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Klebsiella pneumoniae Antimicrobial Drug 
Resistance: Transcriptional Regulation by 
Response Regulator PmrA

Klebsiella pneumoniae is an enteric gram-negative 
bacillus and primary K. pneumoniae liver abscess; 
its septic metastatic complications have emerged 
as one of the most common community-acquired 
bacterial diseases in Taiwan in the past three 
decades. K. pneumoniae has replaced Streptococ-
cus pneumoniae as the leading pathogen of adult 
community-acquired bacterial meningitis in 
Taiwan and has emerged worldwide as a major 
cause of bacteremia and drug-resistant infection. A 
new report1 found bacteria resistant to polymyxin, 
an antimicrobial drug used when all other treat-
ments had failed. The resistance spread between 
a range of bacterial strains and species, including 
E. coli, K. pneumoniae and Pseudomonas aeruginosa. 
To combat diseases associated with polymyxin-
resistant bacteria infection, we must understand 
better the mechanism according to which bacteria 
acquire enhanced resistance to polymyxin.

The PmrA/PmrB two-component system is a 
major regulator of genes for lipopolysaccharide 
modification in the outer membrane of bacteria 
that increases the bacterial resistance to poly-
myxin and other host-derived antimicrobial 
peptides. It consists of a transmembrane histi-
dine kinase, PmrB, and a cytoplasmic response 
regulator, PmrA. When PmrB senses stimuli, 
it autophosphorylates at a His residue, creating 
an active phosphoryl group that is transferred 
to the conserved Asp residue on PmrA to elicit 
adaptive responses. Response regulator PmrA 

contains an N-terminal receiver domain (REC) 
and a C-terminal DNA-binding domain (DBD). 
Phosphorylation of PmrA leads to the forma-
tion of a head-to-head REC dimer mediated by 
the α4-β5-α5 interface.2 Dimerization of REC 
then brings two DBD into close proximity for 
recognition of two tandem-repeat half-sites on 
the promoter3 to activate the transcription of 
downstream genes. 

Narayanan et al. recently presented the crystal 
structure of full-length KdpE in a complex with 
its cognate DNA.4 For the active-like confor-
mation of the KdpE dimer in the complex, the 
two protomers are asymmetric with only the 
upstream protomer (the protomer bound to the 
upstream DNA) containing a substantial REC-
DBD interface, which is stabilized by interactions 
that involve seven residues and five water mol-
ecules. Structure-function studies show that the 
interface is necessary for transcription activation 
and might apply to other response regulators that 
act as transcription factors.

To understand the mechanism of PmrA-
activated gene expressions that lead to antibiotic 
resistance, a joint research team of Chinpan 
Chen and Chwan-Deng Hsiao determined the 
crystal structure of the PmrA-DNA complex (Fig. 
1) at resolution 3.2 Å, which also reveals an REC-
DBD interface with eleven H-bond interactions 
and these diffraction data are collected using 

Fig. 1: X-ray crystal structure of PmrA-DNA complex. (a) The upstream protomer that recognizes a half-1 site is 
denoted PmrA-1, the downstream protomer PmrA-2. The REC and DBD of PmrA-1 are in blue and cyan, and PmrA-
2 in dark green and green, respectively. The side chains that interact with bases are shown as sticks. (b) REC-DBD 
interface in PmrA-1. Extensive H-bond contacts are connected with yellow dotted lines. [Reproduced from Ref. 5]
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from its inner-membrane cognate partner, even 
when ST50 adopts a closed resting conformation, 
as a small detergent olecule β-OG was observed 
at the D-cage in the structure. Another possibility 
is that the transfer and receipt of substrates via the 
D-cage from other single-component efflux trans-
porters occurs on the inner membrane, such as 
a major facilitator and small-molecule-resistance 
superfamily rather than compatible tripartite 
IMP. The observation of a detergent substrate in 
the D-cage of the closed periplasmic entrance 
might support these two possible processes. In 
stage IV, ST50 begins an efflux movement. The 
periplasmic entrance is opened with an iris-like 
mechanism upon breaking the hydrogen bond 
network near the periplasmic entrance; the sub-
strate is subsequently released from the D-cage. 
The cognate MFP of ST50 might trigger the iris-
like movement of the periplasmic entrance; the 
substrate subsequently moves through the outer-
membrane channel via the open extracellular 
loops into the extracellular medium.  The detox 
mechanism could be utilized to develop future 
broad-spectrum antibiotics to treat emerging 
evolved multidrug-resistant bacteria. (Reported 
by Chun-Jung Chen)

This report features the work of Chun-Jung Chen, 
Hong-Hsiang Guan and their co-workers published 
in Sci. Rep. 13, 16641 (2015).
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Fig. 4: Four stages of substrate efflux of the ST50 pump. 
The black diamonds denote small efflux substrates and 
the red star represents the D-cage, comprising three sets 
of Asp368 and Asp371 residues on three protomers.
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BL15A15 and SP44XU. Importantly, this inter-
face differs from that in the KdpE-DNA complex 
structure.

To characterize the conformation of this unique 
REC-DBD interface in solution, they recorded 
NMR spectra of the PmrA-DNA complex. The 
NMR assignment of PmrA in the DNA-bound 
state (Fig. 2) shows that the residues in the asym-
metric DBD-DBD and DBD-DNA interfaces 
exhibit two sets of resonances, indicating that  
the asymmetric DBD-DBD and DBD-DNA 
interfaces between two PmrA molecules in a 
complex with DNA can be observed with NMR. 
The REC residues that are involved in the REC-
DBD interface exhibit, however, only one set of 
NMR signals. It is highly possible that the REC-
DBD interface identified in the crystal structure 
of the complex is too transient to reveal a second 
set of NMR signals in solution. 

