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Fig. 3: Diagram showing the putative self-assembly of the T = 1 and T = 3 GNNV 
capsids. (a) Capsid assembly mechanism of T = 1 delta-P-domain mutant. (b) 
The P-domain and Ca2+ ions (yellow spheres) encode information that controls 
trimerization of the GNNV CP for the putative pentameric and hexameric trimers. The 
N-ARM guides the assembly of the complete T = 3 capsid. [Reproduced from Ref. 3] 

Discovery of a Bacterial Antigenic Loop and a New Detox 
Mechanism for Typhoid Treatment

Salmonella Typhi (S. Typhi), a genus of rod-shaped Gram-negative bacte-
ria, infects humans and is a causative agent of typhoid fever, known also as 
enteric fever, a potentially fatal disease that causes multi-systemic illness. In 
total, ~ 21 million new cases of typhoid fever and over 200,000 deaths occur 
worldwide annually. Even in a developed country such as USA, ~ 6000 new 
cases of typhoid fever occur each year. Typhoid fever can be typically treated 
with antibiotics, but drug-resistant S. Typhi is an emerging severe problem for 
treatment. At present, the principal method for the diagnosis of typhoid fever 
is TYPHIDOT, a rapid immunoassay test to detect IgM and IgG antibodies 
against outer-membrane protein ST50 of S. Typhi. 

ST50, an outer-membrane protein with molecular mass ~ 50 kDa, is a 
tripartite member of the resistance-nodulation-cell division (RND) efflux 
systems.1-5 The tripartite efflux pumps are able to transport diverse substrates, 
including metal ions, dyes, detergents, antibiotics and protein toxins, from the 
cytoplasm to the external medium of the microorganism. During transport of 
these substrates, two putative gates – the extracellular loops and the periplas-
mic entrance – located at the two ends of these outer-membrane proteins, 

play important roles in passing substrates across the periplasmic space and the 
outer membrane. However, the mechanisms of opening and closing of the 
two gates, including how the switching is controlled, are not fully understood.  

To identify the immunogenic site of ST50 and to investigate the detox mech-
anism of this antigenic outer-membrane protein, Chun-Jung Chen (NSRRC) 
and Hong-Hsiang Guan (NSRRC) together with their international research 
team overexpressed ST50 from Salmonella enterica serovar Typhi in E. coli 
and determined its structure at resolution 2.98 Å using X-ray crystallography 
at SP12B2, SP44XU, BL13C1 and BL15A1. A detailed structural com-
parison of ST50 with other homologues allowed scientists to delineate the 
immuno-dominant site of ST50 and to elucidate the mechanism of substrate 
efflux.

A functional trimer is formed through interactions of the interprotomer H7/
(adjacent H2, H4) coiled-coil and the antiparallel β-sheet S5/(adjacent 
S1) in one asymmetric unit. The non-crystallographic three-fold symmetry 
allows three protomers of ST50 to exhibit crucial structural variations. ST50 
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termined their structures. In the delta-P-domain mutant, sixty copies of the S-
domain assemble with interactions of icosahedral two-fold (I2), icosahedral 
three-fold (I3) and icosahedral five-fold (I5) symmetries into a T = 1 subviral 
particle of diameter ~190 Å. Compared with the full-length GNNV CP and 
the N-ARM deletion mutant, only the T = 1 delta-P-domain mutant might 
exhibit the dimeric capsomer formation in the assembly (Fig. 3(a)).

Furthermore, the N-ARM deletion mutant also forms a T = 1 capsid of diam-
eter ~240 Å. Therefore the disordered N-ARM might be a critical structural 
feature of a molecular switch to control particle assembly. Interestingly, these 
results indicate that the P-domain might play a major role in promoting 
trimerization of the GNNV CP in the initial assembly of the T = 3 GNNV 
and the T = 1 N-ARM deletion mutant in a Ca2+ environment (Fig. 3(b)).

In summary, this work provides the first and the important structural insight 
into the genus betanodavirus GNNV. Despite conservation of a viral genome 
encoding three major proteins and a compatible geometry of the T = 3 ar-
chitecture in family Nodaviridae, the structure of GNNV-LP obtained in this 
work allows scientists to delineate the key structural components that trigger 
the oligomerization and stabilize the capsid assembly. Furthermore, structural 
mapping of the GNNV P-domain might be useful for the development of 
vaccine strategies in the fish aquaculture industry. (Reported by Chun-Jung 
Chen)

This report features the work of Chun-Jung Chen, Nai-Chi Chen, Masato 
Yoshimura and their co-workers published in PLoS Pathog. 11, e1005203 
(2015).
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with four and six residues more than those of TolC and ST50, respectively, oc-
cluding the β-domain by resting over the channel entrance. (II) Type L2, found 
in ST50 and TolC, possesses a longer L2 loop, with four and seven residues 
more than those of Oprm and VceC, respectively, occluding the β-domain 
by resting over the upper side of the channel entrance. The proteins of type 
II adopt a conformation of the β-domain that is more open than that in the 
proteins of type I. (III) The open type, such as CusC, adopts a completely open 
form of the β-domain with shorter L1 and L2 loops (Figs. 2(a) and 2(b)). The 
multidrug efflux OMP seems to utilize only the longer loop of the two extracel-
lular loops to occlude the transmembrane β-domain. The space of the channel 
entrance is inadequate to accommodate two long loops together. The long L2 
loop might thus be critical for substrate efflux in ST50. 

