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ABSTRACT

Vibrio cholerae biofilm formation/maintenance is
controlled by myriad factors; chief among these
are the regulator VpsR and cyclic di-guanosine
monophosphate (c-di-GMP). VpsR has strong se-
quence similarity to enhancer binding proteins
(EBPs) that activate RNA polymerase containing
sigma factor �54. However, we have previously
shown that transcription from promoters within
the biofilm biogenesis/maintenance pathways uses
VpsR, c-di-GMP and RNA polymerase containing the
primary sigma factor (�70). Previous work suggested
that phosphorylation of VpsR at a highly conserved
aspartate, which is phosphorylated in other EBPs,
might also contribute to activation. Using the biofilm
biogenesis promoter PvpsL, we show that in the pres-
ence of c-di-GMP, either wild type or the phospho-
mimic VpsR D59E activates PvpsL transcription, while
the phospho-defective D59A variant does not. Fur-
thermore, when c-di-GMP levels are low, acetyl phos-
phate (Ac∼P) is required for significant VpsR activity
in vivo and in vitro. Although these findings argue
that VpsR phosphorylation is needed for activation,
we show that VpsR is not phosphorylated or acety-
lated by Ac∼P and either sodium phosphate or potas-
sium phosphate, which are not phosphate donors,
fully substitutes for Ac∼P. We conclude that VpsR is
an unusual regulator that senses phosphate directly,

rather than through phosphorylation, to aid in the
decision to form/maintain biofilm.

INTRODUCTION

Rapid detection and adaptation to fluctuating environmen-
tal changes are essential for bacterial survival and prolif-
eration. Microorganisms sense a multitude of extracellular
signals, including physical and chemical parameters such as
temperature, pH, osmolarity, autoinducers, ions and host
cell contact. Mechanisms that can transmit those signals
then lead to changes in gene expression.

In bacteria, a major signaling pathway is the two-
component signal transduction system (TCS), comprised
of a sensor kinase (SK) and a soluble cytoplasmic response
regulator (RR) (1,2). After an environmental signal is per-
ceived by the sensory domain or a signaling partner of the
SK, phospho-transmission or a phospho-relay results in the
phosphorylation of an aspartic acid residue within the RR.
This, in turn, induces an RR conformational change, which
alters protein–protein and/or protein–DNA properties and
in many cases leads to changes in gene expression. As a
phosphorylated aspartic acid is typically labile (3,4), phos-
phorylation can be lost either passively or by a specific phos-
phatase, returning the RR to an inactive, nonphosphory-
lated state. Substitution of the aspartic acid with an ala-
nine typically results in an inactive, phospho-defective vari-
ant, while a D→E substitution yields a constitutively active,
phospho-mimic protein (5–7).

Vibrio cholerae is a Gram-negative, motile bacterial
pathogen that causes the gastrointestinal disease cholera.
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In areas where cholera is endemic, disease occurrence par-
allels seasonal pattern and climate changes (8), while in re-
gions where cholera is nonendemic, the introduction of the
pathogenic bacteria together with poor sanitation leads to
rapid bacterial dissemination via the fecal–oral route (9).
Despite causing illness in human hosts, V. cholerae is a nat-
ural aquatic inhabitant and must survive in myriad environ-
mental niches, including both tropical and temperate wa-
ters (10–12). With dozens of predicted SKs and putative
RRs (13), V. cholerae employs TCSs as a major tool to sense
and respond to these environmental conditions, helping it to
survive stressors such as changes in temperature and salin-
ity (14).

Regulation of biofilm formation is vital to V. cholerae
since it facilitates survival in the aquatic environment and
transmission to the human host (15). A putative V. cholerae
RR, VpsR, is the master regulator of biofilm formation (16–
21). Of the dozens of RRs in V. cholerae, 11 established or
potential RRs have been shown to also be involved in the
positive or negative regulation of biofilm formation. For ex-
ample, VpsT, LuxO and VxrB have been shown to activate
biofilm formation, while PhoB, VarA, VieA, VarR, VC1348
and VCA0210 repress formation (13,17,18,21–29).

VpsR was originally classified as an enhancer binding
protein (EBP) based on its amino acid homology within
three distinct EBP domains: an N-terminal receiver (REC)
region with a conserved aspartic residue for phosphoryla-
tion; a central ATPase associated with diverse cellular ac-
tivities (AAA+) domain that can interact with the alternate
sigma factor, �54, of RNA polymerase (RNAP); and a C-
terminal helix–turn–helix, DNA-binding domain (30,31).
However, it is now clear that VpsR is an atypical EBP. Both
its REC and AAA+ domains contain substitutions at highly
conserved residues needed for interaction with �54 and for
ATPase activity (32), and VpsR activates transcription by
RNAP containing the primary sigma factor (�70 in Es-
cherichia coli), not �54 (17,21). Furthermore, a recent crys-
tal structure of a truncated VpsR, containing the REC–
AAA+ domains and bound to a nonhydrolyzable ATP ana-
logue, indicates a novel ATP binding pocket that is distinct
from AAA+ binding (33). Interestingly, while both the full-
length and the truncated VpsR exhibit ATPase and GTPase
activity under some conditions (33), we did not detect ATP
hydrolysis under conditions that are used for in vitro tran-
scription (17). Thus, the role of the ATPase is unclear.

Despite these differences from typical EBPs, the VpsR
REC domain retains the highly conserved aspartic acid
residue (D59), suggesting that the protein might be phos-
phorylated (Supplementary Figure S1). This idea has been
bolstered by previous studies, which demonstrated that the
V. cholerae VpsR D59A variant cannot form biofilms, while
the D59E variant produces biofilms at levels similar to or
greater than wild type (WT) (34,35). However, the VpsR
REC–AAA+ structure demonstrates that other residues
needed for transfer of a phosphate or stabilization of a phos-
phorylated aspartate appear to be absent (33).

Besides VpsR, the second messenger cyclic di-guanosine
monophosphate (c-di-GMP) is also needed to regulate
biofilm formation in V. cholerae in response to environmen-
tal signals (16,18,36,37). c-di-GMP, which is generated from
two GTPs by a diguanylate cyclase (DGC), is degraded into

GMP or pGpG by a phosphodiesterase (38). Increasing lev-
els of c-di-GMP drive the transition from a motile plank-
tonic state to a sedentary biofilm lifestyle (39). For some
regulators, it is known that c-di-GMP is needed for RR
dimerization or DNA binding, indicating that c-di-GMP
functions to change the conformational state of the protein
or to improve its affinity for DNA (32,37,40–55).

Using an in vitro transcription system, we have previously
shown that VpsR and c-di-GMP together directly activate
transcription from promoters present within the biofilm
biogenesis/maintenance operons: PvpsL, PvpsU, PrbmF and
PrbmA in the presence of �70-RNAP (17,21). Surprisingly,
at PvpsL, c-di-GMP does not function through stimulation
of VpsR dimerization or by improving DNA binding. In-
stead, the presence of c-di-GMP changes the protein–DNA
contacts within the PvpsL/VpsR/RNAP complex, resulting
in the generation of the transcriptionally active, ‘open’ com-
plex. These results were obtained using a purified VpsR
that had been heterologously produced in E. coli, and tran-
scriptional activation was observed without treatment with
an SK or acetyl phosphate (Ac∼P), a chemical phosphate
donor that is known to phosphorylate some RRs in vitro
and in vivo. Thus, the phosphorylation status of VpsR has
remained unknown, a possible SK responsible for phospho-
rylating VpsR has not been identified and the role of phos-
phorylation, if any, in VpsR transcriptional activation has
not been determined.

