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In the ParABS (partition system of ParA, ParB and parS) bacterial chromo-
some-partitioning system, ParB spreads along the chromosomal DNA by 
binding at specific parS and non-specific DNA sites to form a high-order 
partition complex.1-3 This partition complex is required for the loading of 
SMC onto the chromosomal DNA. In addition, ParB can interact with ParA 
and stimulate its ATPase activity.4 This nucleoid-adaptor complex, ParA-
ParB-parS, is used to promote chromosome segregation.5 In the Helicobacter 
pylori, ParABS system consists of HpSoj (ParA), HpSpo0J (ParB) and parS 
DNA.6 In 2015, a research team of Yuh-Ju Sun (National Tsing Hua Uni-
versity) solved a new crystal structure of the Ct-HpSpo0J-parS complex. 
The team reported that Ct-HpSpo0J folds into an elongated structure that 
includes a flexible N-terminal domain for ParB spreading and a conserved 
DNA-binding domain for specific parS binding. Importantly, Ct-HpSpo0J 
undertakes multiple protein-protein interactions with neighboring molecules 
through the N-terminal domain and forms an oligomer. 

Insight into Bridging and Condensing DNA for Chromosome 
Partitioning

According to previous reports,1-6 the ParB spreading was studied with biochem-
ical data, but the detailed mechanism is still unclear. To realize the molecular-
level story, that team used techniques of biological crystallography, including 
X-ray diffraction at BL13B1, BL13C1 and BL15A1, and small-angle X-ray 
scattering (SAXS) at BL23A1. In their work, a Ct-HpSpo0J-parS complex 
crystal was grown from a precipitant solution (PEG 8000 14–16 % and Li2SO4 
450–525 mM) within 3–7 days. The X-ray diffraction data of the Ct-HpSpo0J-
parS complex crystal were collected to resolution 3.1 Å. The SAXS data for the 
full-length HpSpo0J (3 mg mL-1) were collected at 20 °C. The primary data 
were reduced with an in-house program at BL23A1 and the processed data 
were analyzed using the ATSAS package software.

According to this work,7 shown in Fig. 1, the oligomeric structure of the Ct-
HpSpo0J-parS complex is formed by four Ct-HpSpo0J molecules (chains A, B, 
C and D) binding with four parS molecules (Fig. 1(a)). This oligomer might 
mimic a high-order complex in the ParABS system to promote ParB spread-
ing. In the Ct-HpSpo0J-parS complex, molecules A and B form a crosswise 
dimer using adjacent molecular interactions via N-terminal domain residues 
(Fig. 1(b)). At the residue level, they found that residues of α3 and α4 in 
molecules A interact with Arg89 of chain B. There are also several hydrogen 
bonds formed between Met114/Arg115 (α3) and Ser143 (α4) of molecule 
A and Arg89 of molecule B (Fig. 1(c)). Glu150 (α5) of molecule A forms a 
salt bridge with conserved Arg49 of molecule B. These hydrophilic interac-
tions might be essential for the formation of the AB dimer. This team found 
that molecules A and C use transverse molecular interactions in their N-
terminal domains to form a bridging dimer (Fig. 1(d)). At the residue level, 
they observed that a hydrogen bond forms between the side chain and main 
chain of Arg89 in molecules A and C, respectively. Gln62 (α1) of molecule A 
interacts with Arg89 of molecule C; molecule A Gln71 (loop α1-β1) interacts 
with chain C Val73 (Fig. 1(e)). They observed that the ParB dimers interact 
with adjacent and transverse interactions through the N-terminal domain to 
spread along and to bridge the chromosomal DNA.

As shown in Fig. 2, they utilized SAXS to investigate further the full-length 
HpSpo0J. From the SAXS data, a low-resolution non-globular molecular 
envelope of HpSpo0J was determined with calculations ab initio. After fitting 
the C-terminal domain of P1 ParB (gray) into the Y-shaped envelope, the 
HpSpo0J (green and purple) were fitted into the two arms. The Y-shaped 
full-length HpSpo0J utilizes its N-terminal domain for neighboring molecu-
lar interactions and to dimerize via its C-terminal domains to stabilize this 
structure.

