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Summary

Vibrio cholerae causes the human disease cholera by
producing a potent toxin. The V. cholerae virulence
pathway involves an unusual transcription step: the
bitopic inner-membrane proteins TcpP and ToxR acti-
vate toxT transcription. As ToxT is the primary direct
transcription activator in V. cholerae pathogenicity,
its regulation by membrane-localized activators is
key in the disease process. However, the molecular
mechanisms by which membrane-localized activators
engage the transcription process have yet to be un-
covered in live cells. Here we report the use of super-
resolution microscopy, single-molecule tracking, and
gene knockouts to examine the dynamics of indi-
vidual TcpP proteins in live V. cholerae cells with
<40 nm spatial resolution on a 50 ms timescale.
Single-molecule trajectory analysis reveals that TcpP
diffusion is heterogeneous and can be described by
three populations of TcpP motion: one fast, one slow,
and one immobile. By comparing TcpP diffusion in
wild-type V. cholerae to that in mutant strains lacking
either toxR or the toxT promoter, we determine that
TcpP mobility is greater in the presence of its inter-
action partners than in their absence. Our findings
support a mechanism in which ToxR recruits TcpP to
the toxT promoter for transcription activation.
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Introduction

Cholera is a waterborne disease that continues to
threaten human populations, as evidenced by the 2010
outbreak in Haiti (Cravioto et al., 2011). The Vibrio chol-
erae bacterium causes disease by colonizing the human
gut, where it produces an enterotoxin called cholera toxin
(Mekalanos, 2010). Cholera toxin alters enterocyte physi-
ology, leading to the opening of normally gated channels
and release of ions and water; this infection manifests
itself in the patient as voluminous secretory diarrhea.
Although rehydration therapy and antibiotics can treat the
symptoms and stop the bacteria from causing further
harm to a patient (Matson et al., 2007), cholera remains a
threat to human health in many low- and middle-income
countries. Understanding the mechanisms by which V.
cholerae produces its potent toxin will provide avenues for
developing novel therapeutic approaches.

The cytoplasmic ToxT protein activates transcription of
cholera toxin and other associated virulence factors (Beck
etal,, 2004), but ToxT expression is regulated by an
unusual membrane-associated mechanism: the bitopic
proteins TcpP and ToxR cooperate to activate foxT tran-
scription while remaining localized to the inner membrane
(Fig. 1; Crawford et al., 2003; Matson et al., 2007). TcpP is
the direct foxT transcription activator, while ToxR plays an
accessory role, enhancing DNA binding or transcription
activation by TcpP (Hase and Mekalanos, 1998; Krukonis
et al., 2000; Matson et al., 2007). Although several models
for tox T transcription activation have been proposed based
on biochemical evidence (Krukonis and DiRita, 2003a;
Goss et al.,, 2010; 2013), the coordination of TcpP and
ToxR — and their interactions with other components of the
transcription complex — have yet to be observed directly in
cells; the mechanistic details of these protein—protein and
protein—DNA interactions therefore remain unclear.

TcpP and other proteins are too small (<5 nm) to see
using traditional light microscopy, and the short timescale
of protein—protein interactions makes them too dynamic for
electron microscopy. Single-molecule fluorescence (SMF)
microscopy bridges the gap between the limits of conven-
tional microscopy and the size of macromolecules, and
reveals dynamic interactions occurring on size scales
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Fig. 1. Schematic of the ToxR regulon. ToxR and TcpP bind the
toxT promoter (foxT,,) and activate ToxT transcription. In this
study, TcpP is labeled with the fluorescent protein PAmCherry in
the periplasm (star).

below the ~ 300 nm diffraction limit of visible light (Qian
et al., 1991; Thompson et al., 2002). Furthermore, the high
sensitivity of SMF imaging enables detection of individual
fluorescent labels using traditional wide-field microscopy.
The center of each emission spot indicates the position of
the individual molecule with 10—40 nm resolution, and in
living cells, fluorescent protein fusions provide highly spe-
cific labels that can be detected, mapped and tracked
non-invasively (Griffin et al.,, 1998). SMF microscopy has
been applied to model bacterial systems (Biteen et al.,
2008; Xie etal., 2008; Wang et al., 2011; Bakshi et al.,
2012), and is now being extended beyond model bacterial
systems to investigations of infectious microbes (Berk
et al., 2012). Here we apply single-molecule detection and
tracking to study a key regulatory event inside a pathogenic
bacteria cell.

