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Background: PmrD binds to phospho-PmrA and sustains its phosphorylation state.
Results: Phospho-PmrA interacts with PmrD via several specific intermolecular interactions.
Conclusion: A steric inhibition mechanism was proposed for protecting phospho-PmrA against dephosphorylation.
Significance: This work provides novel data revealing how a connector protein protects an activated response regulator.

In bacteria, the two-component system is the most prevalent
for sensing and transducing environmental signals into the cell.
The PmrA-PmrB two-component system, responsible for sens-
ing external stimuli of high Fe3� andmild acidic conditions, can
control the genes involved in lipopolysaccharide modification
and polymyxin resistance in pathogens. In Klebsiella pneu-
moniae, the small basic connector protein PmrD protects phos-
pho-PmrA and prolongs the expression of PmrA-activated
genes. We previously determined the phospho-PmrA recogni-
tion mode of PmrD. However, how PmrA interacts with PmrD
and prevents its dephosphorylation remains unknown. To
address this question,we solved the x-ray crystal structure of the
N-terminal receiver domain of BeF3�-activated PmrA (PmrAN)
at 1.70 Å. With this structure, we applied the data-driven dock-
ing method based on NMR chemical shift perturbation to gen-
erate the complex model of PmrD-PmrAN, which was further
validatedby site-directed spin labeling experiments. In the com-
plexmodel, PmrDmay act as a blockade to prevent phosphatase
from contacting with the phosphorylation site on PmrA.

For all organisms, sensing and responding to environmental
cues is essential to their survival. Compared with eukaryotic
signaling cascades, which are mainly involved in mediating sig-
nals through specific Ser-, Thr-, and Tyr-phosphorylated resi-
dues among the related sub-tracts, in prokaryotic signaling sys-
tems, a distinct phosphorylation scheme predominates, the
two-component system (TCS)2 (1–3). Hundreds of TCSs have

been found in eubacteria, archaea, and a few eukaryotic organ-
isms (4), and the TCS is the most prevalent system in bacteria
for transducing external information into the cell and coping
with environmental stresses (2, 5). A PmrA-PmrB TCS, dealing
with cationic antimicrobial peptides and polymyxin resistance
in pathogens (6), is responsible for sensing the external stimuli
caused directly or indirectly by excess Fe3�, low Mg2�, and
mild acidic environments (7–9). Under this TCS, pathogens
can alter the composition of their cell walls to resist neutraliza-
tion of polymyxin for drug resistance and allow bacterial sur-
vival within macrophages by reducing the affinity with cationic
antimicrobial peptides (10, 11).
The increasing antibiotic resistance toKlebsiella pneumonia

bacteria, a common cause of nosocomial bacterial infections
causing pneumonia and urinary tract infections, especially in
immunocompromised patients (12), led us to investigate how
the virulence anddrug resistance persist via the associatedTCS.
Similar to most response regulators, the PmrA of K. pneu-
moniae belonging to the OmpR-PhoB family is composed of an
N-terminal receiver domain (Fig. 1) and a C-terminal effector/
DNA-binding domain. Interestingly, at low Mg2� concentra-
tion, the PhoP-PhoQ systempromotes the expression of a small
basic protein, PmrD (7), which can prevent the intrinsic
dephosphorylation of phospho-PmrA and enhance the expres-
sion of PmrA-activated downstream genes (13). Therefore,
PmrD is termed a “connector” because it connects the PmrA-
PmrB and PhoP-PhoQ systems (14). Besides PmrD, other
small-sized proteins that connect TCSs for Escherichia coli
include SafA, which connects the PhoP-PhoQ and EvgS-EvgA
systems (15); IraM, which connects PhoP-PhoQ and binds to
response regulator RssB, thereby preventing the proteins from
recruiting targets for degradation (16); and MzrA, which con-
nects CpxR-Cpxa and OmpR-EnvZ systems (17). To date, the
complicated mechanisms of cross-regulation among these
TCSs are still not clear (14), and no detailed structural informa-
tion is available about how the phosphorylation site of the
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response regulator is protected by the connector protein in the
interconnecting signal transduction pathways such as PmrD
and phospho-PmrA.
Previously, we determined the solution structure for K. pneu-