According to their crystal structure and SAXS solution data, they proposed 
a ParB spreading model (Fig. 3). In this model, all three domains of the ParB 
take part cooperatively for molecular spreading. The DNA-binding domain 
binds to a specific parS site at a chromosome. The C-terminal domain of 
ParB dimerizes with a vicinage to maintain the ParB-parS complex. The 
flexible N-terminal domain provides diverse protein-protein interactions. 
The ParB dimers interact by adjacent and transverse interactions through the 
N-terminal domain to spread along and to bridge the chromosomal DNA, 
horizontally and vertically.

Fig. 1: (a) Ct-HpSpo0J-parS complex. Four Ct-HpSpo0J molecules (A/green, B/
magenta, C/orange, and D/cyan) and four parS DNA (yellow) form as a tetramer. (b) 
Adjacent interactions at the AB dimer. (c) Key residue interactions (89RRLR92) at the 
AB dimer. (d) Transverse interactions at the AC dimer. (e) Key residue interactions 
(89RRLR92) at the AC dimer. [Reproduced from Ref. 7]
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This work showed the structural details of the complex and combined with 
results from SAXS to provide a mechanism to mimic ParB spreading in 
the chromosome partition system. This significant work not only provides 
structural evidence how ParB spreads along the chromosomal DNA by parS 
binding in the bacterial chromosome partitioning system but also renews our 
knowledge about how ParB bridges DNA to condense the chromosome dur-
ing the chromosome segregation. (Reported by Chun-Jung Chen)

This report features the work of Yuh-Ju Sun, Bo-Wei Chen and their co-workers 
published in Proc. Natl. Acad. Sci. USA 112, 6613 (2015).

Fig. 3: The C-terminal dimerization (in white spheres), the DNA-binding (in green 
rectangles) and the flexible N-terminal domains (in green spheres) of ParB are shown. 
ParB binds chromosomal DNA at specific parS sites (in red) or non-specific sites 
(in gray). Multiple ParB molecules spread along the chromosomal DNA through 
the N-terminal domain by adjacent interactions (boxed in magenta) and transverse 
interactions (boxed in orange). [Reproduced from Ref. 7]
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Complicated Designs of Dinosaur Teeth: 
Functions and Protective Mechanisms

Fig. 1: Microanatomy of ziphodont teeth with (a, b, c, e) and without (d and f ) deep folds. (a) Drawing of a skull of 
a carnivorous dinosaur. (b) Sagittal thin sections through distal (left) and mesial (right) carinae. (c and e) Denticles 
of ziphodont teeth of an indeterminate phytosaur (c) and Carcharodontosaurus saharicus (e), under SEM (left) and in 
thin section (right). (d) Structure of a carina, lacking denticles, on a tooth of Smilodon sp. (f ) Denticles of Hadrosaurid. 
Abbreviations: dej, dentine-enamel junction; e, enamel; if, interdental fold; is, interdental sulcus; pd, primary dentine. 
[Reproduced from Ref. 1]

From the evolutionary point of view, the rela-
tionship between dietary habits and tooth mor-
phology was thought to be strongly correlated. 
The dinosaur fossil teeth could be a suitable tissue 
fossil for investigation of mechanical functions 
and evolutionary progresses of dinosaur teeth, and 
it could provide novel information on the feeding 
habits, possible habitats and living environments 
of dinosaurs.

Two papers based wholly and partly on experi-
mental and simulation results from the NSRRC 
reported on the evolution, function and self-
protection of dinosaur teeth based on the analysis 
of the native components and nanostructures of 
the teeth of dinosaurs using scanning electron 
microscopy (SEM), synchrotron-based Fourier 
transform infrared spectroscopy,1 and synchro-
tron-based transmission X-ray microscopy2 at the 
BL14A1 and BL01B1 beamlines.

