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ABSTRACT: PhoP, the response regulator of the PhoP/
PhoQ system, regulates Mg2+ homeostasis in Salmonella
typhimurium. Dimerization of PhoP on the DNA is necessary
for its regulatory function, and PhoP regulates the expression
of genes in a phosphorylation-dependent manner. Higher
PhoP concentrations, however, can activate PhoP and
substitute for phosphorylation-dependent gene regulation.
Activation of PhoP by phosphorylation is explained by self-
assembly of phosphorylated PhoP (PhoP-p) in solution and
binding of the PhoP-p dimer to the promoter. To understand
the mechanism of PhoP dimerization on the DNA, we
examined the interactions of PhoP with double-stranded
DNAs containing the canonical PhoP box (PB). We present
results from multiple biophysical methods, demonstrating that PhoP is a monomer in solution over a range of concentrations and
binds to PB in a stepwise manner with a second PhoP molecule binding weakly. The affinity for the binding of the first PhoP
molecule to PB is more than ∼17-fold higher than the affinity of the second PhoP monomer for PB. Kinetic analyses of PhoP
binding reveal that the on rate of the second PhoP monomer binding is the rate-limiting step during the formation of the
(PhoP)2−DNA complex. Results show that a moderate increase in PhoP concentration can promote dimerization of PhoP on the
DNA, which otherwise could be achieved by PhoP-p at much lower protein concentrations. Detailed analyses of PhoP−DNA
interactions have revealed the existence of a kinetic barrier that is the key for specificity in the formation of the productive
(PhoP)2−DNA complex.

The PhoP/PhoQ two-component system is important for
the survival and growth of Salmonella typhimurium within

macrophages.1−3 The PhoP/PhoQ system regulates the
expression of multiple genes in response to environmental
signals such as changes in the extracellular concentrations of
Mg2+, antimicrobial peptides, and H+ ions.4−6 PhoQ is a
membrane-bound histidine kinase that responds to activating
signals by autophosphorylation and then transferring the
phosphoryl group to PhoP, thereby altering the DNA binding
properties of PhoP.3,7 PhoQ transfers its phosphoryl group to a
specific aspartate residue, D52, located in the receiver domain
of PhoP.3,8 Phosphorylated PhoP (PhoP-p), termed activated
PhoP, regulates the transcriptional expression of many genes
that control the virulence of this bacterium.9,10 Proteolysis and
mass spectrometry analyses of cleaved fragments of PhoP and
PhoP-p indicate that phosphorylation induced structural changes
within the C-terminal DNA binding domain.11 Although it is
known that phosphorylation-mediated DNA binding properties of
PhoP are primarily responsible for gene regulation, no systematic
study that compares the DNA binding mechanisms of both PhoP
and PhoP-p is available for understanding the effect of
phosphorylation on DNA recognition.
PhoP binds to the canonical PhoP box containing two direct

repeats (DR1 and DR2), (G/T)GTTTA(A/T), separated by 4−6
bp linkers.12,13 Each direct repeat (DR) can bind one monomer,

and binding of PhoP monomers to two adjacent DRs results in the
dimerization of PhoP on the DNA. In response to a stimulus, the
cellular concentration of PhoP-p increases, resulting in the binding
of PhoP-p to PhoP boxes and subsequent activation of the
expression of target genes.14 It is believed that PhoP-p, not PhoP,
can occupy both DRs on the PhoP box and hence regulates the
transcription of genes. However, a number of studies have shown
that unphosphorylated PhoP can also bind to PhoP boxes.12,15,16

Interestingly, phosphorylation-independent gene regulation has
been observed in vivo. A previous study showed that PhoP can
activate its target genes in a phosphorylation-independent manner
but activation occurs only at higher levels of PhoP.17 Therefore, the
DNA binding mechanism of PhoP at higher protein concentrations
should mimic the DNA binding mechanism of PhoP-p. Our
current understanding of the effect of phosphorylation on PhoP−
DNA interaction is limited because of the absence of detailed
mechanistic studies. Experimental evidence suggests that phosphor-
ylation increases the fraction of promoter sites occupied by PhoP,
but a concise mechanism of how phosphorylation influences the
ability of PhoP to occupy promoter sites is not clear.

Received: August 10, 2011
Revised: January 19, 2012
Published: January 24, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 1346 dx.doi.org/10.1021/bi201257d | Biochemistry 2012, 51, 1346−1356

pubs.acs.org/biochemistry


The proposed mechanism for phosphorylation-mediated
gene regulation is one in which phosphorylation promotes
the self-association of PhoP-p in solution to form dimers that
can bind DNA with higher affinity;15,17 however, experimental
evidence of this is lacking. This also does not account for the
fact that PhoP homologues from several systems exist as
monomers in solution.15,18−20 In addition, a simple dimerization
model lacks features of specificity in DNA recognition and does
not provide necessary proofreading steps that are needed to
differentially regulate a large number (∼70) of genes. An
alternative possibility is that phosphorylation alters only the
DNA binding properties of the transcription factor (TF), not the
assembly state of the TF in solution.19,21,22 A recent structural
study revealed that PhoB exhibited alternative dimer formation in
active and inactive states.23 It is possible that phosphorylation may
change protein−protein interactions between two PhoP mono-
mers on the DNA. Protein cross-linking experiments were used to
show that dimerization at high concentrations is the key for the
phosphorylation-independent gene regulation property of PhoP.17

However, these studies do not resolve a concise reaction scheme
for PhoP−DNA interaction. Understanding why unphosphory-
lated PhoP cannot dimerize on the DNA is essentially required to
capture the role of phosphorylation in DNA binding.
In this study, we employed multiple biophysical techniques

to characterize the mechanism for binding of PhoP to its own
promoter DNA. We show that two PhoP monomers sequentially
bind to double-stranded DNA (dsDNA) containing two PhoP
binding sites; the first monomer binds with higher affinity
followed by the weak binding of the second PhoP monomer to
the DNA to form a 2:1 (PhoP)2−DNA complex. Our kinetic
studies show that binding of the second monomer is the rate-
limiting step, and an increase in the concentration of PhoP
promotes the formation of the (PhoP)2−DNA complex. This
study provides a first model of PhoP−DNA interaction showing
that the formation of the transcriptionally active dimeric PhoP−
DNA complex is a multistep process. In addition, we show that
phosphorylation has a favorable effect on the kinetics of PhoP−
DNA interaction by overcoming the rate-limiting step during the
binding of the second monomer.

