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ABSTRACT VirB is a key regulator of genes located on the large virulence plasmid
(pINV) in the bacterial pathogen Shigella flexneri. VirB is unusual, as it is not related
to other transcriptional regulators; instead, it belongs to a family of proteins that pri-
marily function in plasmid and chromosome partitioning, which is exemplified by
ParB. Despite this, VirB does not function to segregate DNA, but rather counters tran-
scriptional silencing mediated by the histone-like nucleoid structuring protein, H-NS.
Since ParB localizes subcellularly as discrete foci in the bacterial cytoplasm, we chose to
investigate the subcellular localization of VirB to gain novel insight into how VirB func-
tions as a transcriptional antisilencer. To do this, a green fluorescent protein (GFP)-VirB
fusion that retains the regulatory activity of VirB and yet does not undergo significant
protein degradation in S. flexneri was used. Surprisingly, discrete fluorescent foci were
observed using fluorescence microscopy in live wild-type S. flexneri cells and in an iso-
genic virB mutant. In contrast, foci were rarely observed (<10%) in pINV-cured cells or
in cells expressing a GFP-VirB fusion carrying amino acid substitutions in the VirB DNA-
binding domain. Finally, the 25-bp VirB-binding site was demonstrated to be sufficient
and necessary for GFP-VirB focus formation using a set of small surrogate plasmids.
Combined, these data demonstrate that the VirB-DNA interactions required for the tran-
scriptional antisilencing activity of VirB on pINV are a prerequisite for the subcellular
localization of VirB in the bacterial cytoplasm. The significance of these findings, in light
of the antisilencing activity of VirB, is discussed.

IMPORTANCE This study reveals the subcellular localization of VirB, a key transcrip-
tional regulator of virulence genes found on the large virulence plasmid (pINV) in
Shigella. Fluorescent signals generated by an active GFP-VirB fusion form 2, 3, or 4 dis-
crete foci in the bacterial cytoplasm, predominantly at the quarter-cell position. These
signals are completely dependent upon VirB interacting with its DNA-binding site found
either on the virulence plasmid or an engineered surrogate. Our findings (i) provide
novel insight into VirB-pINV interactions, (ii) suggest that VirB may have utility as a DNA
marker, and (jii) raise questions about how and why this antisilencing protein that con-
trols virulence gene expression on pINV of Shigella spp. forms discrete foci/hubs within
the bacterial cytoplasm.

KEYWORDS VirB, virulence plasmid, Shigella, antisilencing, H-NS, transcriptional
silencing, ParB/Spo0J, plasmid partitioning, subcellular localization, GFP fusion

acterial cells were once viewed as tiny compartments containing mixtures of mac-
romolecules without organization or arrangement. With advances in the creation
and use of fluorescent fusion proteins, the discrete subcellular location of many pro-
teins has been revealed (1-6). Such studies have frequently shown that, rather than
being confined to a particular subcellular address or target, protein positioning may be
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dynamic, changing throughout the cell cycle (7-11). As such, subcellular localization
studies, when properly controlled, can provide a more holistic view of the molecular
biology that occurs within cells and generate new insight into protein function and
their interactions with other macromolecules.

In Shigella spp., the causative agents of bacillary dysentery (12), the transcriptional
regulator VirB is produced in response to human body temperature (13, 14). At 37°C,
VirB upregulates the expression of about 50 genes on the large virulence plasmid pINV
(similar effects are seen if virB is artificially induced at lower temperatures [15]). These
genes include those encoding the type Il secretion system (i.e., the needle and initial
effectors), other virulence-associated factors (i.e., IcsP, OspZ, and OspD1 [16-18]), and
the transcriptional activator MxiE and its coactivator IpgC (15). Perhaps not surpris-
ingly, VirB is essential for the virulence of this important group of pathogens (13, 19).

As an antisilencing protein, VirB does not function as a canonical transcription fac-
tor but rather functions to offset transcriptional silencing mediated by the histone-like
nucleoid structuring protein, H-NS, on pINV (16, 20-23). H-NS binds, coats, and con-
denses AT-rich, horizontally acquired DNA, in a process that has been termed xenoge-
neic silencing (24-26). Site-specific VirB-DNA interactions likely remodel H-NS-DNA com-
plexes via a poorly understood mechanism, allowing inaccessible DNA or transcriptionally
nonpermissive DNA to be accessed/engaged by RNA polymerase so that transcription can
occur (27). As such, the bacterial processes of transcriptional silencing and antisilencing
are reminiscent of chromatin remodeling in eukaryotic cells. In recent years, it has become
clear that transcriptional silencing and antisilencing is widespread in bacteria (28) and that
these opposing regulatory processes are necessary for bacterial fitness because they con-
trol many aspects of bacterial cell physiology, including virulence in a variety of pathogens
(28-34).