Based on super-resolution imaging with Photoactivated
Localization Microscopy (PALM; Betzig et al., 2006; Hess
et al., 2006; Rust et al., 2006) and quantitative analysis of
single-molecule trajectories (Qian etal., 1991; Schitz
etal, 1997; Lommerse etal., 2004; Kim etal., 2006;
Jagaman et al., 2008), we uncover the molecular-scale
interactions and dynamics of TcpP in live V. cholerae. In
particular, we find that the highly heterogeneous move-
ments of TcpP can be categorized into three populations:
one fast, one slow, and one immobile. By using genetic
knockouts, we compare TcpP diffusion in wild-type cells to
thatin cells lacking either toxR (AtoxR) or the toxT promoter
(toxTapro). Overall, we find that TcpP moves faster in the
presence of both interaction partners than it does in cells
lacking either one of those factors, which implies that (1)
binding at the toxT promoter mediates interaction between
ToxR and TcpP, and (2) the presence of ToxR increases
TepP mobility. Our findings support a mechanism in which
ToxR recruits TcpP to the toxT promoter for toxT transcrip-
tion activation.

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 96, 4—13
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Results

In vitro characterization confirms TcoP—-PAmCherry
fusion activity

We monitored the motion of a TcpP—PAmCherry fusion
expressed from an arabinose-inducible promoter in AtcpP
V. cholerae. Immunoblotting with anti-TcpP serum demon-
strated that the TcpP—PAmCherry fusion is intact and
stable (Fig. S1A). Real-time reverse-transcription PCR
(qRT-PCR) determined that AfcpP TcpP—PAmCherry cells
induced under the same conditions used for the micros-
copy experiments (Experimental procedures) activate toxT
transcription at approximately the same level as wild-type
cells (0.8x). The TcpP—PAmCherry protein fusion also
complemented the AtcpP strain for expression of the
ToxT-controlled toxin-coregulated pilus protein TcpA
(Fig. S1B). Taken together, these results confirm that
TecpP—PAmCherry is functional in V. cholerae, and that our
labeled system is comparable to the wild-type system,
which has a fully functional ToxR regulon. We refer to this
cell strain as WT* in subsequent discussion (Table 1).

Live-cell single-molecule imaging reveals TcpP positions
and trajectories

WT* V. cholerae cells grown in virulence-inducing condi-
tions in minimal media with arabinose were imaged using
405 nm light for photo-activation and 561 nm light for exci-
tation. All TcpP—-PAmCherry was initially undetectable.
After photo-activation, up to three copies of TcpP-
PAmCherry were visible in each cell at a time, and the
emission from these molecules was recorded until they
all photobleached. Through repeated cycles of photo-
activation and imaging over 5-7 min, 10-50 TcpP-
PAmCherry molecules were detected in each cell. We
determined the position of each TcpP molecule in each
50 ms imaging frame with sub-pixel resolution (< 40 nm).
PALM super-resolution images of the TcpP positions in the
cells were reconstructed from these localizations (Fig. 2A).
Furthermore, single-molecule trajectories were created by
connecting TcpP—PAmCherry localizations within 6 pixels
(294 nm) in consecutive frames (Fig. 2B; Haas etal,
2014). Most single-frame displacements were smaller than

Table 1. Summary of strains used for imaging.

Strain Reference
WT* 0395 AtcpP (RY1) Yu and DiRita (1999)
AtoxR 0395 AtcpP AtoxR (EK459) Krukonis et al. (2000)
toXTapro 08395 AtcpP toxTapro (EK1647) Goss et al. (2010)

Cells strains and abbreviations used. TcpP-PAmCherry was
expressed in all three strains from the plasmid pBAD18-Kan (Guzman
et al., 1995).
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Fig. 2. Localization and dynamical information from single-molecule imaging in WT* cells.

A. Representative PALM super-resolution reconstructions (red) from 20-40 s of image capture overlaid on reverse-contrast bright-field images
of WT* V. cholerae cells. Only molecules localized with resolutions better than 40 nm are included.

B. Representative single-molecule trajectory maps from the data in A (white) overlaid on the same reverse-contrast bright-field cell image.
Only trajectories lasting at least 0.50 s (10 frames) are shown. Three trajectories are highlighted (red, yellow, blue) to show the variety of

motion observed. Additional trajectories are plotted in white.

C. Cumulative probability distribution (CPD) of squared displacements for each of the first four time lags (50, 100, 150 and 200 ms in red, blue,
green, black respectively) and best fit three-term CPD models (Eqg. S3) (2 mobile populations and 1 immobile population; dashed gray lines).
D. Population mean squared displacement (MSD) versus time lag, 7, for the ‘fast’ and ‘slow’ populations. The slopes of the two curves are pro-
portional to the fast diffusion coefficient, D,, and the slow diffusion coefficient, D, respectively. Error bars: £1 standard deviation.