The drawing of a skull and sections of a tooth 
shown in Figs. 1(a) and 1(b) belong to a typical 
archosaur. When magnified manyfold, one can 
see that the tooth features serrated edges (also 
called ziphodonty) along different carinae (keel-
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Fig. 2: The SAXS model of full-length 
HpSpo0J is shown as a dimer. The N-terminal 
and DNA-binding domain of the two 
HpSpo0J molecules are colored separately 
in green and magenta. Their C-terminal 
domains are shown as a dimer and colored in 
grey. [Reproduced from Ref. 7]
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shaped ridges on a tooth) for it to catch and tear preys. The interdental folds 
appear in the dentine at the bottom of the individual interdental sulcus as 
shown in Fig. 1(b).

According to a previous histological inspection of ziphodonty, the inner 
end of an interdental fold was misinterpreted as a void and being coined an 
“ampulla” due to its bulbous shape. It was hypothesized that ampullae might 
play a crucial role in reducing the possibility of damage to the denticles, 
projections that form the serrated edge on a tooth, by releasing stresses on 
them during feeding. Deep interdental folds were considered to be a crucial 
characteristic of ziphodont teeth of theropods which doesn’t appear in other 
taxa (Figs.1(c) to 1(f )).

Interestingly, the deep folds are present also in the unerupted teeth of
Gorgosaurus and Allosaurus (Figs. 2(a) and 2(d)). Comparison of the deep 
folds in the erupted teeth with those of the unerupted teeth shows that the 
shape of folds between them is similar, but no clear layer of sclerotic dentine 
was observed in the latter (Figs. 2(b) and 2(c)).

Models of tooth functionality and wear have suggested that ziphodont thero-
pod teeth were efficient in “puncture and pull” feeding, thereby introducing 
tension on the distal carina and compression on the mesial carina, necessitat-
ing a hollow “ampulla” only on the distal carina to prevent catastrophic break-
age of the tooth. However, interdental folds are present on both the mesial 
and distal carinae of erupted and unerupted teeth in all theropods examined, 
and the development of these structures began before the tooth had erupted 
into the oral cavity. Moreover, the “ampulla” is not a hollow structure that 
might function as a “kerf and drill”, but is globular mantle dentine deposited 
at each interdental fold. The authors therefore rejected the hypothesis that 
these structures were epigenetically formed with use of the tooth to counter 
tensional forces and stop tooth breakage. Instead, they proposed that the 
development of the deep folding increased the depth of the denticles within 
the tooth, likely strengthening each denticle, creating a tooth microanatomy 
unique to theropods.

Thirteen types of 
dinosaurs (eight for 
saurischian dinosaurs 
and five for ornithis-
chian dinosaurs) were 
investigated to differen-
tiate their interior tooth 
microstructures among 
selected dinosaurs. 
The major difference 
between the two 
groups is the mantle 
dentine (MD) with 
interglobular porous 
spaces (IGS), which 
appear in all sauris-
chian dinosaurs, but 
not in ornithischian 
dinosaurs (Fig. 3). The 
authors considered the 
hypocalcified tissue 

of the MD, being softer than the enamel and the dentine, likely to enhance 
the overall tooth elasticity, even though the precise function of the MD is 
still elusive. Because of its softer property, the MD might serve as a shock 
absorber for dissipating stress on teeth and preventing tooth cracks in the 
enamel from extending to the dentine. In addition, the IGS, which is a sub-
zone within the MD, might provide stress shielding for the tooth to secure 
its longevity, owing to IGS’s unique structure.