moniae PmrD and mapped its binding sites when it bound to
PmrAN (18). In this study, we present the structure of the BeF3�-
activatedN-terminal receiver domain of PmrA (PmrAN) solved
by x-ray crystallography. The backbone assignment of PmrAN
involved transverse relaxation-optimized spectroscopy-type
three-dimensional NMR experiments with 2H,13C,15N-labeled
PmrAN.With the chemical shift perturbations of PmrAN when
binding with PmrD and structures of PmrD and PmrAN, we
used HADDOCK (19) to generate a complex structure of
the PmrD-PmrAN heterotetramer. Furthermore, using NMR
hydrogen/deuterium exchange (HDX) exchange studies com-
bined with a paramagnetic spin-labeling approach, we further
confirmed the reliability of this complex model. We found that
PmrAN interacts with PmrD via the residues near the active
sites that are widely used by response regulators for intermo-
lecular protein-protein interactions with histidine kinase. The
results of this study can help reveal the molecular mechanisms
of the interaction mode between connector proteins and phos-
phorylated response regulators in TCSs.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of the Recombinant
Proteins—The coding regions of pmr and PmrAN (N-terminal
123 residues) were PCR-amplified from the genomic DNA of
K. pneumoniae.The amplified gene products were cloned as an
NdeI/XhoI fragment into the pET29b vector (Novagene). The
resulting plasmids (pET-PmrD and pET-PmrAN) allowed for
the in-frame fusion of each coding region containing an addi-
tional LEHHHHHH sequence at the C terminus to facilitate
protein purification. The recombinant proteins were overex-
pressed in the host E. coli strain BL21(DE3) (Novagen) induced
with 1mM isopropyl 1-thio-�-D-galactopyranoside at 37 °C (for
PmrD) or 30 °C (PmrAN). After lysis with use of an M-110S
microfluidizer (Microfluidics) and subsequent centrifugation,
the overproduced proteins were purified from the soluble frac-
tion by affinity chromatography on His-Bind resin (Novagene)

and size-exclusion chromatography with a Superdex75 10/300
GL column. The eluted samples were dialyzed against 50 mM

Tris (pH8.0), 100mMNaCl, and concentrated by use ofAmicon
(molecular weight of 5000;Millipore). For isotopically enriched
samples, cells were grown inM9minimalmedium (20) contain-
ing 1 g/liter 15NH4Cl and 2 g/liter [13C]glucose. PmrD and
PmrAN mutants were generated according to QuikChangeTM

protocol (Stratagene). The authenticity of the recombinant
proteins was verified by SDS-PAGE and mass spectrometry.
Crystallization of BeF3�-activated PmrAN—For crystalliza-

tion trials, the BeF3�-activated PmrANwas first concentrated to
5mg/ml in buffer containing 20mM sodium phosphate, pH 6.0,
and 30 mM NaCl with use of a Centricon concentrator (Milli-
pore). The BeF3�-activated PmrAN was obtained by adding 5.3
mM BeCl2 (Fluka), 35 mM NaF, and 7 mM MgCl2. The hanging
drop vapor diffusion method was then performed at 298 K by
mixing 1 �l BeF3�-activated PmrAN with an equal volume of
crystal screening solutions. Hexagonal crystals appeared after 3
days under the condition of 100 mM imidazole and 1 M sodium
acetate at pH 6.5. The crystals belong to space group P41 and
contain one PmrAN dimer per asymmetric unit. Collection of
the cryogenic multiwavelength anomalous dispersion data
involved use of an Area Detector Systems Quantum-315 char-
ge-coupled device detector with a synchrotron radiation x-ray
source at beamline BL13B1 at the National Synchrotron Radi-
ation Research Center in Taiwan. X-ray diffraction data inte-
gration and scaling involved use of the HKL2000 package (21).
The extension of initial phases to 1.99 Å and the preliminary
auto-model building involved use of RESOLVE (22). XtalView
(23) was used to examine electron densitymaps and formanual
model building. Further refinement involved use of CNS (24)
and PHENIX (25). After completion, the Rfactor of the final
model for all reflections above 1� between 25.38 and 1.70 Å
resolution was refined to 16.5%, and an Rfree value of 17.5% was
obtained with 5.2% randomly distributed reflections (26). The
structures were visualized and plotted with use of PyMOL (27).
NMR Backbone Resonance Assignments of Free and Bound

Forms of BeF3�-activated PmrAN—NMR experiments with 0.3
mM 2H,13C,15N-labeled PmrAN or in complex with PmrD (with

FIGURE 1. Primary sequence alignment of N-terminal receiver domains of PmrA and five other response regulators. The secondary structural elements
of PmrAN are at the top of the figure. Identical residues are shown in white with a red background, and similar residues are shown in red. The alignment was
generated by use of CLUSTAL-W (60) and ESPript (61).
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a molar ratio of 1:2) in a Shigemi NMR tube (Allison Park, PA)
were performed at 310 K with the use of Bruker AVANCE 600
and 800 NMR spectrometers (Bruker, Karlsruhe, Germany)
equipped with a triple (1H, 13C, and 15N) resonance cryoprobe
including a shielded z-gradient. All heteronuclear NMR exper-
iments were performed as described (28). Sequence-specific
assignment of the backbone atoms was achieved by independ-
ent connective analysis of transverse relaxation-optimized
spectroscopy-type three-dimensional HNCA, HN(CO)CA,
CBCA(CO)NH, HNCACB, HNCO, and HN(CA)CO experi-
ments. The chemical shifts of individual spin systems (HN, N,
C�, C�, C�, andH�) were collectedmanually, and the backbone
resonances were assigned by visual inspection. Transverse
relaxation-optimized spectroscopy-based NOESY and HNCO
spectra were acquired on the triple-labeled PmrAN in complex
with PmrD. From the resonance assignments for free PmrAN,
most of the resonances in the bound PmrAN could be easily
identified because their cross-peaks were well superimposed.
For the residues with significant shift perturbations, their back-
boneswere assigned by comparingNOEconnectivities and car-
bonyl carbon chemical shifts between the free and bound
forms. All NMR spectra were processed and analyzed by use of
Topspin (Bruker Biospin), NMRPipe (29), and NMRView (30)
software packages.
HDXExperiments—HDXexperiments were initiated by add-

