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In bacteria, the two-component system (TCS) is the most prevalent for sensing and transducing the envi-
ronmental signals into the cell. In Salmonella, the small basic protein PmrD is found to protect phospho-
PmrA and prolong the expression of PmrA-activated genes. In contrast, Escherichia coli PmrD fails to pro-
tect phospho-PmrA. Here, we show that Klebsiella pneumoniae PmrD (KP-PmrD) can inhibit the dep-
hosphrylation of phospho-PmrA, and the interaction between KP-PmrD and the N-terminal receiver
domain of PmrA (PmrAN) is much stronger in the presence than in the absence of the phosphoryl analog
beryllofluoride (BeF�3 ) (KD = 1.74 ± 0.81 lM vs. KD = 236 ± 48 lM). To better understand the molecular
interactions involved, the solution structure of KP-PmrD was found to comprise six b-strands and a flex-
ible C-terminal a-helix. Amide chemical shift perturbations of KP-PmrD in complex with BeF�3 -activated
PmrAN suggested that KP-PmrD may undergo a certain conformational rearrangement on binding to acti-
vated PmrAN. Saturation transfer experiments revealed the binding surface to be located on one face of
the b-barrel. This finding was further verified by in vivo polymyxin B susceptibility assay of the mutants
of KP-PmrD. The phospho-PmrA recognition surface of KP-PmrD, which involves two KP-PmrD proteins in
complex with an activated-PmrAN dimer, is suggested to be a contiguous patch consisting of Trp3, Trp4,
Ser23, Leu26, Glu27, Met28, Thr46, Leu48, Ala49, Asp50, Ala51, Arg52, Ile65, Asn67, Ala68, Thr69, His70,
Tyr71, Ser73 and Glu74. Our study furthers the understanding of how PmrD protects phopho-PmrA in the
PmrAB TCS.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction commonly accepted mechanism of TCS is that the sensor kinase
Hundreds of two-component systems (TCSs) have been found in
eubacteria, archaea, and a few eukaryotic organisms (Wurgler-
Murphy and Saito, 1997). The TCS is the most prevalent system
in bacteria for transducing external information into the cell and
for coping with environmental stresses (Hoch, 1995; Stock et al.,
2000). The TCS is composed of a membrane-spanning sensor histi-
dine kinase (HK) and a cytoplasmic response regulator (RR). The
ll rights reserved.
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is autophosphorylated at a conserved His residue in its cytosolic ki-
nase domain in response to an extra- or intra-cellular signal de-
tected by its sensor domain. Subsequently, the phosphoryl group
is transferred to an Asp residue in the receiver domain of the in-
tra-cellular cognate RR, often resulting in modulation of gene
expression for suitable adaptation. In Salmonella, the PmrAB TCS
governs inducible resistance to the cationic antibiotic polymyxin
B (Groisman et al., 1997) by responding to high Fe3+ and low
Mg2+ signals (Groisman, 2001). At high Fe3+ levels, the sensor ki-
nase PmrB undergoes autophosphorylation, then the phosphoryl
group is transferred to the cognate response regulator PmrA (Wos-
ten et al., 2000). At low Mg2+ concentrations, the signal is trans-
duced from the sensor protein PhoQ to its cognate response
regulator PhoP, which increases the transcription of pmrD gene
(Kox et al., 2000). The resulting PmrD protein binds to the phos-
pho-PmrA and protects it against dephosphorylation, thus prolong-
ing the active state of PmrA for the persistent expression of its
downstream genes (Kato and Groisman, 2004). The PmrD protein
hence modifies the signaling and therefore is an important player
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overall in two-component signaling in Salmonella. The solution
structure of Escherichia coli PmrD has been reported (Fu et al.,
2007). However, the E. coli PmrD fails to protect phospho-PmrA
in inducing the expression of the PmrA-activated genes (Winfield
and Groisman, 2004).

Klebsiella pneumoniae (KP), a Gram-negative bacterium, is a
common cause of hospital-acquired infections worldwide, includ-
ing pneumonia, urinary tract diseases, and bacteremia, particularly
in immuno-compromised patients (Prince et al., 1997). PmrD in K.
pneumoniae (KP-PmrD) consists of 81 amino acids and shows 44%
and 35% sequence identity with Salmonella and E. coli PmrD,
respectively (Fig. S1). The PmrD protein belongs to a new class of
proteins named TCS connectors, which use different mechanisms
of action for signal integration of bacterial cellular processes
(Mitrophanov and Groisman, 2008). However, the phospho-PmrA
recognition mode of PmrD is not understood and the broad interest
in the PmrD proteins has led us to study details of the molecular
interactions involved.

In this paper, we present the solution structure of KP-PmrD and
show that it can inhibit the dephosphorylation of phospho-PmrA.
We investigated the strength of interactions between KP-PmrD
and the N-terminal receiver domain of PmrA (PmrAN) in the pres-
ence and absence of the phosphoryl analog beryllofluoride (BeF�3 )
(Cho et al., 2001; Yan et al., 1999) through surface plasma reso-
nance (SPR) and NMR techniques. By exploiting the chemical shift
perturbations combined with the saturation transfer techniques,
residues that form direct intermolecular contacts could be sepa-
rated from residues that undergo conformational changes. The
phospo-PmrA recognition mode of KP-PmrD was suggested and
verified by site-directed mutagenesis for in vivo polymyxin B sus-
ceptibility assay. The structural characteristics of KP-PmrD that en-
able it to stabilize the phospho-PmrA are discussed.
2. Materials and methods

