt M13mp18 cssDNA, and
4 uM RecA. After 10 minutes of incubation, at t=0, 3 mM ATP and 0.5 uM SSB were added to initiate the reaction. In all other reactions, 0.5 uM SSB
was incubated with 3 uMnt M13mp18 cssDNA and 3 mM ATP for 10 minutes until 4 uM RecA was added at t=0.

doi:10.1371/journal.pone.0017101.9g004
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Figure 5. ATP hydrolysis by RecAyg and RecAg. during strand
exchange. Reactions (510 ul) were carried out as described in
Experimental Procedures and contained 4 uMnt M13mp18 cssDNA,
2,67 uM RecAyg or RecAg, 3 mM ATP, 0.4 uM SSByg or SSByg and
8 uMnt M13mp18 IdsDNA cut with Pstl. A) ATP hydrolysis during DNA
strand exchange. Time t=0 indicates the addition of ATP and SSB.
Either IdsDNA or compensating TE storage buffer were added at t=30
as indicated by the arrow. One representative graph of three
reproducible experiments is shown. B) Nicked circular product
formation plotted versus time. Time point 0 minutes represents the
addition of IdsDNA to initiate strand exchange. The error bars are one
standard deviation from the mean calculated from three independent
experiments.

doi:10.1371/journal.pone.0017101.g005

DNA transformation of antibiotic resistance genes z.e. DNAs with
increasing amounts of insert heterology: pGEM with either a
10 bp Pac linker (pGEM-10), a 100 bp fragment of an erm™ gene
(pGEM-100), or a 1000 bp fragment of the enn™ gene cloned into
the vector (pGEM-1000) (Figure 6A, B). To evaluate the ability of
RecAng and RecAg, to promote strand exchange through DNAs
with increasing heterology, pGEM circular ssDNA was isolated
and reacted with the each of the heterologous dsDINA substrates.
The dsDNA substrates were digested with Ndel, which places the
region of DNA heterology in the middle of the linear dsDNA
molecule (medial heterology) (Figure 6A,B). We observed that
RecAyn, and RecAg. exhibited essentially identical strand
exchange ability through the heterologous pGEM-10 construct.
Through the construct with 100 bp of heterology, pGEM-100,
RecAng exhibited slightly increased formation of NC product only
at 10 minutes; however, RecAg,. exhibited increased formation of
NC product in later time points (time 30, 60) (Figure 6C). Neither
RecA protein was able to yield the NC form when circular ss
pGEM DNA was reacted with the linear ds pGEM-1000 DNA
(data not shown). These data demonstrate that, despite the
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increased degree of strand exchange using completely homologous
DNA substrates and the increased ATPase activity of RecAng, the
RecAg, protein exhibits more strand exchange through substrates
with a 100 bp heterologous DNA insert.

Pilin antigenic variation. Pilin antigenic variation occurs
when regions of DNA located in silent, unexpressed pilS copies
recombine unidirectionally into the pi/E expression locus, resulting
in a new pilin variant to be expressed on the surface of the
gonococcal cell. We wanted to determine whether RecAy, is
specifically adapted to catalyze recombination at pi/E. To do this,
we created DNA substrates to mimic the cellular process of
antigenic variation i vitro. The 1-81-S2 variant pilE sequence,
which was originally isolated during a human volunteer study [61],
as well as three pilE variants of the 1-81-5S2 sequence which arose
during normal cultivation of the N. gonorrhoeae strain variant 1-81-
S2 on agar plates [42], containing 7-22 variable residues (see
Materials and Methods) were cloned into the pGEM vector
(Figure 6D, E; Figure S3). To evaluate the ability of the RecAnyg
and RecAg, proteins to promote strand exchange through these
plE variant constructs, pGEM-1-81-S2 circular ssDNA  was
isolated and reacted with each of the four linear dsDNA
constructs described above. dsDNAs were digested with Xmal,
which places the region of DNA heterology in the middle of the
linear dsDNA molecule (medial heterology) (Figure 6D,E). RecAng
catalyzed more conversion to the NC form utilizing all four of the
linear dsDNA substrates (time 10, 15 min) (Figure 6F and data not
shown). Although RecAg. appeared to catalyze more overall
conversion to NC product than RecAy,, (time 30, 60), the
differences were not statistically significant (Figure 6F and data not
shown). These strand exchange data show that, at early time
points, RecAy, catalyzes more strand exchange through regions of
microheterology (7-22 variable residues in a 3000 bp piece of
DNA), but that RecAn, does not yield more NC product over
time. Taken together, the strand exchange data generated using
more biologically relevant DNA substrates suggest that RecAng is
more efficient than RecAy, at catalyzing strand exchange through
regions of microheterology, but that RecAg,. is more efficient at
catalyzing strand exchange through large heterologous inserts.

RecAng-promoted cleavage of the LexA repressor

N. gonorrhoeae lacks a classical SOS response. There is no
upregulation of recd transcript or RecA protein following DNA
damage [47,48], and no homologs of the LexA, UmuC, or UmuD
proteins predicted in the FA1090 genome [47]. However, recent
work has revealed that N. gonorrhoeae encodes a LexA homologue
that controls the expression of a small gene regulon [50]. To
directly test whether RecAn, can act as a coprotease, we measured
the ability of RecAx, to promote cleavage of the E. coli LexA
protein. Both RecAy, and RecAg, promoted the cleavage of the
22 kDa LexA protein into two fragments of approximately 9 kDa
and 13 kDa after 15 min. No cleavage of LexA was observed in
the absence of RecAy, protein, demonstrating that cleavage is
dependent on RecAyg (Figure 7). These results clearly show that
RecAy, possesses coprotease activity sufficient to promote
cleavage of the E. coli LexA protein i vitro.

Discussion

Although several bacterial RecA homologs have been purified
and characterized [22,23,58,62-64], the vast majority of our
understanding of RecA structure and function comes from studies
of the E. coli RecA protein. Our goal for this work was to begin a
biochemical characterization of the RecA protein from N
gonorrhoeae, which is important for a number of cellular processes
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Figure 6. Strand exchange with DNA substrates to mimic DNA transformation and antigenic variation /n vitro. A. Schematic of pGEM
vector with relevant restriction sites used to clone heterologous inserts (see Materials and Methods). B. Linear dsDNA heterologous inserts digested