To test further the hypothesis, the authors investigated the mechanical func-
tions of the MD and IGS structures inside a typical long and sharp sauris-
chian tooth using finite-element analysis. The simulation results strongly 
supported the hypothesis and showed that the randomly distributed IGS 
structures could redistribute stress on the enamel, preventing the intense 
stress from propagating to the weaker bulk dentine and causing tooth 
fracture (Fig. 4). The soft MD with IGS structures thus functioned as a pro-
tective buffer, which was capable of shielding the tooth from the destructive 
lateral forces.

Fig. 2: Microanatomy of unerupted and erupted teeth. (a) Denticles of an unerupted 
tooth of cf. Gorgosaurus sp. with deep folds. (b) A sagittal thin section of an interdental 
fold with sclerotic dentine in an erupted Carcharodontosaurus saharicus tooth. (c) A thin 
section of an interdental fold without sclerotic dentine in an unerupted cf. Gorgosaurus 
sp. tooth. (d) Denticles of an unerupted tooth of Allosaurus fragilis with deep folds. 
Abbreviations: gd, globular dentine; if, interdental fold; is, interdental sulcus; pd, primary 
dentine; sd, sclerotic dentine. [Reproduced from Ref. 1]
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Fig. 3: Internal tooth microstructures of various dinosaur genera within a comparative phylogenetic framework. (a) Extant Caiman Crocodilus. 
(b) Phytosaur. (c) Yunnanosaurus. (d) Diplodocus. (e) Dilophosaurus. (f ) Spinosaurus. (g) Carcharodontosaurus. (h) Dromaeosaurus. (i) Tarbosaurus. (j) 
Tyrannosaurus. (k) Edmontosaurus. (l) Shantungosaurus. (m) Saurolophus. (n) Pachycephalosaurus, and (o) Triceratops. Asterisks indicate enamel cracks. 
Black and white arrows point to the enamel tufts (ET) and the periodic features of a long enamel spindle (LES), respectively. Abbreviations: IGS, 
interglobular porous space structure; ES, enamel spindle. Mantle dentine and dentine are colored translucent green and yellow, respectively. The 
enamel is uncolored. [Reproduced from Ref. 2]
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From the evolutionary point of view, the MD-IGS 
structures might be much more suitable for long 
and sharp saurischian hunting teeth because these 
structures function like a damper, which means 
that they could protect the teeth from breakage 
while the latter are tearing at large preys. (Reported 
by Kai-Dee Lee and Chun-Hsiang Huang)

This report features the works of Yao-Chang Lee, 
Robert R. Reisz, and their co-workers published 
in Sci. Rep. 5, 12338 (2015), and of Chun-Chieh 
Wang , Robert R. Reisz, and their co-workers 
published in Sci. Rep. 5, 15202 (2015).
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Fig. 1: Overall structure of the YopO-actin complex. (a)  Two views of the structure (front and top). YopO consists of a GDI domain (shown in red) and a kinase domain (blue). 
Catalytic residue D267 is displayed as magenta spheres. (b) Surface representation. Based on the topology, the two binding sites and one active site are clearly located in separate places 
on YopO. [Reproduced from Ref. 1]

How Do Pathogenic Bacteria Disable the 
Host Immune System in Phagocytosis?

host cell membranes and to subvert the phago-
cytic cells. YopO, one such effector, can interfere 
with actin cytoskeleton to inactivate phagocytosis. 