Here, we have asked whether VpsR is directly phosphory-
lated and what factors besides c-di-GMP can affect its activ-
ity, using the phospho-mimic variant D59E, the phospho-
defective variant D59A and a purified denatured/renatured
VpsR (VpsRren). We find that in vitro VpsRren preincubated
either with Ac∼P, which is a phosphate (Pi) donor, or with
sodium phosphate or potassium phosphate, which are not
able to phosphorylate VpsR, activates transcription from
PvpsL when concentrations of c-di-GMP are lower. However,
as the concentration of c-di-GMP increases, the need for Pi
diminishes. We also observe that the presence of Ac∼P is
needed for PvpsL activation in vivo when the level of c-di-
GMP is low. Our results argue that the activity of VpsR is
affected by the presence of either Ac∼P or Pi, rather than by
protein phosphorylation, and that either of these molecules
together with c-di-GMP directly modulates the ability of
VpsR to activate biofilm formation.

MATERIALS AND METHODS

DNA

pMLH06 contains the vpsL promoter from −97 to +213
cloned into the EcoRI and HindIII restriction enzyme sites
of pRLG770 (56). pMLH10 contains the vpsL promoter
from −97 to +213 cloned into the SpeI and BamHI re-
striction sites of pBBRlux (22). pBH625, containing the
vpsL-lux fusion, and pMLH17, containing WT vpsR, were
constructed as previously described (17,28,57). pMLH18
and pMLH19 contain vpsR D59A and D59E, respectively,
and were constructed from pMLH17 using QuikChange
(Agilent). Primer sequences are available upon request.
pMLH11 is a pET28b(+) derivative (Novagen) that con-
tains vpsR with an N-terminal his6-tag, cloned as previously
described (17). pMLH14 and pMLH15, which contain the
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vpsR alleles encoding VpsR D59A and VpsR D59E, respec-
tively, were constructed from pMLH11 using QuikChange
(Agilent). pCMW75, which contains an active Vibrio har-
veyi DGC, qrgB, was used for generating high levels of
c-di-GMP in the strains used for the gene reporter as-
says, while pCMW98 encodes qrgB with a mutation in the
catalytic active site of the enzyme to function as a nega-
tive control (36). Fragments containing PvpsL used for elec-
trophoretic mobility shift assays (EMSAs) and DNase I
footprinting were obtained as PCR products as previously
described (17), using primers that annealed from positions
−97 to +113 relative to the transcription start site (TSS)
of vpsL.

Strains and growth conditions

Escherichia coli ElectroMAX DH10B (Invitrogen) and E.
coli DH5� (New England Biolabs) were used for cloning,
and BL21 (DE3) (58) and Rosetta2 (DE3)/pLysS (New
England Biolabs) were used for protein synthesis. The V.
cholerae strains CW2034 (�vpsL), WN310 (�vpsL �vpsR),
BP52 (�vpsR), NK001 (vpsR D59A), NK002 (vpsR D59E)
and NK007 (�ackA1/2 �pta) were derived from the El Tor
biotype strain C6707str2 (59). Strains carrying mutations in
vpsR were constructed using the pKAS32 suicide vector as
described previously (60).

For the lux fusion assays, strains were grown in Luria–
Bertani broth (1% tryptone, 0.5% yeast extract, 1% NaCl
at pH 7.5) with kanamycin (50 �g/ml), chloramphenicol
(5 �g/ml), 1 mM isopropyl �-D-1-thiogalactopyranoside
(IPTG, final concentration) or 0.2% arabinose as needed. In
Figure 1, overnight strains of E. coli containing the vpsL-
lux reporter, the IPTG-inducible QrgB or QrgB* expres-
sion vector, and an arabinose-inducible expression vector
for WT VpsR, VpsR D59A or VpsR D59E were diluted
1:100 in 150 �l in a solid white 96-well plate (36). Lumines-
cence was measured after 12 h of incubation at 35◦C with
shaking. In Figure 7, overnight strains of V. cholerae strains
WT or ΔackA1/2 Δpta encoding the QrgB or QrgB* expres-
sion vector and the vpsL-lux reporter were diluted 1:100 in
150 �l in a solid white 96-well plate. Luminescence was mea-
sured after 7.5 h of incubation at 35◦C with shaking. In Fig-
ure 10, cultures of V. cholerae �vpsL (strain CW2034) en-
coding the vpsL-lux reporter and pEVS141 (vector control)
or the QrgB expression plasmid were grown with shaking
at 35◦C to an OD600 of 1.0. Four hundred microliters of
this culture was pelleted in a microcentrifuge and washed
with 500 �l of phosphate-free MOPS minimal media sup-
plemented with 0.5% glycerol and 25 mM L-asparagine, L-
arginine, L-glutamate and L-serine and trace metals with-
out trinitriloacetic acid as previously described (61). The
washed cultures were resuspended in MOPS minimal me-
dia with the same concentrations of kanamycin, chloram-
phenicol and 0.1 mM IPTG with 0 or 50 �M KH2PO4 as
described (62). One hundred fifty microliters of this culture
were distributed to the wells of a solid white 96-well plate
and incubated without shaking for 3 h at 35◦C before mea-
suring luciferase and OD600. Luminescence was read and
measured on an Envision multilabel counter (PerkinElmer)
and reported in relative luminescent units (R.L.U., counts
min-1 mL-1/OD600 unit) as previously described (17). Statis-

tical analysis and replication are reported in the figure leg-
ends.

Proteins

Escherichia coli RNAP core was purchased from Epicen-
ter Technologies and New England Biolabs. Escherichia coli
�70 was purified as previously described (63). WT VpsR,
and the D59A and D59E protein variants (all His6-tagged)
were expressed and purified from Rosetta2 (DE3)/pLysS
(Novagen) containing pMLH11, pMLH14 or pMLH15, re-
spectively, as previously described (17).

VpsRren was expressed and purified as previously de-
scribed for WT VpsR (17) with the following modifications.
After centrifugation of the induced culture at 13 000 × g
for 10 min, the cell pellet was resuspended in 20 ml Binding
Buffer [20 mM Tris–HCl (pH 7.5), 500 mM NaCl, 5 mM
imidazole, 1 mM phenylmethylsulfonyl fluoride], sonicated,
centrifuged at 17 500 × g for 20 min and resuspended again
in Binding Buffer. We estimate from protein gels that this
pellet contains >90% of the VpsR protein; the soluble frac-
tion, which was used to isolate WT VpsR, contains ∼10%
or less. After centrifugation at 17 500 × g for 15 min, the pel-
let was resuspended in 8 ml Binding Buffer containing 6 M
urea (Binding Buffer/6 M urea), rocked gently for 1 h and
centrifuged at 17 500 × g for 15 min. The supernatant was
transferred to a new centrifuge bottle, centrifuged as before
and the supernatant filtered through a 0.8 micron syringe
filter. After pre-equilibration of Ni-NTA His-binding resin
(Qiagen) with Binding Buffer/6 M urea, 2 ml of the super-
natant was mixed with 2 ml of the resin slurry and gently
rocked for at least 1 h, and then loaded into a 10-ml dispos-
able column (Bio-Rad). The resin was washed with 12 ml
Binding Buffer/6 M urea followed by 12 ml Wash Buffer [20
mM Tris–HCl (pH 7.5), 500 mM NaCl, 10 mM imidazole, 6
M urea]. VpsR was eluted twice with 3 ml Elute Buffer [20
mM Tris–HCl (pH 7.5), 500 mM NaCl, 6 M urea, 60 mM
imidazole]. The eluted protein was renatured by sequential
dialysis in the following buffers: 1× Reconstitution Buffer
(RB) [50 mM Tris–HCl (pH 7.5), 1 mM ethylenediaminete-
traacetic acid (EDTA), 0.1% Triton X-100, 20% glycerol, 1
mM DTT] containing 6 M urea, three times; 1

2× RB con-
taining 6 M urea; 1

2× RB containing 3 M urea; 1× RB con-
taining 3 M urea; 1

2× RB containing 3 M urea; 1
2× RB; 1×

RB, three times; and the indicated VpsR Storage Buffer four
times, either Tris/low-salt buffer [20 mM Tris–HCl (pH 7.5),
1 mM EDTA, 10 mM NaCl, 20% glycerol, 0.1 mM DTT]
or Pi/high-salt buffer [20 mM sodium phosphate (pH 7.8),
250 mM NaCl, 20% glycerol, 7 mM �-mercaptoethanol].
Dialyzed protein was stored at −80◦C. Protein concentra-
tions were determined by comparison with known amounts
of RNAP core after SDS-PAGE and gel staining with Col-
loidal Blue (Invitrogen).