2.1. Cloning, expression, and purification of the recombinant proteins

The coding regions of pmrD, pmrA, and pmrAN (the N-terminal
130 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 result-
ing plasmids (pET-PmrD, pET-PmrA, and pET-PmrAN) allowed for
the in-frame fusion of each coding region containing an additional
LEHHHHHH sequence at the C terminus to facilitate protein purifi-
cation. The recombinant proteins were overexpressed in the host
E. coli strain BL21(DE3) (Novagen) induced with 1 mM IPTG at
37 �C (for KP-PmrD) or 30 �C (PmrA or PmrAN). After lysis with
use of an M-110S microfluidizer (Microfluidics) and subsequent
centrifugation, the overproduced proteins were purified from the
soluble fraction 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
20 mM Na2HPO4 (pH 6.0), 30 mM NaCl and concentrated by using
an Amicon (MW 5000; Millipore). For isotopically enriched sam-
ples, cells were grown in M9 minimal medium (Sambrook et al.,
1989) containing 1 g/L 15NH4Cl and 2 g/L 13C glucose. The DNA
fragments harboring the coding region of pmrBC276 (the cytoplas-
mic domain of PmrB) were PCR amplified from the genomic DNA
of K. pneumoniae and cloned as a BamHI/HindIII fragment into
pET30b (Novagen). The recombinant proteins PmrBC276 were over-
produced in E. coli BL21 (DE3) induced by 0.5 mM IPTG at 37 �C and
purified as described above. The C35S mutant was generated
according to the QuikChange™ (Stratagene) protocol. The authen-
ticities of the recombinant proteins were verified by SDS–PAGE
and mass spectrometry analysis.
2.2. In vitro phospho-transfer assay

The in vitro phospho-transfer assay was performed essentially as
described (Kato and Groisman, 2004). The phospho-PmrBC276 was
obtained by pre-incubating PmrBC276 protein (5 lM) with 40 lCi
[c-32P]ATP in 80 ll of 1� phosphorylation buffer (10 mM Tris–
HCl pH 7.5, 138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, and 1 mM
DTT) for 1 h at room temperature. The reaction mixture was then
chilled on ice, and 5 ll of the mixture was removed and mixed with
2.5 ll of 5 � SDS sample buffer as a reference sample. The phospho-
PmrBC276 protein mixture (30 ll) was then mixed with equal vol-
umes of 1� phosphorylation buffer containing PmrA (10 lM) or
PmrA with KP-PmrD (each at 10 lM) to initiate the phospho-trans-
fer reaction. Aliquots of 10-ll were removed at specific time points
and mixed with 2.5 ll of 5 � SDS sample buffer to stop the reaction.
These samples were kept on ice until SDS–PAGE. After electropho-
resis at 4 �C, the signal was detected by autoradiography.

2.3. Size-exclusion chromatography

Size-exclusion chromatography was performed by use of a
high-performance liquid chromatography AKTA system (Amer-
sham Biosciences) with a Superdex75 10/300 GL column. Experi-
ments were carried out at room temperature at a flow rate of
0.3 ml/min with 20 mM Tris–HCl, 50 mM NaCl (pH 7.0) as the mo-
bile phase while monitoring absorbance at 280 nm. Loading con-
centrations of 50 and 400 lM were used for KP-PmrD and
PmrAN, respectively. Each analysis was performed with a 300 ll
aliquots. Samples containing 150 lg KP-PmrD and 1800 lg PmrAN

were prepared with or without BeF�3 (35 mM NaF, 7 mM MgCl2,
5.3 mM BeCl2, and 10 mM 2-ME).

2.4. Real-time binding kinetics

Real-time kinetic analysis of KP-PmrD bound with PmrAN in-
volved use of a Biacore 3000 biosensor system (Biacore, Uppsala,
Sweden). Carboxymethylated sensor chips (type CM5) were acti-
vated with a 1:1 mixture of 0.2 M N-ethyl-N0-(3-dimethylamino-
propyl) carbodiimide and 50 mM N-hydroxysuccinimide in water.
KP-PmrD [10 lg/ml in 30 mM NaCl, 20 mM NaH2PO4 (pH 6.0)]
was immobilized on the sensor chips by amide coupling (Biacore).
Unreacted sites on the chip were blocked with 1 M ethanolamine
(pH 8.5). SPR signals from the immobilized KP-PmrD generated
about 200 Biacore response units. Control flow cells were activated
and blocked in the absence of KP-PmrD protein. Binding was eval-
uated over ranges of PmrAN concentrations (0.032–4 lM) in buffer
A [0.05% Tween 20, 30 mM NaCl, 20 mM NaH2PO4 (pH 6.5)] under
continuous flow of 30 ll/min at 25 �C. PmrAN in the presence of
BeF�3 was achieved by adding 5.3 mM BeCl2 (Fluka), 35 mM NaF,
and 7 mM MgCl2. Binding of PmrAN to KP-PmrD-immobilized flow
cells was corrected for observed binding to control flow cells. The
resulting sensorgrams were analyzed by use of BIAevaluation soft-
ware v4.1.

2.5. Circular dichroism spectra

CD experiments involved use of an Aviv 202 SF CD spectrometer
(Lakewood, NJ) calibrated with (+)-10-camphorsulfonic acid (CSA)
at 25 �C. KP-PmrD was diluted to a final concentration of 20 lM in
50 mM NaH2PO4, 50 mM NaCl at the desired pH. For far-UV CD
spectra, a 1-mm path-length cuvette was used, and the spectra
were recorded three times from 190 to 260 nm with a wavelength
step of 0.5 nm. Thermal denaturation experiments involved moni-
toring changes in ellipticity at 210 nm from 5 �C to 95 �C with a
2 �C interval and 2 min for equilibrium. For the chemical denatur-
ation experiment, guanidine hydrochloride (Gdn�HCl) was used
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and the change of molar ellipticity at 210 nm was monitored with
5 lM KP-PmrD in 50 mM NaH2PO4 (pH 6.0) and 50 mM NaCl in a 1-
cm path-length cuvette at 25 �C. After background subtraction and
smoothing, all CD data were converted from CD signals (millide-
gree) to mean residue ellipticity (deg cm2 dmol�1). The curves
were fitted and analyzed by use of SigmaPlot 8.02 (SPSS Inc.).