ing D2O (99.9%) to lyophilized protein, which had been pre-
pared at the required pH and buffer conditions. The concentra-
tion of 15N,13C,2H-labeled PmrAN was �100 �M, and the
unlabeled PmrDwas�200�M.The 15N-1H selective optimized
flip-angle short-transient heteronuclear multiple quantum
coherence procedure (31) was used to obtain the 15N-1H cor-
relation spectra with 1024 (t2) and 64 (t1) complex points and 4
scans at 310 K.
Chemical Shift Perturbation Experiments—Tomap the bind-

ing sites on PmrAN with PmrD, we collected 1H-15N HSQC
spectra for 2H,15N-labeled PmrAN with unlabeled PmrD at a
molar ratio of 1:2.We investigated and ruled out the possibility
that the shift changes of PmrD were due to constituents of
BeF3�. All spectra processing were analyzed by use of XWIN-
NMR (Bruker Biospin) and SPARKY (32). Normalized chemi-
cal shift changes were calculated as follows.

�� � ��H2 � �0.17�N�2	1/ 2 (Eq. 1)

The cut-off (0.135 ppm) was set as the S.D. for all chemical shift
changes. All residueswith values above the cut-off were consid-
ered affected by interaction with PmrD.
Complex Structure Determination using HADDOCK—The

information-driven docking programHADDOCK (version 2.0)
(19) was used to generate a PmrD-PmrAN complex model. The
starting structures for dockingwere an x-ray crystal structure of
PmrAN and the 10 lowest energy structures of PmrD, which
were refined with the constraints measured from the chemical
shift perturbations (18). FromNMRtitration data, different sets
of ambiguous interaction restraints were used to generate the
complex model. PmrD contained sets that included the active
residues 4, 26, 48, 49, 50, 52, 67, 70, 71, 73, and 74 and passive
residues 1, 24, 47, 64, and 66. The PmrANmodel contained sets

that included the active residues 8, 9, 53, 59, 99, 104, 105, 138,
139, 183, 189, 229, 234, and 236. The active residues were cho-
sen on the basis of the chemical shift perturbation data and high
solvent accessibility (
50%). The passive residues are the sol-
vent-accessible surfaces neighboring active residues. During
the rigid body energyminimization, 10,000 structureswere cal-
culated, and the 199 best solutions based on the intermolecular
energy were used for the semi-flexible, simulated annealing,
followed by explicit water refinement. The best 199 docked
models were clustered by use of a cut-off r.m.s.d. of 3.5 Å. The
clusters were ranked by the averagedHADDOCK score of their
top 10 complex models (Table 1).
Site-directed Spin Labeling and Paramagnetic Relaxation

Enhancement (PRE) Experiments—PmrDC54 constructs con-
taining a single cysteine residue were generated by use of site-
directedmutagenesis to convert existing extra cysteine residues
to serine. Mutations were confirmed by DNA sequencing over
the entire open reading frame and were found to be properly
folded and capable of binding BeF3�-activated PmrAN as for
wild-type PmrD. Purifiedmutants weremodified with the thio-
specific spin-label reagent MTSL ((1-oxyl-2,2,5,5-tetramethyl-
3-pyrroline-3-methyl) methanethiosulfonate)) purchased from
Affymetrix-Anatrace. The protein solution was added to a
20-fold molar excess of MTSL solution dissolved in acetone.
The spin-labeling reactionswere performed in the dark at room
temperature overnight. Excess MTSL was removed by exten-
sive dialysis, and the sample was concentrated to 150 �M. For
NMR HSQC experiments, the complex was prepared with a
molar ratio of 1:2 of 15N,13C,2H triple-labeled PmrAN:
PmrDC54 with MTSL or 15N,13C,2H triple-labeled PmrD:
PmrAN D56C withMTSL. All experiments were repeated after
the spin label was reduced with 5-fold excess concentrated
ascorbic acid andDTT (2–5�l from a concentrated stock; dilu-
tion � 1.25%) to NMR samples. Samples were placed at 25 °C
for at least 1 h after the addition of reducing agent. The intensity
ratios of paramagnetic versus diamagnetic spectra were
obtained from the peak heights and further normalized before
distance constraints were converted.