For in vitro treatment of VpsR proteins with Ac∼P,
200 mM Ac∼P was prepared by freshly dissolving lithium
potassium acetyl phosphate (Sigma) in 20 mM Tris–Cl
(pH 7.5). Proteins, present in the indicated protein storage
buffer, were then treated at room temperature for 30 min in
the presence of 20 mM Ac∼P and 2 mM Tris–Cl (pH 7.5)
or in the presence of 2 mM Tris–Cl (pH 7.5) as the control.
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Electrophoretic mobility shift assays

Protein–DNA complexes were formed as described previ-
ously (17), in which 5 nM of 32P-labeled DNA was incu-
bated at 37◦C for 10 min with the following, as indicated:
VpsR (final concentration from 0.2 to 2 �M); 0.16 �M re-
constituted RNAP (�:core ratio of 2.5:1); and 50 �M c-
di-GMP at 37◦C for 10 min in 1× transcription buffer [40
mM Tris–acetate (pH 7.9), 150 mM potassium glutamate,
4 mM magnesium acetate, 0.1 mM EDTA (pH 7.0), 0.01
mM DTT, 100 �g/ml BSA]. For VpsR/DNA complexes,
poly[dI-dC] (1 �g) was added and the final binding volume
of 20 �l also contained 14.5 �l of VpsR in the indicated
storage buffer, either Tris/low-salt buffer or Pi/high-salt
buffer. The VpsR–DNA complexes were loaded onto 5%
(w/v), nondenaturing, polyacrylamide gels already running
at 100 V in 1× Tris/borate/EDTA (TBE) buffer and elec-
trophoresed for 1.5 h. VpsR/RNAP/DNA transcription
complexes were challenged by the addition of heparin (500
�g) for 15 s immediately before electrophoresis on 4% (w/v)
nondenaturing, polyacrylamide gels already running at 100
V in 1× TBE buffer. Samples were electrophoresed for 3 h at
380 V/h. After autoradiography, films were scanned using
a Powerlook 2100XL densitometer and amounts quantified
using Quantity One software (Bio-Rad). Kd(app) values were
calculated by determining the VpsR concentration needed
to shift 50% of the free DNA. This was determined from the
loss of free DNA and not from the retarded species.

In vitro transcriptions and primer extensions

When indicated, VpsR or VpsRren was pretreated with 20
mM Ac∼P as described earlier and collected on ice. Tran-
scription reactions were assembled on ice with 0.02 pmol
of supercoiled template, 0–3.0 pmol of VpsR, 0–250 �M
of c-di-GMP (as indicated), reconstituted RNAP (0.2 pmol
of �70 plus 0.05 pmol of core) and 1× transcription buffer
(see earlier) in a total volume of 5 �l. After incubation at
37◦C for 10 min, a solution (1 �l) containing ribodeoxynu-
cleoside triphosphates (1.43 mM ATP, GTP, CTP and 35
�M [�-32P] UTP at ∼5 × 104 dpm/pmol) with or with-
out 500 ng heparin was added to initiate a single or mul-
tiple rounds of transcription, respectively. Reactions were
incubated for 10 min at 37◦C and subsequently collected
on dry ice with the addition of 15 �l formamide load solu-
tion [1 mM EDTA (pH 7), 1% bromophenol blue, 1% xylene
cyanol FF in deionized formamide] or 25 �l of urea load-
ing solution (1× TBE, 7 M urea, 1% bromophenol blue, 1%
xylene cyanol FF). Aliquots were electrophoresed on 4%
(w/v) polyacrylamide and 7 M urea denaturing gels in 0.5×
TBE buffer. After electrophoresis, gels were exposed to X-
ray films, films were scanned and radioactivity was quanti-
fied as described earlier. Primer extensions were performed
as described (17).

DNase I footprinting

Solutions were assembled as described earlier for EMSAs.
DNA (0.04 �M) was incubated with the following as indi-
cated: 1.4 �M VpsR; 50 �M c-di-GMP; and/or 0.16 �M of
reconstituted RNAP (�:core ratio of 2.5:1). After an incu-
bation of 10 min at 37◦C, heparin was added to complexes

with RNAP for 15 s to ensure binding specificity prior to
addition of a 1.5 �l solution containing 0.3 U of DNase I.
No additional competitor was added to complexes contain-
ing VpsR alone and DNA +/− c-di-GMP since these reac-
tions already contained 1 �g of poly(dI-dC). After an addi-
tional 30 s of incubation at 37◦C, samples were immediately
loaded onto 4% (w/v) nondenaturing, polyacrylamide gels
already running at 100 V in 1× TBE buffer. Samples were
electrophoresed for 3 h at 380 V/h. After autoradiography,
the protein/DNA complexes were excised, and the DNA
was extracted. This challenge/gel isolation technique, which
has been used previously in other systems (64), was impor-
tant to ensure that we were observing the footprint of the
stable and specific protein complex of interest rather than
nonspecific or unstable complexes. The extracted DNA was
then electrophoresed on denaturing gels as described (64).

Potassium permanganate footprinting

For potassium permanganate (KMnO4) footprinting, reac-
tions were assembled as described earlier for DNase I foot-
printing (17). Briefly, after addition of 500 ng of heparin to
ensure transcription complex stability, a final concentration
of 2.5 mM KMnO4 was added prior to incubation at 37◦C
for 2.5 min. Reactions were quenched with 5 �l of 14 M �-
mercaptoethanol and further processed as described (64).

Labeling proteins with 32P Ac∼P

High specific activity Ac∼32P was generated as described
(65,66) by incubating [� -32P] ATP (13 �l, 6000 Ci/mmol,
PerkinElmer), acetate kinase (AckA) [Sigma; 3 �l of 1
unit/�l, freshly dissolved in cold 100 mM triethanolamine
(pH 7.6)] and 5× AKP buffer [3.6 �l; 125 mM Tris–Cl (pH
7.6), 300 mM potassium acetate, 50 mM MgCl2] for 30 min
at room temperature. The resulting Ac∼32P was purified by
passage through a 30-kDa cutoff membrane (Amicon Ul-
tra, Millipore). Protein (50 pmol, 4–10 �l) was then treated
for 30 min at room temperature with 2.5 �l of either this
Ac∼32P or a lower specific activity Ac∼32P obtained by
the addition of the nonradioactive 200 mM Ac∼P solution
(described earlier) to give a final concentration of 13 mM
during protein incubation. c-di-GMP was included as indi-
cated. Following incubation, proteins were collected on ice.
Aliquots were mixed with SDS glycine load solution (Bio-
Rad) containing �-mercaptoethanol but were not boiled be-
fore electrophoresis on 12% Tris–glycine SDS gels (Invitro-
gen). After electrophoresis, gels were exposed to X-ray films
and films were scanned as described earlier. When indicated,
aliquots were also used for in vitro transcription reactions.

Mass spectrophotometric analysis of VpsRren

Intact protein mass of each sample was measured on an
X500B Q-TOF (Sciex) mass spectrometer coupled to an
Exion UHPLC. VpsRren solutions were acidified with 1%
formic acid immediately before injection onto an Aeris 3.6
widepore XB-C8 column. Data were analyzed using Ex-
plorer and mass reconstruction was performed in Bio Tool
Kit both within the SCIEX OS software.
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RESULTS

The activities of the VpsR phospho-variants D59A and D59E
suggest that D59 may require phosphorylation for activity

Although VpsR has considerable sequence conservation
with the EBP family of RRs, it lacks both a GAFTGA mo-
tif and the typical DE residues within the Walker B mo-
tif that are signature features of the EBP interaction with
�54 (30). Furthermore, our previous work has indicated
that at the biofilm biogenesis/maintenance promoters PvpsL,
PvpsU, PrbmF and PrbmA, VpsR functions with �70-RNAP
rather than with �54-RNAP (17,21). However, VpsR does
have the typical site of phosphorylation for an EBP, a
highly conserved aspartic acid (residue D59 within VpsR)
located within the N-terminal receiver domain (Supplemen-
tary Figure S1). Several studies have found that the sub-
stitution of a conserved aspartic acid with an alanine (a
phospho-defective mutation) typically renders an RR inac-
tive, while an aspartic to glutamic substitution (a phospho-
mimic mutation) generates a constitutive phenotype (5–7).
This same result has been observed for VpsR in biofilm for-
mation. Both WT VpsR and the D59E variant form robust
biofilms, while biofilm production is poor in the presence of
the D59A variant (34,35). These results have suggested that
D59 might be phosphorylated even though no cognate SK
for VpsR has been identified.