2.6. NMR resonance assignments and structure determination of KP-
PmrD

NMR experiments on 0.4 mM 15N, 13C-labeled or 2H, 15N-labeled
KP-PmrD in 20 mM NaH2PO4 (pH 6.0) and 30 mM NaCl in a Shi-
gemi NMR tube (Allison Park. PA, USA) were carried out at 298 K
with use of Bruker AVANCE 600 and 800 NMR spectrometers (Bru-
ker, Karlsruhe, Germany) equipped with a triple (1H, 13C, and 15N)
resonance cryoprobe including a shielded z-gradient. All heteronu-
clear NMR experiments were performed as described in a review
article (Kay, 1995). Sequence-specific assignment of the backbone
atoms was achieved by independent connectivity analysis of
CBCA(CO)NH, HNCACB, HNCO, and HN(CA)CO. Assignment of 1H
resonances involved 3D total correlation spectroscopy (TOCSY)-
heteronuclear single quantum coherence (HSQC), 3D nuclear Over-
hauser effect spectroscopy (NOESY)-HSQC, HAHB(CO)NH, and
HCCH-TOCSY. The combined information from 2D 1H–15N HSQC
and 3D NOESY-HSQC experiments yielded assignments for side-
chain amide resonances of the Asn and Gln residues. All NMR spec-
tra were processed with the NMRPipe package (Delaglio et al.,
1995) and analyzed by use of NMRView 5.0 (Bruce and Richard,
1994). NMR structures were calculated from experimental re-
straints by simulated annealing with the program Xplor-NIH. The
dihedral angle information was predicted by use of TALOS (Gabriel
et al., 1999). The hydrogen bonding information was obtained from
D2O exchange monitored by the 1H–15N HSQC spectra. The final 20
structures with no distance restraint violation greater than 0.3 Å
and no dihedral angle restraint violations larger than 3� were cho-
sen on the basis of the total energy. The quality of the structures
was analyzed by use of PROCHECK-NMR (Roman et al., 1996).
The chemical shifts of KP-PmrD at pH 6.0 and 298 K were deposited
in BioMagResBank under accession number BMRB-11063. The best
20 structures, together with the complete list of restraints, were
deposited in the Brookhaven Protein Data Bank under accession
number 2RQX.

2.7. Chemical shift perturbation experiments

To map the binding sites on KP-PmrD with non-activated or
BeF�3 -activated PmrAN, we collected a series of 1H–15N HSQC spectra
of 2H/15N-labeled KP-PmrD with and without 5.3 mM BeCl2 (Fluka),
35 mM NaF, and 7 mM MgCl2 by increasing the amount of unla-
beled PmrAN at molar ratios (KP-PmrD/PmrAN) of 0, 0.76, 1, 1.49,
and 2. We investigated and ruled out the possibility that the shift
changes of KP-PmrD were due to constituents of BeF�3 . All spectra
processing were analyzed by use of XWIN-NMR (Bruker Biospin)
and analyzed by use of SPARKY (Goddard and Kneller, 2001). Nor-
malized chemical shift changes were calculated as follows:

Dd ¼ ½DH2 þ ð0:17DNÞ2�1=2 ð1Þ

The cut-off (0.1 ppm) was set as the standard deviation for all
chemical shift changes. All residues with values above the cut-off
were considered affected by interaction with PmrAN.

2.8. Saturation transfer experiments

Saturation transfer experiments were performed at 298 K on a
Bruker AV800 spectrometer with a cryogenic probe. 2H, 15N-la-
beled KP-PmrD (0.4 mM) and unlabeled PmrAN (0.8 mM) were dis-
solved in a buffer containing 30 mM NaCl (pH 6.0) and 90% D2O.
The deuteration percentage of KP-PmrD is around 70%. Hence, to
avoid excitation of the KP-PmrD protons, the saturation pulses
were centered at 3411 Hz (4.26 ppm) or 3250 Hz (4.06 ppm),
where show large proton peaks from PmrAN and no peak from
KP-PmrD. The strength of each saturating Gaussian pulse covers
54 Hz (Huang et al., 2008), which should not saturate the nearby
water signals (4.7 ppm) effectively. The measurement time was
24 h, with relaxation delay of 2.2 s and saturation time of 1.2 s.
The molar ratio of the 2H, 15N-labeled KP-PmrD to PmrAN was set
to 1:2 to detect the bound state resonance of KP-PmrD with and
without BeF�3 . To evaluate the effect of the residual aliphatic pro-
tons within KP-PmrD, saturation transfer experiments were also
carried out under the same conditions as above but without
PmrAN. All NMR spectra were processed and analyzed by use of
XWIN-NMR/Sparky. The program PyMOL was used for presenta-
tion of the 3-D structures of KP-PmrD.
2.9. Construction of K. pneumoniae pmrD deletion mutant strain and
the complementation plasmids

The allelic exchange strategy (Lai et al., 2003) was used to con-
struct a chromosomal DpmrD mutant strain in K. pneumoniae
CG43S3 (Lai et al., 2003). The resulting K. pneumoniae mutant
was named D2906. For the complementation of pmrD mutation,
the DNA fragments encompassing the pmrD gene and its 278-bp
upstream region were PCR amplified and cloned into the shuttle
vector pRK415 (Keen et al., 1988) to generate pRK415-PmrD. To
construct pmrD complementation plasmids encoding PmrD with
point mutations, two DNA fragments were PCR amplified from K.
pneumoniae CG43S3 genomic DNA: one with the primer set de-
signed complementary to pmrD upstream 278 bp region and to
the mutation site; the other with the primer set designed comple-
mentary to the mutation site and the 30-end of pmrD gene. The PCR
products were mixed, diluted 100-fold individually and used as the
template for a second PCR amplification with the primer set de-
signed complementary to the pmrD upstream region and 30-end
of pmrD gene. The resulting DNA fragments, each harboring a mu-
tant pmrD allele preceded by a native pmrD promoter region, were
cloned into pRK415 to generate pRK415-PmrDL26A, -PmrDM28A, -
PmrDT46A, -PmrDT77A and -PmrDN78A. All the plasmids have
been confirmed by sequence analysis.
2.10. Polymyxin B susceptibility assay

Polymyxin B sulfate salt (8210 USP units per mg) (Sigma–Al-
drich) was prepared as 1 unit/ll stock solution in PBS and stored
at 4 �C. The bacterial resistance to polymyxin B was determined
as described (Campos et al., 2004; Groisman et al., 1997) with
some modifications. The overnight cultures of K. pneumoniae
strains were washed twice with PBS, diluted 1:100 into LB medium
and grown at 37 �C until absorbance of OD600 reached 0.7. The cells
were then harvested, washed twice with PBS and diluted to
approximately 2 � 104 CFU/ml in LB broth. An amount of 100 ll
of the diluted culture was added to a 96-well microtiter dish pre-
loaded with equal volumes of PBS-diluted polymyxin B at final
concentrations of 0, 2, 4, 6, 8 or 10 units/ml. After incubation at
37 �C for 1 h with shaking, 100 ll of the suspension was directly
plated onto LB agar plates and incubated at 37 �C overnight to
determine the colony forming units of the viable cells. The relative
survival rate was expressed as the percentage of colony forming
units after treatment to that of those not exposed to the antimicro-
bial agent. For simplicity, the bacterial survival after the treatment
of 4 units/ml polymyxin B was shown. Assays were performed on
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at least three independent occasions, and the data were the mean
and standard deviation from triplicate samples.
3. Results