■ EXPERIMENTAL PROCEDURES
Reagents. All chemicals and reagents were of analytical

grade and were procured from different commercial sources. All
oligonucleotides used in this study were of analytical quality
and obtained from Midland Certified Reagent Co. or Sigma.
Protein Expression and Purification. The PhoP gene was

amplified from S. typhimurium (LT2) using the following
primers: forward, CCGAGCTAGCATGATGCGCGTAC-
TGGTT; reverse, GTAGGAATTCTTAGCGCAATTCAAA-
AAG. The amplified gene product was cut with NheI and
EcoRI and cloned into the pET28a(+) vector, and BL21(DE3)
cells were used as the expression host. Protein expression was
induced by 0.1 mM IPTG, and induction was conducted at
20 °C for 16 h at 220 rpm. Harvested cultures were lysed by
sonication for 30 min, and the soluble fraction containing PhoP
was recovered by centrifugation. The N-terminally His-tagged
protein was purified using Ni-NTA affinity chromatography.
The N-terminal His tag was removed by thrombin cleavage,
passed through a Ni-NTA/benzamidine column, and then
purified by gel-filtration chromatography on a Hiprep 26/60
Sephacryl S-200 column. The purified protein was dialyzed
against buffer A [20 mM Tris buffer (pH 8.0), 20 mM NaCl,
10% glycerol, and 0.1 mM DTT] or against the indicated

buffer. The purified PhoP protein was monitored on a 12%
sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE) gel followed by Coomassie brilliant blue R-250
staining. The purity of the protein was found to be >98%.

Analytical Gel-Filtration Chromatography. Size exclu-
sion chromatography experiments were conducted on an Äkta
Explorer 100 system (Amersham Pharmacia Biotech) using a
Superdex 200 10/300 GL column (GE Healthcare) at 5 °C. The
column was equilibrated with 25 mM Tris (pH 7.5) and 150 mM
NaCl, prior to the run. Elution was conducted at a flow rate of 0.2
mL/min and monitored at 280 nm. Blue dextran 2000 was used to
determine the column void volume, and protein standards [ferritin
(440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin
(43 kDa), carbonic anhydrase (29 kDa), and ribonuclease A
(14 kDa)] were applied to the column and their elution positions
used for estimating the molecular size of PhoP.

Measurement of Protein and DNA Concentrations.
The oligonucleotides (PBI−PBVIII) were synthesized and purified
using denaturing gel and reverse phase high-performance liquid
chromatography (HPLC). Both top and bottom strands were
dissolved in buffer A and dialyzed, and the concentration of each
strand was determined spectrophotometrically using molar
extinction coefficients calculated from their sequence. Molar
extinction coefficients of fluorescein-labeled DNA were calculated
as described previously.24 Both top and bottom strands were mixed
in a 1:1 molar ratio. The mixture was heated at 95 °C for 5 minutes
and then allowed to reanneal at room temperature. Sequences of

oligos used in this study are listed in Table 1. The concentration
of gel-filtration-purified PhoP was determined using the molar
extinction coefficient (ε = 2.14 × 104 M−1) calculated from the
sequence.25 Both protein and DNA were dialyzed versus
respective buffers before the experiments.

Fluorescence Titration Measurements. Fluorescence
experiments were performed using a Varian spectrofluorometer.

Table 1. Synthetic Oligonucleotides Used in This Studya

aDirect repeats (DR1 and DR2) are highlighted with boxes over a set
of nucleotides. Mutated sequences of DRs are underlined.
Abbreviations: Fl-PBI, PBI labeled with fluorescein; Cy3-PBI, PBI
labeled with Cy3; Cy5-PBI, PBI labeled with Cy5.
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Binding experiments were performed in buffer A. The excitation
wavelength and emission wavelength were 292 and 345 nm,
respectively. All experiments were conducted at 23.0 ± 1 °C. Initial
readings of both the protein, Fprotein,0, and buffer, Fbuff,0, were taken,
with F0 = Fprotein,0 − Fbuff,0 defined as the initial fluorescence of the
sample. The contents of the sample cuvette were then titrated with
aliquots of DNA, mixed, and equilibrated for 2 min before being
measured. Data points from five such measurements were averaged
to yield Fobs,i. The fractional fluorescence quenching, Qobs, upon
DNA binding is defined as Qobs,i = (F0 − Fobs,i)/F0. All
measurements were corrected for dilution and inner filter effects.
Binding of PBIII and PBIV to PhoP was analyzed using a single-
site binding model as defined by eq 1.

= +Q Q K D K D/ ( )/(1 )obs max 1,obs 1,obs (1)

where Qmax is maximal quenching upon saturation and K1,obs is the
binding constant. In the binding of PhoP to truncated duplexes
with one direct repeat, DNA (D) is considered as a ligand. The
free ligand concentration is calculated using the relationship
between the total ligand concentration and fractional saturation at
each step during the binding reaction.

= + × +D D P K D K D( )/(1 )T T 1,obs 1,obs (2)

where DT and D represent total and free DNA concentrations,
respectively, and PT is the total protein concentration. A similar
approach is used for calculating free ligand concentrations when
two-site models are used.
Binding of PBI and PBII to PhoP was analyzed using a two-

site binding model as given below.

= +

+ +

Q Q K P Q K K P

K P K K P

( )

/(1 )

obs 1,obs 1,obs 2,obs 1,obs 2,obs
2

1,obs 1,obs 2,obs
2

(3)

where Q1,obs and Q2,obs are the fluorescence quenching
corresponding to DNA-bound PhoP, D and P are free DNA
and protein concentrations, respectively, and K1,obs and K2,obs
are the association constants for PhoP−DNA interaction.
Experimental data were fit to appropriate models, and errors
represent 95% confidence intervals calculated using a nonlinear
least-squares method.
Isothermal Titration Calorimetry. ITC experiments were

performed using a Nano-ITC (TA Instruments). Both PhoP and
dsDNA(s) were dialyzed extensively versus reaction buffer. All
samples and buffer solutions were degassed at room temperature
prior to being used. The cell volume was 1.0 mL, and the syringe
volume was 250 μL. Experiments were conducted by either
titrating DNA (15−40 μM) (in the syringe) into PhoP (1−4 μM)
(in the cell) or vice versa. Control experiments were performed to
determine the heat of dilution. The data were analyzed using
software provided by manufacturer, and protein is treated as a
ligand during data analyses. We used the following one-site binding
model for the binding of PhoP to truncated dsDNAs (PBIII and
PBIV) as defined by eq 4.