TABLE 1
Docking and structural statics for the best 199 and best 10 PmrD-
PmrAN model structures

Docking statistics
Ensemble

(199 structures)
Best 10

structures

Haddock score �144.61 � 19.86 �181.352 � 4.61
Evdw (kcal/mol) �82.18 � 8.16 �89.55 � 8.22
Eelec (kcal/mol) �550.71 � 79.78 �694.77 � 52.86
Einter(kcal/mol) �583.84 � 80.92 �738.89 � 51.84
EAIR (kcal/mol) 48.24 � 11.51 43.83 � 3.37
BSA (Å2) 3143.53 � 151.53 3378.55 � 157.648
r.m.s.d. from lowest energy

structure (Å)
0.984 0.847 � 0.33

No. of AIR violations 
 0.3 Å 1.23 � 0.47 1.1 � 0.3
Deviations from idealized

geometry
r.m.s.d. for bond angles 0.5° 0.5°
r.m.s.d. for bond lengths (Å) 0.004 0.004

Ramachandran analysis,
residues in

Most favored regions (%) 82.2 82.9
Additionally allowed regions (%) 15.8 14.9
Generously allowed regions (%) 1.4 1.4
Disallowed regions (%) 0.6 0.8
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RESULTS

Structure of PmrAN and Dimer Interface—Beryllium fluo-
ride, a phosphoryl analog (33), was used to produce an activated
form of PmrAN for structural studies. The structure of PmrAN
was solved with experimental phases from molecular replace-
ment data at 1.70 Å. The initial phases of PmrAN were solved
with use of themolecular replacement softwareMOLREP from
the CCP4 suite (34). The overall structure of PmrAN adopts a
typically (��)5 topology and follows the signature CheY-like
�/�-fold architecture of receiver domains shared by all
response regulators (35). Alternating�-strands and�-helices in
the primary structure fold into a central five-stranded parallel
�-sheet surrounded by two �-helices on one side and three on
the other side (Fig. 2A). The asymmetric unit has only onemol-
ecule that forms a dimer with another crystallographic symme-
try-related molecule using the face formed by helix �4, strand
�5, and helix �5 (Fig. 2A). The presence of a large number of
intra- and intermolecular interactions involving hydrophobic
and polar residues was revealed by analysis of the interface. The
�4 helix of onemonomer packs against the�5 helix of the other
monomer through a hydrophobic patch formed between
Leu-84 (�4), Ile-88 (�4), and Leu-91 (�5) and the aliphatic por-
tions of Ala-104 (�4), Ala-110 (�5), and Ala-114 (�5) side
chains (Fig. 2B). The interface is further stabilized by a number
of side chains involved in attributive salt bridges, especially
toward the center region, which creates an extensive network
that surrounds the hydrophobic packing between the�4 and�5
helices. Intermolecular salt bridges are formed between
Arg-87(�4)–Glu-107(�5), Asp-92(�4)–Arg-113(�5), and Asp-
97(�5)–Arg-111(�5) at the outer sides (Fig. 2C). The x-ray

structures of other members of the activated form of receiver
domains in the OmpR-PhoB subfamily were reported previ-
ously, including PhoB and PhoP from E. coli and DrrB and
DrrD from Thermotoga maritime (36–38). In all cases, the
receiver domains form a dimer with an interface at �4-�5-�5,
which reveals a common dimerization mechanism on activa-
tion with members of the OmpR-PhoB subfamily.
Coordinationof theActiveSite inPmrAN—PmrAisphosphor-

ylated at Asp51, the residue that corresponds to the conserved
phosphorylation site shared by the receiver domains of
response regulators (39). In the crystal structure,Mg2� binds to
F1 of BeF3�, the side chain carboxyl oxygens of Asp-8 and Asp-
51; themain chain carbonyl oxygen of Gly-53, a watermolecule
hydrogen-bonded to Asp-8 and another watermolecule hydro-
gen-bonded to Asp-9, thus satisfying the octahedral coordina-
tion of Mg2� (Fig. 2D). The BeF3� is non-covalently bound to
Asp-51 centered within the active site. The conserved Lys-101
is involved in salt bridges with Asp-9 and F3 of BeF3�. The con-
served Thr-79 forming a hydrogen bond with the F2 of BeF3�,
involved in the activationmechanism in other response regula-
tors, is in an inward orientation. The rotation of Thr-79 is
accompanied by a rotation of the backbone N of the next resi-
due, Ala-80, which forms a hydrogen bond with F3 of BeF3�.
Ser/Thr and Phe/Tyr located in the �4-�4 loop and �5 (Thr-79
and Tyr-98 in PmrA, Fig. 2D) are the signature aromatic
“switch” residues involved in rearrangements associated with
phosphorylation (3, 40). In the PmrAN structure, Thr-79 is ori-
ented toward the active site to coordinate with BeF3�, whereas
Tyr-98 adopts an inward position, forming a hydrogen bond
with the main chain carbonyl oxygen of Arg-81 situated at the

FIGURE 2. X-ray crystal structure of PmrAN. A, ribbon structure of PmrAN shows the formation of a dimer with the interface at �4-�5-�5. The phosphate
analog, BeF3