3.1. KP-PmrD acts to prevent the dephosphorylation of PmrA

In Salmonella enterica, the phosphorylation of PmrA by the cog-
nate sensor protein PmrB enhances its affinity in binding to its tar-
get promoter (Aguirre et al., 2000). The dephosphorylation of PmrA
by PmrB helps to relieve over-activation of this system, whereas
Salmonella PmrD protects PmrA against both intrinsic and PmrB-
mediated dephosphorylation (Kato and Groisman, 2004). To verify
whether KP-PmrD participates in the phosphorylation cascade, we
performed an in vitro phospho-transfer assay. As shown in Fig. 1,
PmrA was rapidly phosphorylated with the addition of autophos-
phorylated His-PmrBC276 (lanes 2 and 9) and then gradually
dephosphorylated (lanes 3–7). However, in the presence of KP-
PmrD, the phosphorylation level of PmrA was still maintained at
60 min (lane 13) and lasted at least 4 h (lane 14). Because the same
amounts of PmrA were used in the assay with and without PmrD,
the above observation is unlikely to result from the change in pro-
tein turnover rate. Therefore, our results suggest that KP-PmrD can
inhibit the dephosphorylation of PmrA from PmrB.
3.2. Assessing the binding stoichiometry of KP-PmrD and PmrAN

To assess the binding stoichiometry of KP-PmrD and PmrAN, we
performed size-exclusion chromatography (SEC) and 1H transverse
relaxation time measurements. For SEC, the following molecular
mass standards were used for calibration: albumin (peak a,
Fig. S2) and chymotrypsinogen A (peak b, Fig. S2). The locations
of KP-PmrD and PmrAN were confirmed by the individual free form
samples (data not shown). KP-PmrD yields a single peak at the
same retention volume as peak III of Fig. S2. This is in the proximity
of the theoretical mass of a KP-PmrD monomer (10.4 kDa). How-
ever, PmrAN/BeF�3 yields a single peak at the same retention vol-
ume as peak II of Fig. S2, which is close to the theoretical mass
of a PmrAN dimer (30.9 kDa). At an eightfold excess of PmrAN,
the estimated molecular mass of the KP-PmrD/PmrAN protein com-
plex (peak I, Fig. S2) is close to the predicted mass of a PmrAN di-
mer bound with two KP-PmrDs (51.7 kDa). This result was
confirmed by the 1H transverse relaxation time (T2) measured by
the 1-1 echo sequence (Anglister et al., 1993). The measured 1H
transverse relaxation times of free KP-PmrD, free PmrAN dimer
and KP-PmrD/PmrAN complex in the presence of BeF�3 were 31.3,
11.9 and 6.7 ms, which correspond to the T2 values of spherical
proteins with molecular weight around 12, 33 and 59 kDa, respec-
tively. Therefore, both SEC and T2 relaxation times suggested that
the KP-PmrD/PmrAN complex sample in the presence of BeF�3 com-
prises two molecules of each protein.
Fig. 1. In vitro phospho-transfer assay of wild-type KP-PmrD and C35S mutant. The phosp
sensor protein PmrBC276 (final concentration 2.5 lM) was performed with or without KP-
and PmrBC276 were investigated at specific time points.
3.3. Binding interactions between KP-PmrD and PmrAN determined by
SPR

KP-PmrD was immobilized on a CM5 sensor chip by amide cou-
pling. Triplicate injections of PmrAN analyte in the presence or ab-
sence of BeF�3 were performed at concentrations of 4000, 2000,
1000, 500, 250, 125, 63, and 32 nM. The resulting sensorgrams
were analyzed using BIAevaluation software version 4.1. As equi-
librium was achieved over the course of each injection, the equilib-
rium dissociation constant (KD) was determined by plotting the
response at equilibrium against analyte concentrations and fitting
the data to a 1:1 binding isotherm. In the presence of BeF�3 , PmrAN

showed higher levels of responses (Fig. 2A, the maximum response
is about 80 RU) with the immobilized PmrD and the fitting yielded
a KD value of 1.74 ± 0.81 lM, which is considered as a moderate
strength of binding for protein–protein interactions. Kinetic
parameters for the interaction were determined based on global
fitting of the sensorgrams providing the association (ka = 5.0 �
104 M�1 s�1) and dissociation (kd = 7.30 � 10�2 s�1) rate constants.
The KD value obtained from the steady-state methods (1.37 ±
0.19 lM, Fig. 2B) is close to the value determined from global fit-
ting. This result is reassuring the 1:1 binding model in global fitting
methods and presumably ruling out of some more complex bind-
ing mechanisms. In contrast, in the absence of BeF�3 , PmrAN

showed lower levels of response units (Fig. 2C, the maximum re-
sponse is about 20 RU) with the immobilized KP-PmrD than those
observed in the presence of BeF�3 . The equilibrium dissociation con-
stant could not be accurately fitted, since KD value is greater than
half of the highest concentration used (4 lM) based on the stea-
dy-state methods (Fig. 2D). The SPR data suggest that the strength
of interactions between KP-PmrD and BeF�3 -activated PmrAN are
much stronger than that in the absence of BeF�3 .

