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Structure of the Response Regulator PhoP from Mycobacterium
tuberculosis Reveals a Dimer through the Receiver Domain
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ABSTRACT: The PhoP protein from Mycobacterium tuberculosis is a response regulator of the
OmpR/PhoB subfamily, whose structure consists of an N-terminal receiver domain and a
C-terminal DNA-binding domain. How the DNA-binding activities are regulated by phos-
phorylation of the receiver domain remains unclear due to a lack of structural information on
the full-length proteins. Here we report the crystal structure of the full-length PhoP of M.
tuberculosis. Unlike other known structures of full-length proteins of the same subfamily, PhoP
forms a dimer through its receiver domain with the dimer interface involving 0i4-35-atS,
a common interface for activated receiver domain dimers. However, the switch residues, Thr99
and Tyr118, are in a conformation resembling those of nonactivated receiver domains. The
Tyr118 side chain is involved in the dimer interface interactions. The receiver domain is
tethered to the DNA-binding domain through a flexible linker and does not impose structural
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The emergence of multiple-drug resistant (MDR) and ex-
tremely drug resistant (XDR) strains of Mycobacterium
tuberculosis (MTB) marks a new threat of this old ailment to
human health.! One way to combat the drug resistance problem is
to develop new drugs that attack novel targets of the pathogen. Two-
component signal transduction systems (TCSs) are attractive novel
drug targets because they control major signaling processes involved
in bacterial adaptation to changing environments and, importantly,
are absent from mammals.”> Most TCSs are composed of two
proteins: a sensor histidine kinase (HK) and a response regulator
(RR). The HK senses environmental signals and autophosphor-
ylates on a conserved histidine residue. The phosphate group is then
transferred to the cognate RR on a conserved aspartate residue to
activate this RR for downstream signal propagation.®

In the MTB genome, there are 30 genes coding for TCS
proteins.”® Many of the TCSs are important for MTB virulence.
MTB strains with mutations in RR genes, such as prrA,6 devR,7
mprA,® and phoP,”'® are defective for growth in macrophages
and mice. PhoP is a major transcription regulator that up
regulates 44 genes and down regulates 70 genes.” An MTB phoP
mutant has defects in its cell envelope. It lacks complex lipids
such as sulfatides and treheloses and also shows greatly reduced
expression of structural genes for their biosynthesis.” These
results indicate that PhoP is involved in the regulation of complex
lipid biosynthesis. However, mutant MTB strains with knockouts
of individual genes involved in complex lipid biosynthesis do not
have significant defects in virulence.'"'* Because PhoP regulates
more than 110 genes, it is likely that some other genes or a
combination of several genes are responsible for the effect of the
phoP mutation on virulence."
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Several recent studies of the avirulent MTB strain, H37Ra,
point to the importance of PhoP in virulence of the patho-
gen.'"'*'> A point mutation in phoP, which changes a serine
residue, Ser219 on the DNA sequence recognition helix,16 into a
leucine, plays an important role in the loss of virulence in H37Ra.
The mutation causes the loss of secretion of the major T-cell
antigens ESAT-6 and CFP-10."* The wild-type H37Rv phoP
partially restores the strain’s ability to grow in macrophages and
mice. These results suggest that the PhoP-PhoR TCS is a
potential target for developing new antibiotics to combat drug-
resistant strains of MTB.

Most RRs contain two distinct domains: an N-terminal receiver
domain and a C-terminal effector domain.® The receiver domain
contains an absolutely conserved aspartate residue, which receives
a phosphate group from the cognate HK. Phosphorylation of the
receiver domain causes structural changes to the protein and thus,
in some way, activates the effector domain. In the case of those RRs
that function as transcriptional regulators, the effector domain is a
DNA-binding domain. The RRs are divided into subfamilies based
on structure and/or function of their effector domains. PhoP
belongs to the OmpR/PhoB subfamily of RRs, named from their
representative members OmpR and PhoB.'”'® This subfamily is
the largest among RRs. The C-terminal domain of the OmpR/
PhoB subfamily RRs binds DNA and has a typical structural fold
called the winged helix-turn-helix motif. Despite decades of
intensive research and accumulation of a large amount of structural
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and functional data, it is still unclear how phosphorylation regulates
the DNA-binding activities of the OmpR/PhoB subfamily RRs.