To investigate whether VpsR phosphorylation might be
involved in transcription activation at PvpsL, we compared
the activities of WT VpsR, VpsR D59A and VpsR D59E
in transcriptional lux fusion assays in E. coli and in in vitro
transcription assays. We found that expression of a D59A
vpsR mutation from a plasmid in E. coli significantly im-
pairs activation of PvpsL in response to increased c-di-GMP
driven by IPTG induction of the V. harveyi DGC QrgB,
which generates physiological levels of c-di-GMP (67) (Fig-
ure 1A). Alternatively, the vpsR D59E mutant displayed ele-
vated transcription compared to WT from PvpsL in vivo both
in the presence and in the absence of c-di-GMP, but impor-
tantly it remained responsive to c-di-GMP (Figure 1A). For
the in vitro work, we purified the phospho-variants using the
same procedure used for WT VpsR. Similarly, in vitro tran-
scription of PvpsL was reduced by VpsR D59A, but not by
VpsR D59E (Figure 1B and C). Previously, we determined
the TSS for WT VpsR in vivo and in vitro (17). We confirmed
that the start sites for the in vitro and in vivo RNA produced
in the presence of VpsR D59E are identical (Supplementary
Figure S2A and B, respectively).

Purification of a VpsR that becomes active in transcription
after pretreatment with Ac∼P

The results with the phospho-variants were consistent with
the idea that phosphorylation of VpsR D59 is needed for
activity. However, other findings were confounding. In our
previous in vitro studies (17,21) and the experiments de-
scribed so far, we used purified VpsR (referred to here as
WT VpsR) that was heterologously produced in E. coli from
a plasmid construct. Consequently, no V. cholerae SK was
present to phosphorylate WT VpsR during its production.
Thus, if VpsR were phosphorylated, this would have had to
occur through crosstalk with an E. coli SK or from Ac∼P

present in the cell. However, in either case, we would have
expected that D59 would lose this phosphorylation dur-
ing purification since a phosphorylated aspartic acid is typ-
ically labile (3,4). With other purified RRs, pretreatment
with Ac∼P in vitro is a common method to ensure phos-
phorylation of the RR after purification (68). However, our
purified WT VpsR was active in the absence of Ac∼P, and
pretreatment with Ac∼P did not increase the level of tran-
scription (Figure 2A). In addition, treatment with Ac∼P
did not change the migration of WT VpsR in Phos-tag
gels (data not shown), a technique routinely used to assay
RR phosphorylation (64,69–73). Taken together, these re-
sults seemed inconsistent with the activities of the phospho-
variants.

We hypothesized that if WT VpsR was phosphorylated,
the phosphorylation might be stabilized by a particular pro-
tein conformation or protein pocket, as was described for
the response regulator DrrA of Thermotoga maritima (74).
If so, denaturation/renaturation of WT VpsR might result
in a dephosphorylated protein. Previous VpsR purification
methods (17,37,55), including ours, have involved purify-
ing the protein from the soluble lysate even though most of
the VpsR protein remains within an insoluble pellet. Con-
sequently, we purified VpsR from the insoluble pellet by de-
naturation in buffer containing 6 M urea and then slowly re-
natured the protein, resulting in the protein referred to here
as VpsRren. As will become relevant, it should be noted that
the final storage buffer for VpsRren (Tris/low-salt buffer)
differed from that for WT VpsR and the phospho-variants
(Pi/high-salt buffer) (see the ‘Materials and Methods’ sec-
tion for details).

Unlike WT VpsR, VpsRren required a pretreatment with
Ac∼P for significant activity when c-di-GMP concentra-
tions were lower (25 �M) (Figure 2B, lane 8 versus lane
11). The level of activation achieved with Ac∼P pretreat-
ment (lane 11) was similar to what we had observed us-
ing WT VpsR either with or without Ac∼P (17). However,
when the c-di-GMP concentration was increased 10-fold (to
250 �M), VpsRren induced transcription of vpsL in vitro
to high amounts with or without Ac∼P (Figure 2B, lane
9 versus lane 12). Thus, denaturation/renaturation to gen-
erate VpsRren now resulted in a protein that requires treat-
ment with Ac∼P for high activity when c-di-GMP levels are
lower.

WT VpsR, VpsR D59E and VpsRren pretreated with Ac∼P
form similar open complexes with RNAP

Given that VpsRren underwent a denaturation procedure
and that both VpsRren in the absence of Ac∼P and the
phospho-defective VpsR D59A were impaired in transcrip-
tion, we characterized VpsRren and the phospho-variants
further and compared their activities to those of the previ-
ously purified WT VpsR. To determine DNA-binding ac-
tivity, we performed EMSAs using 32P-labeled PvpsL DNA
(Figure 3). As observed before with WT VpsR (17), we ob-
served multiple retarded species. Consequently, Kd(app) val-
ues were determined from the loss of free DNA rather than
from the shifted DNA bands. WT VpsR, D59A and D59E
all demonstrated similar binding affinity in the presence or
absence of c-di-GMP (averages between 1 and 2 �M), in-
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Figure 1. Mutation of VpsR residue D59 to an alanine impairs VpsR activity at PvpsL in vivo and in vitro. (A) Expression of PvpsL-lux was determined
in E. coli containing WT vpsR, vpsR D59A or vpsR D59E expressed from an arabinose-inducible promoter on a plasmid under unaltered or high c-di-
GMP conditions via IPTG induction of QrgB* (white bars) or QrgB (black bars), respectively. Error bars indicate standard deviation of three independent
cultures and significance was determined using a two-way ANOVA with a Šı́dák correction (ns, not significant; **P < 0.01). (B) Gel showing single round
of in vitro transcription from the plasmid template PvpsL with E. coli �70-RNAP and WT VpsR, VpsR D59A or VpsR D59E with or without 12.5 �M
c-di-GMP. (C) Quantification of values in panel (B) with standard deviations relative to transcription by RNAP alone (lane 1) is shown. Values are as
follows: lane 2: 1.09, 0.59; lane 3: 0.76, 0.75, 1.17; lane 4: 5.72, 5.81, 4.35; lane 5: 1.66, 1.46, 1.02; lane 6: 7.92, 4.24, 5.81, 5.77 (one-tailed t-test for two
independent means for lanes 4–6 relative to lane 3: ns, not significant; **P < 0.01).