3.4. NMR resonance assignment and structure description of KP-PmrD

We assigned most of the backbone and side-chain resonances of
KP-PmrD, with the exception of Ser72, which is missing presum-
ably because of chemical/conformational exchange broadening.
The consensus chemical shift index calculated with 1Ha, 13Ca,
13Cb, and 13C0 chemical shifts (Wishart and Sykes, 1994) revealed
that KP-PmrD is primarily composed of six b-strands and an a-he-
lix at the C terminus (data not shown). From the observed cross-
over NOEs, such as daa(i, j) and daN(i, j) and the slowly
exchanging amide protons, we confirmed that these b-strands
form a 6-stranded antiparallel b-sheet (b1: Trp3-Gln9, b2: Cys17-
Ser23, b3: Leu26-Glu33, b4: Lys44-Pro47, b5: Tyr53-Leu55, and
b6: Thr62-Thr69). The C-terminal a-helix at Ser73-Ala79 was iden-
tified from the observation of a-helical NOEs. On the basis of dad(i,
i + 1) NOEs, conformations of the two proline residues (Pro47 and
Pro59) were assigned as trans. Amide proton exchange rate study
showed that most of the slowly exchanged amide protons are lo-
cated in the 6-stranded antiparallel b-sheet, which indicates that
ho-transfer assay of PmrA (final concentration 5 lM) phosphorylated by the cognate
PmrD and C35S (final concentration 5 lM), and the phosphorylation states of PmrA
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Fig. 2. Binding kinetics and strength of interactions between KP-PmrD and PmrAN determined by surface plasma resonance (SPR). Different concentrations of PmrAN (0.032,
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injection. Plots based on the steady-state methods in SPR for PmrAN are shown with (C) and without (D) BeF�3 .
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the b-sheet conformation is more stable than the C-terminal a-he-
lix. We generated the NMR solution structure of KP-PmrD on the
basis of 1068 NOE restraints (213 intra, 301 sequential, 116 med-
ium, and 438 long-range distance restraints), 30 hydrogen bond
distances, and 106 //w dihedral angle restraints. The structural
statistics of the ensemble of 20 final refined structures are summa-
rized in Table 1. A stereo view of the ensemble (Fig. 3A) shows that
Table 1
Structural statistics for the 20 final structures of KP-PmrD.

Total distance restraints 1068
Intramolecular constraints (|i � j| = 0) 213
Sequential constraints (|i � j| = 1) 301
Medium-range constraints (1 < |i � j| 6 4) 116
Long-range constraints (|i � j| > 4) 438
Total hydrogen bond restraints 30
Total torsion angle restraints 106

Deviations from idealized covalent geometry
Bonds (Å) 0.0022 ± 0.00004
Angles (�) 0.2898 ± 0.0031
Impropers (�) 0.2431 ± 0.0055

RMS deviation from the mean structure (residues 2–80)
Backbone atoms 0.5 ± 0.15 Å
Heavy atoms 1.0 ± 0.17 Å

Ramachandran data
Residues in most favored regions (%) 71.8
Residues in additional allowed regions (%) 23.5
Residues in generously allowed regions (%) 4.7
Residues in disallowed regions (%) 0.1
KP-PmrD is mainly composed of a b-barrel structure comprised of
six twisted and slightly bent antiparallel b-strands and a C-termi-
nal a-helix. The C-terminal a-helix is packed against the b-barrel
structure, and Leu55-Asn58 and Asn58-Gln61 form two short 310

helices identified by the hydrogen bond of the carbonyl oxygen
of residue i and the HN group of residue i + 3. Residues Trp3,
Val5, Val19, Leu21, Ile32, Leu39, Leu45, Tyr53, Leu55, Leu63, and
Ile65, highly conserved for PmrD proteins from different bacteria,
form the major hydrophobic core inside the b-barrel. Another
smaller hydrophobic core formed by residues Val20, Ile29, and
Trp76 was identified outside the b-barrel. The surface structure
of KP-PmrD (Fig. 3B) shows that positively and negatively charged
residues are exposed to the aqueous phase, with Glu33 close to
Arg66, and Glu41 near to Lys6, which indicates that electrostatic
forces also play a role in stabilizing the KP-PmrD structure.
3.5. NMR titrations for KP-PmrDC35S with non-activated or BeF�3 -
activated PmrAN

To improve the solubility and stability of the KP-PmrD/PmrAN

complex, we designed a mutant with Cys35 replaced by Ser
(C35S). This mutant shows good solubility and expression yield
and hence is more suitable for NMR structural study. CD spectra
of C35S and KP-PmrD are similar (Fig. S3A), which indicates that
both proteins exhibit a similar secondary structure. Also, 2D
1H–15N HSQC spectra of C35S and KP-PmrD (Fig. S3B) are well
superimposed, except for those near residues C17 and C35, which
reveals that both proteins possess similar tertiary structures. To



Fig. 3. NMR solution structure of KP-PmrD. (A) A stereo view of the ensemble of 20 NMR solution structures of KP-PmrD, with b-strands in green, a-helix in red and loops in
blue. (B) Surface structure of KP-PmrD showing charge distribution with negatively and positively charged residues in red and blue, respectively, and labeled.
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verify whether C35S can participate similar to KP-PmrD in the
phosphorylation cascade, we performed the same in vitro phos-
pho-transfer assay (Fig. 1). The results suggested that C35S can also
specifically inhibit the dephosphorylation of PmrA by PmrB. We
thus used C35S mutant to mimic KP-PmrD to carry out chemical
shift perturbation and cross-saturation experiments. Because of
the large molecular size and low solubility of the complex sample,
we prepared 15N, 2H-labeled C35S and acquired a number of 2D
1H–15N HSQC spectra during the titration with unlabeled PmrAN

with and without BeF�3 .
In the absence of BeF�3 , it is clearly seen that the chemical shift of

each cross peak is the weighted average of those between the free
and the bound KP-PmrDs (Fig. 4A), revealing the exchange is en-
acted in a fast exchange regime. We were able to assign most of
the resonances of C35S in complex with PmrAN by tracing the shift
changes during titration from ratio of C35S–PmrAN of 1:0 to 1:2
(Fig. 5A, red color). The KD could be calculated under the assump-
tions of the fast exchange regime and a ‘‘one binding site model”
of the interaction (Fig. S4). The averaged dissociation constant
was estimated to be around 236 lM (Table 2), which is in agree-
ment with the SPR data showing a weak interaction for KP-PmrD/
PmrAN in the absence of BeF�3 . However, residues Trp3, Ser23,
Ala25, Ile29, Ala49, Arg52, Asn57, Asn67, Ala68, Ser73, Glu74, and
Arg75 could not be assigned in a complex state because of broaden-
ing of peaks, which suggests that these residues are in an interme-
diate exchange regime. Also, residues Glu2, Glu31 and Trp76 could
not be assigned unambiguously because of peak overlapping. The
chemical shift perturbations (Dd) of amide resonances between
the free C35S and its complex without BeF�3 were calculated
(Fig. 5B, red bar). The largest changes were seen in residues Thr69
at the end of b-strand 6 and Thr77 at the center of C-terminal a-he-
lix. Large changes were also seen in residues Val8 and Asp10 at the
end of b-strand 1 and start of loop 1. These features were shown in a
ribbon structure of KP-PmrD, with the shift changes coded by a color
gradient (Fig. 5C).