The N-terminal domain of RRs has a well-conserved structure,
composed of a central S-stranded 3-sheet, sandwiched by helices on
both sides. Several structures of the isolated receiver domains in
complex with beryllium fluoride to mimic the phosphorylation-
activated structure have been reported.'” ** These activated
receiver domains form symmetric dimers with a common interface
through the 04-$5-05 face. Some receiver domains also form
dimers through the same interface in the absence of beryllium
fluoride,***! suggesting that the active-form dimer can exist in the
absence of phosphorylation. Phosphorylation likely stabilizes the
dimer and thus shifts the equilibrium toward the dimeric form. In
contrast to the symmetric dimer structure of the activated receiver
domains, most of the known DNA binding sequences for the
OmpR/PhoB subfamily RRs have been found to be direct tandem
repeats, suggesting that these proteins bind DNA as tandem
dimers. The structure of the effector domain of PhoB from E. coli
in complex with its pho box DNA has been reported.” The isolated
PhoB effector domain binds to DNA as a tandem dimer. Full-
length response regulators of the OmpR/PhoB family have been
difficult to crystallize, and to date there are only five structures
reported: RegX3 2 MtrA,* and PrrA?® from MTB ,and DrrB*” and
DrrD?® from Thermotoga maritima. Al structures show monomers
in the crystal and have some intramolecular domain interactions,
except RegX3, which forms a domain-swapped dimer through the
receiver domain. DrrD shows the least interactions, while MtrA has
the strongest domain interface that buries the sequence recognition
helix of the DNA-binding domain and the a4-35-0.S face of the
receiver domain, suggesting obstruction of the DNA binding
elements by the nonactivated receiver domain as a possible
regulatory mechanism for DNA-binding activities by phosphoryla-
tion. To a lesser extent, the PrrA structure also shows some
obstruction of the DNA-binding elements by the 04-5-0.S face
of the receiver domain. However, in solution, unphosphorylated
PrrA can exist in a conformation with the DNA-binding elements
exposed for binding DNA.* Both DrrB and DrrD structures have
the DNA-binding elements fully exposed, suggesting that they are
able to bind DNA without activation by phosphorylation.

The MTB PhoP protein is able to bind its own promoter in the
unphosphorylated state, and the DNA binding site is proposed to
contain direct repeats.””*° Here, we report the crystal structure of
full-length PhoP from MTB. The structure shows that PhoP forms
a dimer in the crystal through the 04-£5-0.5 face of the receiver
domain, a dimer interface similar to that of the activated receiver
domain structures. The linker that tethers the receiver and effector
domains is disordered. The two effector domains that are tethered
to the receiver domain dimer do not interact with each other or
with the receiver domains. Our structural results are consistent
with observations that the protein is able to bind DNA in the
absence of phosphorylation activation. Phosphorylation is likely to
enhance the receiver domain dimer association but unlikely to
change the freedom of the effector domains. Therefore, the
mechanism of activation by phosphorylation of the MTB PhoP
is likely through higher affinity of the receiver domain dimer to
bring the effector domains in close proximity, thus increasing their
affinity for specific DNA sequences with two direct repeats.

B EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification. The MTB phoP gene
(Rv0757) was amplified from the genomic DNA of MTB strain

H37Rv by polymerase chain reactions (PCR) with the KOD Hot
Start DNA polymerase (Novagen). The following primers were
used for PCR: §'-primer CCAGCATATGCGGAAAGGGGTT-
GATCTCG and 3'-primer CCAGAAGCTTTCATCGAG-
GCTCCCGCAGTACG, which generate Ndel and HindIII
restriction sites (underlined). Amplified DNA was cleaved
by restriction enzymes Ndel and HindIll, purified by agarose
gel extraction, and ligated into a modified pET28a plasmid
(Novagen) linearized with the same enzymes. The pET28a
vector was modified by inserting a DNA sequence encoding a
tobacco etch virus (TEV) main protease cleava%e site before the
Ndel restriction site as described previously."® The resulting
plasmid pET28-phoP encodes a protein with an N-terminus
6XHis tag, which can be cleaved by the TEV protease. The
plasmid was transformed into BL21(DE3) competent cells
(Novagen) for protein overexpression.

Cells containing the pET28-phoP plasmid were grown and
induced for protein overexpression, and cells were harvested and
lysed, as described previously.'® The cell lysate was centrifuged at
37000g for 30 min, and the supernatant was applied to a column
containing a 1—3 mL bed volume of Ni-NTA agarose (Qiagen).
The column was washed with 10 column volumes of wash buffer
(50 mM sodium phosphate, pH 7.4, 500 mM NaCl, and 20 mM
imidazole), and PhoP was eluted in S0 mM sodium phosphate,
pH 7.4, 500 mM NaCl, and 250 mM imidazole. Fractions
containing the PhoP protein were pooled, mixed with ~150 ug
of His-TEV(S219V) protease,”" and dialyzed against 1 L of
buffer containing 50 mM sodium phosphate, pH 7.4, 200 mM
NaCl, and $ mM MgCl, overnight at 4 °C. The dialysis mixture
was loaded onto a Ni-NTA agarose column to remove the His-
TEV protease, the cleaved His-tag, and the undigested protein.
Fractions containing PhoP lacking the His tag were pooled and
concentrated, and the protein was further purified on a Superdex
200 column (GE Healthcare) equilibrated with 20 mM Hepes,
pH 7.5, 200 mM NaCl, and 10 mM MgCl,. The purified protein
was analyzed by SDS-PAGE and MALDI mass spectrometry for
purity. Protein concentrations were determined by Bradford
assay’~ using BSA as a standard.