�, is shown as a ball and stick figure in magenta, and Mg2� is represented by a green sphere. B, hydrophobic interactions identified at the dimer
interface. A hydrophobic patch (spheres) brings helices �4 (Leu-84, Leu-91, and Ile-88 colored in orange) and �5 (Ala-104, Ala-110, and Ala-114 colored in purple)
together. C, the dimer interface is stabilized by an extensive network of salt bridges, Arg-87(�4)–Glu-107(�5), Asp-92(�4)–Arg-113(�5), and Asp-97(�5)–Arg-
111(�5). D, an extended view of the active site. The Mg2� is octahedrally coordinated to Asp-51, Gly-53, Asp-8, BeF3

�, and two water molecules. The BeF3
� moiety

contacts with the side chain oxygen atom of Thr-79, the N� atom of Lys-101 and the backbone nitrogen atoms of Gly-53, Leu-52, and Ala-80. Carbon, oxygen,
and nitrogen atoms are shown in green, red, and blue, respectively. E, active site electron density map (Fo � Fc) of the BeF3

�-activated PmrAN calculated at 2� is
shown in gray within 1.7 Å of the residues depicted in sticks.
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middle of the �4-�4 loop. Crystallographic data are summa-
rized in Table 2, and electron density for the active site of the
refined model is shown in Fig. 2E.

1H, 13C, and 15N Assignments and Secondary Structure Com-
parisons between Solution and X-ray PmrAN Structures—We
could not grow good crystals of PmrAN in complex with PmrD
and therefore used NMR techniques to obtain detailed struc-
tural information and gain insight into the protein-protein
interactions (41). Two-dimensional 15N-1HHSQC spectrumof
PmrAN is well dispersed, which indicates a well folded struc-
ture. Following a standard sequential assignment procedure, all
of the observed cross-peaks in the HSQC spectrum were com-
pletely assigned, which correspond to 97% of 1HN–15N pairs
(115 of 119). The four unassigned residues were His-44, Leu-
105, Gln-122, andGly-123. Their cross-peaks disappeared, pre-
sumably because of solvent exposure. For the other backbone
atoms, 98% of 1H� resonances (116 of 119) and 98% of 13C�,
13C�, and 13C� resonances (351 of 360) were assigned. H� of
Arg-87 was shifted up-field at 3.54 ppm, which is likely due to
the shielding effect by Tyr-98 as seen in the crystal structure.
The chemical shift index (29) based on H�, C�, C�, and C�
chemical shifts showed that PmrAN contains four �-strands
(residues 2–7, 47–51, 74–79, and 95–100) and five �-helices
(residues 10–22, 34–41, 59–70, 84–92, and 104–120), which
are similar to those in the crystal structure.
Interaction between PmrD and PmrAN—Previously, we stud-

ied the binding stoichiometry of the PmrD-PmrAN complex in
the presence of BeF3� (18). The binding ratio of 1:1 was deter-
mined by size-exclusion chromatography and 1H transverse
relaxation time measurements. The equilibrium dissociation
constant of �1 �Mwas measured by surface plasma resonance.
To further identify the sites of interaction of PmrAN with
PmrD, we performed chemical shift perturbation experiments,
in which the chemical shift changes on the 15N,1HN correlation
plot of the BeF3�-activated PmrANwere detected with the addi-

tion of 2-fold unlabeled PmrD (Fig. 3A). The addition of PmrD
caused significant chemical shift changes, the intermediate
exchange line broadening on several residues, and emerging
cross-peaks for backbone 15N and 1HN resonances. At a molar
ratio of 1 to 0.9, two separate NMR signals, one for the free and
the other for the bound form, were clearly seen for some resi-
dues such as Asp-9, Val-49, Asp-56, and Gln-73. Therefore, we
suggested that the interaction belongs to the slow exchange
regime on the NMR timescale. The backbone resonances of
Lys-2 and Leu-12 were missing because of peak broadening
beyond detection. Leu-105 was not observed in the free form
but appeared in the presence of PmrD, which suggests lower
solvent accessibility of the amide proton of Leu-105 in the com-
plex. We found no significant intermolecular NOEs in the
three-dimensional NOESY-HSQC spectra, which may be due
toweak binding of the protein complex. A total of 14 residues of
PmrAN showed significant perturbations with the addition of a
2-fold molar ratio of PmrD (
 0.15 ppm) and were labeled on
the chemical shift perturbation bar plot (Fig. 3B). Mapping
these residues onto the structure showed that most of them are
located near the phosphorylation site of PmrAN, which com-
prises the �1-�1 loop, N-terminal �1, �3-�3 loop, N-terminal
�3, C-terminal �4, �4-�4 loop, C-terminal �5, �5-�5 loop and
N-terminal �5 (Fig. 3C).
HDX Study and Solvent Accessibility between the Free and