We next investigated the interactions between C35S and PmrAN

in phosphorylation-mimicking conditions with BeF�3 . In the begin-
ning of PmrAN titration, no significant shift changes were observed.
The cross peaks of C35S disappeared, broadened or had decreased
intensities with the increasing amount of PmrAN. At a molar ratio
of 1 to 1.0, two separate NMR signals, one for the free and the other
for the bound form, were detected for several residues (e.g., Thr62,
and Thr77 in Fig. 4B), which indicates a slow exchange regime for
C35S in complex with PmrAN in the presence of BeF�3 , which agrees
with the slow dissociation rate constant measured by SPR. An over-
lay of the 1H, 15N-HSQC spectra of the free C35S and the C35S/
PmrAN complex at a molar ratio of 1 to 2.0 was produced
(Fig. 5A, green color). Most of the resonances of C35S in complex
with BeF�3 -activated PmrAN were assigned by comparing the as-
signed cross peaks for C35S with non-activated PmrAN (Fig. 5A,
red color). Some cross peaks such as Trp3, Ser23, Ile29, Ala30,
Ala49, Asp50, Arg52, Ile65, Asn67, Ala68, Tyr71, Ser73, Glu74,
and Arg75 could not be observed, which suggests an intermediate
exchange regime for these residues. Interestingly, these residues
seem to locate on the same face of KP-PmrD (Fig. 5D, orange color).
The residues exhibiting large combined (1H, 15N) chemical shift
perturbations (>0.1 ppm) with PmrAN binding are Trp4 to Asp10,
Cys17 to Ala34, Lys44 to Asn57, and Thr62 to Asn78 (Fig. 5B, black
bar). To understand the binding sites of KP-PmrD in complex with
PmrAN in the presence of BeF�3 , we mapped these features onto the
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ribbon of the free KP-PmrD structure by a color gradient (Fig. 5D,
blue to red). The shifted residues lie in all secondary structural re-
gions and constitute several discontinuous faces, which indicates
that KP-PmrD may undergo certain conformational rearrangement
on binding to activated PmrAN. The binding sites on KP-PmrD with
BeF�3 -activated PmrAN could not be easily determined by chemical
shift perturbation.

3.6. Saturation transfer experiments of KP-PmrD C35S in complex with
PmrAN

Chemical shift changes could be due to direct protein interac-
tions or conformational rearrangements beyond the binding sites.
Therefore, to separate the direct intermolecular contacts from the
residues with conformational changes, we performed NMR satura-
tion transfer experiments (Takahashi et al., 2000). On KP-PmrD
forming a complex with PmrAN, the saturation of the proton mag-
netization in the PmrAN can be transferred to the interaction inter-
face of KP-PmrD, therefore decreasing the intensity of the amide
cross peaks in interaction sites. For this experiment, C35S was la-
beled uniformly with 2H (>98%) and 15N to avoid the excitation
of aliphatic protons of C35S by the radiofrequency pulses. The la-
beled KP-PmrD was dissolved in 10% 1H2O and 90% 2H2O to de-
crease the saturation transfer through spatially crowded amide
protons and 1H2O. The reduction in the peak intensity of KP-PmrD
amide resonances in complex with non-activated (Fig. 6A) or BeF�3 -
activated PmrAN (Fig. 6B) were quantified and compared to results
from the control experiment.

First, we set the irradiation center at 4.06 ppm. In the absence of
BeF�3 (Fig. 6A), only the intensities of the cross peaks of Leu26 at
loop 2 and Ala51 at loop 4 were predominantly decreased in the
saturation condition. In the presence of BeF�3 (Fig. 6B), more amide
resonances, such as Trp4, Glu27, Met28, Leu45, Thr46, Ala51,
Asn58, Thr69 and His70, showed low intensity ratios as compared
to those in the absence of BeF�3 . These results were shown in a rib-
bon structure of KP-PmrD, with the intensity ratios coded by a col-
or gradient (Fig. 6C and D). The binding sites on KP-PmrD with non-
activated PmrAN were located at the N terminus of b3 and loop 4
only and expanded to one face of the b-barrel mainly consisting
of the N terminus of b1, C terminus of b2, N terminus of b3, whole
b4, loop 4, and loop 6 (Fig. 6D) when in complex with BeF�3 -acti-
vated PmrAN.

As well, we examined the saturation transfer with irradiation
center at 4.26 ppm (data not shown). The results generally
agreed with those observed with the irradiation center at
4.06 ppm.
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Table 2
Dissociation constants* of KP-PmrD in complex with
inactive PmrAN.

Residue Dissociation
constant (lM)

Lys6 204.9
Val8 285.2
Asp10 232.8
Val19 340.8
Gln22 225.3
Gly24 192.2
Thr62 144.7
Thr69 302.1
Thr77 201.0
Averaged KD ±48.5 (lM)

* The dissociation constants were given for the nine
amino acid residues showing the most prominent Dd
upon KP-PmrD titration with PmrAN in the absence of
BeF�3 ).

326 S.-C. Luo et al. / Journal of Structural Biology 172 (2010) 319–330
3.7. In vivo polymyxin B susceptibility assay of the site-directed
mutagenesis on KP-PmrD verified saturation transfer data

In the pmrD-mediated pathway (Kato et al., 2007), the low mag-
nesium signal is received by the TCS PhoPQ and passed to PmrAB
via PmrD to allow the bacteria to become polymyxin resistant.
To investigate the role of KP-PmrD in the regulatory architecture,
a pmrD deletion mutant strain designated D2906 was generated,
and its resistance to polymyxin B was determined. On challenge
with increasing doses of polymyxin B, the wild-type strain showed
no growth at concentrations >6 U/ml, whereas strain D2906 was
totally eliminated on treatment with > 4 U/ml polymyxin B (data
not shown). The result from treatment with 4 U/ml polymyxin B
was shown in Fig. 7A, and the survival rate of the pmrD mutant
strain D2906 is lower than that of its parental strain. pHY119, a
plasmid carrying a functional pmrD gene, was introduced into
strain D2906 and restored the resistance to almost 100%. Our re-
sults suggested that an intact Klebsiella pmrD gene is required for
full resistance to polymyxin B under low-magnesium conditions,
and introduction of multiple copies of pmrD significantly enhanced
the bacterial resistance to the antimicrobial agent.