with Ndel to give medial heterology and reacted with pGEM cssDNA. C. %

nicked circular product observed in strand exchange reactions promoted

by RecAng and RecAg. using pGEM circular ssDNA reacted with pGEM-10 and pGEM-100 linear dsDNA (designated “10” and “100” in Figure). Error
bars represent the standard error of the mean of 3 independent experiments. *P<<0.05 by Students two-tailed t-test (RecAyg 100 compared to
RecAg. 100). D. Schematic of construct pGEM 1-81-S2 containing the 1-81-S2 pilE DNA sequence and relevant restriction sites. E. Linear dsDNA of
antigenic variants SV, HV|, and SV-HV| heterologies (designated with shading and cross-hatches, see Figure S3 and Materials and Methods)
digested with Xmnl to give medial heterology and reacted with pGEM 1-81-S2 circular ssDNA. F. % nicked circular product observed in strand
exchange reactions promoted by RecAg. and RecAyg using pGEM-1-81-52 cssDNA reacted with pGEM-1-81-S2 or pGEM-SV-HV__linear dsDNA. Error
bars represent the standard error of the mean of at least 3 independent experiments. *P<<0.05 by Students two-tailed t-test (RecAng SV-HV/ relative
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doi:10.1371/journal.pone.0017101.9g006
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Figure 7. LexA cleavage promoted by RecAyg and RecAg.. LexA
was incubated with RecA proteins in the presence of cssDNA, an ATP
regeneration system [pyruvate kinase (PK) and phosphor(enol)pyruvic
acid], and the cognate SSB protein over a 30 minute time course.
Reactions were stopped and visualized on a 17% SDS-PAGE stained
with Coomassie Brilliant Blue. Lanes 1-3 are negative controls
(incubated for 30 min) which lack various protein components of the
reaction and are as follows: 1) lacks only LexA; 2) lacks RecA; 3) lacks
RecA and SSB; lanes 4-6 contain the complete reaction and RecAyg and
SSByg proteins, with time points taken at 5, 15, and 30 min; lanes 7-9
contain the complete reaction and RecAg. and SSBg. proteins with time
points taken at 5, 15, and 30 min. The two LexA cleavage products are
visible at the bottom of the gel. The faint band in lane 3 that migrates
slightly slower than the LexA cleavage products is likely a breakdown
product of LexA.

doi:10.1371/journal.pone.0017101.g007
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related to pathogenesis. We show that the ATPase activity of
RecAxg is the highest of any characterized bacterial RecA protein
to date, with a k., min~" of 44.7. Previous reports identified ke,
min~" values ranging on the lower end of the spectrum between
10.0-13.0 for B. subtilis [22], D. radiodurans (58], M. smegmatis, and
M. tuberculosis [65]; mid-range kcat min~" values between 24.0-
33.4 for E. coh, Pseudomonas aeruginosa [66], and Salmonella
typhimurium [62], and the relatively high ke, min~" value of 40.0
for S. pneumoniae [22]. It is interesting to note that the two RecAs
with the highest ATPase activities are S. pneumoniae and N.
gonorrhoeae, both of which are naturally competent for DNA
transformation. However, since the RecA from the naturally
competent B. subtilis displays a relatively low k., min~ " of 10.0,
enhanced ATPase activity is not a trait common to all naturally
competent organisms.

Although certain steps of RecA-promoted DNA strand
exchange are not absolutely dependent upon the ability of RecA
to hydrolyze ATP, hydrolysis of ATP is required to yield strand
exchange products greater than 1-2 kb, is necessary for bypass of
heterologous DNA inserts, and is somehow coupled to the final
extension step of DNA strand exchange [11-13]. It is likely that
the coupling mechanism involves the end-dependent dissociation
of RecA subunits from the 5'-proximal end of the RecA filament
[60]. In addition to the increased ATPAse activity of RecAng
relative to RecAg,, the conversion to the NC form in early time
points by RecAx, was also significantly higher than that of RecAg,
(Figure 2). We also observed small increases in strand exchange
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through substrates constructed to mimic the cellular process of
antigenic variation i vitro (containing small microheterologies);
however, RecAng showed a lower ability to catalyze strand
exchange through a 100 bp heterologous insert than RecAg,
(Figure 6C). Interestingly, when the 100 bp heterology was located
at the distal end of the Ids DNA molecule, RecAy, catalyzed a
significanty higher percent conversion to NC product than
RecAg, (data not shown). Together, these results may suggest
that ATPase activity and strand exchange are coupled differently
in the RecAxy, protein. It would be interesting to determine the
whether the RecA proteins from other naturally competent
bacteria also behave like RecAxg i vitro.

RecAy, converted a higher more IdsDNA to the NC form in
carly time points than did RecAp. when using completely
homologous DNA substrates, but this did not result in a higher
percentage of NC product in later time points. We previously
conducted a cross-complementation study where the recd genes
from E. coli and N. gonorrhoeae were expressed in N. gonorrhoeae from
the same Jac promoter construct (strains recAp. and recAng,
respectively). That study revealed that strain recAn, showed 10-fold
greater transformation efficiency than strain recAg. gene [67], when
the transforming DNA contained a point mutation that renders
recipient cells resistant to the antibiotic streptomycin. recAng also
showed a slightly, but not statistically significant, higher level of pilus
phase variation relative to strain 7ecAg.. Taken together, these data
suggest that RecAny, is more efficient at performlng homologous
recombination in the bacterial cell as well as i vitro through nearly
homologous substrates. Additionally, since strain recdy,. contained
the endogenous gonococcal ssb gene, this may have also negatively
influenced its ability to act as a recipient for DNA transformation
and to perform antigenic variation. Our current data demonstrates
that SSBy, is not displaced as well as SSBg. by RecAg,. i witro
(Figure 4), although SSBy, does not inhibit the strand exchange
ability of RecAy, relative to SSByg, (data not shown). Alternately,
other unknown cellular factors may have influenced the ability of
RecAg, to recombine DNA into the gonococcal genome or promote
antigenic variation.

RecAng also differed from RecAg. in its ability to function
under low concentrations of Mg?*. We observed strand exchange
by RecAng, but not RecAg,. at 3 mM Mg (Figure 3). Lusetti et al.
showed that removal of the negatively charged C-terminus of
RecAg, results in efficient strand exchange occurring at lower
levels of Mg®" (2-3 mM), presumably due to the loss of a C-
terminal flap of the RecA protein that occludes binding of dsDNA
in the absence of excess Mg2+[68]. The C-termini of RecA
proteins are characteristically divergent [52], and this is also the
case with RecAn, and RecAg. (Figure 1). While both proteins
contain 7 negatively charged amino acids in their 17 C-terminal
residues, RecAng also contains 2 positively charged amino acids
(H323, H336), which could influence its requirement for
magnesium. Alternately, the ability of RecAy, to function under
lower levels of Mg?* could also reflect a lower concentration of
Mg®" in the gonococcal cell, but this has not been experimentally
determined.

In the current work, we showed that RecAy, promotes
autocatalytic cleavage of the E. coli LexA protein i vitro. Although
N. gonorrhoeae has historically been classified as lacking an SOS
response [46,47], V. gonorrhoeae in fact encodes a LexA-like protein,
NG1427, which regulates expression of a small regulon in a recA-
dependent manner in response to non-oxidative DNA damaging
agents, but in a rec4-independent manner in response to treatment
with oxidative DNA damaging agents [50]. RecAx, and RecAg.
proteins are both able to promote cleavage of the NG1427 protein
wn vitro [50]. Although a specific region of the E. coli RecA protein
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required for binding LexA repressor has not been identified,
several individual residues have been implicated (Pro67, Glul54,
Gly229, Arg243) [69]. These residues are all conserved in RecAng
(data not shown), which is consistent with the ability of RecAng to
cleave both LexA and NG1427. Interestingly, we have previously
shown that heterologous expression of RecAng in E. coli only
partially complements an E. coli recA mutant for UV survival, and
that this is only partly due to the inability of RecAx, to induce the
E. coli SOS response [67]. Since RecAy, retains the ability to
cleave LexA in vitro, there are a number of possibilities that could
account for the differences observed in witro versus in the cell.
RecAn, may not interact efficiently with the LexA repressor in E.
coli due to the presence of additional protein factors. This would
result in only partial cleavage of the pool of LexA in E. coli, and
subsequently weak induction of the SOS response. Alternately,
RecAng may not efficiently cleave the UmuD protein in the cell,
which would also affect the survival of the E. coli strain carrying
RecAng. Importantly, the RecA protein from the Gram-negative
bacterium S. preumoniae also facilitates autocatalytic cleavage of the
E. coli LexA repressor in vitro, despite the fact that there is no LexA
protein in the S. pneumoniae genome [22]. Taken together, these
results suggest that the coprotease activity of RecA proteins may
be dependent upon either the overall conserved structure of the
RecA protein or residues which are important for other RecA
activities, since coprotease activity is maintained in two distantly
related bacteria which do not possess classical SOS systems.