= + ΔQ V D K P K P H{[( )/(1 )] }i
tot

0 tot 1 1 1 (4)

Data for binding of PhoP to full-length PhoP box DNAs (PBI and
PBII) were fit to a two-site sequential model as defined by eq 5

= Δ + Δ + Δ

+ +

Q V D H K P H H K K P

K P K K P

{[ ( ) ]

/(1 )}
i
tot

0 tot 1 1 1 2 1 2
2

1 1 2
2

(5)

where Qi
tot is the total heat after the ith injection, V0 is the volume

of the calorimetric cell, Dtot is the total DNA concentration, P is the
free protein concentration, K1 and K2 are the observed equilibrium
constants for each site, and ΔH1 and ΔH2 are the corresponding
enthalpy changes. Estimates of K and ΔH were obtained by fitting
the experimental data to the model, and the best-fit parameters
were selected on the basis of the lowest χ2 values.

Analytical Ultracentrifugation. Sedimentation equili-
brium experiments were performed using an Optima XL-A
analytical ultracentrifuge equipped with absorption optics with an
An60Ti rotor (Beckman Inc.). Sedimentation equilibrium studies
were conducted at 10K and 13K rpm at 20 °C using six-channel
charcoal-filled centerpieces. Data were collected by scanning
samples with a resolution of 0.003 cm and an average of five
scans per step. Sedimentation velocity runs were conducted at 42K
rpm at 20 °C. Samples were loaded into Epon charcoal-filled two-
sector centerpieces, and velocity profiles were analyzed by SedFit
using a single-species model.26

The partial specific volume and solvent density were
calculated using SEDNTREP (D. Hayes, Magdalen College;
T. Laue, University of New Hampshire; J. Philo, Amgen). The
partial specific volumes for protein−DNA complexes were
calculated as follows.

ν̅ =
ν̅ + ν̅

+−
nM M

nM MP D
p D

p D (6)

Equilibrium data were edited with WinREEDIT (J. Lary,
National Analytical Ultracentrifuge Center) and analyzed by
nonlinear least-squares using WINNONLIN (D. Yphantis,
University of Connecticut; M. Johnson, University of Virginia;
J. Lary).

Surface Plasmon Resonance. We monitored the
protein−DNA interaction in real time with a BIAcore3000
instrument using a streptavidin-linked sensor chip. All experiments
were performed in buffer A. Biotin-labeled DNAs (5′-biotin-PBI
and 5′-biotin-PBII) were immobilized on the streptavidin-coated
sensor chip. Channel 2 or 4 was used for monitoring the binding,
and flow cells 1 and 3 lacking the immobilized DNAs were
references. Control experiments were performed by testing the
nonspecific binding of PhoP to channels 1 and 3 and showed a
<3% change in the signal. Either 5′-biotin-PBI or 5′-biotin-PBII was
immobilized in channels 2 or 4 by constant injection at a rate of
20 μL/min over 50−100 s. The DNA-bound chip was washed
with buffer, and concentration-dependent experiments were
initiated by injection of purified PhoP (no His tag) into channel
2 or 4 (0.75−36 μM) in running buffer (20 μL/min). The reference
channel (1 or 2)-subtracted difference signal was used for the analysis.
Once the difference signal had become constant, buffer lacking PhoP
was used to initiate the dissociation phase. The experimental data
were analyzed as described using Origin 8.0. We used the following
one-site and two-site models to fit the observed data.

= − − + +R Ck R Ck k t Ck k( {1 exp[( ) ]})/( )a max a d a d (7)

= − − + +

+ − − + +

R Ck R Ck k t Ck k

Ck R Ck k t Ck k

( {1 exp[( ) ]})/( )

( {1 exp[( ) ]})/( )

a,1 max a,1 d,1 a,1 d,1

a,2 max a,2 d,2 a,2 d,2 (8)

= −R R k texp( )max d (9)

= − + −R R k t R k texp( ) exp( )max,1 d,1 max,2 d,2 (10)

where C is the concentration of the PhoP monomer, t is the time
(seconds), R is the maximal response (response units), ka is the on
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rate, and kd is the off rate. Dissociation rate constants determined
from fitting the dissociation phase were used as constraints while
fitting the association phase data.

■ RESULTS
Biophysical and Analytical Characterization of PhoP

from S. typhimurium. Purified PhoP migrated as an ∼26 kDa
protein band (Figure S1 of the Supporting Information) in the
12% SDS−PAGE analysis. Size exclusion chromatography
was used to analyze the oligomeric state at varied PhoP con-
centrations. As shown in Figure 1A, PhoP eluted as monomer

over a range of concentrations and no significant fraction of
dimeric population was observed at 35.0 μM. A recent study

reported that mycobacterium PhoP behaves as a monomer
below ∼40.0 μM (0.9 mg/mL, only 2% of dimer found),
and the dimer fraction increases up to 16% only at ∼87.0 μM
(∼2.3 mg/mL).27 This suggests that PhoP should exist as a
monomer under physiological conditions where the concen-
tration of PhoP is expected to be in the range of ∼3.0−
6.0 μM.17 To avoid any contribution from the dimeric form,
total protein concentrations in all binding assays were limited
to <35.0 μM.
We examined the effect of phosphorylation on PhoP

oligomerization. Acetyl phosphate was used to phosphorylate
PhoP at residue D52 as described previously8 and the fraction
of PhoP-p obtained after the reaction was quantified using
HPLC (Supporting Information). The initial phosphorylation
reaction yields ∼23−25% PhoP-p in the mixture, but the
fraction of PhoP-p increased to 40−50% after enrichment of
PhoP-p using the phospho affinity column (Figure S2 of the
Supporting Information). Size exclusion chromatography
analyses of phosphorylated fractions shows that PhoP-p elutes
as a monomer (Figure 1A). Further, results of the particle size
analysis experiments also confirmed that PhoP is predom-
inantly a monomer in solution (Figure S3 of the Supporting
Information). Results of CD spectroscopy indicate that PhoP is
an α/β (Figure S1 of the Supporting Information) protein as
expected from the crystal structures of sensor and DNA binding
domains.15,27−30 The CD spectrum of PhoP-p is similar to that
of PhoP, indicating that phosphorylation does not cause any
major secondary structural changes. These results indicate that
PhoP is a monomer under our experimental conditions,
phosphorylation does not change the assembly state, and it is
properly folded as judged by the CD spectrum.