Our recent work has focused on gaining mechanistic insight into transcriptional
antisilencing by VirB (16, 18, 23, 35, 36). To aid these studies, we have looked to pro-
teins that regulate transcription like VirB but also to proteins that are paralogues of
VirB. While classical transcription factors bind to specific DNA motifs to regulate the
expression of target genes, how they reach their sites can vary. Some transcription fac-
tors are thought to diffuse in three-dimensional space, while others slide along DNA or
undergo intersegmental hopping to reach their cognate sites (37). Regardless, the par-
adigm has been that these proteins are diffuse while searching for their sites and, once
they find their sites, which are often located around the genome, are at concentrations
too low to be detected by standard fluorescence microscopy. In contrast, some DNA-
binding proteins, including members of the ParB/Spo0J protein superfamily, to which
VirB belongs, show a discrete subcellular localization pattern in bacteria during plasmid
and/or chromosome partitioning (38-41). These proteins bind to their DNA recognition
sites, form multimeric complexes, and then, through their association with the ParA
ATPase, move to the poles with the DNA prior to cell division, an activity observed in
Corynebacterium glutamicum and Bacillus subtilis (42-45).

In this study, we chose to examine the subcellular localization of VirB. Our goal was
to broaden our understanding of VirB-DNA interactions on a cellular level so that we
might consider how these interactions underpin its antisilencing activity. We were
intrigued to know if the signals associated with VirB would resemble those expected
for a transcription factor or members of the ParB superfamily. If a subcellular localiza-
tion signal was detected, we reasoned that this study would become foundational for
future work that addresses which attributes of VirB are needed for this localization,
whether other macromolecules are required, and ultimately how these factors affect
the regulation of virulence genes in this important human pathogen.

RESULTS

Characterization of VirB fused with GFP. To begin this study, VirB fused to super-
folder green fluorescent protein (sfGFP; referred to as GFP for the remainder of this pa-
per) (46, 47) was expressed from the pBAD promoter found on the low-copy-number
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TABLE 1 Bacterial strains and plasmids

Journal of Bacteriology

Strain or plasmid Description® Source or reference
S. flexneri strains
2457T Serotype 2a 82
AWY3 2457T virB:Tn5 Kn" 16
BS103 2457T cured of the virulence plasmid 83
Plasmids
pJNS04 PBAD-virB; Amp" This study
pJNS10 pBAD-gfp-12AA linker-virB; Amp* This study
pJNS12 pBAD-gfp-virB; Amp' This study
pJNS13 pBAD-gfp-virB K152E; Amp" This study
pJNS18 pBAD-gfp-virB K152E/R167E; Amp® This study
pJNS22 pACYC177 carrying 25-bp VirB-binding site derived from pBT-PicsP (36); Cm" This study
pJNS24 pACYC177 without 25-bp VirB-binding site derived from pBT-empty (36); Cm" This study
pJH66 pBAD-linker-gfp; Amp" 79
pBAD/His A pBR322-derived expression vector allowing regulated and dose-dependent Invitrogen
recombinant protein expression; Amp’
pAFW04 pACYC184-PicsP-lacZ; Cm" 17
pHJW20 WT PicsP fused to lacZ; Cm" 35
pMIC18 pHJW20 with a mutated VirB-binding site; Cm" 35
pJAI28 WT PospD1 fused to lacZ; Cm® 18
pJAI36 pJAI28 with mutated VirB-binding sites; Cm" 18
pATM324 pBAD18-virB; Amp" 67

aKn'", kanamycin resistance; Amp", ampicillin resistance; Cm', chloramphenicol resistance.

(~15 to 20 copies per cell) plasmid, pBAD/His A (Table 1). While N- and C-terminal VirB
fusions were engineered and two different linkers were exploited (Fig. 1A) (48, 49), the
plasmids generating VirB-GFP were abandoned in the early stages of this work because
protein production did not positively correlate with L-arabinose induction (data not
shown). Consequently, the two N-terminal fusions (GFP-VirB) were tested and com-
pared to wild-type VirB for their ability to regulate a well-characterized, VirB-depend-
ent promoter (16, 35). To do this, the inducible plasmids pJNS04 (pBAD-VirB), pJNS10
(GFP-12AA-VirB), or pJNS12 (GFP-SGGGG-VirB), were introduced into a virB mutant de-
rivative of Shigella flexneri carrying the PicsP-lacZ transcriptional reporter (17), and
B-galactosidase activity was measured in cultures after induction. The data show that
the GFP-VirB fusion with the SGGGG linker generated high lacZ expression similar to
that observed with inducible VirB, suggesting that VirB remains functional in the con-
text of the GFP fusion protein, whereas the “12AA linker” appeared to interfere with
the regulatory activity of VirB (Fig. 1B) (48). Consequently, GFP-SGGGG-VirB (encoded
by pJNS12) was used for the remainder of this study.