In summary, the most remarkable aspects of the RecAy, protein
are its robust ATPase activity and its increased ability to promote
strand exchange at early time points. Although this increased
ATPase activity did not render RCCANg better able to catalyze
strand exchange through large regions of heterology, RecAx, did
show an increased yield of NC product relative to RecAg, through
regions of microheterology. These current data are consistent with
a previous report showing that a N. gonorrhoeae strain carrying the
recAng gene exhibits higher levels of DNA transformation and
antigenic variation, both of which are processes that rely on
recombination through regions of microheterology, than an
analogous strain carrying the recdg. gene [67]. Prior work also
shows that the recX gene of N. gonorrhoeae is required for efficient
antigenic variation and DNA transformation [30], but biochem-
ical studies demonstrate that the RecXy, protein acts to limit the
length of RecAy, nucleoprotein filaments to inhibit ATPase
activity, suggesting that for optimal biological activity, the RecAxg
nucleoprotein filament needs to be constrained by RecXy, [70].
Based on these findings, we postulate that the high ATPase activity
of RecAng has evolved to function with RecXy, control to
facilitate antigenic variation and DNA transformation.

Materials and Methods

Enzymes, chemicals, and DNAs

The E. coli RecA, SSB [71], and LexA [72] proteins were
purified as described. Restriction enzymes, Klenow, polynucleo-
tide kinase (PNK), T4 DNA ligase, and M13K07 Helper Phage
were purchased from New England Biolabs. Pfu and Tag enzymes
were purchased from Invitrogen and Promega, respectively.
Plasmid pGEM-3Zf(+) was purchased from Promega. Plasmid
DNA purification and gel extraction kits were purchased from
Qiagen. Pyruvate kinase, lysozyme, phosphoenolpyruvate,
NADH, and ATP were purchased from Sigma. Isopropyl-1-thio-
B-D-galactopyranoside was purchased from BioVectra or from
Gold Biotechnology. Dithiothreitol was purchased from Research
Organics, Inc. Unless otherwise noted, all other chemicals were
purchased from Fisher.
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Buffers and media

Buffer P contained 20 mM potassium phosphate (pH 6.8), 1 mM
DTT, 0.1 mM EDTA, and 10% (w/v) glycerol. Buffer R contained
20 mM Tris-Cl (80% cation) 1 mM DTT, 0.1 mM EDTA, and
10% (w/v) glycerol. E. coli strains were grown in liquid Luria-
Burtani medium (LB) which contained 10 g/L trypone, 5 g/L yeast
extract, and 10 g/L NaCl, with pH adjusted to 7.0, and LB agar
additionally contained 15 g/L agar. N. gonorrhoeae strains were
grown on Gc medium base (GCB; Difco) plus Kellogg supplements
[22.2 mM glucose, 0.68 mM glutamine, 0.45> mM cocarboxylase,
1.23 mM Fe(NOs)s] [73] all from Sigma, at 37°C in 5% CO,.

ATPase assay

A coupled spectrophotometric enzyme assay [56] was used to
measure the DNA-dependent ATPase activities of RecAyg or
RecAg,. The regeneration of ATP from PEP and ADP was coupled
to the oxidation of NADH and was observed as a decrease in
absorbance at 380 nm (the maximal absorbance for NADH is at
340 nm, but 380 nm wavelength was used so that the signal
remained within the linear range of the spectrophotometer for the
duration of the experiment). The assays were carried out in a Varian
Cary 300 dual beam spectrophotometer equipped with a temper-
ature controller and a 12-position cell changer. The cell path length
and band pass were 1 cm and 2 nm, respectively. The NADH
extinction coefficient at 380 nm of 1.21 mM ™" em ™! was used to
convert the amount of NADH oxidized to the amount of ATP
hydrolyzed. The reactions were carried out in a buffer containing
25 mM Tris-OAc (80% cation, pH 7.4), 1 mM DTT, 5% (w/v)
glycerol, and 3 mM potassium glutamate. A concentration of
10 mM or 3 mM Mg(OAc), was added as indicated in Table 1. In
reactions containing ATP, an ATP regeneration system consisting
of 10 units/ml pyruvate kinase and 3.5 mM phosphoenolpyruvate
was included in addition to a coupling system of 2 mM NADH and
10 units/ml lactate dehydrogenase. The concentrations of the
regeneration system and coupling system enzymes in the presence of
dATP were increased to final concentrations of 60 units/ml
pyruvate kinase and 25 units/ml lactate dehydrogenase in order
to eliminate lag-times of dATP hydrolysis. Reaction mixtures
(100 pl) contained 5 pM circular M13mpl8 ssDNA, 10 pM of
RecAn, or RecAg, protein. The reactions were started after a 10-
minute incubation of the reaction mixtures at 37°C by the addition
of a mixture of ATP or dATP and SSB protein at 3 mM and
0.5 pM final concentrations, respectively.

SSB-displacement ATPase assays

The ATPase assays were carried out as described under ATPase
assays. Reactions were carried out in a buffer containing 25 mM Tris-
OAc (80% cation, pH 7.5), I mM DTT, 5% (w/v) glycerol, 10 mM
Mg(OAc), and 3 mM potassium glutamate. Reaction mixtures
(100 pl) contained 3 uMnt M13mpl8 cssDNA, 3 mM ATP and
0.5 uM SSBg,. or SSBy,. After 10 minutes of incubation at 37°C,
RecAng or RecAg. was added to a final concentration of 4 uM,
representing t = 0. Control reactions were carried out where RecA was
incubated with DNA and 10 minutes later ATP and SSB were added
to start the reactions. As a quantitative measure for the time it takes
RecA to reach steady state ATP hydrolysis, we use the x-intercept of an
extrapolation of the linear portion of the line once steady state is
reached to calculate a lag-time. A representative image is shown, but
experiments were carried out in triplicate for calculation of lag-times.

ATP hydrolysis during DNA strand exchange assays

The assays were carried out as described previously [60] with
the following modifications. The circular double stranded
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M13mpl8 DNA was completely digested with Psf to generate
the IdsDNA substrate. After initiating the reactions by addition of
ATP and SSB, the reactions were incubated for 30 minutes at
37°C before 1dsDNA was added, representing t=30 in the ATP
hydrolysis assay, but t=0 in the strand exchange reaction. Stop
points from the stand exchange reactions were taken at 0, 4, 8, 12,
16, 20, 24, 28, 32, 40 and 120 minutes by removing 15 ul of the
reactions, and they were treated and analyzed as described [60].
Each reaction was carried out in triplicate.