PhoP Binds to Canonical PhoP Boxes with a 2:1
Stoichiometry, but with Different Binding Affinities. We
examined the binding of PhoP to PBI, a 18-mer duplex DNA
containing two direct repeats (Table 1). Tryptophan
fluorescence quenching of PhoP upon DNA binding was
used as the signal for monitoring the protein−DNA
interactions (Figure 1B). Analysis of binding data using a
simple 1:1 binding model (eq 1) yields a Kobs value of (1.2 ±
0.2) × 106 M−1 (kd ∼ 0.8 μM). However, fitting of experimental
data to a 1:1 binding model does not describe the data well.
This is because PBI has two equivalent binding sites for PhoP; a
simple 1:1 binding model is not adequate. We analyzed the data
using a two-site binding model (eq 3), and a reasonably good fit
could be obtained, yielding two binding constants (kd,1 ∼ 0.3 μM;
kd,2 ∼ 5 μM) that differ by ∼17-fold. Next, we tested the binding
of PhoP to truncated duplexes that contain either DR1 or DR2
(PBIII or PBIV, respectively) (Figure 1C). Analysis of binding
isotherms shows that PhoP binds with a 1:1 stoichiometry to each
direct repeat but binds to DR2 (PBIV) with 2-fold lower affinity;
Kobs = (4.9 ± 0.3) × 105 M−1 (kd ∼ 2. 0 μM) (PBIII), and Kobs =
(2.1 ± 0.4) × 105 M−1 (kd ∼ 4.8 μM) (PBIV). Our results indicate
that although PhoP can bind to individual DR1 or DR2 sites when
presented as truncated duplexes, affinities of binding of the second
PhoP monomer to the PhoP box is ∼17-fold weaker than the
affinity of the first monomer.

Binding of Two PhoP Monomers to the PhoP Box Is
Characterized by Unfavorable Binding of a Second
PhoP Monomer. ITC experiments can provide an indepen-
dent evaluation of binding properties of PhoP and can also
provide information about the energetics of protein−DNA
interactions. Titrations of PhoP with PBIII were performed at
25 °C (Figure 2A). Consistent with the results of fluorescence

Figure 1. Biophysical characterization of PhoP and its DNA binding
properties. (A) Size exclusion chromatography of S. typhimurium PhoP
at two protein concentrations and elution profiles of PhoP-p
(phosphorylated) in the presence and absence of Mg2+ as indicated.
Calibration of elution volumes was done (inset), and protein was
loaded as described in Experimental Procedures. The A280 signal
corresponding to protein absorbance is plotted vs elution volume.
Comparison of the elution volume with standards shows that PhoP
elutes as monomer. In the inset, Kav is the gel phase distribution
coefficient vs log MW; a Kav of ∼0.52 (∼27 kDa) was obtained for
both PhoP and PhoP-p. Concentrations and conditions are indicated
(PhoP-p), and Mg2+ indicates that phosphorylation was performed in
the presence of 20 mM Mg2+. (B) Fluorescence quenching titrations of
PBI (canonical PhoP box, 18-mer, ∼20.2 μM) with PhoP (0.2 μM).
Normalized fractional quenching is plotted vs DNA concentration.
The solid line represents a fit to the two-site model, and the dashed
line represents a fit to single-site binding model; errors represent the
95% confidence interval. Fitting to single-site and two-site models
yields the following binding parameters: Kobs ∼ (1.2 ± 0.2) × 106 M−1,
Qmax ∼ 0.78 ± 0.1, K1,obs ∼ (3.2 ± 0.3) × 106 M−1, K2,obs ∼ (2.0 ± 0.2) ×
105 M−1, Q1,obs ∼ 0.33 ± 0.06, and Qmax ∼ 0.85 ± 0.2. (C)
Fluorescence titrations of single-direct repeat duplex DNA [PBIII
(○)/PBIV (●), ∼30−50 μM) containing half of the PhoP box with
PhoP (0.2 μM). Normalized fractional quenching is plotted vs DNA
concentration. The solid line represents the best fit to a single-site
binding model, and binding constants are reported in the text.
Quenching amplitudes for PBIII and PBIV were obtained from fits:
QIII,max ∼ 0.32 ± 0.1, and QIV,max ∼ 0.18 ± 0.1.
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experiments, the PhoP monomer bound to PBIII with a 1:1
stoichiometry [Kobs ∼ (6.4 ± 0.3) × 105 M−1, and ΔH ∼ −76.0 ±
8 kJ/mol]. Results of fluorescence studies indicated that two PhoP
monomers can bind to the canonical PhoP box, but binding of the
second monomer is weaker. We examined energetics of PhoP−
DNA interactions by ITC experiments. In the first set of
experiments, we placed PBI (dsDNA) in the cell and titrated with
PhoP (as a ligand) (Figure 2B). Simple 1:1 binding was not
observed, and a two-site binding model was necessary to fit the
data (eq 5 and Table 2). The affinity of the second monomer

is ∼24-fold lower than the affinity of the first monomer [K1,obs ∼
(8.1 ± 0.3) × 106 M−1, and K2,obs ∼ (3.4 ± 1) × 105 M−1;
ΔH1,obs ∼ −105 ± 12 kJ/mol; ΔH2,obs = −20 ± 45 kJ/mol].
Errors were calculated on the basis of three independent
measurements. Next, we performed reverse titration experiments

in which PhoP is present in the cell and DNA was incrementally
added. In this reverse titration, two PhoP monomers can bind to
DNA at the beginning of the titration because the molar ratio of
PhoP to DNA (>50) is very high (Figure 2C). Analysis of binding
isotherms yields two sets of binding constants that differ by ∼21-fold
[K1,obs ∼ (3.8 ± 0.3) × 106 M−1; K2,obs ∼ (1.8 ± 2.0) × 105 M−1].
Results of ITC experiments are consistent with results of
fluorescence quenching experiments, and together, these results
indicate that the second PhoP monomer binds weakly. If the first
PhoP monomer binding occludes more than seven nucleotides, the
second monomer will be left with few nucleotides for binding. To
test whether the limited binding space available for the second
molecule is responsible for the weaker affinity, we examined the
binding of PhoP to a longer duplex, PBII [34-mer (Table 1)].
Results show that the affinity of the second monomer is still weaker,
and analysis of the binding isotherm yields two binding constants
[K1,obs = (4.7 ± 0.2) × 106 M−1; K2,obs = (9.6 ± 3) × 104 M−1] that
differ by ∼18-fold (data not shown).