Bound Forms of PmrAN—HDX rates can provide information
about the solvent accessibility for different backbone amide
protons. Here we used HDX to map the binding interface in
PmrD-PmrAN. First, we used the free form of 15N-labeled
PmrAN for the HDX study and found that �41 cross-peaks
were water-inaccessible (Fig. 4A). Mapping these residues onto
the PmrAN structure showed that they were mainly located on
the central five-stranded parallel �-sheet or the interfacemedi-
ated by the �4-�5-�5 face but not on the surface near the phos-
phorylation site. Next, we added unlabeled PmrD into 15N-la-
beled PmrAN and repeated the same experiment under the
same conditions and compared the results with the HDX data
for free PmrAN. Most of the water-inaccessible residues were
similar to those in the free PmrAN (Fig. 4B), so these residues
are not involved in binding with PmrD. However, three resi-
dues, Leu-11, Phe-103, and Arg-81, showed a lower water-ac-
cessible rate in the presence of PmrD (Fig. 4B), presumably
because of the steric occlusion effect of PmrD. Interestingly,
Leu-11, Arg-81, and Phe-103 are all close to the phosphoryla-
tion site and are consistent with the binding interface deter-
mined by chemical shift perturbation (Fig. 4C).
Modeling of the PmrD-PmrAN Complex—With formation of

the PmrD-PmrAN complex, we observed significant broaden-
ing of NMR signals for both PmrD and PmrAN, which may be
due to the slower tumbling of the complex and/or a contribu-
tion from intermediate timescale chemical exchange broaden-
ing. These significantly broadenedNMRresonances limited the
acquisition of intermolecularNOEs critical for determining the
structure of multiprotein complexes, although this effect aided
in identifying interfacial residues. Because of a lack of intermo-
lecular NOEs, we generated the complex model of a PmrD-
PmrAN heterotetramer using the experimental data-driven
docking method of HADDOCK (19). The generated complex

TABLE 2
Data collection and refinement statistics

Data collection

Space group P41
Cell dimensions a 
 b 49.99 and c 
 145.86 Å
Wavelength (Å) 0.97315
Resolution (Å) 1.7
Redundancy 12.2 (11.9)a
I/�(I) 40.4 (6.7)a
Completeness (%) 97.2 (94.5)a
Rmerge (%) 6.6 (41.7)
Refinement
Resolution (Å) 25.38-1.70
No. of reflections 38,239
Rwork/Rfree (%) 16.5/17.5
No. of atoms
Protein 2,232
Ligands 10
Water 424

B factors
Protein 18.2
Ligands 14.6
Water 32.6

r.m.s.d.
Bond lengths (Å) 0.006
Bond angles 1.09°

Ramachandran favored (%) 99
Ramachandran outliers (%) 0

a Numbers in parentheses refer to the highest resolution shell.
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model is dominated by intermolecular interactions between
residues located on the active site pockets of PmrAN and the sol-
vent-exposed face of the �-barrel of PmrD (Fig. 5A). Seven
intermolecular hydrogen bonds were identified: Ser-23(HG)–
Asp-9(OD1), Ser-23(HG)–Asp-9(OD2), Ala-49(O)–Leu-105-
(HN),Asn-67(OD1)–Thr-83(HN),His-70(HD1)–Gly-53(O),His-
70(HE2)–Asp-9(OD1), and Arg-75(HH12)–Glu-85(OE2) (Fig.
5B). In addition, two intermolecular salt bridges were found
between Lys-64–Glu-31 with 2-fold symmetry (Fig. 5B). There-

fore, the hydrogen bonds and salt bridges for each partner interact
with appropriately charged residues on the corresponding inter-
face,providinga specificityof structural arrangement for the inter-
action between PmrD and PmrAN.
PRE Effect of Site-directed Spin Labeling on PmrDC54 and

PmrAN D56C—To double-confirm the orientations of the
PmrD-PmrAN complex model, we used site-directed spin
labeling with a nitroxide spin-label compound, MTSL, cova-
lently attached to aCys residue (42) for PRE experiments, which

FIGURE 3. The induced chemical shift perturbation of 2H,15N,13C-labeled PmrAN with the presence of PmrD. A, a section of overlaid 1H,15N TROSY-HSQC
spectra of free PmrAN (cyan) binding to 2-fold molar ratio of unlabeled PmrD (red). The residues showing significant chemical shift perturbations are labeled
with a one-letter code for amino acids with the residue number. B, graph representing the weighted average of the chemical shift differences between the free
and PmrD-bound PmrAN. The secondary structural elements of PmrAN are illustrated on top. C, ribbon structure of PmrAN with the residues showing weighted
chemical shift perturbations 
 0.135 ppm are in red.