DNA substrates

Bacteriophage ®X174 circular single-stranded DNA (virion)
(ssDNA) was purchased from New England Biolabs. ®X174 RFI
supercoiled circular duplex DNA was purchased from Invitrogen.
Linear duplex DNA (dsDNA) was generated by digestion of
®X174 RFI with a variety of enzymes to yield blunt ends and 5’
overhangs. The digested DNA was extracted with phenol/
chloroform/isoamyl alcohol (25:24:1) and ethanol precipitated.
The cssDNA from bacteriophage M13mpl8 (7249 nucleotides)
was prepared as described [74,75] with the following modifica-
tions. Chemically competent E. coli JM101 cells were transfected
with commercially available, gel purified RFI M13mpl8 DNA
from NEB. The CsCl banding was done twice in a Beckman Ti60
rotor at 37,000 rpm for 15-20 hours. Concentrations of ssDNA
and dsDNA were determined by absorbance with Aggp um =1
being equivalent to 36 and 50 pg mL™', respectively. Molar
concentrations of DNA are given in terms of total nucleotides.

Creation of DNA transformation substrates

To create DNA substrates to mimic DNA transformation
vitro, heterologous inserts of increasing sizes were cloned into
vector pGEM-3Zf(+). To create pGEM-Pac, pGEM-3Zf(+) was
digested with Smal, a 10-bp synthetic Pacl linker was ligated at
the site, digested with Pacl, Qiaquick-purified to remove excess
linker, and religated. To create pGEM-100 and pGEM-1000,
97- and 996-bp fragments of the em™ gene from pJD1145 [29]
were generated by PCR using primer pairs ERM-1 (5'-
CGCGGAATTCTCATGTTTGACAG-3'), which contains an
EcoRI site (underlined) and ERM-3 (5'TTTCTCGTTCATTA-
TAACCCTC-3") or ERM-1 and ERM-2 (5'-GAAAGGTTGGG-
CTTCGGAATCG-3"). The resulting PCR products were treated
with polynucleotide kinase (NEB), digested with EcoRI and gel
purified using Qiaquick columns (Qiagen). The resulting frag-
ments were directionally cloned into EcoRI-Smal digested, CIP-
treated pGEM-3Zf(+). All substrates were sequenced to verify
insertion and orientation of the inserts.

Creation of pilin antigenic variation substrates

To create DNA substrates to mimic pilin antigenic variation
vitro, we utilized previously-identified variants of N. gonorrhoeae with
distinct changes at the p/E locus that had arisen during cultivation
of N. gonorrhoeae [42]. plE sequence variants with specific
nucleotide changes in the semivariable (SV), hypervariable loop
(HVy), and both regions (SV-HVy) (compared to the 1-81-S2
starting pilE sequence) were chosen. pilE sequences from individual
colonies of N. gonorrhoeae propagated on GCB media were PCR-
amplified using Tag polymerase and primers CONSTF2 and
SP3A [61], blunt-ended with Pfu polymerase and treated with
PNK, gel-purified using Qiaquick columns, and cloned into Smal-
digested, CIP-treated pGEM3Zf(+). Clones were sequenced to
verify that only the desired changes were present in the pi/E locus
and that the pmlE sequences were all present in the same
orientation in vector pGEMS3Z{(+).
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Purification of dsDNA and circular ssDNA from pGEM
constructs

dsDNA and cssDNA was purified from F. coli strain JM109
carrying pGEM alone and the various pGEM constructs described
above. dsDNA was purified using the Midiprep protocol
recommended in the Qiagen manual. cssDNA of pGEM
constructs was isolated according to the protocol recommended
by NEB with modifications as follows: 250 mL of LB/Amp
(75 pg/mL) was inoculated with a loopful of fresh colonies and
grown at 37°C with vigorous aeration to Agyp<<0.05. M13KO7
Helper Phage (final concentration 1 x10° pfu/mL) was added and
cultures were grown an additional 90 min. Kanamycin (70 pg/
mL) was added and cultures were grown overnight (18 h) with
vigorous aeration at 37°C. Culture supernatants were purified
from cells by two successive rounds of centrifugation at 12,000 x g
for 15 min. After the first spin, the supernatant was transferred to
a new tube. After the second spin, the supernatant was treated
with DNasel (Worthington) at 37°C for 15 min to digest any
contaminating dsDNA, after which the upper 90% of the
supernatant was transferred to a new tube. 0.2 volumes of
2.5 M NaCl/20% PEG was added and incubated at 4°C for
60 min, and cssDNA was recovered by centrifuging at 12,000 x g
for 15 min. The supernatant was decanted and spun again briefly.
The pellet was resuspended in 3.2 mL. TE, transferred to
microfuge tubes, and spun 13,000 x ¢ for 5 minutes in a
microcentrifuge to pellet any remaining cells. 400 pL. of 2.5 M
NaCl/20% PEG solution was added, incubated at room
temperature for 5 min, and spun in a microfuge at 13,000 x g
for 10 min. Supernatant was removed and tubes were spun again
briefly to remove all traces of supernatant. Pellets
resuspended in 600 pL. TE and extracted with successively with
phenol (allowing for sit for 15 min before spinning), twice with
phenol/chloroform/isoamyl alcohol (25:24:1), and once with
chloroform/isoamyl alcohol (24:1 v/v). ssDNA was precipitated
with 2.5 M NaOAc and 100% EtOH, followed by a 70% EtOH
wash. Dried pellets were resuspended in TE buffer and DNA
quality was assessed by agarose gel. DNAs were quantified by
spectrophotometer as described above.

were

N. gonorrhoeae recA cloning

The N. gonorrhoeae recA gene was subcloned from construct
pVD300recA6 [76] into pET21a (Novagen). Plasmid pVD300recA6
was used as a template in a PCR with an upstream primer
consisting of a Ndel site and the first 24 bases of the recAn, gene.
The ATG bases in the Ndel site are the first bases of therrecANg
gene. The downstream primer consisted of a HindIII site followed
by the last 21 bases of recAx,. The coding for the proline 3 amino
acids from the end was changed to CCG for better codon usage in
E. coli. The PCR product was digested with Ndel and HindIIl and
mnserted into the overproduction vector pET2la (Novagen) cut
with the same restriction enzymes. The resulting plasmid was
designated pEAW375. The presence of wild type recdAn, was
confirmed by direct sequencing. 7