To further verify the results of saturation transfer experiments,
we selected three residues (Leu26, Met28, and Thr46) with signif-
icant reduced intensity ratios and two residues (Thr77 and Asn78)
showing small saturation transfer effects but large chemical shift
perturbations for site-directed mutagenesis and polymyxin B sus-
ceptibility assay. As shown in Fig. 7B, the K. pneumoniae DpmrD
strain carrying the control vector pRK415 was largely impaired in
resistance to polymyxin B, whereas the strain carrying pRK415-
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PmrD encoding a wild-type PmrD exhibited almost 100% survival.
The strain harboring the plasmid encoding PmrDL26A, PmrDM28A,
or PmrD46A showed greatly reduced resistance to polymyxin B,
which indicates that these residues were all involved in KP-
PmrD-regulated polymyxin B resistance. This finding was consis-
tent with the saturation transfer results. However, the strain
carrying pRK415-PmrDT77A or -PmrDN78A remained resistant to
polymyxin B, which indicates that the large chemical shift pertur-
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bation on the C-terminal a-helix of KP-PmrD did not result from its
direct contact with PmrAN. In summary, our findings from in vivo
polymyxin B susceptibility assay comparing the mutant plasmids
encoding site-directed KP-PmrD mutants have further confirmed
the results of saturation transfer experiments and indicated that
the PmrD C-terminal a-helix may not be involved in direct binding
with PmrAN.
4. Discussion

Although the structures of several HKs, RRs, and their com-
plexes have been determined (Casino et al., 2009; Francis et al.,
2004; Zapf et al., 2000), the mechanism by which PmrD connects
the two TCSs remains elusive, and little is known about the details
of PmrD interaction with phospho-PmrA. In this study, we detected
significant chemical shift perturbations of KP-PmrD on its binding
to non-activated PmrAN (Fig. 5A, red). The averaged dissociation
constant (�236 lM) is close to the dissociation constant of
�200 lM for the E. coli YojN histidine-phosphotransferase domain
(Yoj-HPt) in complex with the non-activated receiver domain of
RcsC (RcsC-PR) (Rogov et al., 2004). According to the titration pro-
files, KP-PmrD exhibits a fast exchange regime on binding with the
non-activated PmrAN and a slow exchange regime with the BeF�3 -
activated PmrAN. The slow exchange regime is in agreement with
a low off-rate value obtained from SPR, because the off rate
(0.073 s�1) is much smaller than the difference in chemical shift
(e.g., �120 Hz for Thr77) between the free and bound forms
(Marintchev et al., 2007). Thus, the interaction strength between
KP-PmrD and PmrAN is comparable on NMR and SPR analysis. At
a molar ratio of 1:2, KP-PmrD showed larger chemical shift pertur-
bations with BeF�3 -activated PmrAN, which suggests a stronger
interaction. This result is consistent with the observation that in
the RcsC-PR domain, the interaction with the RcsD-HPt domain be-
comes stronger with the addition of Mg2+ and BeF�3 (Rogov et al.,
2006; Rogov et al., 2008). Also, our titration data suggest that the
binding mode of KP-PmrD with non-activated PmrAN is similar to
BeF�3 -activated PmrAN because the chemical shift changes in gen-
eral are in the same direction and are smaller without BeF�3 be-
cause of less binding. The affinity changes with or without BeF�3
and leads to the different exchange regime in the NMR time scale.
However, we could not identify the binding sites on KP-PmrD with
the BeF�3 -activated PmrAN because the residues with large chemi-
cal shift differences lie in the core and several discontinuous sur-
faces of the protein.