Figure 2. Effect of Ac∼P on WT VpsR (A) and VpsRren (B) in activated transcription from PvpsL. Multiple (A) or single (B) rounds of in vitro transcriptions
with the plasmid template PvpsL, E. coli �70-RNAP, WT VpsR or VpsRren pretreated with Ac∼P (or control buffer), and c-di-GMP as indicated. For the
graph in panel (A), values and standard deviations represent the average of three or more experiments and values for lanes 2–5 are relative to lane 1
(transcription in the absence of WT VpsR, Ac∼P and c-di-GMP). For lanes 2–5, the values are as follows: lane 2, 0.98, 1.28, 1.04, 0.84; lane 3: 3.07, 3.84,
2.92, 3.02; lane 4: 1.11, 1.22, 0.94, 0.85; lane 5: 1.85, 3.67, 2.87, 2.78. Results of one-tailed t-test for two independent means are shown for lanes 3–5 relative
to lane 2 (ns, not significant; **P < 0.01). For the graph in panel (B), values in lanes 1–6 represent the average of two experiments; values and standard
deviations in lanes 7–12 represent averages of four or more experiments. For lanes 2–6, values are relative to lane 1 (transcription in the absence of VpsRren,
Ac∼P and c-di-GMP); for lanes 8–12, values are relative to lane 7 (transcription in the absence of Ac∼P and c-di-GMP). Values are as follows: lane 8: 2.6,
1.6, 2.2, 1.6, 3.5; lane 9: 7.8, 10, 6.4, 9.6, 8.1; lane 10: 1.1, 1.0, 1.0, 0.90, 1.3; lane 11: 3.6, 6.3, 5.5, 10, 9.1; lane 12: 6.0, 8.0, 8.4, 8.4, 11. Results of one-tailed
t-test for two independent means are shown for lane 8 relative to lane 11 (**P < 0.01).

dicating that neither the D59A or D59E mutation nor the
presence of c-di-GMP significantly affected DNA-binding
activity relative to WT VpsR (Figure 3A–C). In addition,
the DNase I footprints obtained with any of these proteins
and PvpsL DNA were similar in the presence or absence of
c-di-GMP (Figure 4A and B, lanes 2–7), suggesting that the
protein–DNA contacts were also similar.

The binding affinity of VpsRren for the DNA was also un-
changed with/without c-di-GMP or with/without pretreat-
ment with Ac∼P (Figure 3D and E). These results indicated
that the presence of c-di-GMP or Ac∼P did not significantly

affect the DNA binding affinity of VpsRren. While in this
analysis the estimated Kd(app) for VpsRren (Figure 3D and E)
was ∼10-fold higher than that of WT VpsR (Figure 3A), we
attribute this difference to the different buffer conditions
present in these binding analyses. WT VpsR and VpsRren

were present in different buffers and >70% of the buffer in
the EMSA was from the protein itself. Consequently, the de-
termined Kd(app) values for WT VpsR and VpsRren are not
comparable.

To determine whether the transcription complexes
formed with the various VpsR proteins differed from those
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Figure 3. DNA binding to PvpsL measured by EMSAs. Representative gels showing the retardation of the 32P-labeled DNA harboring −97 to +113 of PvpsL
with increasing amounts of the indicated VpsR (concentrations of 0, 0.2, 0.4, 0.8 and 2 �M) either in the absence or in the presence of 50 �M c-di-GMP,
as indicated. Black arrows indicate retarded complexes, while gray arrow indicates free DNA. Apparent DNA-binding dissociation constants (Kd(app)),
determined from at least three replicate EMSAs, were calculated as the concentration of VpsR needed for the loss of 50% of the free DNA. WT VpsR
and the variants (A–C) were present in Pi/high-salt buffer, while VpsRren (D and E) was present in the Tris/low-salt buffer. Consequently, the determined
Kd(app) values determined in panels (A–C) are not comparable to those obtained in panels (D) and (E).

Figure 4. DNase I footprinting of PvpsL complexes containing WT VpsR, VpsR D59A and VpsR D59E on nontemplate (A) or template (B) DNA. GA
corresponds to G + A ladder. VpsR, c-di-GMP and RNAP are present as indicated. To the right of each gel image, a schematic indicates the −10 and −35
regions and the +1 TSS. The VpsR binding site is indicated as a dashed line. DNase I protection regions and hypersensitivity sites seen with the activated
complex of RNAP, VpsR, c-di-GMP and DNA are depicted as black rectangles and horizontal arrows, respectively. In each panel, images are from the
same gel; the white line indicates where intervening lanes were removed.
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Figure 5. KMnO4 footprinting to determine the transcription bubble in transcription complexes made with WT VpsR, VpsR D59A, VpsR D59E and
VpsRren. (A) Reactive thymines within the transcription bubble are observed at positions −6 and −7 on nontemplate DNA. (B, C) Reactive thymines within
the transcription bubble (indicated by vertical line) are observed at positions −11, −4, −3, −2, −1, +1 and +2 on template DNA. RNAP, c-di-GMP, VpsR,
Ac∼P and KMnO4 were present as indicated. GA corresponds to G + A ladder. In each panel, images are from the same gel; the white line indicates where
intervening lanes were removed.

characterized with WT VpsR, we first used KMnO4 foot-
prints, which identify single-stranded thymines within the
open transcription bubble surrounding the TSS (75–77).
These analyses indicated that in the presence of c-di-GMP,
RNAP generates similar open transcription bubbles in three
cases: WT VpsR in the absence of Ac∼P (Figure 5A and
B, lane 2) (17), VpsR D59E in the absence of Ac∼P (Fig-
ure 5A and B, lane 6) and VpsRren pretreated with Ac∼P
(Figure 5C, lane 6). As expected from the transcription re-
sults, VpsRren without Ac∼P pretreatment (Figure 5C, lane
4) and VpsR D59A (Figure 5A and B, lane 4) are impaired
in open complex formation with RNAP.

We performed DNase I footprints with VpsRren either
with or without pretreatment with Ac∼P and +/− c-di-
GMP or with the phospho-variants VpsR D59E and D59A
+/− c-di-GMP to observe whether there were differences
among the protein–DNA contacts with these various pro-
teins. We had previously reported the DNase I footprints
of RNAP alone, RNAP/c-di-GMP, RNAP/WT VpsR and
RNAP/c-di-GMP/WT VpsR at PvpsL (17). We repeated
these footprints to compare with the complexes formed with
the phospho-variants or formed with VpsRren pretreated
with or without Ac∼P. As observed before (17), DNase
I footprints at PvpsL obtained with the basal transcription
complexes formed with RNAP alone (Figure 4A and B, lane
9; Figure 6A and B, lane 2), RNAP/c-di-GMP (Figure 4A
and B, lane 10) or RNAP/WT VpsR (Figure 4A and B, lane
11) were similar and consistent with the formation of a weak
transcription complex. Likewise, when using VpsRren pre-
treated without Ac∼P (Figure 6A and B, lanes 3 and 4),
VpsRren pretreated with Ac∼P but lacking c-di-GMP (Fig-
ure 6A and B, lane 5) or D59A in the presence c-di-GMP
(Figure 4A and B, lane 13), we also only observed evidence
of a weak complex when assayed by DNase I footprinting.

In contrast, as we have reported previously (17), the
complex of RNAP/WT VpsR/c-di-GMP at PvpsL gener-

ated clear footprints, consistent with a transcriptionally
open complex, in which the DNA is protected from −58
to +30 (Figure 4A and B, lane 12; Figure 6A and B, lane
7). This footprint includes both the RNAP contacts and
the VpsR binding site from −31 to −52 on the nontem-
plate strand and from −34 to −53 on the template strand.
A distinct feature of the transcription complex is an alter-
ation in the protein–DNA pattern at the VpsR binding site
(17). In this regard, notice the increased protection of posi-
tions −34, −35 and −38 on the nontemplate strand seen in
the presence of c-di-GMP and RNAP (Figure 4A, lane 12;
Figure 6A, lane 7), but not with VpsR alone (Figure 4A,
lane 5).

Similar protection patterns were also observed for the c-
di-GMP activated complexes using either VpsR D59E (Fig-
ure 4A and B, lane 14) or VpsRren that had been pretreated
with Ac∼P (Figure 6A and B, lane 6). These results to-
gether with the transcription and EMSA results indicated
that VpsR D59E and VpsRren pretreated with Ac∼P are
fully functional proteins whose c-di-GMP-dependent tran-
scription complexes are similar to those formed with WT
VpsR. However, unexpectedly, in the absence of Ac∼P, the
DNA/VpsRren/RNAP/c-di-GMP complex did yield en-
hanced cleavages at positions −54 and −53 on the nontem-
plate strand (Figure 6A and B, lane 4) that were also seen
with the activated complexes. The reason for these specific
cleavages is currently not clear.