Scale bars: 1 um.

100 nm (Table 2). Only trajectories lasting at least 0.50 s
(localizations in 10 consecutive imaging frames) were
included in further analysis. The PALM images and tracks
of three representative cells in Fig. 2A and B, respectively,
indicate that TcpP is dynamic and explores the entire V.
cholerae membrane.

Single-molecule trajectory analysis measures
TepP dynamics

Figure 2A and B qualitatively depicts TcpP motion in V.
cholerae. However, understanding TcpP dynamics in the
context of protein—protein and protein—-DNA interactions
requires a more quantitative trajectory analysis. Determin-
ing the mean squared displacement (MSD) of single-
molecule tracks provides the diffusion coefficient, D, for
each individual molecule observed (Eq. S1; Fig. S2).
However, because D is directly proportional to MSD only
in the case of homogeneous Brownian motion, this D is

Table 2. Number of cells and trajectories studied.

Mean
displacement
Strain Cells  Trajectories Displacements ~ (nm)
WT* 74 1083 21057 59.3
AtoxR 119 1144 22358 55.4
t0X Tapro 54 2609 45225 56.8

Only trajectories lasting at least 0.50s (10 consecutive imaging
frames) were included. Displacements between two consecutive
50 ms imaging frames were used for the histograms in Fig. 4. The
standard error of the mean for all three strains is < 0.35 nm.

only an average value which obscures the details of a
heterogeneous molecular trajectory. For instance, in the
present study, if TcpP scans DNA freely at first and then
becomes immobile when it binds to the foxT promoter, a
single-molecule MSD curve would not separate the two
behaviors and would instead reflect some average behav-
ior (Michalet, 2011). Therefore, to overcome this limitation
of MSD analysis and to quantify heterogeneous TcpP
dynamics, we consider the cumulative probability distribu-
tion (CPD; Eq. S2) of all TcpP displacements (Schitz
et al., 1997; Sonnleitner et al., 1999; van den Wildenberg
et al., 2011). Here, we fit distributions of squared displace-
ments at each time lag, 7, to a model distribution (Eq. S3)
that explicitly allows for heterogeneity in order to catego-
rize the collective motion of all TcpP molecules into mul-
tiple populations, each with a distinct diffusion coefficient
and a measured contribution to the whole.

The CPDs of squared TcpP displacements for time lags
of T = 50, 100, 150 and 200 ms are plotted in Fig. 2C in
red, blue, green and black respectively. These data are
well described (fit shown with dashed grey curves) by a
model with three different populations of TcpP motion (Eq.
S3): a ‘fast’ population, a ‘slow’ population, and a popula-
tion that is immobile within our < 40 nm resolution. A model
with three free mobile terms also identified this immobile
term and yielded essentially the same diffusion coefficient
results, and models with fewer terms fit poorly (Fig. S3).
According to Eq. S3, the two mobile populations are
each described by an MSD value at each time lag. Diffu-
sion coefficients for each mobile population can be deter-
mined from the slopes of their respective MSD curves
(Fig. 2D; Eq. S1). The CPD and MSD curves in Fig. 2C

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 96, 4—13
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Table 3. Summary of cumulative probability distribution results.
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Strain o (%) B (%) ¥ (%) D, (x 107 um? s7") Dg (x 107° um? s7")
WT* 29.4+0.6 48.4+0.5 22.2+0.8 35.5+2.0 1.7+£0.3
AtoxR 21.3+0.7 53.7+ 0.6 25.0+£0.9 23.4+3.2 0.8£0.3
10X Tapro 26.8+0.6 59.1+04 141 +£0.7 18.8+1.3 1.0+£0.3

Fractional contributions for the ‘fast’, ‘slow’, and immobile terms (¢, B, and yrespectively), as well as the diffusion coefficients for the mobile terms
(D, and Dy). Errors are = 1 standard deviation, and the differences between values for each strain are significant (P < 0.001) for pairwise t-test

comparisons of each variable.

and D reveal that 29.4% of the TcpP motion in WT* forms
a ‘fast’ mobile population with D, = 35 x 102 um? s, that
almost half (48.4%) of the TcpP motion is in the ‘slow’
population and more than an order of magnitude slower
(Dg = 1.7 x 102 um? s7"), and that the slowest 22.2% of
the TepP motion is immobile within our < 40 nm resolution.
Importantly, the relatively small diffusion coefficients for
both the ‘fast’ and ‘slow’ populations are too small to be
attributed to freely diffusing protein in the periplasm —
which would be the case if the fusion protein were subject
to significant proteolysis, thereby liberating the PAm-
Cherry domain — for which diffusion coefficients of ~2—
5 um? s are expected (Sochacki et al., 2011). Fractional
contributions of each term and diffusion coefficients for the
mobile populations are presented in Table 3.