For production of selenomethionine-labeled protein (SeMet-
PhoP) similar procedures were followed, except that M9 minimal
media®® containing 50 ug/mL kanamycin were used in place
of LB. Once an ODgg of 0.6 was reached, amino acids lysine
(100 mg), phenylalanine (100 mg), threonine (100 mg), iso-
leucine (50 mg), leucine (50 mg), and valine (50 mg) along with
selenomethionine (60 mg) per liter were added directly to the
culture as solids. The temperature was lowered to 18 °C, and the
cells were induced with 50 uM IPTG for 16—18 h. Subsequent
expression and purification of SeMet-labeled PhoP was identical
to that described above for the native protein. The yield of
SeMet-labeled protein was ~5—7 mg per gram of cell pellet.

Crystallization and Data Collection. Purified protein was
concentrated to ~3 mg/mL for crystallization. The best crystals
were obtained from drops set up with well solutions containing
0.1 M Hepes, pH 7.5, 1.8 M ammonium sulfate, 1.5% PEG 400,
and 12% 1,2-propanediol. Before data collection, crystals were
soaked for 2—S min in a cryogenic solution, similar to well
solutions but with 1.2 M ammonium sulfate and 20% 1,2
propanediol. Crystals were then flash-cooled in a cryostream of
N, gas at 100 K on the goniometer. Diffraction data were
collected at beamline X6A of the National Synchrotron Light
Source, Brookhaven National Laboratory, with a Quantum-270
CCD detector. Data reduction and scaling were done with HKL-
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Table 1. Data Collection Statistics for MTB PhoP*
Se-edge

wavelength (A) 0.9804
space group P2,2,2

cell dimensions

ab,c(A) 79.27, 138.33, 58.93
resolution (A)" 30.0—2.5 (2.54—2.50)
Rierge” 0.139 (0.858)

Ry’ 0.058 (0.261)

1/o(1)" 16.44 (2.39)
completeness (%)" 99.2 (98.3)
redundancy” 8.6 (8.7)

Se-peak Se-remote
0.9800 0.9537
P2,2:2 P2,2,2

79.18, 138.09, 58.88
30.0—2.5 (2.54—2.50)
0.134 (0.669)

0.057 (0.231)

79.23, 138.24, 58.91
30.0—2.5 (2.54—2.50)
0.138 (0.765)
0.057 (0.248)

17.47 (2.51) 16.64 (2.77)
99.0 (96.5) 99.3 (98.3)
8.1 (7.4) 8.5 (8.6)

“One crystal was used for collection of all data sets at three wavelengths; data were collected at 100 K. "Values in parentheses are for highest-

resolution shell.

Table 2. Refinement Statistics for the MTB PhoP Structure”

resolution (A) 30.0—2.5 (2.56—2.50)

no. reflections 21622
Ryork/Reee” 21.2 (25.2)/24.5 (28.1)
no. atoms

protein 3514

water 78
B-factors

protein 35.0

water 33.5
no. other molecules/ions* 5580, (85.5)

1 1,2-propanediol (79.2)

rmsd bond lengths (A) 0.017
rmsd bond angles (deg) 1.61

“The data set collected at the Se-remote wavelength was used for
structural refinement. ’Values in parentheses are for highest-
resolution shell. “Values in parentheses are the average B-factors.

2000.>* Data collection and processing statistics are listed in
Table 1. The Ry, values were calculated with SCALA™® using
unmerged scaled data from HKL2000 as input. The crystals
belong to the space group P2,2,2, with 2 molecules per asym-
metric unit and a Vy; (Matthews volume) of 2.88 A®>/Da. The
data were converted to CCP4 format, and structure factor
amplitudes were calculated by TRUNCATE and other programs
in the CCP4 Suite.>

Structural Determination, Model Building, and Refine-
ment. The structure of PhoP was determined by multiwave-
length anomalous diffraction using PHENIX AutoSol and Auto-
Build.*” The structural model was refined against the diffraction
data using REFMAC.>® After each cycle of refinement, the model
was manually adjusted with weighted 2F, — F. and F, — F.
electron density maps with COOT.*” The model was refined for
a few cycles with TLS refinement®® before convergence. Final
refinement statistics for the refined coordinates are reported in
Table 2. Structure validation by MolProbity*' suggests that over
96% of protein residues fall in the most favored region of the
Ramachandran plot.