To unmask the important molecular mechanisms 
behind this phenomenon, Robert C. Robinson 
and his co-workers solved the structure of the 
complex of Y. enterocolitica YopO with actin using 
BL13B1.1 The crystal structure of YopO-actin 
showed that the actin molecule is sandwiched 
between the GDI and kinase domains of YopO 
(Fig. 1(a)). The Rac1 and actin binding sites 
on the GDI domain and the active site on the 
kinase domain are found in three separate areas, 
indicating that these interactions might occur 
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Fig. 4: Two-dimensional multi-tissue mechanical simulations of a long and sharp saurischian tooth. (a) Lingual view. (a’) 
Mesial or distal view. (a’’) Mesh structure of the tooth model generated by the finite-element analysis software. Black, blue 
and red arrows show the directions of the applied external forces. (b-d) A force acts on the apex of a saurischian tooth, 
which consists of various dental compositions near the dentine-enamel junction (DEJ). (b’-d’) A net force acts normally 
on the whole enamel surface of a saurischian tooth, which includes various dental compositions near the DEJ. (b”-d”) A 
force acts on the lingual or labial surface of a saurischian tooth, which consists of various dental compositions near the DEJ. 
Abbreviations: E, enamel; BD, bulk dentine; MD, mantle dentine. [Reproduced from Ref. 2]
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Phagocytosis, performed by an organism’s im-
mune system, is a crucial mechanism to remove 
pathogens and cell debris. This mechanism 
is triggered by actin polymerization, which is 
orchestrated by various actin-regulating proteins 
such as CapG, gelsolin, diaphanous, WASP, WIP 
and VASP. Disrupting the expression or function 
of these proteins impairs phagocytosis in macro-
phages, as supported by previous studies. In the 
fourteenth century, a highly contagious pathogen, 

Y. pestis, caused the outbreak and spread of the 
bubonic plague, resulting in about 30–60 % death 
of the European population.

For a pathogen to survive in a host organism, 
halting the process of actin assembly is a common 
and useful strategy. In this regard, the pathogenic 
Yersinia species attacks a host immune system 
through the type-III secretion systems to inject 
bacterial effector proteins across the bacterial and 
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simultaneously (Fig. 1(b)). In addition, activation of the kinase 
is induced upon actin binding, which provides stabilizing 
interactions with the catalytic loop.

Regarding the sequestration of actin monomers, Fig. 2(a) 
indicates that the formation of the actin filament2 is disrupted 
through steric hindrance upon YopO binding. In addition, bio-
chemical analyses by spectrofluorimetry and autophosphory-
lation both indicated that 2-μm YopO WT and nRac (with 
mutation at the Rac-interaction interface of YopO) can almost 
eliminate actin polymerization and perform autophosphoryla-
tion (Figs. 2(b) and 2(c)). Subsequently, all mutants have a 
similar period for elution in a gel-filtration chromatograph. The 
structural folds of these mutants are thus expected to be correct 
(Fig. 2(d)).

According to a previous report by the authors, many actin-
binding proteins bind to subdomain 1 or 3 of actin.3 As shown 
in Figs. 3(a)-3(c), four actin-regulating proteins, including 
profilin, the G-actin-binding domain of VASP, the gelsolin do-
main 1-34 and the WH2 motif, might form ternary complexes 
with YopO and actin without steric conflict. According to Fig. 
1(b), the catalytic cavity of the kinase domain is nearer actin. 
The authors thus speculated that YopO-bound actin might 
serve as a bait to recruit kinase substrates for phosphorylation. 
This phosphorylation assay in vitro supports the hypothesis 
in that all actin-binding proteins were phosphorylated except 
CapG and Twf1 (Fig. 3(d)). Taken together, the data indicated 
that the YopO-bound actin prevents polymerization because 
of the severe steric clash, while the actin-regulating proteins are 
recruited and phosphorylated by YopO.

In summary, the authors proposed a model to impede the actin 
dynamics with three parallel paths to disable phagocytosis by 
(i) suppressing signal transduction using sequestration of Rac 
and Rho, both contributing to mediate the actin assembly for 
a phagocytic cup, (ii) blocking polymerization at the host-
pathogen contact interface via sequestration of actin, and (iii) 
down-regulating polymerization through phosphorylation of 
actin-binding proteins (Fig. 4). In a nutshell, Y. enterocolitica has 
developed its own way with YopO to survive the host immune 
system. (Reported by Chun-Hsiang Huang)

This report features the work of Robert C. Robinson and his 
colleagues published in Nature Struct. Mol. Biol. 22, 248 (2015).
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Fig. 2: Mechanism of actin-monomer sequestration. (a)  Incompetent actin polymerization indicated 
by superimposition of the YopO-actin complex on the actin filament. (b) Pyrene-actin polymerization 
assay. (c) Autophosphorylation assay. (d) Size-exclusion chromatograms of WT YopO and mutants. 
[Reproduced from Ref. 1]