TcpP diffuses faster in the presence of ToxR and the
toxT promoter

To investigate the impact of protein—protein and protein—
DNA interactions on TcpP diffusion, we compared the
TcpP—PAmCherry motion in WT* V. cholerae to TcpP—
PAmCherry motion in strains lacking either the ToxR inter-
action partner (AtoxR) or the toxT promoter region [{0X Tapro;
position —112 to +1 relative to the start of toxT transcription
(Krukonis et al., 2000; Goss et al., 2010); Table 1]. The
PALM images and tracks from live-cell SMF imaging are
shown in Fig. 3A and B for two representative AfoxR cells,
and in Fig. 3C and D for two representative toxTxpr cells.

Figure 4A shows the normalized histogram of all frame-
to-frame displacements in each of the three cell strains. At
our 20 frames per second imaging rate, each measure-
ment indicates the displacement per 50 ms. In all three
mutants, Fig. 4A shows a broad distribution of displace-
ment sizes, consistent with the existence of several differ-
enttypes of motion. However, there are notable differences
among the three cell types. In particular, TcpP makes more
very large displacements (> 100 nm) when both of its
interaction partners are present (WT*) and more smaller
displacements in their absence (AtoxR, toxTapwo; Fig. 4B).
This difference is also reflected in the mean displacement
length for each strain (Table 2): the mean displacement in
WT* (59.3 nm) is greater than the mean displacement in

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 96, 4—13

the knockout strains AfoxR (55.4nm) and {0XTapo
(56.8 nm). The numbers of cells, trajectories, and displace-
ments used in these histograms are given in Table 2. The
standard error of the mean for all three strains was
<0.35 nm.

In order to make comparisons among the three strains,
we examined the CPDs of squared TcpP displacements in
AtoxR (Fig. 5A and B) and toxTauro (Fig. 5C and D). As was
found for WT*, the knockout strains were well described
by a three-term model (Eqg. S3). The diffusion coefficients
for the mobile populations differed among the strains, as
did the amount each population contributed to the model
(Fig. 6A; Table 3). Importantly, the diffusion coefficients
for both the ‘fast’ and ‘slow’ populations are larger in WT*
than in the knockout strains. Additionally, we examined all
mobile displacements and compared the fraction of
motion described by the ‘fast’ population to the fraction in

AtoxR |

t0X Tapro |

Fig. 3. Representative PALM reconstructions and single-molecule
trajectory maps for genetic knockout V. cholerae cells.

A and C. Super-resolution reconstructions (red) from 20—40 s of
image capture overlaid on reverse-contrast bright-field images of
AtoxR and toxTxpre V. cholerae cells respectively. Only molecules
localized with resolutions better than 40 nm are included.

B and D. Single-molecule trajectories from the data in A and C
respectively (white) overlaid on the same reverse-contrast
bright-field cell images. Only trajectories lasting at least 0.50 s (10
frames) are shown. Three trajectories are highlighted (red, yellow,
blue) to show the variety of motion observed. Additional trajectories
are plotted in white.

Scale bars: 1 um.
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Fig. 4. TcpP displacement lengths.

A. Histogram of sizes of displacements between consecutive 50 ms
imaging frames in the three mutants: WT* (blue), AtoxR (red), and
toxTxpro (green). The histogram data are aggregated across multiple
experiments and normalized by the total number of displacements
measured. The number of cells, trajectories, and displacements
measured are listed in Table 2.

B. Differences between the histograms of the knockout strains
(AtoxR, red, and tox T, green) and the WT* strain (blue).

the ‘slow’ population (Fig. 6B) and found a greater contri-
bution from the ‘fast’ population in WT* than in either of
the knockouts (‘fast’ fraction = 37.8%, 28.4%, and 31.2%
for WT*, AtoxR, and toxTpr respectively).