Sedimentation Velocity Analytical Ultracentrifugation.
Sedimentation velocity scans were obtained using a 4-place
An-60 Ti analytical rotor in the Beckman Coulter ProteomeLab
XL-A ultracentrifuge. The PhoP protein was in a buffer contain-
ing 20 mM Hepes pH 7.5, 200 mM NaCl, 10 mM MgCl,, and

10% glycerol, at two concentrations, 0.9 and 2.3 mg/mL.
Experiments were carried out using 400 uL of sample in a
double-sector 12 mm thick charcoal filled Epon centerpiece.
For each sample, 400 absorbance scans at wavelengths 250 and
280 nm were acquired overnight at 20 °C with rotor speeds of
45000 rpm. SEDFIT (version 12.1b) was used to analyze the
sedimentation velocity scans.

Limited Trypsin Digestion of PhoP. Limited proteolysis of
PhoP was carried out at room temperature for 1 h in 50 #L total
reaction volume containing 1.2 ug of PhoP and 20 ng of trypsin
in 20 mM Hepes (pH 7.5), S0 mM NaCl, 5% glycerol, and 1 mM
MgCl,. Proteolysis was stopped by addition of 2X Lamelli dye.
The trypsin-digested fragments were resolved on a Novex 18%
tris-glycine gel and transferred to a polyvinylidene difluoride
membrane (Pierce) and visualized by staining with the Simply-
Blue safe stain (Invitrogen). Each fragment was then excised and
sent to the Protein Core Facility at Columbia University for
N-terminal sequencing.

B RESULTS

Protein Purification and Structure Determination. The
full-length PhoP protein of MTB was expressed in the E. coli
strain BL21(DE3) and purified by two passes through a Ni**
column followed by gel filtration, as described in the Methods
section. The His tag was removed by TEV protease digestion
before the second pass of the Ni** column. The resulting protein
contains three extra residues, GluThrHis, at the N-terminus,
which originated from the plasmid vector. SeMet-labeled protein
was produced and purified in a similar way (see Methods for
details). Mass spectroscopy analysis confirmed 100% incorpora-
tion of selenium atoms.

The purified PhoP protein has a solubility of ~3 mg/mL in
most of the common buffers with pH from 6 to 8. Gel filtration
studies gave a single peak with an apparent molecular weight
between monomer and dimer, suggesting that the protein exists
in solution in rapid equilibrium between monomer and dimer.
Analytical ultracentrifugation confirms the existence of dimers in
solution. The dimeric form increases from 2% to 16% of the total
protein as the protein concentration increases from 0.9 to
2.3 mg/mL.

The best protein crystals were obtained from drops containing
0.1 M Hepes, pH 7.5, 1.8 M ammonium sulfate, 1.5% PEG 400,
and 12% 1,2-propanediol. The crystals are thin plates ~1 mm
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Figure 1. Sequence alignment of response regulators of the OmpR/PhoB subfamily. Sequences were aligned with the program CLUSTALW"*® and
manually adjusted based on structural alignments. The secondary structural elements shown are of the PhoP structure. Identical residues are highlighted
in black boxes, while residues with high similarity as defined by CLUSTALW are highlighted in gray boxes. The essential aspartate and other acidic
residues at the phosphorylation site, conserved lysine (Lys121 in PhoP), and the switch residues (Thr99 and Tyr118) are labeled with asterisks. A vertical
arrow marks the boundary between the N- and C-terminal domains. The linker between domains has variable length as indicated by the gaps in the

alignment. This figure was generated with the program ALSCRIPT.*

long but less than 0.02 mm thick. A set of MAD data was
collected from one crystal at three wavelengths. The data were
processed in space group P2,2,2 at 2.5 A with 2 molecules in the
asymmetric unit (Table 1). The structure was determined from
this set of MAD data with PHENIX®” AutoSol wizard. The
resulting initial map was traceable, and the PHENIX AutoBuild
wizard built nearly 50% of the model with the rest rebuilt
manually. Refinement statistics are reported in Table 2.
Overall Structure of PhoP. The refined structural model
contains two polypeptide chains. There are 224 residues for
chain A and 221 residues for chain B. Each molecule contains two
distinct structural domains. At the linker between the two
domains, 6 residues in chain A and 8 residues in chain B were
not modeled due to lack of electron density, and these residues
are presumably disordered. The last residue at the C-terminus for
both chains, 19 residues at amino terminus for chain A, and 20 for
chain B, including the 3 residues originating from the plasmid
vector, also lacked electron density and therefore were not
modeled. Sequence alignments with other homologous RRs
suggest that MTB PhoP has an extension of 18 residues at the

N-terminus that are absent from other homologues (Figure 1).
Most of these residues are disordered in the crystal structure and
would extend away from the surface of the globular domain
(Figure 2), suggesting that these extra residues are not involved
in the N-terminal domain structure but could play a role in
interacting with other proteins.