To determine whether the observed regulatory activity of GFP-VirB at PicsP-lacZ could
be attributed to the full-length fusion protein or to a degradation product, protein produc-
tion and stability of the GFP-VirB fusion protein was examined. Western blots of whole-cell
lysates of cells producing the GFP control (31.5 kDa; pJH66) or GFP-VirB (62.2 kDa; pJNS12),
grown using conditions identical to those used in the [3-galactosidase assay, were probed
using either an anti-VirB antibody (Fig. 1C, subpanel i) or an anti-GFP antibody (Fig. 1C,
subpanel ii). The primary bands detected correspond to the GFP-VirB fusion protein and
GFP with linker, respectively. In each case, more than 74% and 92% of the total protein
detected was found in the respective uppermost band (full-length product), as determined
by densitometry (Fig. 1D, subpanels i and ii). While another band in the GFP-VirB sample
was detected with the VirB antibody, it migrated faster and was fainter than the VirB pro-
tein control, making it unlikely that this minor product was responsible for the 3-galactosi-
dase activity associated with the GFP-VirB fusion. In sum, these analyses indicate that the
fluorescent protein generated from pJNS12 primarily consists of the full-length GFP-VirB
fusion and strongly suggests that the VirB moiety within this fusion is both stable and
functional (Fig. 1B), a conclusion further supported by later experiments in this study (see
Fig. 5; see also Fig. S4 in the supplemental material).
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FIG 1 Constructs and proof of principle experiments to assess the activity and stability of VirB fusion proteins. (A) Constructs producing VirB fused to
superfolder GFP (sfGFP) at the N terminus using one of two linkers. (B) B-Galactosidase assay used to assess the regulatory activity of GFP-VirB fusions with
either a SGGGG (49) or “12AA” linker (48) at the VirB-dependent icsP promoter (PicsP-lacZ; pAFWO04a). Student’s t tests were used to measure statistical
significance, *, P <0.05. Note that B-galactosidase activities generated in the presence of VirB (pJNS04) and GFP-VirB (pJNS12) were equivalent to those
achieved with native VirB levels in previous work (35). (C) Western blots to assess GFP-VirB protein stability, probed with an anti-VirB antibody (i) or anti-
GFP antibody (ii). For these analyses, phenylmethylsulfonyl fluoride (PMSF) was added during sample preparation. (D) Densitometry of Western blots shown
in panel C (subpanels i and ii, respectively). Lanes are labeled accordingly.
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FIG 2 Live-cell imaging of GFP-VirB in a virB mutant strain of Shigella flexneri. (A) Quantification of foci observed during live-cell imaging of GFP-VirB in virB
mutant S. flexneri using Microbel. Representative cells are shown. PC, phase contrast; GFP, green fluorescent protein fluorescence (for GFP row 67.1-ms
exposure; for GFP-VirB and Empty rows, 289.2-ms exposure; Empty, empty plasmid control. Bars, T um in all images. Within tables, a hyphen indicates that
no cells fell into this category in any of the images captured; *, maxima detected by Microbel. (B) A representative field of view with magnified cell images
below showing the numbers of foci commonly observed. Five fields of view were captured and analyzed across at least three independent replicates. (C)
Scatterplot of mean cell length per number of foci observed in cells producing GFP-VirB, showing strong positive correlation between cell length and

number of foci.

GFP-VirB forms discrete foci in Shigella strains. The next step was to observe the
fluorescent signal generated by the GFP-VirB fusion in S. flexneri cells bearing this con-
struct. To do this, live-cell imaging was utilized to avoid artifacts associated with cell
fixing. First, we examined the GFP-VirB fusion protein, GFP, or the negative control
(empty plasmid control) in a S. flexneri virB mutant strain using identical induction con-
ditions to those used in our previous proof-of-principle assays. Cells were live mounted
and imaged using phase-contrast and fluorescence microscopy.

As expected, cells carrying the empty plasmid control did not fluoresce (Fig. 2A,
bottom), and most cells producing GFP exhibited a single diffuse fluorescent signal
with a single distinct maximum (85% of all cells analyzed) (Fig. 2A, middle; see also Fig.
S2 in the supplemental material, left); occasionally, two distinct maxima were seen,
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FIG 3 Live-cell imaging of GFP-VirB in a wild-type strain of S. flexneri and quantification of foci
observed during live-cell imaging of GFP-VirB in wild-type S. flexneri using Microbel. Representative
cells are shown. Phase contrast (left column), fluorescence (middle column) (GFP row, 44.5-ms
exposure; GFP-VirB and empty, 219-ms exposure), and merged (right column) images of GFP-VirB,
GFP, and an empty plasmid control . Bars, 1 um. Within tables, a hyphen indicates that no cells fell
into this category in any of the images captured; *, maxima detected by MicrobeJ.

likely representing cells undergoing cell division (11% of analyzed cells). Strikingly,
when cells producing the GFP-VirB fusion were viewed, discrete fluorescent foci were
observed in 98% of analyzed cells (Fig. 2A, top). These foci were routinely seen at the
quarter-cell position (Fig. 2B). While the number of foci varied, commonly, two, three,
and four foci were detected after image analysis using Microbel (30%, 37%, and 17%,
respectively) (Fig. 2A). Notably, a strong positive correlation (R? = 0.83) between the
number of foci and the mean cell length per number of foci was found (Fig. 2C), which
suggests that the number of foci increases during cell elongation, prior to cell division.