An immobile TcpP population exists in all three
mutant strains

In all three cell types examined, the best fit CPD (Eq. S3)
included a significant immobile population, (Table 3;
Fig. 6C). The immobile fraction is smaller, but not fully

absent in cells lacking the foxT promoter (14.1% in {0XTapro
versus 22.2% in WT*), indicating that TcpP binding to
toxTyo accounts for some, but not all, of the observed
immobile population. We attribute some of this immobile
population to imaging artifacts arising from capturing inher-
ently three-dimensional motion (along the curved V. chol-
erae membrane) as a two-dimensional image. Movements
perpendicular to the cell length — particularly those at the
edges of the projection — appear shorter than movements
in the longitudinal direction (Fig. S4A, green and purple
curves respectively). Monte Carlo simulations of molecules
diffusing randomly on the surface of a cylinder indicate that
the actual diffusion coefficient is captured by our CPD
analysis. However, for the relevant diffusion rates and
dimensions, these simulations also determine that curva-
ture artifacts can account for an apparent immobile popu-
lation that contributes y= 2—6% to the model (Fig. S4B and
C). Still, in our experiments, we measure y> 14% for all
strains, indicating that, despite this artifact, a significant
immobile TcpP—PAmCherry population remains, even in
the absence of toxTxro. This implies that specific DNA-
binding at the toxT promoter is insufficient to explain the
observed immobile population.

Discussion

TepP binding to the toxT promoter produces a
significant increase in observations of immobilized
TcpP molecules

Because our 20 frames per second imaging condition
is selected to detect only the slowest TcpP molecules
(D<4 x 102 um?s7'; Kim et al., 2006), we attribute all of
our trajectories to observations of the bitopic inner mem-
brane protein TcpP interacting with the chromosome.
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displacements (MSDs) for genetic knockout
V. cholerae strains.
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B and D. Population MSD versus time lag, 7,
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Fig. 6. Diffusion coefficients and fractional contributions from CPD analysis.

A. Diffusion coefficients for the ‘fast’ and ‘slow’ populations in all three strains, calculated from the MSD curves in Figs 2D and 5B and D. The
bottom scale has been amplified to highlight differences among the values of the slow diffusion coefficient, Dg.

B. Contributions of the ‘fast’ and ‘slow’ populations to the mobile fraction for each strain.

C. Immobile fraction for each strain examined.
All error bars: + 1 standard deviation.

Transient interactions with other membrane-associated
proteins would also slow TcpP motion, but these encoun-
ters are expected to be more short-lived. As illustrated in
Fig. S5A-D, respectively, TcpP interacting with DNA may
move alone along the chromosome (Givaty and Levy,
2009); it may encounter nucleoid-associated proteins
(NAPs; Nye et al., 2000); it may bind non-specifically to
some DNA region; or it may bind specifically to the toxT
promoter (Goss et al., 2010). Furthermore, TcpP might
perform any of these motions while interacting with ToxR
(Fig. S5E-H; Crawford et al., 2003).

The CPDs of squared TcpP displacements indicate a
significantimmobile TcpP population in all three cell strains
(Fig. 6C), yet thisimmobile fraction is significantly reduced
in the promoter knockout strain (f0xTapro, ¥ = 14.1%) rela-
tive to the wild type-like strain (WT*, y = 22.2%). In cells
lacking tox Ty, TcpP should spend more time engaged in
non-specific sliding, hopping and scanning along DNA
(green box in Fig. S5) because there is no specific binding
target at which TcpP should become immobilized. Thus,
the increase in the immobile fraction, which quantifies TcpP
molecules that are essentially motionless between two
consecutive imaging frames, is attributed to the binding of
TcpP to the foxT promoter.

ToxR and toxT,, have similar impacts on ‘fast’ and
‘slow’ TcpP diffusion

Because a putative TcpP—ToxR—toxT,, complex would be
much larger than TcpP alone, one might hypothesize that
TcpP would move faster on its own than when interacting
with ToxR, the toxT promoter, or both. Instead, the qualita-
tive results from the histogram of displacements (Fig. 4)
and the quantitative results from CPD analysis (Fig. 6;

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 96, 4—13

Table 3) both yield a surprising result: TcpP moves faster
when it has the opportunity to interact with both ToxR and
the foxT promoter than when either partner is missing
(Fig. 6A; D,and Dgare both maximum for WT*). Even more
notably, deletions of either toxR or toxT,, have similar
impacts on TcpP diffusion (Fig. 6A; D, and Dgare nearly the
same for AtoxR and toxTxpro). Finally, comparing the con-
tributions of the ‘fast’ and ‘slow’ populations (¢« and
respectively) to the total mobile fraction, when both ToxR
and the toxT promoter are present (WT*), the ‘fast’ popu-
lation makes up a larger component of the mobile term
(Fig. 6B) relative to the knockout strains (AtoxR and
toxTxpro), Which are similar.