Conservation of the amino-acid sequence of extracellular loops among ST50, 
TolC, Oprm and VceC is much lower than that of other regions, except for 
the equatorial domain. With the large structural variations and extracellular 
accessibilities, the extracellular loops, short L1 (a.a. 53–60) and long L2 (a.a. 
262–276) of ST50, are the most likely recognition sites by the antibody in 
typhoid patients. The two loop regions are exposed mainly to the extracel-
lular medium, targets that can elicit an antibody from the host, but both L1 
in ST50 and TolC share the same primary sequence (Fig. 2(a)) and adopt 
similar structural conformations, indicating that the L2 loop might have 
the specificity to play an important role in antibody recognition and be the 
immuno-dominant site in ST50. In addition, based on ELISA experiments in 
previous work, denatured ST50 possesses a reactivity against sera of typhoid 
patients, indicating that the discontinuous amino-acid sequences of ST50 
are less crucial for antibody binding, whereas the linear amino-acid sequence 
of ST50 might serve as an epitope for paratope binding. The immuno-
dominant site of ST50 could hence be independent of conformation. These 
analyses indicate that the linear amino-acid sequence of L2 in ST50 might be 
a primary candidate for the development of an optimized diagnostic antigen 
or a new drug target for typhoid fever.

Based on the structure of ST50, in a complex with β-OG, determined in 
this work (Fig. 3), a comparison of related structures, and the proposed iris-
like gating mechanism at the periplasmic entrance, they suggest a detox 
mechanism for substrate efflux (Fig. 4). In stage I of the model, the partially 
open conformation of L2 limits substrates in the extracellular medium from 
flowing into the periplasmic space; the periplasmic entrance is in the closed 
resting state. In stage II, the efflux substrate binds to the compatible inner-
membrane transporter of ST50; ST50 interacts with its membrane fusion 
protein (MFP) in the periplasmic space and the compatible inner-membrane 
protein (IMP) to form a tripartite functional efflux pump. In stage III, the 
substrate can be accepted at the D-cage in the periplasmic entrance of ST50 

Fig. 2: Extracellular loops of three types of the RND pumps. (a) Sequence alignments 
of extracellular loop 1 (L1) and extracellular loop 2 (L2) for five proteins of the RND 
family. (b) VceC (cyan) and Oprm (brown) are classified as type I. ST50 (green) and 
TolC (blue) are as type II. CusC (purple) is as type III. [Reproduced from Ref. 6]
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Fig. 3: The cartoon view perpendicular to the membrane (the left figure) shows that 
the detergent β–OG blocks the periplasmic entrance of ST50. The hydrogen bonds 
between the polar head of β –OG and D368 of ST50 are labeled with black dashes. 
[Reproduced from Ref. 6]

Fig. 1: Overall architecture of trimeric ST50. (a) The cartoon view is perpendicular 
to the trimeric three-fold axis. (b) A view of ST50 from the extracellular medium. L2 
denotes extracellular loop 2 (a.a. 262 to 276) between S4 and S5. (c) A view of ST50 
from the cytoplasmic membrane. The secondary structures in the equatorial domain are 
labelled. [Reproduced from Ref. 6]
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possesses an α-helical barrel domain (α-domain), a membrane-embedded 
β-barrel domain (β-domain) and an equatorial domain of mixed α/
β-structures (Fig. 1(a)). The α-domain, with a tunnel of length 100 Å across 
the periplasmic space, comprises 12 long helices of which H7/H8 form the 
α-helical inner coiled-coil and H3/H4 form the outer coiled-coil in each 
protomer. The β-domain, a transmembrane channel of length approximately 
40 Å, consists of 12 β-strands of which S1-S2 form the antiparallel β-sheet 
with a short extracellular loop (L1), and S4-S5 form the antiparallel β-sheet 
with a long extracellular loop (L2) in each protomer (Fig. 1(b)). The equato-
rial domain surrounding the middle of the periplasmic tunnel (Fig. 1(c)) 
contains the N-terminal region from residues 1 to 14 and residues 187 to 220, 
including S3 (residues 193–196) and H5 (209–219), and the C-terminal 
region (402–425) in protomers A and B and (402 to 433) in protomer C. 
The N-terminal region contains H1 (3–13); the C-terminal region contains 
H9 (406–414) and S6 (417–421) in each protomer.

A structural comparison of tripartite pumps of outer-membrane proteins 
(OMPs) allows classification of the extracellular loops into three distinct types 
(Fig. 2(b)): (I) type L1, found in Oprm and VceC, possesses a longer L1 loop 
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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.