To further investigate the subcellular location of VirB in the Shigella cytoplasm, we
next chose to reexamine the GFP-VirB fusion in a wild-type S. flexneri background. Data
similar to those gathered in the virB mutant strain were obtained; 99% of cells had 1 or
more discrete foci; longer cells had more foci than shorter cells (Fig. 3). This demon-
strates that the presence of native VirB does not alter the localization pattern of GFP-
VirB, and it also validates the localization pattern observed in the isogenic virB mutant
strain of S. flexneri. Consequently, these data (Fig. 2 and 3) together provide novel insight
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FIG 4 Live-cell imaging of GFP-VirB in a pINV-cured strain of S. flexneri and quantification of
fluorescent signals observed during live-cell imaging of GFP-VirB in pINV-cured S. flexneri using
Microbe). Representative cells are shown. Note that only diffuse signals were observed (see also Fig.
S3 in the supplemental material). Phase-contrast (left column), fluorescence (middle column) (GFP
row, 40.6-ms exposure; GFP-VirB and empty rows, 223.1-ms exposure), and merged (right column)
images of GFP-VirB, GFP, and an empty plasmid control. Bars, 1 um. Within tables, a hyphen indicates
that no cells fell into this category in any of the images captured; *, maxima detected by Microbel.

into the VirB protein by finding that GFP-VirB is localized in the bacterial cell cytoplasm
into 2 to 4 discrete foci at the quarter cell position. This raises the possibility that VirB forms
previously undescribed hubs within the bacterial cytoplasm, which may be critical for its
role as a regulator of Shigella virulence.

Focus formation of GFP-VirB is lost in the absence of pINV. Since VirB predomi-
nately regulates virulence genes carried by pINV, we next chose to examine GFP-VirB
focus formation in a strain lacking this large DNA molecule. Here, we exploited the S.
flexneri 2a derivative that has been cured of pINV, BS103. In this strain background,
GFP-VirB predominantly formed one or two diffuse fluorescent signals in the cytoplasm
(Fig. 4, top; see also Fig. S3 in the supplemental material, left) (24% single maximum
and 62% 2 maxima), but critically, these signals did not resemble the tight foci observed
in the virB mutant or wild-type strains (Fig. 2A and 3, top, respectively). Instead, the signals
were much more diffuse, albeit less uniformly distributed than the GFP control (compare
Fig. 4, top to middle; Fig. S3, left to middle panels for field of view). Indeed, in this strain
background the GFP-VirB fusion signal appeared to be nucleoid associated, as its broad
distribution over much of the cell with the exception of small areas near the cell poles (Fig.
4, top; evident in merged image) is similar to the distribution of DNA in Escherichia coli
and Shigella (50, 51). Again, control experiments yielded expected results in these assays
(Fig. 4, middle and bottom).
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FIG 5 Construction of a GFP-VirB DNA-binding mutant and live-cell imaging of this fusion in a virB mutant
strain of S. flexneri. (A) Construct producing GFP-VirB with two amino acid substitutions, K152E and R167E, in
the helix-turn-helix DNA-binding domain (denoted with blue arrows; adapted from reference 52). (B)
Quantification of fluorescent signals observed during live-cell imaging of GFP-VirBK152E/R167E in virB mutant S.
flexneri using Microbe). Note that diffuse signals observed for this fusion were detected as maxima by
Microbel. Representative cells are shown. Phase-contrast (left column), fluorescence (middle column) (GFP row,
77-ms exposure; GFP-VirB, GFP-VirB K152E/R167E, and empty rows, 348.8-ms exposure), and merged (right
column). Bars, 1um. Within the table, a hyphen indicates that no cells fell into this category in any of the
images captured; *, maxima detected by MicrobeJ.

A DNA-binding mutant derivative of GFP-VirB does not form foci in S. flexneri.
The finding that GFP-VirB did not form discrete foci in the absence of pINV raised the
possibility that direct VirB interactions with pINV were required for focus formation in
wild-type and virB mutant strain backgrounds. To test this hypothesis, the fluorescence
of a GFP-VirB fusion carrying amino acid substitutions in the DNA-binding surface of
VirB was examined. Two amino acid substitutions, K152E and R167E (52, 53), were
introduced into the helix-turn-helix DNA-binding domain of VirB in the fusion (Fig. 5A).
Each of these substitutions had previously been shown to prevent VirB from binding
to DNA and, hence, prevent regulation by VirB (52, 53). The stability of the resultant
fusion protein, GFP-VirB K152E/R167E, and its ability to regulate transcription was then
examined (see Fig. S4A to C in the supplemental material). Again, little protein degra-
dation was observed by Western blot analysis (Fig. S4A and B), suggesting that GFP-
VirB K152E/R167E was as stable as GFP-VirB (Compare Fig. 1C to Fig. S4A). But, as pre-
dicted by earlier studies (52, 53), this protein was unable to regulate PicsP-lacZ. Indeed,
levels of B-galactosidase activity in the presence of GFP-VirB K152E/R167E were com-
parable to those obtained with the empty control (Fig. S4C). The finding that two
amino acid substitutions in the DNA-binding domain of the VirB moiety are sufficient
to destroy the regulatory activity of this fusion (Fig. S4C) is not only consistent with
previous findings (52, 53) but further supports our assertion that the VirB moiety
remains properly folded in the context of the fusions used in this study.