Formation of a Dimeric PhoP−DNA Complex
[(PhoP)2−DNA] Proceeds in a Stepwise Manner. Results
of equilibrium binding studies suggest that dimerization of
PhoP on the DNA would proceed in a stepwise manner. We
examined the weight-average molecular weights of 5′-Fl-PBI at
varied PhoP concentrations by analytical ultracentrifugation. By
monitoring at 495 nm (fluorescein), we can exclusively monitor
sedimentation of dsDNA without any interference from
protein. 5′-Fl-PBI and PhoP were mixed at different molar
ratios (1:0; 1:3; and 1:7), and sedimentation velocity profiles
were analyzed (Figure S4 of the Supporting Information). The
weight-average molecular masses of protein−DNA complexes
increased from ∼11.0 kDa for a 1:0 molar ratio to ∼43.0 kDa
for a 1:7 molar ratio of DNA to protein, suggesting that a

Figure 2. ITC analysis of PhoP−DNA interaction. ITC data (top) are plotted as the heat signal vs time. In the bottom panels, the integrated heat
responses per injection are plotted vs molar ratio. All titrations were performed in buffer A at 25 °C. The symbols (⊕) represent reference titrations
of either DNA or PhoP into the buffer. (A) Titration of PhoP (2.0 μM, in the cell) with PBIII (32.0 μM, in the syringe). The solid line represents the
best fit of the data to a single-site binding model, yielding a Kobs of (6.4 ± 0.3) × 105 M−1 and a ΔHobs of −76.0 ± 8 kJ/mol. (B) Forward ITC
titration of PBI (2.0 μM, in the cell) with PhoP (32.0 μM, in the syringe). The solid line is the fit to experimental data using a two-site binding
model, yielding the following values: K1,obs = (8.1 ± 0.3) × 106 M−1, ΔH1,obs = −104.6 ± 12 kJ/mol, ΔH1,obs = −104.6 ± 12 kJ/mol, and ΔH2,obs =
−25.0 ± 30 kJ/mol. The dashed curve is the fit to a single-site binding model. (C) Reverse ITC titration of PhoP (3.0 μM, in the cell) with PBI
(30.0 μM, in the syringe). The smooth curve represents a fit of the data to a two-site binding model with the following parameters: n = 0.48 ± 0.1,
K1,obs = (3.8 ± 0.3) × 106 M−1, and ΔH1,obs = −86.6 ± 8 kJ/mol; K2,obs = (1.8 ± 2.0) × 105 M−1.

Table 2. Isothermal Titration Calorimetry Analyses of
Binding of PhoP to DNAa

dsDNA K1,obs (M
−1) ΔG1,obs

ΔH1,obs
(kJ/mol)

TΔS1,obs
(kJ/mol)

Forward
PBI 8.1 × 106 ± 0.3 −39.4 ± 0.4 −104.6 ± 12 −65.2
PBII 4.7 × 106 ± 0.2 −38.0 ± 0.4 −112.6 ± 13 −74.6

Reverse
PBI 3.8 × 106 ± 0.3 −37.6 ± 0.4 −86.6 ± 8 −49. 0
PBIII 6.4 × 105 ± 0.3 −33.1 ± 0.4 −76.0 ± 8 −42.9

aITC experiments were performed at 25° C. Values of ΔGobs and
TΔS1,obs were calculated using the following relationships: ΔGobs = −RT
ln Kobs, and ΔGobs = ΔHobs − TΔSobs. For comparison, only K1,obs values
(binding of the first PhoP monomer) are shown.
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predominantly 1:1 PhoP−DNA complex is formed. Next, we
examined protein−DNA interactions as a function of PhoP
concentration using the sedimentation equilibrium method.
The molecular mass of 5′-Fl-PBI (2.0 μM) was determined
separately, and it was found to be ∼12 ± 1.4 kDa (data not
shown). A single-species model was used for analysis of 5′-Fl-
PBI in the absence of PhoP, but a two-species model (fixing
DNA parameters) was used for analyzing the sedimentation
profiles of mixed samples (Figure 3A,B). Weight-average

masses obtained as functions of PhoP:PBI molar ratios are
shown in Figure 3C. Results of sedimentation studies indicate
that the average molecular mass of the PhoP−DNA complex
formed at a 6−7-fold excess of PhoP is smaller (48 ± 1.2 kDa)
than the expected molecular mass of the (PhoP)2−PBI complex
(∼62 kDa, two PhoP molecules bound). A cooperative binding
of two monomers would have resulted in a higher-molecular
mass complex [∼62 kDa (PhoP)2−PBI complex]. This suggests

that formation of the (PhoP)2−PBI complex can be observed
only when the PhoP concentration is very high.

Second PhoP Monomer Binding Is the Rate-Limiting
Step. Equilibrium binding studies suggested that second PhoP
monomer binding is not an energetically favored process. To
capture the rate-limiting step in the reaction, we employed a
surface plasmon resonance technique to monitor the binding
kinetics of PhoP in real time. The association of PhoP with and
dissociation of PhoP from 5′-biotin-labeled DNA immobilized
on the chip were monitored as a function of concentration. We
monitored the kinetics of binding of PhoP to PBI at 25 °C as a
function of PhoP concentration (Figure 4A,B). The interesting

feature of binding kinetics is that kinetic data obtained at higher
PhoP concentrations (15.0, 30.0, and 36.0 μM) clearly show
two distinct binding events (Figure 4B). On the other hand,
binding kinetics at lower PhoP concentrations can be described
well using a single-site binding model (eqs 7 and 9). Analyses of
dissociation kinetics also showed similar results with two distinct
dissociation events observed at higher protein concentrations
(data not shown). Kinetic data at higher concentrations are

Figure 3. Analytical ultracentrifugation characterization of PhoP−
DNA complexes. Experimental data were collected at two rotor speeds
(10000 and 13000 rpm) at 20 °C. (A) Sedimentation equilibrium
results for binding of PhoP (6.0 μM) to 5′-Fl-PBI (2.0 μM) with a 3:1
PhoP:DNA ratio. The solid line represents the best fit of absorbance
data to a two-species model, yielding weight-average molecular masses
of ∼12.0 and 33.2 ± 2.3 kDa for free DNA and PhoP−DNA
complexes, respectively. (B) Sedimentation equilibrium analysis of a
6:1 ratio of PhoP (12.0 μM) monomer to 5′-Fl-PBI (2.0 μM) at two
different rotor speeds. Data were globally fit to a two-species model
with weight-average molecular masses of ∼12.0 and 48.6 ± 1.3 kDa for
free DNA and PhoP−DNA complexes, respectively. (C) Dependence
of weight-average molecular mass of 5′-Fl-PBI on the presence of
various PhoP:5′-Fl-PBI stoichiometric ratios. The errors were obtained
from the nonlinear least-squares fit. The residuals for both speeds are
shown in the bottom panels.