The N-terminal domain has a (o) fold, analogous to other
receiver domains from the OmpR/PhoB RR subfamily.*” The
central core of the structure is made up of a five-stranded parallel
f-sheet (f1—[35) surrounded by helices a1 and 0.5 on one face
and helices 02, a3, and 04 on the other side (Figure 2). The
[-strands are mainly composed of residues valine, leucine, and
isoleucine, forming a hydrophobic core. The «-helices are
amphipathic, with the side facing the [-sheet composed of
residues with hydrophobic side chains while those exposed to
solvent are mostly hydrophilic.

The C-terminal domain has a winged helix-turn-helix fold
typical for the OmpR/PhoB family of RRs (Figure 2). The
domain starts with a 4-stranded antiparallel 3-sheet, followed by
three a-helices and then a C-terminal S-hairpin. A short strand
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Figure 2. Ribbon diagram of the full-length PhoP dimer. PhoP
dimerizes through a4-5-a.S of the receiver domain with a 2-fold
symmetry. The N- and C-termini for both subunits are marked with
N and C, respectively. Secondary structural elements for one of the
subunits are labeled. The two ends of the disordered linker are
connected with a dotted line. This figure and all other color figures
were generated with PYMOL.

between helices 6 and a7 and the (-hairpin together form a
3-stranded antiparallel 3-sheet. The two (3-sheets sandwich the
helices. The C-terminal domain appears to be more flexible than
the N-terminal domain. The overall average B factor for the main
chain atoms of the N-terminal domain is 31.1 A%, while that for
the C-terminal domain is 37.6 A”. The average B factor for all
atoms is essentially identical for both protein chains in the
asymmetric unit at ~35 A%,

Acidic Pocket at the Phosphorylation Site. The regulatory
domain exhibits an acidic pocket at the C-terminal ends of
strands 1 and f3, consisting of side chains from residues
Asp27, Asp28, Glu29, and Asp71 (Figure 3) (residues are
numbered as encoded in the genome with the initial Met as
residue number 1). These residues are well conserved in the
OmpR/PhoB subfamily of RRs. The side chain of Asp71 is
the site for phosphorylation® and is absolutely conserved, while
other acidic side chains are either aspartate or glutamate
(Figure 1). Side chains of Asp27, Asp28, and Asp71 as well as
the carbonyl oxygen of Met73 are involved in coordinating a
divalent cation in some structures of RRs crystallized in the

Figure 3. Phosphorylation site and functional residues. The phosphor-
ylation site is located in a shallow pocket at the C-terminal ends of
strands 31 and 33. The side chains of acidic residues, a well-conserved
Lys121, and switch residues are shown as sticks. Also shown is the
carbonyl group of Met73. Thr99 is located at the end of strand 54, and
Tyr118 is in the middle of BS. Hydrogen bonds are shown as
dashed lines.

presence of divalent cations.*>** The PhoP crystal was grown in
the absence of divalent cations, and no divalent cation was found
in the acidic pocket. However, the side chains are oriented ready
to coordinate a divalent cation, except that of Asp71, which
would need a slight rotation to orient one of the oxygen atoms
toward the bound metal ion. We obtained another PhoP crystal
grown in the presence of Ca(OAc),, and the calcium ion is
coordinated by side chains of Asp27, Asp28, Asp71, and the
carbonyl of Met73 (data not shown, structure not reported due
to disorder of one entire C-terminal domain out of the two
molecules in the asymmetric unit).

Lys121 is also very well conserved, and its amine group forms a
hydrogen bond to the side chain of Asp71 (Figure 3). The
Lys121 side chain is likely to assist in the dephosphorylation/
phosphorylation reactions or stabilize the structure by reducing
the local negative charges around the phosphorylation site. The
corresponding side chain in other RR structures shifts slightly to
avoid steric clashes with beryllium fluoride when comparing
activated with nonactivated crystal structures.'”*® Thr99 and
Tyr118 are also well conserved and are proposed to function as
switch residues to relay phosphorylation state to structural
changes, which are essential for signal transduction on phosphor-
ylation activation. The side chain of Thr99 is oriented away from
the acidic pocket, and the side chain of Tyr118 extends outward
toward the dimer interface (Figures 2 and 3) and is involved in
sr-electron stacking with other side chains as part of the dimer
interactions.