FIGURE 4. Shown is a hydrogen/deuterium exchange study on the free (A) and PmrD-bound (B) PmrAN. The overlay of 1H,15N TROSY-HSQC spectra of protein
samples incubated in 90% H2O, 10% D2O (black) or in 100% D2O for 5 min (red). Three PmrAN residues, which are water-inaccessible in the bound form only, are
labeled in blue. C, ribbon representation of PmrAN monomer. The residues that are water-inaccessible in the free PmrAN are colored in blue, and the three
residues that were water-inaccessible only in the PmrD-bound PmrAN are colored and labeled in red.
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can be used as an independent biophysical method to obtain
intermolecular long distance (�30 Å) information. PmrD con-
tains three Cys residues (Cys-17, Cys-35, and Cys-54), and
PmrAN contains only one Cys residue (Cys-27). To determine
which Cys residues could be labeled under the conditions
described under “Experimental Procedures,” we initially cova-
lently linked the stable mutant 15N-labeled PmrD C35S and
wild-type 15N-labeled PmrAN using MTSL. The backbone HN
of Cys-54 in PmrD C35S was significantly shifted as compared
with PmrD, so Cys-54 was able to bind with MTSL. However,
Cys-27 of PmrANdid not showany shift perturbation on adding
MTSL, so Cys-27 is unlikely to bind to MTSL. We therefore
produced two mutants, C17S/C35S on PmrD (PmrDC54) and
D56C on PmrAN (PmrAN D56C), for PRE experiments. Spin
labeling did not change the protein-protein interaction because
the 1H-15NHSQC spectrumof PmrAN in complexwithMTSL-
labeled PmrDC54 with a reduced proxyl group was similar to
that of PmrAN in complex with unlabeled PmrD (Fig. 6A) and
vice versa. The unpaired electron of MTSL caused line-broad-
ening effects on nearby residues in a distance-dependent man-
ner. Line-broadening effects on the 15N-labeled PmrAN were
observed in the complexes with MTSL-labeled PmrDC54 (Fig.
6A). The superimposed spectra of the reduced (black) and oxi-
dized (red) states showed significant R2 relaxation enhance-
ment effects.With the spin label onCys-54 of PmrD, the signals
on several residues of PmrAN, such as Asp-82, Leu-84, Val-100,
Phe-103, and Leu-105, were significantly reduced in the oxi-

dized state (Fig. 6, A and B). Residues Asp-82, Leu-84, Val-100,
andPhe-103were all close to the active site of PmrAN, as seen in
the crystal structure. WithMTSL attached to D56C of PmrAN,
three peaks corresponding to PmrD residues Gly-24–Ala-25
and the side chain amide peak of Trp-3 were severely attenu-
ated (data not shown). These data suggest that the interaction
brings the binding surface of PmrD (the open �-barrel area)
(18) and the active site of PmrAN close to each other. In con-
clusion, the observed intermolecular PRE data are generally
consistent with the HADDOCK-derived complex structure
(Fig. 6C) and hence can provide an independent biophysical
method to confirm the long range distance information
between corresponding regions of the complex model.

DISCUSSION

Several crystal structures of receiver domains of response
regulators have been solved (43–46), but little structural infor-
mation is available regarding how they interact with each other
in multiprotein complexes. As well, knowledge of the structure
of the receiver domain in complexwith the connector protein is
limited. Several groups have reported that the active site from
the receiver domain of the response regulator is widely used for
intermolecular protein-protein interactions with histidine
kinase. Here, we present the crystal structure of PmrAN, in
which a hydrogen bond couples with the carbonyl oxygen atom
of Arg-81 situated on the �4-�4 loop and side chain of the
aromatic residue Tyr-98, which is similar to the “T-loop-Y”

FIGURE 5. A, HADDOCK-derived structural model of PmrD-PmrAN complex, with PmrD shown in beige and light blue, and the PmrAN dimer is shown in lime
green. B, intermolecular interactions between the two PmrDs (top) and between PmrD and PmrAN (bottom) in the complex structure. C, summary of the
intermolecular interactions between the two PmrDs (top) and between PmrD and PmrAN (bottom).
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model observed for the activation mechanism of a response
regulator (47). In the model, the conformation of the �4-�4
loop was gated by phosphorylation and the position of the
active site residue Thr-79, thus resulting in an inward orienta-
tion of the aromatic switch residue (47).Next, we demonstrated
that PmrAN uses a similar surface to interact with the TCS
connector protein PmrD (Fig. 7A). Therefore, PmrD is likely a
competitive inhibitor of histidine kinase because it binds with
the response regulator at a similar interface surrounding the
phosphorylation site (48). In the PmrD-PmrAN complex
model, the phosphoacceptor Asp-51 faces the openmouth area
of the �-barrel of the PmrD structure, which reflects the pro-
tection mode of the connector protein on the phosphorylated
response regulator. The orientation of PmrAN relative to PmrD
can be attributed to three specific interactions. The first inter-
action is between the �1 and the �5-�5 loop region of PmrAN
and loop 4 andN-terminal �1 in PmrD. The second interaction
is between the �1-�1 loop of PmrAN and loop 2 of PmrD. The
third interaction is between the �4-�4 loop and �3-�3 loop
containing the Asp-51 phosphorylation site of PmrAN and
C-terminal �6, loop 6, N-terminal �1, and �3 of PmrD. Inter-
actions 2 and 3 create an environment that hides the phos-
phoryl analog of BeF3� between PmrD and PmrAN. The binding
interface of PmrAN is also similar to that observed in the crystal
structure of the DHp domain in the ThkA-TrrA complex and
Spo0F in the Spo0B-Spo0F complex from Bacillus subtilis, in
which TrrA and Spo0F are the response regulators. In the