The presence of Ac∼P stimulates VpsR activation in vivo

To investigate whether the results observed with VpsRrenin
vitro were physiologically relevant, we quantified expression
from PvpsL using a luciferase reporter assay in V. cholerae
strains that have different concentrations of Ac∼P and c-
di-GMP. We modulated the level of Ac∼P by using strains
with mutations in the phosphotransacetylase (Pta)–AckA
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Figure 6. DNase I footprinting of PvpsL transcription complexes containing WT VpsR or VpsRren on nontemplate (A) or template (B) DNA. GA corre-
sponds to G + A ladder. Reactions contained VpsR WT, VpsRren or VpsRren pretreated with Ac∼P, 50 �M c-di-GMP and/or RNAP as indicated. To the
right of each gel image, a schematic indicates the −10 and −35 regions and the +1 TSS. The VpsR binding site is indicated as a dashed black line. DNase I
protection regions and hypersensitive sites seen with the activated complex containing RNAP, DNA, c-di-GMP, and either VpsRren pretreated with Ac∼P
or WT VpsR are depicted as rectangles and horizontal arrows, respectively.

Figure 7. Pathway for the biosynthesis of Ac∼P and vpsL-lux gene reporter assays in V. cholerae WT and �ackA1/2 �pta. (A) Ac∼P is generated by
the enzyme Pta and is degraded by the two enzymes AckA1 and AckA2 in V. cholerae. (B) Expression from pBH625 (vpsL-lux) is shown for either V.
cholerae WT (black) or ΔackA1/2 Δpta (gray) containing pBH625 (vpsL-lux) and with overexpression of either the DGC QrgB or QrgB* to generate high
or unaltered intracellular c-di-GMP, respectively. Error bars indicate standard deviation of six independent cultures and significance was determined using
a multiple unpaired t-test with a two-stage Benjamini, Krieger and Yekutieli correction (**P < 0.01).

pathway (Figure 7A), in which Pta converts acetyl-CoA and
Pi to Ac∼P and CoA while AckA converts Ac∼P to ac-
etate, generating ATP from ADP in the process. However,
the AckA reaction is reversible, generating Ac∼P from ac-
etate. Thus, in the absence of both Pta and AckA, very little
Ac∼P is present (78,79). However, unlike E. coli, V. cholerae
contains two ackA genes. One gene, ackA1, is in an operon

together with pta, while the second ackA gene, ackA2, is
present on the second chromosome. Previous studies have
shown that the two ackA genes encode functionally redun-
dant proteins; thus, both proteins must be deleted to probe
the role of Ac∼P (80,81).

To investigate whether the level of Ac∼P in vivo affects
transcription from PvpsL, we performed transcriptional lux
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fusion assays in WT V. cholerae and �ackA1/2 �pta strains
(Figure 7B). We found that under normal c-di-GMP con-
centrations, vpsL-lux activity was induced 9.75-fold in the
WT versus the �ackA1/2 �pta strain, implicating Ac∼P in
the generation of active VpsR at PvpsL in vivo (Figure 7B,
QrgB*). However, in the increased c-di-GMP state gener-
ated by QrgB induction, which generates intracellular c-di-
GMP concentrations that are still physiologically relevant
(67), the difference in vpsL-lux expression in the WT versus
�ackA1/2 �pta strain was only 2.5-fold (Figure 7B, QrgB).
This finding was consistent with our in vitro transcriptions
showing that the presence of Ac∼P significantly enhances
VpsR activation of PvpsL when levels of c-di-GMP are lower
and suggested that our studies with the VpsRren protein re-
capitulated a process observed in vivo. However, we cannot
eliminate the possibility that a low level of phosphorylated
VpsR is present in vivo in the absence of Ac∼P.

Given the results with VpsRren and the phospho-variants,
we considered the possibility that pretreatment with Ac∼P
phosphorylates VpsRren, perhaps at residue D59. In this
scenario, our WT VpsR did not need pretreatment with
Ac∼P in vitro because WT VpsR was phosphorylated by
Ac∼P in vivo and this phosphorylation was maintained dur-
ing the original purification process. However, phosphory-
lation of VpsR was lost in the denaturation/renaturation
procedure used for VpsRren, making pretreatment with
Ac∼P in vitro a necessary step before VpsR could sig-
nificantly stimulate transcription when c-di-GMP was
low.

To test this hypothesis, we asked whether VpsRren could
be labeled with 32P after treatment with Ac∼32P. As a con-
trol we used the B. pertussis RR BvgA, which is known to
be phosphorylated by Ac∼P at an aspartic residue (70). We
first used a low concentration (0.41 �M) of Ac∼32P with a
high specific activity (1.7 × 107 dpm/pmol) and conditions
that had been reported previously for observing phospho-
rylation of the Borrelia burgdorferi RR Rrp2 (65). Labeling
of the 23 kDa BvgA was observed under these conditions
(Figure 8A, lanes 1 and 4), but no labeling of VpsRren was
detected without (lane 2) or with (lane 3) the addition of
50 �M c-di-GMP. We then used a much higher concentra-
tion of Ac∼32P (13.3 mM at 400 dpm/pmol) and conditions
that we had used previously to pretreat VpsRren with Ac∼P
before transcription. As before, labeling of BvgA was de-
tected (Figure 8A, lane 7). However, again no labeling of
VpsRren was observed in the absence or presence of 50 �M
c-di-GMP (Figure 8A, lanes 5 and 6, respectively).

To confirm that VpsRren was activated by the above treat-
ment with Ac∼32P even though we could not detect phos-
phorylation, aliquots from the reactions in Figure 8A, lanes
5 and 6, were used directly for in vitro transcription reac-
tions. As seen in Figure 8B, VpsRren in these aliquots be-
haved as expected. Lack of c-di-GMP resulted in basal tran-
scription (lane 1 versus normal condition in lane 5). How-
ever, when 25 �M c-di-GMP was present in the transcrip-
tion reaction, a high level of activated transcription was ob-
served whether VpsR had been pretreated with the Ac∼32P
(the aliquot from Figure 8A, lane 5) or had been pretreated
with unlabeled Ac∼P (compare lanes 2 and 9). Pretreatment
with Ac∼32P in the presence of 25 �M c-di-GMP (result-
ing in a final transcription concentration of 5.6 �M c-di-

Figure 8. Incubation of VpsRren with Ac∼32P does not label the protein
even though it is active in transcription. (A) SDS protein gels (one of two
experiments) showing the products after treatment of BvgA or VpsRren

with Ac∼32P (high specific activity: 0.41 �M at ∼1.7 × 107 dpm/pmol,
lanes 1–4; low specific activity: 13.3 mM at ∼400 dpm/pmol, lanes 5–7)
and, as indicated, 50 �M c-di-GMP. The positions of standard proteins
of 25 and 75 kDa and of BvgA (23 kDa) are indicated. No labeling of
VpsRren is detected, but the expected position of the protein is indicated.
(B) Representative gel (of four experiments) showing the products of in
vitro transcription reactions obtained using plasmid template PvpsL, RNAP
and VpsRren pretreated with Ac∼32P (13.3 mM at ∼400 dpm/pmol, lanes
1–4), VpsRren without Ac∼P (lanes 5–7) or VpsRren pretreated with 20
mM unlabeled Ac∼P (+, lanes 8–10), and the indicated concentration of
c-di-GMP in the transcription reaction. The same VpsRren shown in (A)
lane 5 was used for (B) lanes 1 and 2; the same VpsRren shown in (A) lane
6 was used for (B) lanes 3 and 4. The transcription experiment in panel (B)
was performed twice, with repeats of the transcription reactions in lanes
1–4 done a total of four times; lanes 5–10 were done in duplicate. For lanes
2–4, values are relative to lane 1; for lanes 6–10, values are relative to lane 5.
Values are as follows: lane 2: 9.56, 5.08, 8.67, 4.27; lane 3: 7.53, 5.62, 5.81,
2.36; lane 4: 10.3, 9.20, 13.9, 8.83; lane 6: 3.08,1.92; lane 7: 7.65, 5.99; lane
8: 1.55, 0.93; lane 9: 8.90, 7.80; lane 10: 15.0, 9.74. Results of one-tailed
t-test for two independent means are shown for lane 2 relative to lane 6
(*P < 0.05).