When the GFP-VirB KE152/R167E fusion was examined in the virB mutant using fluo-
rescence microscopy, a diffuse fluorescent signal was observed (Fig. 5B, top, and Fig.
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FIG 6 Live-cell imaging of GFP-VirB and controls in a pINV-cured strain of S. flexneri carrying a plasmid bearing
a wild-type or mutated VirB-binding site and quantification of fluorescent foci of GFP-VirB (A) or maxima (*) (B,
C, and E to G) associated with diffuse signals observed during live-cell imaging using MicrobeJ. Representative
merged cell images of pINV-cured S. flexneri cells containing pHJW20 (WT PicsP) (A to D) or pMIC18 (Mutated

PicsP) (E to H) are shown. No fluorescent signal was detected for the empty controls (D and H) (GFP,

157.6-ms

exposure; GFP-VirB and empty, 485.3-ms exposure). Bars, 1 um. Within tables, a hyphen indicates that no cells

fell into this category in any of the images captured.

S2, right) but importantly, once again, no discrete foci were observed. Similar observa-
tions were made when this fusion was examined in the wild-type (Fig. S4D) and pINV-
cured strains (Fig. S3, right). Consequently, we concluded that an active DNA-binding
domain of VirB is required for VirB to form foci in the cell cytoplasm. Moreover, in com-
bination with the findings made with GFP-VirB in a pINV-cured strain, these outcomes
strongly suggest that VirB-DNA interactions with pINV are responsible for the focus for-
mation observed in the wild type and virB mutant derivative of S. flexneri and that
these foci are not a caused by GFP aggregation. Note that quantification of the mean
fluorescence intensity of foci and that for the medial axis of cells for the virB mutant
and the pINV-cured strain expressing each fluorescent protein are shown in Fig. S5 in
the supplemental material.

A small plasmid carrying a VirB-binding site restores focus formation in pINV-
cured Shigella. Because focus formation was dependent on the presence of pINV, we
next chose to examine if small surrogate plasmids carrying a single well-characterized
VirB-regulated promoter sourced from pINV would allow fluorescent foci to form in a
pINV-cured background of S. flexneri. Initially, to test this, the low-copy-number plas-
mid pHJW?20 (35), carrying a well-characterized VirB-binding site in the context of PicsP
(22, 35, 36), or a derivative pMIC18 (35) with a mutated VirB-binding site was intro-
duced into BS103 that was carrying either pJNS12, pJNS18, or one of the control plas-
mids (pJH66 or pBAD/His A). Remarkably, foci formed in the presence of the small sur-
rogate plasmid carrying the wild-type VirB-binding site (Fig. 6A) but not with the
derivative carrying the mutated site (Fig. 6E). Furthermore, the DNA-binding mutant
derivative gave a diffuse signal regardless of whether a wild-type or mutated site was
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GFP-VirB
GFP-VirB K152E/R167E
25 bp
PicsP binding tool
Empty
binding tool

FIG 7 Live-cell imaging of GFP-VirB and controls in a pINV-cured strain of S. flexneri carrying a
plasmid bearing a 25-bp VirB binding site or empty (“no-site”) binding tool control. Representative
merged cell images of pINV-cured S. flexneri carrying pJNS22 (25-bp VirB-binding site) or pJNS24 (“no
site” control) with either GFP-VirB, GFP-VirB K152E/R167E, GFP, or an empty plasmid control are
shown (GFP, 45.1-ms exposure; GFP-VirB and empty, 297.6-ms exposure). Bars, 1 um.

present (Fig. 6B and F), thus strengthening support for the previous interpretation that
the ability of VirB to interact with DNA is absolutely necessary in order for foci to form;
controls behaved as expected (Fig. 6C, D, G, H). Similar results were observed when
this experiment was repeated using another small plasmid carrying the well-character-
ized VirB-dependent promoter ospD1 (18) (see Fig. S6 in the supplemental material).

Finally, to investigate if the VirB-binding site alone was sufficient for focus forma-
tion, small plasmids carrying just the 25-bp sequence that contains the VirB-binding
site (pJNS22) or a “no site” control (pJNS24) (36), were introduced into B5103, and the
fusion proteins or controls were induced as described previously. Strikingly, fluorescent
foci were observed in cells producing GFP-VirB in the presence of the 25-bp VirB-bind-
ing site-containing plasmid, but were not observed in cells carrying the “no site” con-
trol (Fig. 7). In contrast, cells producing the GFP-VirB DNA-binding mutant derivative
did not form foci in the presence of the 25-bp VirB-binding site-containing plasmid or
the “no site” control. Again, all other controls behaved as seen previously.

Taken together, our findings demonstrate that interactions between VirB and its
cognate DNA-binding sequence are necessary and sufficient for the formation of dis-
crete cytoplasmic GFP-VirB foci in S. flexneri. In addition to providing new information
on VirB activity, these observations raise the possibility that this fluorescent fusion pro-
tein could be used in conjunction with its cognate binding sequence as a plasmid or
genome marker for fluorescence microscopy experiments in Enterobacteriaceae and
other species.