The large impact of ToxR on the TcpP diffusion coef-
ficients implies that ToxR molecules influence the motion
of TcpP molecules for a significant amount of time, even
when toxT transcription is not occurring. Previous work
has shown that ToxR enhances the ability of TcpP to
activate transcription of foxT: without ToxR, fewer modes
of TcpP motion are possible (Fig. S5, red box), activation
of toxT is greatly reduced, and only overexpression of
TcpP can compensate (Higgins and DiRita, 1994; Hase
and Mekalanos, 1998; Murley etal, 1999; Krukonis
et al,, 2000; Matson et al., 2007). Taken together, these
previous results, along with our new findings regarding
TepP motion, suggest that ToxR removes obstacles that
prevent diffusing TcpP from reaching its foxT,, target.
Furthermore, our finding that deleting foxT,, and delet-
ing ToxR have similar impacts on the mobile (‘fast’ and
‘slow’) TcpP motion is surprising because there is only a
single copy of the toxT promoter in each V. cholerae
cell, while there are multiple copies of ToxR. Binding to
the promoter must therefore enhance the interaction
between ToxR and TcpP.
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TepP-ToxR—tox Ty interactions involve ToxR removing
obstacles to TepP diffusion

That ToxR increases TcpP mobility, and that this increased
diffusion speed relies also on the toxT promoter must both
figure significantly into the mechanism by which TcpP
regulates ToxT expression. The increase in diffusion speed
in the presence of additional interaction partners leads us
to suggest involvement of nucleoid-associated proteins
(NAPs), which bind large segments of bacterial DNA,
compacting the chromosome and preventing excessive
transcription (Dame et al., 2011; Wang et al., 2011). In V.
cholerae, H-NS is a small, abundant NAP that binds the
toxT promoter, as well as the ctxand tcpA promoters (Nye
et al., 2000) and represses transcription at these sites.
ToxT counteracts H-NS repression of ctx and fcpA (Nye
et al., 2000; Yu and DiRita, 2002; Nye and Taylor, 2003),
likely by displacing H-NS from the DNA (Stonehouse et al.,
2011), and ToxR may do the same for toxT (Morgan et al.,
2011). Indeed, in the absence of H-NS, neither TcpP nor
ToxR are required for ToxT expression (Nye et al., 2000). If
this is the case, ToxR may increase TcpP movement along
DNA by removing the obstructing proteins; without ToxR,
TcpP diffusion would be hindered.

Several models for the mechanism of ToxR-TcpP—
foxT,, interaction have been proposed (Krukonis and
DiRita, 2003b; Goss et al., 2010; 2013): these include the
‘hand-holding’ model, in which TcpP and ToxR interact
directly while bound to the toxT promoter; the ‘catch and
release’ model, in which ToxR releases TcpP upon DNA
binding; the ‘promoter alteration’ model, in which the dis-
placement of H-NS by ToxR bends or unwinds the pro-
moter DNA, permitting TcpP recognition and binding; and
the ‘membrane recruitment’ model, in which ToxR brings
the foxT promoter closer to the inner membrane, facilitating
TepP binding at the promoter. All four of these models rely
on ToxR displacing H-NS and recruiting TcpP to the toxT
promoter. The hand-holding and catch and release models
include direct interactions between ToxR and TcpP, while
the ToxR—TcpP interaction in the promoter alteration and
membrane recruitment models is indirect, and therefore
these two models are inconsistent with our data, which
show that a ToxR deletion reduces the diffusivity of TcpP.

Fig. 7. Modified hand-holding mechanism for
TepP—ToxR—tox Ty interaction. ToxR scans
along DNA, removing a nucleoid-associated
protein (NAP) such as H-NS that occludes the
toxT promoter (A). When ToxR subsequently
binds to the toxT promoter (B), ToxR recruits
TcpP, which activates ToxT transcription (C).

Considering the impact of both ToxR and the toxT pro-
moter on TcpP diffusion, the results of our CPD analysis are
consistent with a mechanism in which ToxR enhances
TepP diffusion along DNA by removing occluding NAPs
such as H-NS from the chromosome to facilitate TcpP
diffusion, and ToxR also directly influences TcpP binding at
the toxT promoter. To describe the TcpP—ToxR—toxTyr
interaction, in Fig. 7, we therefore propose a variation of
the hand-holding model. Here, when NAPs such as H-NS
block the toxT promoter, ToxR molecules can remove
these NAPs (Fig.7A) to bind to the foxT promoter
(Fig. 7B). In our model, ToxR then recruits TcpP to the
exposed toxT promoter to activate foxT transcription
(Fig. 7C). Thus, when ToxR is not present, the progress of
TepP is reduced, perhaps by the presence of H-NS, which
makes it more difficult for toxT transcription to occur. TcpP
overexpression might restore foxT activation by increasing
the chances of any particular TcpP molecule locating the
promoter (Higgins and DiRita, 1994; Hase and Mekalanos,
1998; Murley et al., 1999; Krukonis et al., 2000; Matson
et al., 2007). Thus, the absence of toxTy, has a similar
impact on TcpP diffusion as the absence of ToxR: ToxR is
unable to bind, and thus cannot recruit TcpP. In this setting,
TepP may bind weakly and non-productively to DNA, and
any movement along the DNA is disrupted by H-NS or
other nucleoid-associated proteins.