Figure 4. Surface plasmon resonance (SPR) analysis of PhoP−DNA
interaction kinetics. All experiments were conducted in buffer A at 25 °C.
Determined kinetic and equilibrium parameters are listed in Table 3.
(A) Kinetics of binding of PhoP to PBI at lower PhoP concentrations
(0.75−6.0 μM). Data obtained at lower PhoP concentrations (0.75,
1.0, and 3.0 μM) can be fit to a single-site model. However, the kinetic
data obtained at 6.0 μM are better represented by a two-site model
() than a single-site model (---). Residuals for 6.0 μM PhoP are
shown at the bottom (●, two-site model; ○, one-site model). (B)
Kinetics of binding of PhoP to PBI at higher PhoP concentrations
(15−36.0 μM). Note that at higher PhoP concentrations, the two-site
model represents the data well, indicating that two monomeric
molecules bind with different kinetics. Residuals for 36.0 μM PhoP are
shown at the bottom (●, two-site model; ○, one-site model). (C)
Association kinetics of binding of PhoP to PBII at varied PhoP
concentrations (0.75−6.0 μM). Data collected at lower PhoP
concentrations (0.75, 1.5, and 3.0 μM) can be fit to a single-site model.
However, the kinetic data obtained at 6.0 μM are better represented by a
two-site binding model () than a single-site model (---).
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analyzed with a two-site model (eqs 8 and 10), and results of
analyses indicate that PhoP binds to the DNA in a stepwise manner
with slower association and faster dissociation rate constants for
the second monomer binding (Table 3). Rate constants estimated
at varied protein concentrations do not show concentration-
dependent behavior and fluctuate around the average calculated
values [ka,1 ∼ (2.0 ± 0.2) × 104 M−1 s−1, and kd,1 ∼ (2.2 ± 0.1) ×
10−3 s−1]. The equilibrium binding constants estimated from
SPR experiments (averaged over concentrations) [K1,ave ∼ (6.9 ±
0.3) × 106 M−1; K2,ave = (1.1 ± 0.2) × 105 M−1] are in excellent
agreement with the binding constants determined from equilibrium
experiments. The estimation of intrinsic binding constants by
removal of the increased statistical freedom (two sites) available to
the first PhoP molecule suggests that K1,ave is ∼30 times larger than
K2,ave. Rapid association constants and slower dissociation constants
of the first PhoP monomer binding contribute to the higher
stability of the (PhoP)1−DNA complex.
To test length-dependent effects on kinetics, we analyzed the

kinetics of binding of PhoP to PBII (34-mer) under similar
conditions (Figure 4C). Two-site binding models were necessary
to fit both association and dissociation profiles obtained at higher
PhoP concentrations (data not shown). Kinetic parameters
determined are similar to the parameters obtained for the PBI−
PhoP complex (Table 3). Therefore, two molecules of PhoP bind
to the PhoP box with a rate-limiting step for second PhoP
monomer binding. Results of kinetic studies are consistent with
results of equilibrium studies, and two distinct binding events
observed in kinetic studies provide direct proof that two PhoP
monomers bind in a stepwise manner. The on rate of first
monomer binding is very fast, and the off rate is slow, suggesting
that this step is both kinetically and thermodynamically the more
favorable step. Second PhoP monomer binding not only is very
slow but also dissociates from the DNA at a much faster rate,
indicating that this step could be the rate-limiting step.
Next, we examined the kinetics of binding of PhoP to

truncated duplexes (PBIII and PBIV). Kinetics of binding of
PhoP to PBIII at all concentrations (0.5−30.0 μM) showed
single-phase kinetics as expected for 1:1 stoichiometric
interaction (data not shown). The association rate constants
estimated for binding to shorter duplexes are on average 3 times
lower than that of PBI (Table 4). Further, we examined the
kinetics of binding of PhoP to mutated PhoP boxes (PBV, PBVI,
and PBVII). It is known that mutation of conserved thymidines

of DRs may render the DR nonfunctional in terms of PhoP
binding.16 Therefore, we mutated either one DR (PBV and
PBVI) or both DRs (PBVII) to study the specificity of PhoP
binding (Table 1). PhoP bound to both PBV and PBVI with a
1:1 stoichiometry, and a single-exponential kinetic model was
sufficient to describe the data (Figure S5 of the Supporting
Information). Binding experiments performed with PBVII
indicate that PhoP does not bind to PBVII because both DRs
are mutated (Figure S5D of the Supporting Information).

Phosphorylation Enhances the Rate of PhoP Binding.
To probe the role of phosphorylation, we compared the binding
kinetics of PhoP-p with the kinetics of PhoP. We used a hetero-
geneous mixture of PhoP and PhoP-p to investigate the effect of
phosphorylation on DNA binding. A similar amount of PBI was
immobilized on the chip, and the PhoP/PhoP-p mixture and
PhoP were passed through channels at varied concentrations.
Concentration-dependent binding was observed in both cases, and
amplitudes increased as concentrations were increased (Figure 5A).
Interestingly, binding amplitudes for the PhoP/PhoP-p mixture at
any given concentration are much higher than that of PhoP. In
addition, PhoP/PhoP-p kinetics exhibits more or less a single phase

Table 3. Kinetic and Equilibrium Parameters for the Binding of PhoP to PBI and PBII Determined by SPR at 25 °Ca

[PhoP] (μM) ka,1 (M
−1 s−1) ka,2 (M

−1 s−1) kd,1 (s
−1) kd,2 (s

−1) Ka,1 (M
−1) Ka,2 (M

−1)

PBI
0.75 3.4 × 104 ± 0.3 − 2.0 × 10−3 ± 0.2 − 1.7 × 107 ± 0.3 −
1.0 2.2 × 104 ± 0.1 − 3.8 × 10−3 ± 0.3 − 5.8 × 106 ± 0.2 −
3.0 2.0 × 104 ± 0.2 5.8 × 103 ± 0.2 2.8 × 10−3 ± 0.3 2.2 × 10−2 ± 0.1 7.3 × 106 ± 0.7 2.6 × 105 ± 0.1
6.0 1.2 × 104 ± 0.1 2.7 × 103 ± 0.1 3.0 × 10−3 ± 0.1 2.2 × 10−2 ± 0.1 3.8 × 106 ± 0.2 1.2 × 105 ± 0.1
15.0 6.8 × 103 ± 0.1 8.1 × 102 ± 0.3 1.9 × 10−3 ± 0.1 2.7 × 10−2 ± 0.3 3.7 × 106 ± 0.1 3.0 × 104 ± 0.3
30.0 7.1 × 103 ± 0.2 5.9 × 102 ± 0.1 2.4 × 10−3 ± 0.1 2.4 × 10−2 ± 0.1 3.9 × 106 ± 0.2 1.1 × 104 ± 0.1