Receiver Domain Dimer Interface. In the crystal, two
N-terminal domains form a dimer with a 2-fold symmetry
through the 04-35-05 face (Figure 4). Helices a4 and oS,
strand f35, the loops between them, and the long loop between
f4 and 04 together form a relatively flat surface. The two
N-terminal domains interact through this surface to bury a total
surface area of ~890 A” per molecule, calculated with AREA-
IMOL of the CCP4 Suite.*® The total solvent-accessible area of
the N-terminal domain dimer is ~12 813 A”, At the center of the
dimer interface, side chains of Tyr118 (one of the switch residues
mentioned above), Asp117, Glu127, and Arg131 have 7z-electron
stacking interactions and charge—charge interactions. The side
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Figure 4. A stereo view of the receiver domain dimer interface. Side chains and water molecules not involved in dimer interactions are not shown for
clarity. Hydrogen bonds are depicted as dashed lines. A cluster of side chains with flat groups in the center of the interface interact with s-electron
stacking, salt bridges, and hydrogen bonds. Most pronounced are side chains of Tyr118 and Argl31, with 2 rings and 2 guanidinium groups stack in
parallel with a spacing of ~3.5 A. There are also two small patches of hydrophobic interactions flanking the central polar interactions.

chain of Argl31 of one molecule forms salt bridges to the side
chains of Asp117 and Glul27 of the other molecule. There are
also hydrogen bonds between these residues as well as water-
mediated interactions (Figure 4). Two small clusters of hydro-
phobic side chains flank this 77-electron stacking core, involving
side chains of Ala130 and Val134 of one molecule with those of
Leul04 and Ile108 of the other molecule. The dimer interface is
mostly hydrophilic, suggesting that the interactions are dynamic
in solution. This is consistent with gel filtration and analytical
ultracentrifugation results, as described above, which show that
in solution there is a monomer—dimer equilibrium that is
concentration dependent.

Although well conserved in amino acid sequence, helix .S has
variable length among known structures of PhoB/OmpR sub-
family RRs. In PhoP, a5 has 15 residues from Leul25 to Ala139.
In some other RR structures, such as MtrA from MTB, helix 0.5
ends at a Leu residue corresponding to Leul36 of PhoP, 3
residues shorter. In the crystal structure of PrrA from M.
tuberculosis, there are two molecules in the asymmetric unit,
and the length of helix a5 is different between them. In one
subunit there are 15 residues in 0.5 similar to that of PhoP, but in
the other subunit the helix extends two more residues at its
C-terminal end. Helix 04 and the loops flanking it also have
variable structures among RRs and adopt different structures
between activated and nonactivated structures of PhoB from
E. coli*® The flexibility of a4, &S, and loops allows the dimer
interface to be modulated by phosphorylation and adds to the
flexibility of the domain linker.

Lack of Interactions between the Receiver and Effector
Domain. As shown in Figure 2, the two domains of the same
polypeptide chain do not have any direct interactions with each
other. The two C-terminal domains of the dimer also do not have
any direct interactions. In addition, the loop connecting the
N- and C-terminal domains is disordered and thus has no role in

structural interactions between domains other than tethering
them together. In the crystal packing, the N-terminal domain of a
neighboring molecule interacts with both domains of the same
polypeptide chain, thus keeping their relative orientation.

The lack of interactions between the N- and C-terminal
domains and between the two C-terminal domains of the dimer
suggests that in solution the C-terminal domains are free to move
relative to the N-terminal domains. In the sequence alignments
(Figure 1) PhoP of MTB has a longer linker than most of other
homologous RRs. This long linker also contributes to the free-
dom of relative movements of the two domains in solution.

Limited Protease Digestion. In order to assess the flexibility
of the linker in solution, we carried out limited protease digestion
of PhoP by trypsin. Two major fragments were visible on SDS-
PAGE after trypsin digestion (Figure S). N-terminal sequencing
of the tryptic fragments indicated that the top band starts with
residues K*GVDLV and the lower band begins with N'**VRLTF
(single letter codes of amino acid with the residue number of the
first one labeled). The N-terminal sequence of the top band
indicates a trypsin cleavage site between Arg2 and Lys3, remov-
ing S residues from N-terminus including those that are vector-
generated. The sequence of the lower band indicates another
trypsin cleavage site after Arg147, which is within the linker. The
results are consistent with the crystal structure, which indicates
that residues of the N-terminal extension, as well as the linker
residues, are disordered.

The flexibility and relatively long length of the interdomain
linker would allow the N-terminal domain to adopt a symmetric
dimer while the C-terminal domain could form a tandem dimer
when bound to DNA direct repeats. PhoP has been proposed to
bind tandem direct repeat DNA as a dimer.>° Most of the known
DNA sequences recognized by the OmpR/PhoB subfamily RRs
contain direct repeats. The E. coli PhoB has been crystallized in
complex with its pho box DNA, and the structure shows PhoB
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Figure 5. SDS polyacrylamide gel electrophoresis of limited trypsin
digestion of PhoP. The lane labeled “M” is the molecular weight marker.
Lane 1 is PhoP before trypsin digestion, and lane 2 is after digestion.
Calculated molecular weight for PhoP is 27.8 kDa. Protein samples were
resolved by SDS-PAGE and visualized by staining with SimplyBlue. Two
bands marked with arrows are sequenced by Edman degradation to
identify trypsin cleavage sites.

binding to DNA as a tandem dimer. The N-terminal domain of
PhoB is expected to form a typical symmetric dimer through the
04-35-05 face when activated, as suggested by the crystal
structure in the presence of beryllium fluoride.”® These observa-
tions suggest that it is possible for the PhoP effector domain to
bind DNA direct repeats as a tandem dimer while the receiver
domain forms a symmetric dimer.