Yuan-Chao Lou then performed a series of 
methyl-TROSY CPMG relaxation dispersion 
experiments to characterize the slow motions 
(time scale microsecond to millisecond) on 
PmrA in the presence of DNA. Methyl groups 
experiencing slow motions on the time scale show 
a modified effective rate of relaxation, R2,eff, mea-
sured as a function of the frequency of refocusing 
pulses vCPMG (Fig. 3(a)). The relaxation dispersion 
profiles of the REC-DBD interface methyl groups 
further fitted globally reveal a single exchange 
with pA and pB populations 11 % and 89 % (± 8 %), 
respectively, and kex = 560 ± 49 s-1 (Fig. 3(b)). This 
result demonstrates that a transient formation of 
a REC-DBD interface is detected in solution for 
PmrA in complex with DNA.

To establish whether the formation of an exten-
sive REC-DBD interface is important for the 
recognition of the promoter and for activation of 
the transcription, they performed fluorescence 
polarization experiments in vitro (Fig. 4(a)) to 
measure the binding affinities between PmrA 
variants and fluorescently labeled DNA as well 
as β-galactosidase reporter assay in vivo (Fig. 
4(b)) to monitor the transcription activity of all 
protein constructs.  The replacement of residues 
involved in DNA recognition by alanine signifi-
cantly decreases the DNA binding affinity and hence eliminates the activity 
in transcription. The alterations in the REC-DBD interface residues mostly 
do not significantly interfere with their activities in promoter recognition and 
transcription activation. These analyses show that the formation of a REC-
DBD interface is not crucial to activate downstream gene transcription.

From their model docking the PmrA-DNA complex structure with the E. 
coli RNA polymerase σ70 holoenzyme, the σ4 domain of σ70 recognizes 

the DBD-DBD interface (Fig. 5(a)); the REC-DBD interdomain dynam-
ics can help PmrA seek the most suitable conformation to interact with the 
RNA polymerase holoenzyme (Fig. 5(b)) to activate the downstream gene 
transcription. These results enhance insight into the regulatory mechanism 
in a response regulator and might be further applicable in the development of 
drugs against antibiotic-resistant pathogens. (Reported by Yuan-Chao Lou, 
Academia Sinica)

Fig. 3: Slow dynamics probed by methyl-TROSY CPMG relaxation dispersion. (a) The dispersion data measured 
at 600 MHz (open circles) and 850 MHz (filled triangles) are shown for methyl groups of Val136 (red) and Leu216 
(blue). Lines show individual fits to a two-site exchange. (b) The methyl groups that exhibit slow dynamics detected 
by relaxation dispersion data are indicated with colored spheres, to show the amount of exchange rate constants (kex), 
derived from fitting of relaxation dispersion profiles. [Reproduced from Ref. 5]

Fig. 4: Promoter recognition and transcription activity. (a) The bindings between PmrA variants and DNA measured 
by fluorescence polarization experiments are fitted with a one-site binding model. (b) β-galactosidase reporter assay in K. 
pneumoniae carrying the plasmid that expresses PmrA variants and the reporter plasmid that contains the pbgP promoter 
in front of the lacZ gene. The β-galactosidase assay in cells that carry WT-PmrA plasmid but without the addition 
of IPTG is denoted non-WT, which represents the production of β-galactosidase induced by endogenous PmrA. 
[Reproduced from Ref. 5]

(a) (b)

10-9

40
40

80

80120

120

REC-DBD
interface

DNA
binding

Non-W
T

W
T-PmrA

I220D
N188A

N196A
R210A

N43A
S46A

N120A
R160A

N176A
PmrA

W181G

160

200

Po
lar

iza
tio

n 
(m

P)

0 0
10-8 10-7 10-6 10-5 10-4

WT-PmrA
PmrA
N188A
N196A
R210A
R160A

Concentration(M)

β-
G

ala
cto

sid
as

e a
ct

ivi
ty

(M
ill

er
 un

its
)

(a) (b)50

40

30

50

10

0
0 200 400 600

νCPMG (Hz)

R 2,e
ff (

S-1
)

L216δ1

V136γ1

800 1000

kex(s-1)
900
600
300
0

L63 V26

L140V136 I127
L134

L216

I173
L174L158

L174
L216

I173

I127

V136
V26

L140

L134
L158

Fig. 2: NMR investigation of the PmrA-DNA complex. (a) Overlaid 2D 1H, 15N TROSY-HSQC spectra acquired from 
PmrA in the absence (black) and presence of DNA (red). The residues that show amide resonances in the DNA-bound 
state in two sets are boxed with blue dotted rectangles and those involved in the REC-DBD interface are labelled in green 
(b) All residues with two resonance signals are mapped on the structure (in red), showing that they are located mainly 
within the DBD-DBD and DBD-DNA interfaces. [Reproduced from Ref. 5]
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Fig. 5: Docking model of PmrA-DNA-RNA polymerase σ70 holoenzyme complex. (a) The REC of PmrA-1 is 
indicated in magenta, PmrA-2 orange and DNA yellow. Surface charge distributions of two DBD show the acidic 
patches. The basic patches on σ4 of σ70 (green) are shown in sticks. (b) Top view of the model with two α-subunits of 
RNAPH in pink and cyan and others in grey, showing that, with a stable REC-DBD interface, only the REC on PmrA-
1 can interact with the RNAPH, but, if the REC dimer is connected to DBD with flexible linkers, the dimer can tumble 
freely and find the best orientation to interact extensively with RNAPH. [Reproduced from Ref. 5]
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This report features the work of Yuan-Chao Lou, 
Chinpan Chan and their co-workers published in 
Nat. Commun. 13, 8838 (2015).
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