Fig. 3: Interaction and phosphorylation of actin-binding proteins. (a)  The binding sites of profilin and 
GAB domain of VASP are shown in yellow and red, respectively. (b) The binding site of gelsolin domain 
1–3 is shown in green. (c) The binding site of WH2 is shown in ocher. (d) Phosphorylation of actin-
binding proteins by YopO. Red asterisks indicate the molecular weights of the substrates. [Reproduced 
from Ref. 1]
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Fig. 4: Model for disabling actin polymerization by YopO. P, phosphorylation; Rac/Rho, Rac and/or 
Rho. [Reproduced from Ref. 1]
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Fig. 1: Analysis of plasmid purified from six AHPND and four non-AHPND strains. (a) Lanes 1-6 contained separate 
AHPND-causing strains and lanes 7-10 contained separate non-AHPND strains. “M” denotes the marker lane. (b) 
Southern blot hybridization with AP2. Asterisks indicate the target plasmid bands. [Reproduced from Ref. 3]

Fig. 2: Characterization of PirABvp toxins. (a)  Western blot indicated the absence of PirAvp and PirBvp proteins in the broth of a V. parahaemolyticus culture. (b) Western blot detected no 
PirAvp and PirBvp in the ΔpirABvp strain. (c) Virulence assay. Student t test (**p < 0.005) stands for significant differences conducted with unpaired Student. (d) Histological examination. 
Abnormal cells (arrows) and normal cells (broken cells). [Reproduced from Ref. 3]
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Predicament of the Cultured Shrimp Industry: An Emergent 
Bacterial Disease Causes Substantial Economic Losses

A severe emerging contagious disease has 
recently caused the massive death of shrimp 
larvae and tremendous economic losses in the 
shrimp aquaculture industry, calculated roughly to 
be more than USD 1 billion per year. The newly 
emergent shrimp epidemic, acute hepatopancre-
atic necrosis disease (AHPND, first reported in 
China in 2009), has become widespread; the  
affected area encompasses southeast Asia 
(Vietnam, Malaysia and Thailand) and Central 
America (Mexico).

According to previous work,1 AHPND is caused 
by a specific strain of opportunistic marine 
bacterium Vibrio parahaemolyticus; the character-
istic symptoms are commonly observed as an 
atrophied pale hepatopancreas combined with 
an empty stomach and midgut. In a later report 
in 2014,2 a 70-kpb extrachromosomal plasmid 
(pVA1) was found in all AHPND-causing strains 
of V. parahaemolyticus but not in the non-AHPND 
strains, through use of the next-generation 
sequencing  technique to analyze three virulent 
strains and one nonvirulent strain. In addition, 
pVA1 contains two toxin genes, PirAvp and PirBvp, 
which encode homologues of the insecticidal 
Photorhabdus insect-related (Pir) binary toxin. The 
pathogenesis of AHPND has, until now, not been 
elucidated.

Attempting to test the unique sequences of the 
AHPND-causing strains, a research team led 
by Chu-Fang Lo purified varied plasmids from 
various AHPND and non-AHPND strains 
for analysis. In Fig. 1(a), the authors show that 
extrachromosomal plasmids from one to five 
were observable in the AHPND-causing strains. 
Among these, one plasmid of size ~ 70 kbp was 

detected using Southern blot with an AHPND-
specific probe (AP2) (Fig. 1(b)). Figure 1 hence 
indicates that AHPND virulence in V. parahaemo-
lyticus was bestowed by a common plasmid; this 
APHND-associated plasmid was named pVA1.