Structural Comparison between the Subunits of the
Dimer. The two subunits in the dimer are related by a 2-fold
noncrystallographic symmetry. The rmsd for the two subunits
over all matched Cat atoms (residues 18—141 and 150—246) is
1.0 A. The two N-terminal domains alone superpose very well,
with an rmsd of 0.085 A for Cat atoms of residues 18—140. The
two C-terminal domains have an rmsd of 0.24 A for Cat atoms of
residues 150—245. The last residues at the C-terminus are partially
disordered and have a large deviation. The first -strand of the
C-terminal domain, 36, also shows measurable shifts. The rmsd
between the two subunits in the dimer is mainly from a shift of
relative domain positions between the subunits. When the two
N-terminal domains are aligned, the two C-terminal domains shift
~4 A. This shift is expected because the only restrictions on their
relative positions are from the crystal packing, and it is consistent
with conclusions above that in solution the two domains are likely
to be able to move freely relatively to each other.

B DISCUSSION

The effector domain of MTB PhoP shows a large degree of
structural flexibility, consistent with its proposed function of
interacting with DNA and other proteins to regulate gene
expression. The average B factor of the effector domain is
consistently higher than that of the receiver domain in both
protein molecules of the asymmetric unit. Structural alignment
between the isolated effector domain and that of the full-length
PhoP gives an rmsd of 1.66 A for the Cat atoms of residues

150—246. Most of the deviations are in the transactivation loop,
i.e, residues 204—212. The corresponding loop of PhoB from
E. coli is prozposed to interact with the 0’ subunit of the RNA
polymerase.”® This loop is likely to be disordered in solution and
adopts a fixed structure upon binding to the RNA polymerase.
There is a slight rotation of the N-terminal 3-sheet, similar to
what observed among the protomers in the crystal structure of
the isolated C-terminal domain of PhoP.'® The sequence recog-
nition helix, 8, aligns very well for the main chain atoms. Several
residues in this helix are well conserved (Figure 1). These
residues have hydrophobic side chains and are involved in
packing with the hydrophobic core of the domain to maintain
the same domain folding of this group of proteins, suggesting that
the proteins bind DNA in a similar fashion. One exception is
Arg222, which is well conserved but not involved in the domain
packing. This residue might be important for binding DNA by
interacting with the phosphate backbone or stacking with DNA
bases. Most of other residues with side chains exposed to the
surface are not conserved, consistent with their proposed roles in
recognizing different DNA sequences for different RRs. A recent
paper® reports that mutation of these residues, including
Arg222, into alanine abolishes DNA binding, confirming our
earlier prediction based on the structure of the DNA-binding
domain.'®

There are currently six full-length structures of the OmpR/
PhoB subfamily RRs, DrtB,”” and DrrD*® from Thermotoga
maritima, RegX?),24 PrrA,*® and MtrA* from MTB, and the
current structure of PhoP. All these structures have different
organization of the domain interactions. The PhoP structure is
unique in that its receiver domain forms a dimer with the dimer
interface involving the a4-f5-a5 face, which is a common
interface among isolated receiver domain dimers that are acti-
vated by binding beryllium fluoride, mimicking the phosphoryla-
tion state. PhoP also has a completely disordered linker, and its
N- and C-terminal domains do not interact with each other or
with the domain linker. The closest structure in this respect is the
DrrD structure, which has a very small interdomain interface.
DrrD has a shorter linker (Figure 1), which is ordered in the
crystal structure but has higher temperature factors, suggesting
that the linker is flexible. There is minimal interaction between
helix 05 and the N-terminal [3-sheet of the C-terminal domain,
allowing the sequence recognition helix to be fully exposed for
insertion into the major groove of DNA.”® DrrB has the shortest
linker of three residues, which is involved in the domain interface
and well ordered in the crystal structure. In addition to the linker,
the domain interface also involves the interactions between the
helix a4 and the N-terminal -sheet of the effector domain. The
DNA-binding elements are also fully exposed in the DrrB crystal
structure. Crystal structures of PrrA and MtrA show that the
DNA-binding elements are obstructed by the domain interface.
Both proteins involve the a4-35-05 face of the N-terminal
domain to pack against the recognition helix and some other
elements of the C-terminal domain, although the domain inter-
faces are different between the two proteins. In solution, PrrA can
exist in an open conformation, allowing the DNA recognition
helix and the 3-hairpin exposed for binding DNA.*® The MtrA
crystal structure has the most significant interdomain interface
that buries ~1600 A surface area. However, most of the inter-
face interactions are polar or water-mediated, suggesting that in
solution the open conformation is likely present. The recombi-
nant protein purified from expression in E. coli binds promoter
DNA of genes regulated by MtrA without phosphorylation.*®
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Figure 6. Structural alignment of the receiver domain dimer of PhoP
with that of activated PhoB from E. coli (PDB code 1ZES). The PhoP
structure is colored in green, and PhoB is colored in orange. The
structural superposition was carried out on one of the subunits, shown
on the left, with 111 matched Co. atoms and an rmsd of 1.5 A. The other
subunit, shown on the right, has a shift between the two proteins. Panel
() has the 2-fold symmetric axis of the PhoP dimer perpendicular to the
paper similar to the view in Figure 2, and panel (b) is a 90° rotation from
the view in (a). Despite that both involve 04-35-0S, the interactions at
the dimer interface are different in PhoP and PhoB. The activated PhoB
dimer has a more compact interface, with helices from subunits packing
more closely.