N. gonorrhoeae RecA (RecAyg) purification

RecAng, protein was overexpressed and purified using modifica-
tions to the existing . coli RecA purification protocol [71]. All steps
were carried out at 4°C. Cell paste (22.6 g) was thawed and
resuspended overnight in 75 mL of a solution consisting of 25% (w/
v) sucrose and 250 mM Tris-Cl (80% cation, pH 7.5). Cells were
lysed by 60 min incubation with 40 mL of a 5 mg/mL solution of
lysozyme in 250 mM Tris-Cl (80% cation, pH 7.5), followed by
addition of 0.4 mL of 25 mM EDTA per mL of solution,
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sonication, and centrifugation. The lysate was precipitated by
dropwise addition of 22.2 mL of 5% (w/v) polyethyleneimine
(pH 7.5) (0.05% final concentration), with constant stirring, and
centrifuged. The resulting pellet was washed with 50 mL of R buffer
plus 150 mM ammonium sulfate. RecAx, protein was extracted
from the pellet by washing twice with 300 mM ammonium sulfate.
Extract was precipitated with solid ammonium sulfate to 48%
saturation and centrifuged. RecAy, protein was precipitated from
the supernatant with solid ammonium sulfate to 80% saturation and
centrifuged. It is to be noted that in a second preparation of RecAn,
most of the RecAy, precipitated in the 48% ammonium sulfate
precipitation. The pellet was washed two times with R+ 0.49 g/mL
ammonium sulfate, resuspended in R plus 50 mM KCI and
dialyzed against the same. RecAn, protein was loaded onto a
DEAE-Sepharose column and washed with two column volumes of
R buffer plus 50 mM KCI. Protein was eluted using a linear
gradient of R + 50 mM to 1 M KCl over 10 column volumes. Peak
fractions were identified by SDS-PAGE analysis, pooled, and
dialyzed against 300 mM phosphate buffer. Protein was then
loaded onto a hydroxyapatite column, washed with two column
volumes of 300 mM phosphate buffer, and eluted with a linear
gradient from 300 mM to 1 M phosphate over ~3 column
volumes. Peak fractions were identified by SDS-PAGE analysis,
pooled, and dialyzed against R + 50 mM KCI. The following steps
were employed in the instances when the protein was not nuclease
free after the hydroxyapatite column: The RecAyg containing
fractions from the hydroxyapatite column were concentrated by
precipitation with 0.49 g/mL of solid ammonium sulfate, resus-
pended in 6 mL of R buffer plus 1 M KCI and loaded onto a
Sephacryl S-300 16/60 gel filtration column. The protein was
cluted by running one column volume of R plus 1 M KCI buffer
through the column and the peak fractions were identified by SDS-
PAGE. Pooled fractions were dialyzed against R plus 50 mM KCI
and flowed through two subsequently hooked up 1 mL CM
sepharose and SP sepharose cation exchange columns. The flow
through was collected and directly loaded onto a Source 15 Q) anion
exchange column, washed with 2 column volumes of R plus 50 mM
KCI and eluted with a 20 column volume linear gradient from R
plus 50 mM KCl to R plus 1 M KCI. Peak fractions were identified
by SDS-PAGE, pooled and dialyzed against R plus 50 mM KCI. If
necessary, the protein was then concentrated with Centricon-Plus
20 10,000-Dalton molecular weight cut-off concentrators (Amicon),
flash frozen in liquid Ny, and stored at —80°C.. The concentration of
the RecAng protein was determined from the absorbance at 260 nm
using the calculated extinction coefficient 2.49x10* M~ em™".
RecAng protein was free from detectable nuclease activities.

N. gonorrhoeae ssb cloning

The Gc ssb gene was amplified using primers GeSSBNdel,
which introduces a Ndel site (underlined) (5'-ACTGCATATG-
TCATTGAACAAAGTCATCC-3") and GeSSB-2 (5'-GTAAAA-
TTCAGAACGGGATGTCG-3") using Pfu polymerase (Strata-
gene). The gel-purified PCR product was ligated to pCR-Blunt
(Invitrogen) and clones were sequenced to verify that no mutations
had been introduced. The ssb gene was excised from this construct
by Ndel-EcoR1  digestion and ligated to Ndel-EeoRI-digested
pET21a (Novagen).

N. gonorrhoeae SSB (SSByg) purification

SSBng was overexpressed in BL21(DE3). All steps were carried out
at 4°C. Cell paste (36 g) was thawed and resuspended overnight in
120 mL of a solution consisting of 0.2 M NaCl, 15 mM spermidine
tr1-Cl, 1 mM EDTA, 10% (w/v) sucrose and 50 mM Tris-HCl
(pH 8.3). Cells were lysed by a 45 min incubation with lysozyme
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solution at a 0.2 mg/mlL final concentration in the presence of 150 ul
of 0.1 M PMSF. A 4% Na deoxycholate solution was made fresh
(125 mM NaCl, 4% Na deoxycholate) and added to a final
concentration of 0.05% followed by an incubation at room
temperature for 10-15 min. The sample was sonicated for 5 one
minute cycles with a 0.5 sec pulse at 60% output and then
centrifuged at 16,000 rpm (38400 x g) for 110 minutes. To the
supernatant, 10% polyethyleneimine was added (0.053 mL per mL
of supernatant) followed by centrifugation at 10,000 rpm for 15 min.
The resulting pellet was resuspended in 100 mL of TGE (50 mM
Tris-HCI (39% cation, pH 8.3), 1 mM EDTA, 20% glycerol, 1 mM
DTT)/0.4 M NaCl, stirred for 30 min and spun at 9000 rpm
(12,156 x g for 15 min. This step was repeated to get better
extraction from the pellet. The two supernatants were combined and
solid ammonium sulfate was added to 27 % saturation (150 g/L). The
solution was spun down at 16,000 rpm (38,400 x g) for 40 min. The
pellet was washed with 50 mL of TGE/0.4 M NaCl/1.68 M
ammonium sulfate and the solution was spun down at 16,000 rpm
(38,400 x g) for 30 min. The resulting pellet was resuspended in
50 mL of TGE/0.4 M NaCl and dialyzed vs 1 L of TGE/0.2 M
NaCl, followed by 2x1 L of TGE/0.05 M NaCl. The sample was
loaded onto a HiTrap Q column (CV =5 mL)and a 20 CV gradient
was run from TGE/0.05 M NaCl to TGE/0.48 M NaCl. SSBy,
cluted in the gradient, peak fractions were analyzed by SDS-PAGE
and pooled. The protein was precipitated by the addition of solid
ammonium sulfate to 40% saturation (242 g/L) and stirred over
night. The precipitated solution was centrifuged for 18,000 rpm
(39,191 x g) for 40 min. The pellet was resuspended with 1.75 mL of
TGE/1 M NaCl and loaded on to a Sephacryl S100 HR 16/60
column that was equilibrated with the same buffer. The pooled
fractions were dialyzed vs 3x1 L of TGE/0.1 M NaCl and loaded
onto a ssDNA cellulose column equilibrated with the same buffer.
The protein was eluted with TGE/1 M NaCl and the peak fractions
were analyzed by SDS-PAGE, collected and dialyzed vs TGE/0.1 M
NaCl. The protein was loaded onto a DEAE FF column
(CGV=25ml) and eluted in a 10 GV gradient from TGE/0.1 M
NaCl to TGE/0.8 M NaCl. The peak fractions were analyzed by
SDS-PAGE, and tested for nuclease contamination individually. The
fractions that were free of detectable nucleases were pooled and
dialyzed vs 3x2 L of SSB storage buffer (20 mM Tris-Cl (39%
cation, pH 8.3), 0.5 M NaCl, 1 mM EDTA, 50% (v/v) glycerol,
I mM DTT), and frozen with liquid Ny and stored at —80°C. The
concentration was determined using the extinction coefficient for

denatured protein of 22900 M~ 'em ™.