According to previous reports, even though 
AHPND produces massive sloughing of HP cells 
into HP tubule lumina, there is, curiously, no sign 
of bacterial colonization in the lesion areas during 
the initial and acute stages of the disease. The 
authors thus speculated that the necrotic effects 
are likely caused by a pVA1-encoded Pirvp toxin 
in a secreted form. The authors then detected 
the secreted PirAvp and PirBvp of 12 and 50 
kDa, respectively, in the culture medium of 
AHPND-causing V. parahaemolyticus using 
Western blot (Fig. 2(a)). In parallel with the 
above experiment, the authors made two con-
structs, deletion (ΔpirABvp AHPND-causing 
V. parahaemolyticus) and complementation 

mutants (ΔpirABvp + pirABvp), and confirmed 
that the former mutant did not express PirAvp and 
PirBvp (Fig. 2(b)). The subsequent virulence assay 
and histological examination clearly indicated 
that ΔpirABvp significantly decreased cumulative 
mortality and presented no AHPND-like histopa-
thology, but both effects were restored on adding 
the complementation mutant (Figs. 2(c) and 
2(d)). The characteristic symptoms of AHPND 
are hence caused mainly by the PirABvp toxin.

To investigate further which component, either 
PirAvp, PirBvp, or the PirABvp complex, is the 
dominant part for the cytotoxicity, the authors 
performed a reverse gavage experiment in which 
the shrimp were challenged with the recombinant 
PirAvp and PirBvp (rPirAvp and rPirBvp) purified 
from themselves or from E. coli BL21. Figures 
3(a) and 3(b) clearly indicate that an obviously 
increased mortality was caused only by a mixture 
of the rPirAvp and rPirBvp toxins, no matter which 
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Fig. 3: Results of per os challenge. (a) and (b) BSA and BL21 (pET21b) were used as a negative control. Meaningful differences were measured with unpaired Student t test (**p < 0.005). 
[Reproduced from Ref. 3]

Fig. 4: Structural comparison and proposed mechanism. (a) Left: structural 
comparison of PirAvp (magenta) with domain III of Cry (yellow), which shows an 
rmsd 3.2 Å for 88 matched Cα atoms. Right: structural comparison of PirBvp (magenta) 
with domains I and II of Cry (yellow), which shows an rmsd 2.8 Å for 320 matched 
Cα atoms. These structures clearly superimpose well. (b) Left: the three-domain Cry 
structure, solved by Grochulski et al. (PDB ID code: 1CIY).4 Right: a putative PirABvp 
heterodimer, constructed based on the architecture of Cry. [Reproduced from Ref. 3]

system of expression was used.

To understand the molecular mechanisms, the authors solved the crystal 
structures of PirAvp and PirBvp using BL13B1 and BL13C1.3 Upon structural 
comparison, it was elucidated that the structures of PirAvp and PirBvp align well 
with the domain III (which is thought to be related to receptor recognition 
and membrane insertion), and the domains I (pore-forming activity) and II 
(receptor binding) of Bacillus Cry insecticidal toxin-like protein, respectively. 
Even so, the sequence identity between them is quite small (< 10 %) (Fig. 
4(a)). This structural similarity showed that the putative PirABvp heterodimer 
might share a similar mode of action. Taken together, the authors proposed 
that the PirABvp toxins might trigger the larval epithelium midgut cell death 
through a Cry insecticidal toxin-like mechanism, including receptor binding, 
oligomerization and pore forming (Fig. 4(b)). (Reported by Chun-Hsiang 
Huang)

This report features the work of Chu-Fang Lo and her co-workers published in 
PNAS 112,10798 (2015).
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mortality at the larval stage among diverse species (warm- and cold-water 
fish) or even across species from marine to freshwater fish in the aquaculture 
industry. The grouper nervous necrosis virus (GNNV) belongs to genus 
betanodavirs and is the constant appearance of the infectious diseases such 
as VNN. Notably, GNNV following VNN is a major factor that limited the 
expansion of the grouper fish culture in Taiwan (Fig. 1).