GMP, lane 3) or pretreatment with Ac∼32P in the presence
of 25 �M c-di-GMP followed by the addition of 25 �M c-
di-GMP in the transcription reaction (resulting in a final c-
di-GMP concentration of 31 �M, lane 4) also yielded an en-
hanced level of transcription as that seen under our normal
transcription condition (lane 9). Taken together, these ex-
periments indicate that VpsRren is activated by pretreatment
with Ac∼P, but it is not phosphorylated.

Ac∼P does not acetylate VpsRren in vitro

In addition to phosphorylation, Ac∼P is also capable of
transferring an acetyl group to a protein (82,83). Protein
acetylation by Ac∼P has been documented by mass spec-
trometry analysis, which reveals an increase of 42 Da for
each acetyl moiety (84).

We applied this analysis to VpsRren, which had been
stored in the Tris/low-salt buffer and treated with no Ac∼P,
with Ac∼P alone or with Ac∼P in the presence of c-di-
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GMP, or to VpsRren, which been stored in the Pi/high-salt
buffer previously used for WT VpsR. In each case, the same
molecular weight (50 649 Da) was observed (Supplemen-
tary Figure S3), indicating that there are no detectable moi-
eties added to any of these proteins. This weight is lower
than that calculated for His-tagged VpsR (50 806 Da) but
is consistent with cleavage of the N-terminal Met and Gly
and oxidation of two Met sidechains, which can be an ar-
tifact of protein handling. Thus, we conclude that none
of these proteins are acetylated. Furthermore, this analysis
eliminated the remote possibility that our inability to de-
tect phosphorylation of VpsRren by Ac∼32P was because
the protein was already stably phosphorylated, even after
denaturation/renaturation.

The presence of Pi rather than phosphorylation stimulates
VpsR activation

The inability to detect phosphorylation or acetylation of
VpsRren after treatment with Ac∼P suggested that Ac∼P
stimulation of VpsRrenin vitro (Figure 2B) and VpsR in vivo
(Figure 7B) arises without direct phosphorylation or acety-
lation. Consequently, we considered other ways that Ac∼P
might stimulate VpsRren activity.

As noted previously, a major difference between VpsRren

and WT VpsR was their storage buffers: WT VpsR was
stored in a Pi/high-salt storage buffer (containing 20 mM
sodium phosphate, pH 7.8; 250 mM NaCl), while VpsRren

was stored in a Tris/low-salt buffer (containing 20 mM Tris,
pH 7.5; 10 mM NaCl). Although the added transcription
buffer (containing 40 mM Tris–acetate, pH 7.9, and 150
mM potassium glutamate) comprised the bulk of salt and
buffer in the transcription reaction, we considered the pos-
sibility that the sodium phosphate present in the WT VpsR
storage buffer was stimulatory, eliminating the need to pre-
treat WT VpsR with Ac∼P.

To explore this idea, we investigated how pretreatment
of VpsRren with 20 mM sodium phosphate affected tran-
scription compared to pretreatment with 20 mM Ac∼P. We
found that the presence of either form of phosphate, Ac∼P
or Pi, stimulated VpsRren similarly at low c-di-GMP con-
centrations (Figure 9). Importantly, high phosphate alone
was unable to induce transcription, showing that c-di-GMP
is required for VpsR to activate RNAP. As another test,
we repurified VpsRren using the denaturation/renaturation
procedure, but this time we stored the protein in the Pi/high-
salt storage buffer. The protein was now similarly active
in the presence of 25 �M c-di-GMP with or without pre-
treatment with Ac∼P (Supplementary Figure S4). Finally,
we eliminated the possibility that Na+ ion, rather than Pi,
was the stimulatory agent by comparing the activation of
VpsRren after pretreatment with either 20 mM NaCl versus
20 mM sodium phosphate or 20 mM KCl versus 20 mM
potassium phosphate (Supplementary Figure S5). In this
case, pretreatment with either sodium phosphate or potas-
sium phosphate was stimulatory, while pretreatment with
20 mM NaCl or KCl was not. Since neither sodium phos-
phate nor potassium phosphate is a phosphate donor, we
conclude that the presence of Pi, rather than phosphory-
lation, is sufficient to stimulate VpsRren activity. This sug-
gests that Ac∼P functions simply through the presence of

the phosphate rather than by its ability to donate the phos-
phate to VpsR.

To test whether phosphate enhances vpsL expression at
low c-di-GMP concentrations in vivo, we assessed the ex-
pression of the vpsL-lux transcriptional fusion in a �vpsL
V. cholerae strain in MOPS minimal media supplemented
with low and high Pi as previously described (62). vpsL-lux
was assessed at unaltered concentrations of c-di-GMP (i.e.
the vector control) or a strain with elevated c-di-GMP gen-
erated by overexpressing the DGC QrgB from a plasmid.
Based on our in vitro results demonstrating that phosphate
enhances vpsL expression at low c-di-GMP, we predicted
that the fold induction of vpsL expression at these two c-
di-GMP conditions would decrease with increasing phos-
phate. Indeed, we observed that at low Pi, vpsL was induced
12-fold by increasing c-di-GMP, while only a 1.2-fold induc-
tion was observed at high phosphate concentrations (Figure
10). At high c-di-GMP, vpsL-lux expression decreased from
low to high Pi for unknown reasons, but we attribute this
difference to the many regulatory factors that impact vspL
expression (13,17,18,21–29). Importantly, vpsL-lux expres-
sion increased from low to high phosphate, supporting our
in vitro results that demonstrate phosphate enhances VpsR
activation of vpsL at lower concentrations of c-di-GMP.

DISCUSSION

Bacteria need to quickly adapt to a variety of different envi-
ronments, and TCSs represent a widespread mechanism for
this adaptation. However, despite the extensive biochemical
characterizations and identifications of hundreds of TCSs,
research undercovering how regulators sense signals and
then work to activate transcription is still emerging.

In the case of the V. cholerae EBP-like activator and pu-
tative RR VpsR, it is well established that the level of c-
di-GMP provides a crucial signal in the decision to form
biofilm. However, it has been unclear whether other signals
feed into this decision and particularly whether phosphory-
lation is involved. VpsR contains a predicted site for phos-
phorylation, a highly conserved aspartic acid D59 (Sup-
plementary Figure S1). This conserved site is known to be
phosphorylated in EBPs that are similar to VpsR. Further-
more, biofilm formation by V. cholerae, which is activated
by VpsR, is impaired by the phospho-defective substitution
D59A, but is similar to WT with the phospho-mimic D59E
(34,35). These results have strongly suggested that phospho-
rylation of D59 is needed for VpsR activity and biofilm bio-
genesis. However, the recent crystal structure of truncated
VpsR containing the REC–AAA+ domains suggests that
the region surrounding D59 differs from that observed in
other REC domains of EBPs, with an absence of residues
needed to facilitate and stabilize the phosphorylated Asp
(33). In addition, there is no cognate SK upstream of vpsR,
and so this phosphorylation, if present, would have to arise
either through crosstalk from a noncognate SK or from the
phosphate donor Ac∼P, which is present in the cell.

Previously, we established an in vitro transcription sys-
tem and demonstrated that in the presence of c-di-GMP
and �70-RNAP, VpsR directly activates the major promot-
ers of the V. cholerae biofilm biogenesis/maintenance genes
(17,21). The WT VpsR used in this system was purified after
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Figure 9. The presence of either 20 mM Ac∼P (A) or 20 mM NaPO4 (B) in the pretreatment step of VpsRren renders it more active. Graphs (top) show the
fold activation for transcription obtained using the plasmid template PvpsL and VpsRren in the Tris/low-salt storage buffer pretreated, as indicated, in the
absence of Ac∼P or NaPO4 (A, B), in the presence of 20 mM Ac∼P (A) or in the presence of 20 mM sodium phosphate, pH 7.8 (B) versus the indicated
final concentration of c-di-GMP present during transcription. Graphs show all the values obtained from two experiments. Lines were drawn through the
averages of the points. Underneath are sections of representative gels showing the in vitro transcription products from PvspL and from the control promoter
on the plasmid for RNAI.