Electrophoretic mobility shift assay with SSB proteins
Fluorescent [5'-6FAM (6-carboxyfluorescein)], OCN324 50-
mer DNA oligonucleotide (5" to 3" TGCCTCGCGGTAGCTCT-
TCTCGGAGCGCACGATTCGCACTGCTGATGTTC)  was
ordered from IDT (Integrated DNA Technologies Inc.). 50 uM
(in nucleotides) of the oligonucleotide was incubated with various
concentrations of SSBp. and SSBy, ranging from 10 nM to
10 uM in 20 mM Tris-Cl 39% cation (pH 8.3), 0.5 M NaCl,
1 mM EDTA, and 50% glycerol for 10 minutes at 37°C. The
samples were then run on a 4% native PAGE for 2 hours at 150 V
at 4°C. The positions of the fluorescent oligonucleotides were
analyzed using a Typhoon scanner (Amersham Biosciences).

DNA strand exchange reactions

The RecA-dependent DNA strand exchange reaction was
carried out as described [57] between circular ssDNA (NEB) and
linear dsDNA (Invitrogen) derived from ®X174, M13mpl8, or
between the circular ssDNA and linear dsDNA substrates
generated to mimic DNA transformation or pilin antigenic
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variation. Unless otherwise stated, all reactions were carried out
at 37°C in solutions containing 25 mM Tris-acetate (80% cation,
pH 7.5), 1 mM DTT, 5% glycerol, 3 mM potassium glutamate
10 mM magnesium acetate, and an ATP-regeneration system
(10 units/mL of pyruvate kinase/3.3 mM phosphoenolpyruvate).
For the reaction, the RecAng or RecAg, protein was preincubated
with 10 uM ®X174 circular ssDNA for 10 min. SSBg. or SSBy,
protein (1 uM) and ATP (3 mM) were then added, followed by an
additional 10 min of incubation. ®X174 linear dsDNA (10 pM)
was added to start the reaction. Aliquots were removed from
reactions and stopped by addition of 5 pL of a solution containing
15% Ficoll, 0.24% bromophenol blue, 0.24% xylene cyanol, and
4% SDS. Samples were subjected to electrophoresis using 0.8%
agarose gels and 1 x TAE buffer, stained with ethidium bromide,
and exposed to UV light using a Biorad Molecular Imager Gel
Doc XR System gel imaging system. Gel images were analyzed
using the compatible Quantity One software to determine %NC
product of total DNA (LDS+NC+JM).

RecA protein-promoted LexA cleavage assay

Reactions were carried out at 37°C in solutions containing
25 mM Tris-OAc (80% cation, pH 7.4) 1 mM DTT, 5% (w/v)
glycerol, 3 mM postassium glutamate, 3 mM Mg(OAc),y, and an
ATP regeneration system (2 mM phosphoenolpyruvate, 10 units/
mL pyruvate kinase). The RecAy, or RecAg. proteins (3 uM)
were preincubated with 9 uM ®X174 circular ssDNA for 5 min.
SSBy, or SSBg, proteins (0.9 uM) and ATP (3 mM) were added
and reactions were incubated a further 5 min. LexA protein
(3 uM) was added to start the reaction, which continued for 5-
30 min. Time points were removed and added to Laemmli sample
buffer (250 mM Tris-Cl pH 6.8, 4% SDS, 20% w/v glycerol, 10%
B—mercaptoethanol, and 0.1% w/v bromophenol blue) to stop the
reaction. Samples were subjected to SDS-PAGE electrophoresis
on 17% acrylamide gels and stained with Coomassie Brilliant Blue
to visualize LexA cleavage.

Supporting Information

Figure S1 Purification of RecAn,. RecAy, was purified as
described in Material and Methods and Results to >99.9%
homogeneity. Aliquots of uninduced E. coli culture, induced E. coli
culture, and the final purified RecAy, protein product were run on
an SDS-PAGE gel and visualized by Coomassie blue stain.
(PDF)

Figure S2 Electrophoretic mobility shift assay indicates
SSBg. and SSBy, bind to ssDNA with similar affinity.
Increasing concentrations of SSBg,. and SSBy, from 10 nM to 10 uM
(corresponding to ratios of 1/5000 and 1/5 SSB monomers, or 1/
20,000 and 1/20 tetramers to total nucleotides, respectively) were
incubated with 50 pM nucleotides ssDNA fluorescent oligonucleotide
and loaded onto a 4% native PAGE. The ssDNA is fully bound when
SSBr. or SSByy is present at a ratio of 1/10 SSB per base pair.

(PDF)

Figure S3 DNA sequence alignment of pilE substrates
cloned into pGEM. Bases that differ from the parental 1-81-S2
sequence are shown in white.

(TIF)

Acknowledgments

We would like to thank Elizabeth Wood for cloning the recdn, gene,
Shelley Lusetti for help with purification of the RecAy, protein, Dennis

February 2011 | Volume 6 | Issue 2 | 17101



Harris and Yeajin Song for purifying the SSBy, protein, Charles
Dulberger for performing the EMSA with SSBy, and SSBg,, and Alfred
Rademaker of the Biostatististics Core Facility at the Feinberg School of
Medicine for assistance with statistical analyses.

References

1.

22.

23.

24.

Lusetti SL, Cox MM (2002) The bacterial RecA protein and the recombina-
tional DNA repair of stalled replication forks. Annu Rev Biochem 71: 71-100.

. Kowalczykowski SC, Dixon DA, Eggleston AK, Lauder SD, Rehrauer WM

(1994) Biochemistry of homologous recombination in Esckerichia coli. [Review].
Microbiol Rev 94: 401-465.

. Roca Al, Cox MM (1997) RecA protein: structure, function, and role in

recombinational DNA repair. Prog Nucleic Acid Res Mol Biol 56: 129-223.

. Brenner SL, Mitchell RS, Morrical SW, Neuendorf SK, Schutte BC, et al.

(1987) recA protein-promoted ATP hydrolysis occurs throughout recd nucleo-
protein filaments. J Biol Chem 262: 4011-4016.

Shan Q, Cox MM (1997) RecA filament dynamics during DNA strand exchange
reactions. J Biol Chem 272: 11063-11073.

. Arenson TA, Tsodikov OV, Cox MM (1999) Quantitative analysis of the

kinetics of end-dependent disassembly of RecA filaments from ssDNA. ] Mol
Biol 288: 391-401.

. Bork JM, Cox MM, Inman RB (2001) RecA protein filaments disassemble in the

5" to 3" direction on single-stranded DNA. J Biol Chem 276: 45740-45743.

. Menetski JP, Bear DG, Kowalczykowski SC (1990) Stable DNA heteroduplex

formation catalyzed by the Escherichia coli RecA protein in the absence of ATP
hydrolysis. Proc Natl Acad Sci U S A 87: 21-25.

. Rehrauer WM, Kowalczykowski SC (1993) Alteration of the nucleoside

triphosphate (NTP) catalytic domain within Escherichia coli RecA protein
attenuates NTP hydrolysis but not joint molecule formation. J Biol Chem 268:
1292-1297.