PBII
0.75 1.0 × 104 ± 0.2 − 6.0 × 10−3 ± 0.3 − 1.8 × 106 ± 0.5 −
1.0 3.4 × 104 ± 0.3 − 6.0 × 10−3 ± 0.3 − 2.0 × 106 ± 0.1 −
3.0 2.2 × 104 ± 0.2 2.3 × 103 ± 0.3 6.7 × 10−3 ± 0.3 4.1 × 10−2 ± 0.1 3.3 × 106 ± 0.8 5.8 × 104 ± 0.8
6.0 1.1 × 104 ± 0.1 1.5 × 103 ± 0.1 3.9 × 10−3 ± 0.1 2.3 × 10−2 ± 0.1 3.0 × 106 ± 0.1 6.8 × 104 ± 0.5
15.0 1.3 × 104 ± 0.1 6.2 × 102 ± 0.1 4.0 × 10−3 ± 0.3 2.5 × 10−2 ± 0.2 3.4 × 106 ± 0.9 2.4 × 104 ± 0.3
30.0 8.9 × 103 ± 0.1 6.7 × 102 ± 0.2 5.0 × 10−3 ± 0.1 5.0 × 10−2 ± 0.1 1.8 × 106 ± 0.3 1.3 × 104 ± 0.1

aValues of Ka were calculated using the equation Ka = ka/kd.

Table 4. Kinetic and Equilibrium Parameters for the Binding
of PhoP to PBIII−PBVI Determined by SPR at 25 °Ca

[PhoP] (μM) ka,1 (M
−1 s−1) kd,1 (s

−1) Ka,1 (M
−1)

PBIII
3.0 6.9 × 103 (0.1) 1.7 × 10−2 (0.1) 4.1 × 105 (0.3)
6.0 5.8 × 103 (0.1) 1.6 × 10−2 (0.2) 3.6 × 105 (0.3)
12.0 3.5 × 103 (0.1) 1.3 × 10−2 (0.1) 2.7 × 105 (0.3)

PBIV
3.0 4.6 × 103 (0.2) 0.8 × 10−2 (0.1) 5.8 × 105 (0.8)
6.0 7.6 × 103 (0.1) 0.6 × 10−2 (0.1) 9.5 × 105 (0.2)
12.0 5.4 × 103 (0.1) 0.1 × 10−2 (0.2) 9.0 × 105 (0.3)

PBV
3.0 3.6 × 103 (0.1) 1.8 × 10−2 (0.1) 2.0 × 105 (0.1)
6.0 2.2 × 103 (0.1) 1.1 × 10−2 (0.1) 2.0 × 105 (0.1)
12.0 1.5 × 103 (0.2) 1.0 × 10−2 (0.1) 1.5 × 105 (0.3)

PBVI
3.0 9.4 × 102 (0.2) 7.2 × 10−2 (0.1) 1.3 × 104 (0.3)
6.0 3.3 × 102 (0.1) 1.1 × 10−2 (0.1) 3.0 × 105 (0.3)
12.0 4.3 × 103 (0.1) 3.9 × 10−2 (0.1) 1.1 × 105 (0.4)

aValues of Ka were calculated using the equation Ka = ka/kd.
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at all concentrations. Average on rates of PhoP-p/PhoP mixture
binding show that the second molecule binds with faster kinetics
(∼4-fold higher) (Figure 5B). The rapid increase in the magnitude
of the binding signal at the beginning may indicate that PhoP-p
monomers from the PhoP/PhoP-p mixture may bind with high
affinities. Because of ∼50% phosphorylation, four possible PhoP
dimers (PhoP−PhoP, PhoP-p−PhoP, PhoP−PhoP-p, and PhoP-p−
PhoP-p) can be formed during dimerization. Either sequential
binding of two PhoP-p molecules or binding of one PhoP-p
before or after the binding of one PhoP may increase the rate of
the second monomer binding.
PhoP Binding Changes the Conformational Proper-

ties of PBI. We employed circular dichroism spectroscopy
(CD) to probe the PhoP binding-induced changes in the
structural properties of the DNA. PBI and PBI−PhoP mixtures
were used for assessing the role of conformational changes of
DNA upon PhoP binding. Near-UV CD spectra (240−350 nm)
of both DNA and PhoP showed that the contribution of PhoP is
minimal in this region (Figure S6 of the Supporting Information).
We scanned mixtures of PhoP−DNA complexes at different molar
ratios and subtracted the contribution of PhoP. The CD spectrum
of PBI shows the typical secondary structural signature of B-form
DNA, but binding of PhoP decreases the magnitude of the
positive band around 275 nm. Binding-induced changes in the CD
band at 275 nm have been associated with changes in the DNA
structural properties.30,31 CD experiments suggest that incremental
addition of PhoP causes structural changes in the DNA. It is
possible that such conformational changes in the DNA may affect
the binding properties of PhoP and PhoP-p differentially. How-
ever, further studies are necessary to understand the connection
between phosphorylation and binding-induced changes in the
conformational properties of DNA.

■ DISCUSSION

The mechanism(s) of PhoP-regulated transcription is under
active investigation.11−16,32−34 A general approach to studying

PhoP−DNA interactions has been to use an electrophoretic gel
shift assay (EMSA) to probe the specificity of PhoP for
different promoters.11,16 While such studies have provided a
wealth of biochemical information about the specificity of
PhoP−promoter DNA interactions, mechanistic details of
protein−DNA interactions are lacking. In this study, we
examined the mechanism of binding of PhoP to canonical
PhoP box DNA, and we have captured molecular features of
binding of PhoP to its promoter. Results presented here
provide new evidence that the binding of two molecules of
PhoP to the PhoP box is accompanied by a rate-limiting second
molecule binding. Experiments performed with longer duplex,
34-mer dsDNAs (PBII) ruled out the possibility of a “length-
dependent effect”. Our results also provide a rationale for the
phosphorylation-independent but concentration-dependent
autoregulation by PhoP.17 Because of unfavorable binding of
the second PhoP molecule to canonical PhoP boxes,
dimerization of PhoP on the DNA is possible only when the
PhoP concentration is high. Thus, higher PhoP concentrations
can substitute for phosphorylation in gene regulation because the
rate of second monomer binding should increase as the PhoP
concentration increases. Results of our kinetic studies show that
phosphorylation may increase the affinity for the second PhoP
monomer. It is known that PhoQ activation at low Mg2+

concentrations leads to an increase in intracellular PhoP and
PhoP-p concentrations.14 It is possible that during normal
conditions intracellular concentrations of PhoP are not adequate
to promote the formation of a functional (PhoP)2−DNA complex.
PhoP-p may be initially required for upregulation of responsive
genes, including PhoP, but later, when the PhoP concentration
increases, phosphorylation-independent gene regulation can occur
as observed previously.17 It was observed that the PhoP-p
concentration decreases after PhoQ activation for ∼30 min, but an
increased PhoP concentration was observed even after 1 h.14