Conclusions

The unusual membrane-bound transcription mechanism
of the ToxR regulon remains key to understanding the
virulence pathway in V. cholerae. Using super-resolution
microscopy and single-molecule tracking with better than
40 nm resolution, we have examined the motions of TcpP,
an essential ToxR regulon protein, in live cells. We found
that TcpP labeled with PAmCherry retains its functionality
and TcpP—-PAmCherry localizes correctly to the inner
membrane. We have compared TcpP displacement
lengths and analyzed the cumulative probability distribu-
tions of these displacements for wild-type V. cholerae and
for mutant strains that lack either toxR or the toxT pro-
moter, and determined that TcpP mobility is enhanced
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when both ToxR and foxT,, are present. Furthermore, a
significant immobile TcpP population exists in all three
strains, even when the toxT promoter has been removed
and specific DNA binding therefore cannot occur. The
evidence supports a mechanism in which ToxR recruits
TcpP to toxTo; Wwhen ToxR is removed, TepP is less likely
to find the promoter, and when toxTy is removed, TcpP is
less likely to encounter ToxR.

Though rare, membrane-bound transcription activation
is not restricted to V. cholerae; indeed similar mechanisms
have been observed in several other organisms
(Kolibachuk and Greenberg, 1993; Lin et al., 1993; Dell
etal., 1994; Reich and Schoolnik, 1994; D’Elia and
Salyers, 1996; Yang and Isberg, 1997; Welch and Bartlett,
1998; Blanc-Potard etal.,, 1999; Lassak etal., 2013).
Investigating the specific role of TcpP in the V. cholerae
virulence pathway will then also shed light on the mecha-
nisms and dynamics of membrane-bound transcription
regulation in general. Future experiments labeling ToxR or
the DNA near the foxT promoter will enable dual-color
imaging of this transcription activation mechanism, lead to
greater understanding of the role of NAPs in the regulation
of transcription, and offer additional insight into molecular-
scale interactions. Furthermore, the mechanism by which
the membrane localized complex recruits RNA polymerase
remains a significant gap in our understanding of how such
activators stimulate transcription, and future efforts to
uncover this process will complement our current research
directions.

Experimental procedures
Bacterial strains and plasmid construction

The V. cholerae classical strain O395 was used throughout
this study. The Escherichia coli strain JM101 was used for
cloning. The tcpP-PAmCherry chimeric gene was con-
structed as follows: tcpP (lacking the stop codon) was ampli-
fied from 0395 chromosomal DNA using Expand Hi-Fidelity
polymerase. Photoactivatable (PA)-mCherry was amplified
from pPAmCherry N1 (Clontech; Subach et al., 2009). A sec-
ondary SOEing PCR using the tcpP and PAmCherry PCR
products as template DNA was used to generate the fusion
gene. The resulting PCR product was digested with EcoRl
and Xbal and ligated into similarly digested pBAD18-Kan
(Guzman et al., 1995). The resulting plasmid was confirmed
by sequencing and transformed into V. cholerae strains by
electroporation. The TcpP-PAmCherry fusion protein was
expressed in the following previously described strains for
visualization and localization studies: 0395 AfcpP (RY1; Yu
and DiRita, 1999), 0395 AtcpP AtoxR (EK459; Krukonis
et al., 2000), and O395 AtcpP toxTyx. (EK1647; Goss et al.,
2010; Table 1).