. Kowalczykowski SC, Krupp RA (1995) DNA-strand exchange promoted by

RecA protein in the absence of ATP: implications for the mechanism of energy
transduction in protein-promoted nucleic acid transactions. Proc Natl Acad
Sci U S A 92: 3478-3482.

. Jain SK, Cox MM, Inman RB (1994) On the role of ATP hydrolysis in RecA

protein-mediated DNA strand exchange. III. Unidirectional branch migration
and extensive hybrid DNA formation. J Biol Chem 269: 20653-20661.

. Kim JI, Cox MM, Inman RB (1992) On the role of ATP hydrolysis in RecA

protein-mediated DNA strand exchange. I. Bypassing a short heterologous insert
in one DNA substrate. J Biol Chem 267: 16438-16443.

Shan Q, Cox MM, Inman RB (1996) DNA strand exchange promoted by RecA
K72R. Two reaction phases with different Mg2+ requirements. J Biol Chem
271: 5712-5724.

. Fernandez De Henestrosa AR, Ogi T, Aoyagi S, Chafin D, Hayes JJ, et al.

(2000) Identification of additional genes belonging to the LexA regulon in
Escherichia coli. Mol Microbiol 35: 1560-1572.

. Pham P, Rangarajan S, Woodgate R, Goodman MF (2001) Roles of DNA

polymerases V and II in SOS-induced error-prone and error-free repair in
Escherichia coli. Proc Natl Acad Sci U S A 98: 8350-8354.

. Goodman MF (2002) Error-prone repair DNA polymerases in prokaryotes and

cukaryotes. Annu Rev Biochem 71: 17-50.

. Jiang Q, Karata K, Woodgate R, Cox MM, Goodman MF (2009) The active

form of DNA polymerase V is UmuD’2C-RecA-ATP. Nature 460: 359-363.

. Lohman TM, Ferrari ME (1994) Escherichia coli single-stranded DNA-binding

protein: multiple DNA-binding modes and cooperativities. Annu Rev Biochem
63: 527-570.

. Alani E, Thresher R, Griffith JD, Kolodner RD (1992) Characterization of

DNA-binding and strand-exchange stimulation properties of y-RPA, a yeast
single-strand-DNA-binding protein. J Mol Biol 227: 54-71.

Steffen SE, Bryant FR (2001) Purification and characterization of the single-
stranded DNA binding protein from Streptococcus pneumoniae. Arch Biochem
Biophys 388: 165-170.

. Eggington JM, Haruta N, Wood EA, Cox MM (2004) The single-stranded

DNA-binding protein of Deinococcus radiodurans. BMC Microbiol 4: 2.
Steffen SE, Bryant FR (2000) Purification and characterization of the RecA
protein from Streptococcus pneumoniae. Arch Biochem Biophys 382: 303-309.
Kim JI, Cox MM (2002) The RecA proteins of Deinococcus radiodurans and
Escherichia coli promote DNA strand exchange via inverse pathways. Proc Natl
Acad Sci U S A 99: 7917-7921.

Kowalczykowski SC, Krupp RA (1987) Effects of Escherichia coli SSB protein on
the single-stranded DNA-dependent ATPase activity of Escherichia coli RecA
protein. Evidence that SSB protein facilitates the binding of RecA protein to
regions of secondary structure within single-stranded DNA. J Mol Biol 193:
97-113.

. Lavery PE, Kowalczykowski SC (1992) A postsynaptic role for single-stranded

DNA-binding protein in RecA protein-promoted DNA strand exchange. J Biol
Chem 267: 9315-9320.

5. Beernink HT, Morrical SW (1999) RMPs: recombination/replication mediator

proteins. Trends Biochem Sci 24: 385-389.

@ PLoS ONE | www.plosone.org

12

Neisseria gonorrhoeae RecA Protein

Author Contributions

Conceived and designed the experiments: EAS MMC MCG HSS.
Performed the experiments: EAS MCG. Analyzed the data: EAS MCG.
Contributed reagents/materials/analysis tools: EAS HSS MCG MMC.
Wrote the paper: EAS MCG MMC HSS.

27.

28.

30.

31.

32.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Koomey M, Gotschlich EC, Robbins K, Bergstrom S, Swanson J (1987) Effects
of recA mutations on pilus antigenic variation and phase transitions in Neusseria
gonorrhoeae. Genetics 117: 391-398.

Koomey JM, Falkow S (1987) Cloning of the recA gene of Neisseria gonorrhoeae and
construction of gonococcal recA mutants. J Bacteriol 169: 790-795.

. Mehr IJ, Seifert HS (1998) Differential roles of homologous recombination

pathways in Neisseria gonorrhoeae pilin antigenic variation, DNA transformation,
and DNA repair. Mol Microbiol 30: 697-710.

Stohl EA, Seifert HS (2001) The recX gene potentiates homologous recombi-
nation in Neisseria gonorrhoeae. Mol Microbiol 40: 1301-1310.

Skaar EP, Lazio MP, Seifert HS (2002) Roles of the re¢j and recV genes in
homologous recombination and DNA repair pathways of Newsseria gonorrhoeae.
J Bacteriol 184: 919-927.

Kline KA, Sechman EV, Skaar EP, Seifert HS (2003) Recombination, repair
and replication in the pathogenic Neisseriae: the 3 R’s of molecular genetics of
two human-specific bacterial pathogens. Mol Microbiol 50: 3-13.

. Biswas GD, Sox T, Blackman E, Sparling PF (1977) Factors affecting genetic

transformation of Neisseria gonorrhoeae. J Bacteriol 129: 983-992.

. Elkins C, Thomas CE, Seifert HS, Sparling PF (1991) Species-specific uptake of

DNA by gonococci is mediated by a 10- base-pair sequence. J Bacteriol 173:
3911-3913.

Goodman SD, Scocca JJ (1991) Factors influencing the specific interaction of
Neisseria gonorrhoeae with transforming DNA. J Bacteriol 173: 5921-5923.
Hamilton HL, Dillard JP (2006) Natural transformation of Nesseria gonorrhoeae:
from DNA donation to homologous recombination. Mol Microbiol 59:
376-385.

Kline KA, Seifert HS (2005) Role of the Rep helicase gene in homologous
recombination in Neisseria gonorrhoeae. J Bacteriol 187: 2903-2907.

Kline KA, Seifert HS (2005) Mutation of the prid gene of Neisseria gonorrhoeae
affects DNA transformation and DNA repair. J Bacteriol 187: 5347-5355.
Spratt BG, Zhang QY, Jones DM, Hutchison A, Brannigan JA, et al. (1989)
Recruitment of a penicillin-binding protein gene from Neisseria flavescens during
the emergence of penicillin resistance in Neisseria meningitidis. Proc Natl Acad
Sci U S A 86: 8988-8992.

Seifert HS, Ajioka RS, Marchal C, Sparling PF, So M (1988) DNA
transformation leads to pilin antigenic variation in Neisseria gonorrhoeae. Nature
336: 392-395.

Howell-Adams B, Seifert HS (2000) Molecular models accounting for the gene
conversion reactions mediating gonococcal pilin antigenic variation. Mol
Microbiol 37: 1146-1159.