Our studies also demonstrated specificity of PhoP for
recognizing DRs on the PhoP boxes. Equilibrium and kinetic
studies using truncated and mutated duplexes showed that PhoP
binds to dsDNAs containing a single DR with 1:1 stoichiometry,
and flanking noncanonical sequences have no effect. Although PBI
consists of two equal binding sites (DR1 and DR2) for PhoP, a
2:1 PhoP:DNA stoichiometry was observed only at higher PhoP
concentrations. PhoP binding sites (DRs) are T-rich regions, and
the presence of two T-rich PhoP binding sites in tandem may
provide some unique conformations to the PhoP box.35 If the
binding of first PhoP molecule changes the conformational
properties of another binding site (bend or unbend), the affinity
for the second PhoP monomer would be affected. In fact, such an
interpretation can be supported by results of our CD experiments
that suggest that PhoP binding may change the conformational
properties of PBI. Comparison of binding affinities between full-
length and truncated duplexes with one T-rich binding site
suggests that tandem arrangement of T-rich binding sites may
increase the affinity for the first monomer but reduce the affinity
for the second monomer. It is possible that isolated T-rich binding
sites in the truncated duplexes may have lost the high-affinity
conformations, and thus, they interact weakly. However, structural
studies of protein−DNA complexes are necessary to define the
role of DNA conformation. Another line of evidence to support
results of binding studies is obtained from sedimentation
experiments. Formation of the (PhoP)1−PBI complex, an
intermediate in the pathway, provides experimental evidence
that dimerization of PhoP proceeds in a stepwise manner. The aim
of our study was threefold. First, we provide a quantitative

Figure 5. Kinetics of binding of phosphorylated PhoP to PBI. (A)
Association kinetics of binding of the phosphorylated mixture (PhoP/
PhoP-p) to PBI at varied PhoP concentrations (total; ). Binding of
unphosphorylated PhoP (---). (B) Fitting of PhoP-p/PhoP binding
data with a single-exponential function (6.0 and 3.0 μM).
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description of PhoP−DNA interaction with detailed character-
ization of the binding energetics and kinetics of protein−DNA
interactions. Second, we map the regulatory or critical steps in the
process of formation of a functional protein−DNA complex. Last,
we show that phosphorylation of PhoP can stimulate DNA
binding.
Our results from fluorescence, sedimentation, calorimetry,

and SPR studies provide evidence that dimerization of PhoP on
the DNA is a multistep reaction and at least two distinct binding
events are observed during formation of the (PhoP)2−PBI
complex. Results from both equilibrium and kinetic experiments
suggest that the second PhoP molecule binds with ≥18−20-fold
(average of >30-fold) weaker affinity. These observations led us to
propose a model in which dimerization of unphosphorylated PhoP
on the promotor is hindered by the rate-limiting step of second
monomer binding (Figure 6A,B). This model incorporates crucial
elements of our results and provides a simple mechanism in which
PhoP dimerization on the DNA proceeds in a stepwise manner. In
the unphosphorylated state, PhoP binds to one DR, but the
occupancy of the second DR is not favored. In this model, PhoP
binding and dimerization are shown as a two-step process in which
the singly bound (PhoP)1−DNA complex is favored and the
second monomer binds only at higher protein concentrations
(Figure 6B, I). Phosphorylation of PhoP can stimulate the binding
of the second monomer and, thus, favors the formation of the
(PhoP)2−DNA complex (Figure 6B, II). Our results provide a
mechanism for PhoP-mediated gene regulation and reveals
proofreading ability of promoter elements. Formation of non-
functional (PhoP)1−PBI, not the (PhoP)2−DNA, complex may

provide a gating mechanism for distinguishing between the normal
and stimulated states of the cell. It is possible that phosphorylation
introduces conformational diversity, which in turn may favor an
alternative binding mode. However, our results do not provide
direct information about alternative binding modes of PhoP.
Structural and detailed analytical studies are necessary to test the
alternative binding modes caused by phosphorylation. The
proposed mechanism of PhoP binding differs from earlier reports
in which the binding of the second PhoP monomer was not
projected to be the rate-limiting step.17,18,20,22

Phosphorylation-stimulated cooperative binding has been
observed for the two-component OmpR/EnvZ system, and it was
demonstrated that OmpR binds primarily to the F1 site; however,
phosphorylation promotes the occupancy of both F1 and F2 sites
in a cooperative manner.22 However, it was not clear why
unphosphorylated OmpR was not able to occupy both sites F1
and F2. Our results provide a mechanism for occupation of a
single site by the unphosphorylated PhoP and capture the role of
phosphorylation in overcoming the rate-limiting second monomer
binding step. Dimerization of PhoP on the DNA is essentially
required to recruit RNA polymerase to form transcriptionally
active protein−DNA complexes. In the absence of PhoQ
activation and phosphorylation of PhoP, PhoP would bind to
only one of the direct repeats (DR1 or DR2) and, thus, fail
to initiate the transcription of that gene. However, when PhoP
is phosphorylated, dimerization on the DNA could facilitate
the recruitment of RNA polymerase for the initiation of trans-
cription. Slow association and fast dissociation of the second
PhoP monomer binding are the keys for the formation of a

Figure 6. Model for PhoP−DNA interaction. (A) Reaction scheme for binding of two PhoP monomers to the PhoP box with respective kinetic
constants. PhoP (P) bound DNA (D) complexes are shown. (B) Stepwise binding models for binding of PhoP and PhoP-p to the PhoP box. The
DNA binding domain (oval) is connected to the sensor domain (rectangle). (I) Native PhoP binding and dimerization is shown as a two-step
process in which the singly bound (PhoP)1−DNA complex is favored and the second monomer binds only at higher protein concentrations. (II)
Phosphorylation of PhoP (PhoP-p) stimulates the binding of both monomers (with comparable affinity, k1,on/kd,1 ∼ k2,on/kd,2) to DNA, which
eliminates the accumulation of the singly bound (PhoP)1−DNA intermediate in the pathway and favors PhoP dimerization.
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nonproductive (PhoP)1−DNA complex. Thus, fidelity of for-
mation of the functional (PhoP)2−DNA complex is ensured at the
cost of second PhoP monomer binding. The model presented here
is new, supported by experimental evidence presented here, and
differs from previous observations in which PhoP binding was not
shown to generate any intermediate states.11,22 Further studies
including structural and biochemical properties of interactions of
PhoP with different promoters will reveal the complexity of PhoP
recognition mechanisms and provide a better understanding of
PhoQ/PhoP-mediated gene regulation.
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