To investigate the structure of T = 3 GNNV at atomic resolution, Chun-
Jung Chen, Nai-Chi Chen, Masato Yoshimura from Life Science Group of 

the NSRRC, together with their research team pursued 
the huge and complicated structures of GNNV-LP in 
various forms using SP12B2, SP44XU, BL13C1 and 
BL15A1. The crystals of GNNV-LP with the size of 0.3 
x 0.1 x 0.1 mm3 were used for this study, and the mor-
phology of GNNV-LP with negative-stained EM images 
reveal a T = 3 capsid of diameter 30 ~ 35 nm (Figs. 2(a) 
and 2(b)).

The overall topological structure of the GNNV capsid 
protein (CP) consists of the N-terminal arm (N-arm) 
(residues 34−51), the shell domain (S-domain) (residues 
52−213), the link region (residues 214−220) and the 
protrusion domain (P-domain) (residues 221−338) 
(Fig. 2(c)). Sixty trimeric S-domains participate in inter-
subunit contacts, forming a continuous thin shell of the 
capsid with an empty inner cavity. Three neighboring P-
domains per iASU embrace one another at quasi three-
fold (Q3) axes to form 60 protrusions on the particle 
surface (Fig. 2(d)).3

For the investigation of biological functions of each 
domain of GNNV CP, they first speculated that the N-
ARM (N-terminal arginine-rich motif ) or P-domain 
of GNNV-LP might act as a major molecular switch in 
regulating T = 3 or T = 1 particle assembly. To address 
this issue, they constructed two sub-clones, including (i) 
the delta-P-domain mutant (residues 35−217) and (ii) 
the N-ARM deletion mutant (residues 35−338), and de-

In many countries aquaculture, such as cultivation of marine fish and prawns, 
is a major global economic activity. In fact, Taiwan, an island surrounded 
by sea, is one of the major distant water fisheries and aquaculture 
producers in the world. In terms of production and value, 
aquaculture has long been far ahead of offshore and 
coastal fisheries combined, and has been just sec-
ond to distant water fisheries.1 Today, aquaculture 
in Taiwan, including island and marine cultures, 
is well correlated with the Taiwanese economy and 
society, such as income generation, food source 
and food supply. Furthermore, several species, such 
as oyster, farmed fish and grass carp, have long been 
reared as important food sources in Taiwan. Cur-
rently, the major farmed fish include milkfish, tilapia, 
grouper and prawn with an export economic importance in Taiwan,1 but 
viral disease in Taiwan has a major impact on aquaculture since fish farming 
became a significant commercial entity in this century.

Alpha-nodaviruses and beta-nodaviruses are major genera in family Nodaviri-
dae.2 Alphanodaviruses infect primarily insects, and betanodaviruses are also 
called nervous necrosis viruses (NNV) because they cause an acute syn-
drome of viral nervous necrosis (VNN). VNN is a serious syndrome disease 
that causes viral encephalopathy or retinopathy, and is responsible for great 

Structure of the Deadly Grouper Fish Virus is Revealed

Fig. 2: Crystal and EM images and overall structure of GNNV-LP. (a) Crystal image of T = 3 GNNV-LP. (b) 
A representative negative-stained EM image of purified GNNV-LPs. (c) A ribbon presentation and topological 
diagram of subunit C of GNNV-LP. (d) Surface domain-colored diagram (left) and central cavity (right) 
representations of T = 3 GNNV-LP. [Reproduced from Ref. 3]
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(d) 350Å
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P-domain
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Fig. 1: Orange-spotted Grouper fish and GNNV virus.
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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 

(a)
T=1 GNNV

Dimer

Trimer

+Ca

−N-ARM

Hexameric trimer

Monomer (N-ARM&P-domain deletion)

Pentameric dimer

Pentameric trimer

Monomer

T=1 GNNV

T=3 GNNV

(b)

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.



050

A
C

T
IV

IT
Y R

EPO
RT

 2015

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]
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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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