DISCUSSION

In this study, we have investigated the subcellular location of VirB, a key transcrip-
tional regulator of Shigella virulence plasmid genes (13, 19), using a GFP-VirB fusion
protein (Fig. 1). Our data show that GFP-VirB forms discrete foci in the Shigella cyto-
plasm (Fig. 2 and 3). Three lines of evidence demonstrate that these foci are completely
dependent upon VirB engaging its DNA-binding site, namely, (i) the loss of GFP-VirB foci in
pINV-cured cells (Fig. 4), (ii) the loss of foci when a DNA-binding mutant derivative of GFP-
VirB is produced in a virB mutant derivative (Fig. 5), and (iii) the restoration of GFP-VirB foci
when small surrogate plasmids bearing a VirB recognition site are introduced into pINV-
cured cells (Fig. 6 and 7). Throughout this study, GFP-VirB levels were matched to native
levels of VirB (see Materials and Methods; see also Fig. S1 in the supplemental material)
and the GFP-VirB fusions were found to remain stable and active under the conditions of
our assays (Fig. 1C and B, respectively). Thus, our work strongly suggests that VirB forms
functional hubs on DNA after engaging its recognition site, and this occurs in the absence
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of any other pINV-encoded factor. The reason for hub formation, the macromolecular na-
ture of these hubs, and the role that this plays in transcriptional antisilencing of virulence
genes on pINV are discussed below.

Even though the regulatory actions of VirB are thought to be limited to the Shigella
virulence plasmid, pINV (13, 15, 54), we were surprised to find that VirB formed foci for
several reasons. First, pINV is large (230kb) (55, 56), approximately 1/20 of the Shigella
chromosome, and is thought to be present at only 1 or 2 copies per chromosome (57-59).
Second, VirB upregulates at least 50 virulence-associated genes that are scattered around
pINV (16, 60, 61) and are found within the large ipa-mxi-spa operons (15, 22, 62, 63). Third,
another transcription factor that binds to pINV, VirF (13, 15, 16), does not form foci in
Shigella when fused to mCherry (see Fig. S7 in the supplemental material). Although tran-
scriptional regulators have been severely understudied in terms of their localization, espe-
cially in prokaryotic systems (37), the paradigm has always been that these proteins are
found throughout the bacterial nucleoid at concentrations too low to be detected by
standard fluorescence microscopy. Consequently, our finding that GFP-VirB forms DNA-de-
pendent fluorescent foci in the bacterial cytoplasm is intriguing because it suggests that
VirB forms multimeric complexes on DNA.

So, why then would a transcriptional regulator of virulence genes in Shigella form
multimeric complexes when it engages DNA? A clue came from the evolutionary line-
age of VirB. VirB belongs to the ParB superfamily (19, 52), a family of proteins where
the vast majority play central roles in plasmid or chromosome segregation. Examples
of this family, including Spo0J, KorB, SopB, and RepB, have been studied in depth and
are widespread among well-studied bacterial phyla (38, 42, 45). These proteins display
a discrete subcellular localization in the bacterial cytoplasm and routinely form 2, 3, or
4 foci in the bacterial cytoplasm. Like VirB, the number of foci appears to correlate with
cell length (41). Initially, ParB was thought to engage its parS site and then spread
along DNA to form a DNA-ParB filament (43, 64, 65). More recently, however, single-
molecule approaches (45) and super-resolution microscopy (66) have revealed that
ParB-ParB interactions, described as ParB bridges, are commonplace on DNA (45). In
vivo, almost all ParB molecules are actively confined around pars sites by a network of
synergistic protein-protein and protein-DNA interactions (66). Thus, ParB seems to
form stochastic DNA cages when ParB proteins interact from distal parS sites (66).
Given the relatedness of VirB to ParB, the dynamic multimeric ParB complexes and
ParB-DNA lattices reported by Sanchez et al. are intriguing because they raise the pos-
sibility that similar VirB complexes are responsible for the GFP-VirB foci that we
observed in this study. At this stage, it remains unclear if VirB spreads along DNA once
bound to its recognition sites (36) or if it forms multimeric complexes with itself once
bound to DNA akin to the ParB-mediated bridging or caging described previously (45,
66). However, the number of fluorescent foci per cell observed in our assays is far fewer
than the estimated number of VirB-regulated loci on pINV, and so we currently favor
the VirB bridging/caging hypothesis.

Our studies of VirB-dependent transcriptional regulation in Shigella have already
revealed that VirB is not a traditional transcription factor (23). VirB can regulate tran-
scription from remotely located binding sites >1 kb upstream of a promoter (18, 23,
35), and instead of promoting the recruitment or activity of RNA polymerase, like other
transcription factors, VirB functions to offset or counteract transcriptional silencing
imparted by the pervasive nucleoid structuring protein H-NS (15, 16, 22, 23). The find-
ing that VirB forms foci in the bacterial cytoplasm and the parallels between VirB and ParB
may provide new insight into the transcriptional antisilencing mechanism imparted by
VirB. For instance, large-scale molecular interactions between VirB molecules docked on
pINV may lead to the remodeling of the AT-rich DNA molecule pINV, leading to the evic-
tion or remodeling of H-NS-DNA interactions such that gene expression occurs. Ongoing
research in our laboratory is exploring these hypotheses.