To further investigate the interaction of KP-PmrD and PmrAN,
we performed saturation transfer experiments. In the absence of
BeF�3 , Leu26 and Ala51 were the most affected residues (Fig. 6A).
However, Met28 and Ile65 were the most affected residues at a dif-
ferent irradiation frequency (data not shown). Surface structure
analysis of KP-PmrD showed that Leu26 and Ala51 are close to
Met28 and Ile65, respectively (Fig. S5), which indicates that the
saturation transfer results are consistent, and the interface resi-
dues on KP-PmrD could be accurately determined. In the presence
of BeF�3 , several residues showed significantly reduced intensity ra-
tios (Fig. 6B), which suggests a larger interacting surface between
KP-PmrD and BeF�3 -activated PmrAN. Mapping these affected resi-
dues plus the resonances that disappeared on the surface of KP-
PmrD revealed a contiguous patch consisting of Trp3, Trp4,
Ser23, Leu26, Glu27, Met28, Thr46, Leu48, Ala49, Asp50, Ala51,
Arg52, Ile65, Asn67, Ala68, Thr69, His70, Tyr71, Ser73 and Glu74
(Fig. S5), which is likely the interacting surface with BeF�3 -activated
PmrAN. These residues were also found to exhibit large chemical
shift perturbations (>0.1 ppm) on the formation of a complex.
Thus, features of the protein–protein interaction between KP-PmrD
and PmrAN are well reflected in the mapping of the saturation
transfer-affected residues. Electrostatic interactions play a vital
stabilizing role and are important in initiating protein–protein
interactions (Ivanova and Lu, 2008). The conserved Asp51 of PmrA
is structurally surrounded by a cluster of acidic residues that re-
sults in a large negatively charged area on the protein surface (Fu
et al., 2007). The basic residues in the KP-PmrD (PI = 7.8) are sug-
gested to participate in the recognition of the phospho-aspartate
in PmrA (Kato and Groisman, 2004). Consequently, five basic resi-
dues of KP-PmrD (Arg52, Lys64, Arg66, His70, and Arg75) were
found to be located at or near the proposed PmrAN interacting sur-
face on KP-PmrD. Among them, the positive-charge residue His70,
which is replaced by a non-charged residue in E. coli PmrD (Ser70),
showed the lowest intensity ratio in saturation transfer experi-
ments. Besides, residue conservation has been suggested to be
higher at protein binding sites than at other protein surface areas
(Keskin et al., 2008). From the mapped binding site, as compared
with Salmonella PmrD, KP-PmrD contains a cluster of sequence-
conserved residues (Trp3, Leu26, Met28, Asp50, Ala51, and Ile65)
located on the contiguous patch, so they might play important
roles in mediating the interactions between KP-PmrD and phos-
pho-PmrA. Three of these conserved residues show variances with
E. coli PmrD (L26I, D50N, and I65V), which might lead to different
functions for the highly divergent PmrD proteins. Furthermore, a
hydrophobic patch formed by Leu26, Met28, and Trp3 is located
in the center of the interface (Fig. S5). Consistently, cross peaks
on two residues (Trp3Ne1 and Ile65) disappeared at the beginning
when titrating 15N, 2H-labeled KP-PmrD with PmrAN (data not
shown), which suggests that side chains of these two residues
probably contribute to PmrAN binding. From the above results
and the stoichiometry of KP-PmrD binding to PmrAN, we suggest
a recognition mode that involves two KP-PmrD proteins in com-
plex with the BeF�3 -activated-PmrAN dimer (Fig. 8). In the model
structure of BeF�3 -activated-PmrAN dimer, the phosphoryl analog,
BeF�3 (shown as magenta sticks in Fig. 8) is located at an exposed
surface, where KP-PmrD should protect and accordingly is highly
possible to be the interaction surface on PmrA. For KP-PmrD, we
propose that the C-terminal helices of two PmrD proteins may
interact with each other in complex with the activated-PmrAN di-
mer. This orientation explains why two residues on the C-terminal
a-helix (Thr77 and Asn78) and nearby residues on the consecutive
beta strands b1 to b3 (e.g., Val8, Asp10, Val19, and Glu33) of KP-
PmrD show large chemical shift perturbations (Fig. 5B and D) but
are far away from the interactions surfaces identified by saturation
transfer experiments (Fig 6B and D). As well, a high degree of shape
complementation has been found necessary to form specific polar
interactions, such as hydrogen bonds and salt bridges, which fulfill
the requirements for much of the complexity of protein–protein
interactions (Reichmann et al., 2007). However, it is also possible
that the chemical shift perturbations of these residues come from
structural rearrangement upon binding but not interactions be-
tween two KP-PmrD proteins. The determination of PmrD–PmrAN

complex structure is currently proceeding to verify their interac-
tion mode.

We showed that KP-PmrD can inhibit the dephosphorylation of
PmrA by PmrB, which is similar to Salmonella PmrD but not E. coli
PmrD. Therefore, knowing the structural basis of PmrDs from dif-
ferent bacteria possessing distinct functions is of interest. Detailed
comparisons of structures showed that the C-terminal a-helix is
shorter in KP-PmrD than that in E. coli (Fig. S6A). Furthermore,
E. coli PmrD HZ3 of Lys86 in the C-terminal a-helix formed a
hydrogen bond with the carbonyl oxygen of Gln13 in the loop 1 re-
gion, and a number of non-bonded interactions exist between loop
1 and the C-terminal a-helix. A salt bridge was found between C-
terminal carboxyl group of Gln88 and Lys12 at loop 1, and the
dynamics of the C-terminal a-helix of E. coli PmrD remained stable
during molecular dynamic trajectory (Tatsis et al., 2009). However,



Fig. 8. The phospho-PmrA recognition mode of KP-PmrD, which involves two KP-PmrD proteins in complex with an activated-PmrAN dimer, was revealed from saturation
transfer experiments, and the color gradient is the same as in Fig. 6D. We modeled the ribbon structure of the PmrAN dimer using the crystal structure of PhoP from E. coli in
the presence of BeF�3 (PDB entry 2PKX) (in pale green). The noncovalent BeF�3 and Mg2+ within the active site are shown as pink stick and cyan spheres, respectively. The
flexible C-terminal a-helix of KP-PmrD could collide with the C-terminal a-helix of another KP-PmrD if they were docked on the same PmrAN dimer with twofold symmetry,
which explains why two resonances on C-terminal a-helix (Thr77 and Asn78) and nearby residues on the consecutive beta strands 1-2-3 (e.g., Val8, Asp10, Val19, and Glu33)
of KP-PmrD showed large chemical shift perturbation but small saturation transfer effects.
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we did not observe hydrogen bond, non-bonded interactions or
salt bridges between loop 1 and the C-terminal a-helix in KP-
PmrD, which indicates a more flexible C-terminal a-helix. To con-
firm this observation, we performed a backbone dynamics study of
KP-PmrD to provide information about the flexibility of each region
in solution. Most of the residues in the b-strands had HX-
NOEs > 0.7, but residues in C-terminal a-helix possessed surpris-
ingly lower HX-NOEs (Fig. S6B), which suggests that they are quite
flexible. Accordingly, the short C-terminal a-helix of KP-PmrD is
more flexible than that of E. coli PmrD, and the structural dissimi-
larity provides hints to explain different functions of PmrD
proteins.

In conclusion, we present the solution structure of KP-PmrD and
show that it can inhibit the dephosphorylation of phospho-PmrA.
KP-PmrD interaction with non-activated or BeF�3 -activated PmrAN

significantly differed. The binding stoichiometry of the two pro-
teins was suggested to be 1:1, and the two proteins seem to form
a complex comprising a PmrAN dimer bound to 2 molecules of KP-
PmrD. NMR titrations suggested that the binding mode of KP-PmrD
with non-activated PmrAN is similar to that with BeF�3 -activated
PmrAN. A combination of saturation transfer and chemical shift
perturbation experiments were used to separate the direct inter-
molecular contacts from the effects due to conformational rear-
rangement and suggested the phospho-PmrAN recognition mode
on KP-PmrD. In vivo polymyxin B susceptibility assay of the site-di-
rected mutagenesis on KP-PmrD confirmed the saturation transfer
results. The phospho-PmrAN binding mode on KP-PmrD provided
here should be useful in deriving the KP-PmrD binding residues
on PmrAN. This is the first report of the binding strength and phos-
pho-PmrA recognition mode of the connector protein PmrD. Our
study furthers the understanding of selective binding for PmrD
proteins that regulate TCSs for better adaptation to rapid environ-
mental changes.
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