Protein electrophoresis and immunodetection

Overnight cultures of V. cholerae were subcultured 1:100 in
pH 6.5 LB and grown for 4 h at 30°C. Arabinose was added
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to the culture medium at the time of subculture for strains
containing pBAD18-Kan. One milliliter of mid-log culture was
pelleted by centrifugation and resuspended in 1x sample
buffer. Proteins were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) using 15% (wt/vol) polyacryla-
mide gels. Samples were boiled for 5 min before loading on
the gels and loading volumes were adjusted to normalize for
culture ODggo. Proteins were then transferred to nitrocellulose
membranes and probed with rabbit anti-TcpP antibodies
(generated by Rockland) or rabbit anti-TcpA antibody (gener-
ously supplied by Dr. Ronald Taylor). Blots were probed with
goat anti-rabbit AP-conjugated secondary antibody (Zymed)
followed by visualization using NBT-BCIP (nitroblue tetrazo-
lium and 5-bromo-4-chloro-3-indolylphosphate; Roche).

gRT-PCR analysis

Triplicate cultures of 0395, 0395 AtcpP, and WT* were grown
and induced as above. Equivalent numbers of cells from each
sample were harvested and RNA was extracted using TRIzol
reagent (Life Technologies). RNA samples for qRT-PCR were
DNase treated, run on an agarose gel to check quality, and
quantified by measuring the OD.s. Two and half micrograms
of each sample were treated with Moloney murine leukemia
virus (M-MLV) reverse transcriptase (Invitrogen) according to
the manufacturer’s specifications. For detection of transcripts,
primers amplifying a 200 bp region in the center of the mRNA
were used with SYBR Green Master Mix (Stratagene) on a
Stratagene MX3000P thermocycler. Primers were designed
using the OligoPerfect tool (Invitrogen). Each test was per-
formed in triplicate at least three times, and fold change in
expression was calculated using the AACT method with recA
transcript levels as the reference.

Cell growth and sample preparation for microscopy

Bacterial cultures were grown in LB medium at 37°C with
shaking (180 r.p.m.), then transferred to M9 minimal medium
with 0.4% glycerol and an amino acid supplement (aspara-
gine, arginine, glutamic acid and serine, 25 mM final concen-
tration) and grown to turbidity at 30°C. Kanamycin (50 ug ml™'
final concentration) was used to select for the plasmid. Ara-
binose (0.1% final concentration) was added to the cultures
to induce expression of the fusion protein and the cultures
were incubated for an additional 4 h. A 1 ml aliquot of culture
was centrifuged for 30 s at 30 000 g to pellet the cells. The
pellet was washed in 1 ml warm M9, and centrifuged a
second time. The supernatant was then removed, and the cell
pellet was resuspended in a minimum of residual liquid
(<100 pl). A 2.0 ul droplet of concentrated cells was then
placed onto an agarose pad (2% agarose dissolved in M9,
spread on a microscope slide) and covered with a coverslip.

Super-resolution microscopy

Samples were imaged at room temperature using wide-field
epifluorescence microscopy on an Olympus IX71 inverted
microscope with a 100x, 1.40 NA oil immersion objective
(Zeiss Immersol 518F immersion oil), a Semprex micrometer
stage, a PIFOC piezo element, and appropriate excitation,
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emission, and dichroic filters (Semrock LL01-407, Semrock
LLO1-561, Semrock BLP01-561, Semrock Di01-R561). A
Photometrics Evolve EMCCD camera with > 90% quantum
efficiency was used to capture the images at 20 frames per
second. Each pixel of the detector corresponds to a
49 x 49 nm area of the sample. Fluorescence of PAmCherry
in the cells was activated using a 405 nm laser (Coherent
Cube 405-100), co-aligned with the 561 nm fluorescence
excitation laser (Coherent Sapphire 560-50). The lasers were
both operated at low power densities (0.006—0.2 uW um2
and 0.2-0.3 uW um= respectively). The excitation and acti-
vation pathways were coupled by a dichroic mirror (Semrock
Di01-R405), and both laser beams were circularly polarized
(Tower Optical AO15Z 1/4 556, Tower Optical AO15Z 1/4
408). To prevent higher-order excitation during photo-
activation, a pair of Uniblitz shutters controlled the laser
beams such that samples were exposed to only one laser at
a time. During imaging, the cells were given a 70 ms dose of
405 nm light every 90 s. Acquisitions lasted 5—7 min each.

Single fluorophores were localized using custom MATLAB
code (Biteen et al., 2008) that detects diffraction-limited local
intensity maxima above a specified background threshold and
fits their point-spread functions (PSFs) to symmetric two-
dimensional Gaussian functions (Thompson et al., 2002). The
output of this code includes positions in x and y, and the
95% confidence intervals for these positions, which were used
to estimate the localization error. The super-resolution recon-
struction images in Figs 2A and 3A and C show single-
molecule localizations blurred to these confidence intervals.

Single-molecule trajectories were determined using
custom MATLAB code employing a nearest-neighbor algo-
rithm: molecules localized in consecutive frames within six
pixels (294 nm) of each other were considered members of
the same track. Only trajectories with at least 10 frames were
used for further analysis to obtain the best estimate of the
diffusion coefficient (Michalet, 2011).
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