PmrD-PmrAN complex, the phosphoacceptor Asp-51 in PmrA
faces the His-70 of PmrD, similar to the phosphodonor His in
the HK DHp domain (His-547 in ThkA) (48, 49). Hydrogen
bonds and electrostatic interactions are important for stability
and specificity of protein-protein interactions (50, 51). Consis-
tently, we identified seven intermolecular hydrogen bonds and
five salt bridges in our HADDOCK complex model (Fig. 5C),
which emphasizes the role these interactions play in the recog-
nition and specificity of PmrD connector proteins.
With response regulators, the phosphatase reaction is gener-

ally considered to proceed essentially as a reversal of the phos-
pho-His phosphotransfer reaction, with water or hydroxide
taking the place of the histidine imidazole side chain (52). Some
of the histidine kinases have phosphatase activities toward their
respective phosphorylated response regulators. The dephos-
phorylated kinases could promote a transition state with water
in place of the phosphorylated histidine side chain, leading to
hydrolysis instead of phosphorylation (53). For example, the
structural basis of the response regulator Spo0F dephosphory-
lation by RapH phosphatases was revealed by the RapH-Spo0F
crystal structure (Fig. 7B). In the structure, the side chain of
RapH Gln-47 inserts into the Spo0F active site. RapH Gln-47
may orient water for direct in-line hydrophilic attack on the
Spo0F phosphoaspartate 54 phosphorous atom and thus cause
hydrolysis of the phosphoryl group (54). In these cases, the
interactions are primarily responsible for the specific histidine

FIGURE 6. PRE study on PmrD-PmrAN complex. A, an expanded region of superimposed 1H-15N HSQC spectra of 15N-labeled PmrAN in complex with PmrDC54
with (paramagnetic state, in red) or without (diamagnetic state, in black) MTSL spin labeling. The residues that disappeared in the paramagnetic state are
labeled. B, a bar plot of intensity ratio of paramagnetic and diamagnetic cross-peaks (Ipara/Idia) versus residue number of PmrAN. Unassigned and overlapped
residues are shown as short gray bars. C, structural model of PmrD-PmrAN complex obtained by HADDOCK docking. The MTSL spin label sites, Cys-54 of two
PmrDs, are shown as magenta spheres, and the PmrAN residues with Ipara/Idia � 0.5 are shown as yellow spheres.
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kinase-response regulator or connector-response regulator
binding.
The receiver domain of PmrA could form a cooperative,

intermolecular dimer of a response regulatory component that
interacts to convert an inherently weak set of protein-protein
interactions into a stronger binding force that permits the for-
mation of a functional viable complex. Activation of a response
regulator by a “pre-existing population shift” may be a general
mechanism for two-component signaling (55). Selective bind-
ing to a low populated conformation hidden with traditional
structural methods may be a general model for ligand binding
(56). Therefore, PmrD may selectively bind to the phosphory-
lated higher energy active conformation of PmrAN and pre-
vents its dephosphorylation by phosphatase such as PmrB.
In our previous study, we proposed a model of the PmrD-

PmrAN protein complex and examined how PmrD regulates

phospho-PmrA. Here, we propose that PmrD is a phosphatase
inhibitor that specifically binds the phosphorylated active site
and acts as a molecular barricade that inhibits interaction
between the phosphatase and phosphorylatable Asp residue of
PmrA and thus prevents intermolecular dephosphorylation.
PmrD might inhibit dephosphorylation by sterically hindering
the transfer of phosphate fromAsp-51 of PmrA to phosphatase
PmrB. The large size of PmrD and its predicted binding inter-
face with PmrA are consistent with the model that inhibition
occurs by a steric hindrance. The model shows three H-bonds
between PmrD and residues near phosphorylation sites of
PmrAN. For example, the HD1 of His-70 in PmrD formed
H-bonds with the carbonyl group of Gly-53 in PmrAN. In addi-
tion, theH	2 ofHis-70 in PmrD formed anH-bondwithOD1of
Asp-9 in PmrAN (Fig. 7C). A divalent cation close to the active
site is required to add or remove phosphoryl groups in the
receiver domain of a response regulator (57). Therefore, the
steric hindrance effect provided by PmrD could prevent
the dephosphorylation of PmrA mediated by the cation. As
well, nucleophilic attack by a watermolecule is the likelymech-
anism of autodephosphorylation in response regulators (58,
59). The side chain of His-70 in PmrD likely maintains the
phosphoryl group stability by sterically inhibiting access of
thewatermolecule, which executes a nucleophilic attack on the
phosphorus and causes hydrolysis of the phosphoryl group.
These interactions may explain how PmrD stabilizes the acti-
vated PmrAN protein and thus prevents dephosphorylation of
phosphate on Asp-51 from a phosphatase such as PmrB. PmrD
may inhibit dephosphorylation of the response regulator by
acting as a simple physical blockade to sterically block access to
the phosphoacceptor Asp residue on the receiver domain of the
response regulator, thus precluding close contact of phospha-
tase with the phosphorylation site on PmrAN.
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