In addition, the relatedness of VirB to ParB also raises questions about the potential
for VirB to function in plasmid partitioning. Although VirB is a close homologue of the
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ParB encoded by S. flexneri pINV, ParBg; (37% identical), there is currently no evidence
that these proteins functionally substitute for one another: in cells lacking virB, viru-
lence gene expression does not occur (13, 15) (even though ParBs; is encoded by pINV)
and the plasmid, pINV, is stably maintained (67). Additionally, the VirB protein does not
contain the N-terminal domain found in ParB that is required for interaction with the
ATPase partner protein, ParA (22, 68), and no parA gene is found in the vicinity of the virB
gene or elsewhere on pINV (with the exception of the native parA encoding the ParAg
that works with the designated ParBs). Instead, all evidence indicates that the role of VirB
is to modulate gene expression by antagonizing H-NS-mediated silencing (22, 69).
Nevertheless, based on findings presented in this study, the interplay between VirB and
the ParABg; system does seem worthy of further exploration because work by others sug-
gests that overexpression of VirB leads to destabilization of pINV (66). For instance, it
would be interesting to determine if VirB and ParB colocalize in the S. flexneri cytoplasm
and if there is any evidence of molecular cross talk between VirB and the native ParAB sys-
tem that causes VirB-mediated interference in pINV partitioning.

Our finding that GFP-VirB foci still form in Shigella when a small surrogate plas-
mid bearing a single VirB recognition site was introduced into pINV-cured cells,
demonstrated that focus formation was not reliant on anything found on pINV,
except the VirB-binding site(s). At this stage, it remains unclear why foci were seen
to form on these small pACYC plasmids. These foci could be caused by VirB-VirB
bridging interactions across different copies of pACYC184 (a medium-copy-number
plasmid), the clustering of medium-copy-number plasmids that has been previously
reported (70, 71), or some combination thereof. Regardless, it is clear from our work
that the DNA-binding activity of VirB is required for these foci to appear and that
specific DNA-VirB interactions are sufficient and necessary for these foci to form.
These observations raise the possibility that GFP-VirB and its recognition site could
be used in combination as markers of DNA molecules, thus expanding the reper-
toire of ParB/parS-like markers that can be used in this manner (72). Indeed, unique
features of the VirB-binding site system may avoid lethal segregation defects that
appear when parS sites are built into bacterial chromosomes at a distance (73).
Since the established VirB recognition site is only 25-bp long, much less foreign
DNA would need to be introduced into a chromosome or plasmid of interest (tan-
dem arrays of >250 lacO sites have previously been built on bacterial genomes to
generate a focus of fluorescently tagged Lacl [71, 74, 75]). Future work will test if
this potential marker of DNA works reliably in closely related enteric organisms and
other more distantly related bacteria.

In sum, this study provides a new view of a major regulator of virulence gene
expression in Shigella spp. The formation of GFP-VirB foci strongly suggests that VirB
forms large VirB-VirB and VirB-DNA complexes once it engages its DNA recognition
sites. This is tantalizing given that the established role of VirB is to counteract transcrip-
tional silencing imparted by another DNA structuring protein, H-NS. In addition, our
work introduces the idea that fluorescently tagged VirB and its binding site may have
utility as a DNA marker, allowing plasmid or perhaps even chromosomal loci to be
tracked in cells. Finally, this work also fosters questions about the evolution of VirB to
its role as a transcriptional antisilencer from a DNA partitioning protein. We anticipate
that the work presented here will be foundational for future studies that explore the
relationship between virulence gene regulation, plasmid partitioning, and topological
remodeling of plasmids in bacterial cells and think this study, once again, highlights
the merits of taking a holistic view of molecular biology by examining the subcellular
localization of proteins like VirB in whole, living cells.

MATERIALS AND METHODS

Bacterial strains, media, and plasmids. Shigella flexneri strains were routinely grown on trypticase
soy agar (TSA; trypticase soy broth [TSB] containing 1.5% [wt/vol] agar). When necessary, to ensure
maintenance of the virulence plasmid, Congo red binding was examined on TSA plates containing
0.01% [wt/vol] Congo red. Depending on the assay, liquid cultures of S. flexneri strains were routinely
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grown overnight at 30°C in either Luria-Bertani (LB) broth or minimal medium, to limit growth medium
autofluorescence during imaging (M9 minimal medium supplemented with 0.4% b-glucose, 0.4%
Casamino Acids, 0.01 mg/ml nicotinic acid, 0.01 mg/ml tryptophan, 0.01 mg/ml thiamine, 0.1 mM CaCl,,
and 0.5mM MgSO,) (76, 77). Overnight cultures were then diluted 1:100 and subcultured at 37°C with
aeration in the specified medium (note that 40 mM glycerol replaced p-glucose in minimal medium to
allow induction of pBAD to occur [78]). Where appropriate and throughout this study, diluted cultures
were induced with 0.02% L-arabinose for the last 3 h of a 5-h growth period. These conditions were cho-
sen because they allowed fusion proteins levels to mirror levels of native VirB (see Fig. S1A in the supple-
mental material) at their peak in early-stationary-phase cultures (5-h growth) (Fig. S1B) based on
Western blot analysis. To ensure plasmid maintenance, antibiotics were added to growth medium at the
following final concentrations: ampicillin, 100 wg/ml, and chloramphenicol, 25 xg/ml. The bacterial
strains and plasmids used in this study are listed in Table 1.