The receiver domain dimer with the interface involving the
04-f35-0S face has been proposed to be the active conformation.
Several isolated receiver domains have been crystallized in
complex with beryllium fluoride, which occupies the phosphor-
ylation site and mimics the phosphoaspartate.'””*"*" All acti-
vated receiver domains form a symmetric dimer with the same
interface involving 04-35-0.5. Some isolated receiver domains,
such as that of PhoP from E. coli," form the same activated dimer
interface in the absence of phosphorylation or phosphorylation
mimics. However, there are some consistent differences between
these unphosphorylated active dimers and the phosphorylation-
activated dimers. The switch residues, a Ser/Thr residue and a
Tyr residue (Thr99 and Tyr118 in PhoP of MTB, see sequence
alignments in Figure 1), are in the same inward conformation
facing toward the phosphorylation site in the beryllium fluoride
activated dimers. In the unphosphorylated active dimers,
the switch residues are in outward conformations. This is also
the case for PhoP of MTB; both Thr99 and Tyr118 side chains
are pointing away from the phosphorylation site (Figure 2).

Although the PhoP dimer involves the 04-35-aS face, there is a
slight shift of the dimer interface when compared to those of the
activated dimers (Figure 6). Phosphorylation of the essential
aspartate will create favorable hydrogen-bond interactions that
shift the side chain of Thr99 toward the phosphate group, causing
a shift of the loop 34-a4 and helix a4, which is the part of the
structure that is the most flexible and shows the largest variation
among known receiver domain structures. These shifts make the
inward conformation of the Tyr118 side chain more energetically
favorable. Flipping of the Tyr118 side chain inward should result
in a rearrangement of the dimer interface because Tyr118 is one
of the interface residues (see above for details). Several studies
have shown that phosphorylation stabilizes dimer formation of
full-length RRs and isolated receiver domains."”?* It is possible
that upon phosphorylation Thr99 and Tyr118 of the MTB PhoP
protein adopt the inward conformation and the dimer interface
rearranges to have similar interactions to the activated receiver
dimers, which has a more compact dimer interface (Figure 6).
However, the shift should not have much influence on the
effector domain structure or its interactions with the receiver
domain. This is in sharp contrast to the structure of MtrA, which
would release the effector domain for binding DNA if phosphor-
ylation results in the favorable formation of activated receiver
domain dimer through the 04-35-0.S face. It is likely that for
MTB PhoP rearrangement of the dimer interface upon phos-
phorylation strengthens dimer interactions. Therefore, a larger
fraction of PhoP forms dimers through the dimerization of the
receiver domain. This, in turn, results in higher DNA-binding
affinity by bringing two copies of the DNA-binding domain in
close proximity. Current knowledge in the field of the OmpR/
PhoB subfamily RRs suggests that these transcription regulators
bind DNA as a dimer on direct repeats of DNA sequence.
A recent study™ found that PhoP binds to the promoter DNA
of msl3, a gene strongly regulated by PhoP,” at a much higher
affinity upon phosphorylation. This is consistent with the pro-
posed mechanism that phosphorylation promotes dimerization
of the receiver domain to bring two DNA-binding domains in
close proximity for binding direct-repeat DNA sequences.
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HK, histidine kinase; IPTG, isopropyl 3-p-1-thiogalactopyrano-
side; MAD, multiwavelength anomalous diffraction; MTB,
Mycobacterium tuberculosis; NCS, noncrystallographic symmetry;
PMSEF, phenylmethanesulfonyl fluoride; PCR, polymerase chain
reaction; RR, response regulator; SeMet, selenomethionine; TEV,
tobacco etch virus; rmsd, root-mean-square deviation; TCS, two-
component system.
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