Figure 10. Phosphate enhances vpsL expression in vivo at lower concen-
trations of c-di-GMP. The vpsL-lux transcriptional fusion was measured
after 3 h of incubation in MOPS + NRES minimal media supplemented
with 0 or 50 �M added PO4 (black bars, unaltered c-di-GMP, vector; gray
bars, high c-di-GMP, QrgB). The mean and standard deviation of three in-
dependent replicates are plotted, and all comparisons exhibit a statistically
significant difference with P < 0.01 using a two-way ANOVA followed by
a Šı́dák correction.

production in E. coli from a plasmid-encoded vpsR, and we
demonstrated that it is transcriptionally active in vitro with-
out the presence of a kinase or pretreatment with Ac∼P,
despite the usual lability of a phosphorylated aspartic acid
residue. Furthermore, the addition of Ac∼P does not in-
crease WT VpsR activity (Figure 2A). These results are un-
usual for a phosphorylated RR. This led us to further in-
vestigate the possibility of VpsR phosphorylation by test-
ing the activities of the phospho-variants D59A and D59E

at PvpsL in vivo and the in vitro properties of these phospho-
variants as well as VpsRren, a VpsR that was purified by a
protocol involving denaturation/renaturation.

Despite the fact that the phospho-mimic D59E is ac-
tive while the phospho-defective D59A mutation seriously
impairs VpsR activity and that under certain conditions
VpsRren needs Ac∼P for full activity in vitro, we show
that VpsR does not require phosphorylation to induce
transcription. Phosphorylation of VpsRren by Ac∼32P is
not detected despite the protein being fully active under
the labeling conditions (Figure 8), and mass spectrome-
try analyses eliminate the possibility that VpsR is acety-
lated or that purified VpsR maintains a stably conju-
gated phosphate (Supplementary Figure S3). Finally, either
sodium phosphate or potassium phosphate, which are not
Pi donors, can fully substitute for the stimulatory effect of
Ac∼P (Figure 9, Supplementary Figure S5). This depen-
dence of VpsRren on Pi does not arise simply because the
denaturation/renaturation process generates an impaired
protein since VpsRren is active when the level of c-di-GMP
is high (Figure 2B).

Importantly, the stimulation of VpsR by phosphate is bi-
ologically relevant. We show that VpsR activation of PvpsL
is dependent on Ac∼P when c-di-GMP levels are low in
vivo (Figure 7), similar to what we observe in vitro. Thus,
VpsR is a unique regulator that senses Pi directly without
needing to be phosphorylated by an SK or by a chemical
Pi donor. Although signaling through phosphorylation is
a well-established mechanism, to our knowledge this is the
first evidence of a putative RR that directly responds to
phosphate.

Our results are consistent with previous studies indicat-
ing that there is a relationship between Pi levels and biofilm
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Figure 11. Model for the action of phosphate (Pi) and the concentration of c-di-GMP (cdG) on activation of PvpsL and biofilm formation. (A) The level
of cdG controls the transition of V. cholerae from the motile to the biofilm lifestyle. Although VpsR dimers bind the DNA in the absence or presence of
cdG, only the VpsR dimers formed in the presence of cdG are transcriptionally active with RNAP at PvpsL. Formation of this complex results in a different
interaction of VpsR with the DNA as observed by the DNase I footprints (indicated by the change of the VpsR dimer conformation). (B) While cdG is
required for active VpsR formation, higher levels of Pi tip the balance toward more active VpsR, which then increases transcription. Thus, the level of Pi
also participates in the decision between the motile and biofilm lifestyles.

formation in V. cholerae. Under limiting Pi conditions, such
as the marine environment, the RR PhoB decreases biofilm
formation by decreasing the expression of VpsR (24). PhoB
belongs to the PhoR/B TCS in which the inner membrane
SK, PhoR, responds to periplasmic orthophosphate and,
after autophosphorylation, transfers a phosphate to PhoB,
which then subsequently activates the Pho regulon. The Pho
regulon includes genes important for bacterial adaptation
and survival in low Pi conditions. Our data suggest that
another level of regulation arises through the direct sens-
ing of Pi levels by VpsR. Furthermore, a pst (phosphate-
specific transport system) mutation decreases biofilm for-
mation and restores motility in V. cholerae (23), further
suggesting a connection between phosphate levels and the
transition between sessile and motile lifestyles. We observed
an increase of vpsL expression from low to high phos-
phate at unaltered concentrations of c-di-GMP, consistent
with these findings (Figure 10). However, at high c-di-GMP
concentrations, vpsL expression decreased with increasing
phosphate via an unknown regulatory mechanism that re-
mains to be elucidated. It is important to note that the lev-
els of c-di-GMP that we are using are biologically relevant.
When grown in rich complex media, intracellular concen-
trations of c-di-GMP range from 10 �M at low cell den-
sity when biofilms are induced to 0.5 �M at high cell den-
sity when biofilms are repressed (36); in other conditions,
the concentration of c-di-GMP can be even higher (85,86).
Finally, it has been shown that the two Pi uptake systems
and PhoB are upregulated within V. cholerae biofilms and
are needed for full infectivity in the infant mouse model
(23,62,87). These previous results and our findings demon-
strate an intricate connection between phosphate and c-di-
GMP to modulate V. cholerae biofilm formation.

Other bacteria also appear to exhibit this phenomenon.
In Pseudomonas aeruginosa, low Pi levels help promote
hyperswarming via rhlR expression by PhoB upregulation
(88), while in P. fluorescens, bacteria grown in a Pi limited

environment lose their ability to form biofilms due to Pho
regulon activation (89). Such regulation could suggest that a
lack of phosphate is a key signal for nutrient depletion, stim-
ulating bacteria to disperse and colonize more nutrient-rich
environments. Whether the influence of Pi in these systems
also involves direct sensing is yet to be determined.

Overall, our results indicate that while VpsR either
alone or in the presence of c-di-GMP binds DNA sim-
ilarly, only an activated VpsR with c-di-GMP generates
the active transcription complex with RNAP at the biofilm
biogenesis/maintenance promoters (17,32) (Figure 11).
However, the presence of Pi increases the level of VpsR ac-
tivation at lower intracellular concentrations of c-di-GMP.
Consequently, the direct sensing of Pi concentration by
VpsR can be a factor in the formation or maintenance of
biofilms, tipping the balance toward either the motile or ses-
sile lifestyle. Because the affinity of VpsRren for the DNA is
similar with or without pretreatment with Ac∼P and +/−
c-di-GMP (Figure 3D and E), it seems unlikely that Pi aids
in the interaction of VpsR alone with the DNA. However,
the VpsR/DNA interaction within the activated transcrip-
tion complex with RNAP and c-di-GMP differs from that
of VpsR alone (Figure 4) (17); consequently, Pi might aid
in the transition to the active transcription complex. Given
that the presence of Pi becomes unnecessary as the concen-
tration of c-di-GMP increases, a simple mechanism could
be that the presence of Pi increases the binding affinity of
VpsR for c-di-GMP. However, our attempts to demonstrate
this directly have been inconclusive, suggesting that a more
complicated mechanism may be at work.

It appears then that even though the VpsR residue D59
is important and can be substituted with a glutamic acid, it
is not phosphorylated. The recently reported VpsR REC–
AAA+ structure predicts that the negatively charged D59
is 3.2 Å from the positively charged arginine R86 (33).
Consequently, it may be that this electrostatic interaction
is needed, perhaps for protein structure or stability, and
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that it can be replaced by a negatively charged glutamic
acid, but not by an alanine. Our work provides a cautionary
tale against assuming that the activities of phospho-variants
and/or the need for Ac∼P under certain conditions auto-
matically represent the presence of a phosphorylated aspar-
tic acid. Further work will be needed to dissect the contri-
bution of this conserved residue.
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