Criss AK, Kline KA, Seifert HS (2005) The frequency and rate of pilin antigenic
variation in Neisseria gonorrhoeae. Mol Microbiol 58: 510-519.

Helm RA, Seifert HS (2009) Pilin antigenic variation occurs independently of
the RecBCD pathway in Newsseria gonorrhoeae. ] Bacteriol 191: 5613-5621.
Sechman EV, Rohrer MS, Seifert HS (2005) A genetic screen identifies genes
and sites involved in pilin antigenic variation in Neisseria gonorrhoeae. Mol

Microbiol 57: 468-483.

. Mehr IJ, Long CD, Serkin CD, Secifert HS (2000) A homologue of the

recombination-dependent growth gene, rdgC, is involved in gonococcal pilin
antigenic variation. Genetics 154: 523-532.

“ampbell LA, Yasbin RE (1984) Mutagenesis of Neisseria gonorrhoeae: absence of
error-prone repair. ] Bacteriol 160: 288-293.
Black CG, Fyfe JA, Davies JK (1998) Absence of an SOS-like system in Neusseria
gonorrhoeae. Gene 208: 61-66.

Stohl EA, Seifert HS (2006) Nesseria gonorrhoeae DNA recombination and repair
enzymes protect against oxidative damage caused by hydrogen peroxide.
J Bacteriol 188: 7645-7651.
Kelley WL (2006) Lex marks the spot: the virulent side of SOS and a closer look
at the LexA regulon. Mol Microbiol 62: 1228-1238.

Schook POP, Stohl EA, Criss AK, Seifert HS (2010) The DNA-binding activity
of the Neisseria gonorrhoeae LexA orthologue NG1427 is modulated by oxidation.
Mol Microbiol.
Fyfe JA, Davies JK (1990) Nucleotide sequence and expression in Escherichia coli
of the recA gene of Neisseria gonorrhoeae. Gene 93: 151-156.
Miller RV, Kokjohn TA (1990) General microbiology of recA: Environmental
and evolutionary significance. Ann Rev Microbiol 44: 365-394.

Shibata T, DasGupta C, Cunningham RP, Radding CM (1979) Purified
Escherichia coli RecA protein catalyzes homologous pairing of superhelical DNA
and single-stranded fragments. Proc Natl Acad Sci U S A 76: 1638-1642.
Cox MM, Lehman IR (1982) RecA protein-promoted DNA strand exchange.
Stable complexes of RecA protein and single-stranded DNA formed in the
presence of ATP and single-stranded DNA binding protein. J Biol Chem 257:
8523-8532.

February 2011 | Volume 6 | Issue 2 | 17101



56.

58.

59.

60.

61.

. Morrical SW, Lee J, Cox MM (1986) Continuous association of Escherichia coli

single-stranded DNA binding protein with stable complexes of RecA protein and
single-stranded DNA. Biochemistry 25: 1482-1494.

Lindsley JE, Cox MM (1990) Assembly and disassembly of RecA protein
filaments occur at opposite filament ends. Relationship to DNA  strand

exchange. J Biol Chem 265: 9043-9054.

. Cox MM, Lehman IR (1981) RecA protein of Escherichia coli promotes branch

migration, a kinetically distinct phase of DNA strand exchange. Proc Natl Acad
Sci U S A 78: 3433-3437.

Kim JI, Sharma AK, Abbott SN, Wood EA, Dwyer DW, et al. (2002) RecA
Protein from the extremely radioresistant bacterium Deinococcus radiodurans:
expression, purification, and characterization. J Bacteriol 184: 1649-1660.
Haruta N, Yu X, Yang S, Egelman EH, Cox MM (2003) A DNA pairing-
enhanced conformation of bacterial RecA proteins. J Biol Chem 278:
52710-52723.

Britt RL, Haruta N, Lusetti SL, Chitteni-Pattu S, Inman RB, et al. Disassembly
of Escherichia coli RecA E38K/DeltaC17 nucleoprotein filaments is required to
complete DNA strand exchange. J Biol Chem 285: 3211-3226.

Seifert HS, Wright CJ, Jerse AE, Cohen MS, Cannon JG (1994) Multiple
gonococcal pilin antigenic variants are produced during experimental human
infections. J Clin Invest 93: 2744-2749.

. Pierre A, Paoletti C (1983) Purification and characterization of RrecA protein

from Salmonella typhimurium. J Biol Chem 258: 2870-2874.

. Lovett CM, Jr., Roberts JW (1985) Purification of a RecA protein analogue from

Bacillus subtilis. ] Biol Chem 260: 3305-3313.

. Kato R, Kuramitsu S (1993) RecA protein from an extremely thermophilic

bacterium, Thermus thermophilus HB8. J Biochem 114: 926-929.

. Ganesh N, Muniyappa K (2003) Characterization of DNA strand transfer

promoted by Mycobacterium smegmatis RecA reveals functional diversity with
Mycobacterium tuberculosis RecA. Biochemistry 42: 7216-7225.

@ PLoS ONE | www.plosone.org

13

66.

67.

68.

69.

70.

71.

72.

74.
75.

76.

Neisseria gonorrhoeae RecA Protein

Baitin DM, Zaitsev EN, Lanzov VA (2003) Hyper-recombinogenic RecA
protein from Pseudomonas aeruginosa with enhanced activity of its primary DNA
binding site. ] Mol Biol 328: 1-7.

Stohl EA, Blount L, Seifert HS (2002) Differential cross-complementation
patterns of Escherichia coli and Neisseria gonorrhoeae RecA proteins. Microbiology
148: 1821-1831.

Lusetti SL, Shaw JJ, Cox MM (2003) Magnesium ion-dependent activation of
the RecA protein involves the C terminus. J Biol Chem 278: 16381-16388.
McGrew DA, Knight KL (2003) Molecular design and functional organization
of the RecA protein. Crit Rev Biochem Mol Biol 38: 385-432.

Gruenig MC, Stohl EA, Chitteni-Pattu S, Seifert HS, Cox MM Less is more:
Neisseria gonorrhoeae RecX protein stimulates recombination by inhibiting
RecA. J Biol Chem 285: 37188-37197.

Petrova V, Chitteni-Pattu S, Drees JC, Inman RB, Cox MM (2009) An SOS
inhibitor that binds to free RecA protein: the PsiB protein. Mol Cell 36:
121-130.

Gruenig MC, Renzette N, Long E, Chitteni-Pattu S, Inman RB, et al. (2008)
RecA-mediated SOS induction requires an extended filament conformation but
no ATP hydrolysis. Mol Microbiol 69: 1165-1179.

. Kellogg DS, Jr., Peacock WL, Jr., Deacon WE, Brown L, Pirkle DI (1963)

Neisseria gonorrhoeae. 1. Virulence Genetically Linked to Clonal Variation.
J Bacteriol 85: 1274-1279.

Messing J (1983) New M13 vectors for cloning. Methods Enzymol 101: 20-78.
Neuendorf SK, Cox MM (1986) Exchange of RecA protein between adjacent
RecA protein-single-stranded DNA complexes. J Biol Chem 261: 8276-8282.
Seifert HS (1997) Insertionally inactivated and inducible recd alleles for use in
Nesseria. Gene 188: 215-220.

February 2011 | Volume 6 | Issue 2 | 17101