Plasmid constructs. The gfp used throughout this work encodes a superfolder GFP which contains
key substitutions (see Table S1 in the supplemental material) to minimize protein aggregation and
enhance folding of both the fluorescent protein and the tagged protein of interest (46, 47). All pBAD-in-
ducible plasmids generated in this work were derived from pBAD/His A (Invitrogen). pJNS12 is pBAD-
gfp-linker-virB flanked by Ncol and Hindlll restriction sites. The virB gene in this plasmid, and others cre-
ated in this work, was sourced from pATM324, while the linker and the gfp genes were identical to those
found in pJH66 (79). The native translation start site of the virB gene has been removed in pJNS12 to
allow the entire fusion protein to be made from the gfp translation start site. pJNS18 is pBAD-gfp-linker-
virB K152E/R167E and is derived from pJNS12. Each of the mutations encoding the substitutions are con-
tained in a region flanked by Bglll and Psil sites in this construct. pJNS04 is pBAD-virB, where the virB
gene is flanked by Nhel and Hindlll sites. Finally, pJNS10 is pBAD-gfp-12AA-virB, which is similar to
pJNS12; however, the 12AA linker (48) replaces the linker that is found in pJNS12. All plasmid constructs
are listed in Table 1 and all were verified by Sanger dideoxy sequencing. The sequences of primers used
in this study are available upon request.

Analysis of fusion protein stability. Overnight cultures were diluted in LB and then induced, as
described previously. Cells were normalized to cell density (optical density at 600 nm [ODq,]), harvested,
and washed with 0.2 M Tris buffer (pH 8.0), prior to resuspension in 400 ul 10 mM Tris (pH 7.4), and 100
ul 4x SDS-PAGE buffer (containing B-mercaptoethanol). When necessary and as noted, 4 ul of 100 mM
phenylmethylsulfonyl fluoride (PMSF) was added to resuspended samples prior to SDS-PAGE buffer
addition to limit proteolysis. Equal volumes of each normalized, boiled protein preparation were electro-
phoresed on 12.5% SDS-PAGE gels. For Western blot analyses, VirB was detected using an affinity puri-
fied anti-VirB antibody obtained from Pacific Inmunology, and GFP was detected using a polyclonal
anti-GFP antibody obtained from Molecular Probes. In both cases, a GE anti-rabit IgG-horseradish perox-
idase (HRP; NA9340) secondary antibody was used. All blots were imaged using the auto exposure set-
ting with chemiluminescence detection (Azure 500; Azure Biosystems). Densitometry was done using
the lane and band detection features of the AzureSpot analysis software.

Quantification of VirB fusion protein activity. For these assays, overnight cultures were diluted in
LB and induced (as described above) prior to being assayed. Cultures were lysed and B-galactosidase ac-
tivity was measured using a modified Miller protocol (16, 80).

Visualization of fusion proteins and quantification of foci. Overnight cultures were diluted 1:100
in 2.5 ml minimal medium and induced as described previously. Cells were immobilized in 1% agarose
containing minimal medium on glass slides before imaging. Data acquisition was performed using trans-
mitted light and fluorescence microscopy (Zeiss Axio Imager M2) equipped with oil immersion (EC Plan-
Neofluar 63 x/Ph3). Fluorescence excitation was performed (X-cite 120LED) at a range of 470 to 525 nm
using 24% exposure for all captured images; cells bearing GFP-VirB, GFP-VirB K152E/R167E, and the
empty control routinely required longer exposures than the GFP control (this is common for fusion pro-
teins; exposure times are provided in the figure legends). Images were captured by an Orca Flash 4.0 LT
monochromatic digital CMOS camera. Routinely, 5 fields of view were captured at random (solely using
phase contrast during image focusing) for each experimental strain, with roughly 60 cells per field of
view. Image analysis was completed using MicrobelJ (81). All cells in each field of view were counted and
analyzed unless they did not fit the predetermined parameters (i.e., cell length, >4 um [less than 3% of
all cells analyzed], or cells on the edges of fields of view). Cell outlines were reviewed manually to ensure
automatic segmentation was detected accurately. Also, focus detection was reviewed manually to deter-
mine whether signals were true foci or diffuse signals with maxima. Data were ordered by the number
of foci/maxima detected followed by cell length, which was measured by the medial axis function in
Microbel. The average fluorescence intensity (“mean.channel 2”) of diffuse signals along the medial axis
of cells and foci were quantified for representative field of view images using the bacteria and maximum
intensity functions of Microbel, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 7.1 MB.
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