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Venom allergen-like protein 28 in Clonorchis sinensis: four epitopes
on its surface and the potential role of Cys124 for its
conformational stability
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Abstract
Venom allergen-like (VAL) proteins are important to host-parasite interactions. We previously demonstrated that a Clonorchis
sinensis VAL (CsVAL) protein-derived synthetic peptide suppresses allergic and inflammatory responses. However, little is
known regarding the physicochemical and antigenic properties of CsVAL proteins. Here, we identified a novel 194 amino acid
VAL protein, named C. sinensis VAL 28 (CsVAL28), and characterized its functional motifs and structural details as a new
member of the CAP superfamily. Unlike members of the Schistosoma mansoni VAL (SmVAL) family, CsVAL28 has a single
CAP1 motif and six highly conserved disulfide bond-forming cysteines. Tertiary models of wild-type CsVAL28 and mutants
were built using SmVAL4 as template via homology modeling. Normal mode analysis predicted that disulfide bond breaking by
mutation of cysteine 124 to serine would greatly affect protein mobility. Four major immunoreactive linear epitopes were
identified in the surface-exposed region or its vicinity via epitope mapping, using sera from clonorchiasis patients and healthy
controls. Our findings provide in-depth knowledge on the structure-function properties of VAL proteins and may help determine
highly antigenic regions for developing new diagnostic approaches.
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Introduction

Clonorchis sinensis is a foodborne zoonotic trematode that
infects humans, causing clonorchiasis through the

consumption of raw freshwater fish infected with
metacercariae. It is estimated that more than 1.3 million
people in Korea and more than 12.5 million people in
China have been infected with C. sinensis (Hong and
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Fang 2012). Dwelling in bile ducts, C. sinensis induces
an inflammatory reaction and causes epithelial hyperpla-
sia, periductal fibrosis, dyspepsia, and sometimes chol-
angiocarcinoma (Bouvard et al. 2009; Choi et al. 2006).
C. sinensis has been reported as a biocarcinogen to
humans by IARC (International Agency for Research
on Cancer) (Bouvard et al. 2009).

Definitive diagnosis of clonorchiasis is still based on
the discovery of eggs in stool samples, using strategies
such as the Kato-Katz method and the formalin-ether sed-
imentation technique (Hong et al. 2003). However, stool
examination is insufficient because only a few C. sinensis
eggs can be found in the stool of patients with early-stage
or light infection (Choi et al. 2006). Moreover, this meth-
od is not suitable for large-scale examination because of
the time- and labor-intensive tasks involved. Enzyme-
linked immunosorbent assay for the detection of antibodies
against C. sinensis antigens represents an alternative diag-
nostic approach. Several recombinant proteins have been
reported that might facilitate the use of this assay, such as
legumain (Ju et al. 2009), 14-3-3 protein, propionyl-CoA
carboxylase (Lee et al. 2012a), andα-N-acetylgalactosaminidase
(Lee et al. 2012b). Nonetheless, further expansion of the antigen
candidate repertoire is necessary, since the use of multiple anti-
gens allows more accurate diagnosis and effective vaccination
against C. sinensis (Rappuoli and Aderem 2011).

Venom allergen-like (VAL) proteins belong to the
CAP (cysteine-rich secretory proteins, antigen 5, and
pathogenesis-related 1 proteins) superfamily, which is
also termed the SCP/TAPS (sperm coating protein/Tpx-
1/Ag5/Pr-1/Sc7) superfamily (Gibbs et al. 2008). These
proteins play important roles in host-parasite interac-
tions. In Schistosoma mansoni, the excretory-secretory
VAL 9 protein modulates expression of host extracellu-
lar matrix-remodeling genes, which is necessary for pro-
cesses such as intra-mammalian egg translocation, mira-
c id ia infect ion, and int ra-mol luscan sporocyst
deve lopment /migra t ion (Yoshino e t a l . 2014) .
Moreover, several VAL proteins have been recognized
as good antigen candidates for the early diagnosis of
clonorchiasis, since they are up-regulated during the in-
fection of the mammalian host, as shown by a previous
study investigating the gene expression patterns at each
larval stage (Parker-Manuel et al. 2011). In the nema-
tode Heligmosomoides polygyrus, VAL proteins were
identified as its dominant excretory-secretory products
(Hewitson et al. 2011).

In the current study, we identified C. sinensis venom
allergen-like protein 28 (CsVAL28) as a new member of
the VAL family and investigated the features of CAP
motifs and the role of disulfide bonds in maintaining
structural stability. Epitope mapping was performed to
identify major immunoreactive epitopes.

Materials and methods

Sera

Serum samples were collected from 15 patients with
clonorchiasis and 5 healthy individuals. Patient sera were
ranked according to the number of eggs per gram of stool.
The study protocol involving serum specimens was approved
by the Institutional Review Board of KCDC (Permit No.
2015-02-EXP-05-3C-A). All adult participants provided in-
formed consent. All personal identifiers and patient informa-
tion were delinked from the serum specimens.

Analyses of sequence and phylogeny

The physicochemical properties of the predicted protein, in-
cluding molecular weight and isoelectric point (pI), were cal-
culated by ProtParam (Wilkins et al. 1999). The canonical and
non-classical signal peptide were predicted using SignalP v4.1
(Petersen et al. 2011) and SecretomeP (Bendtsen et al. 2005),
respectively. Multiple sequence alignment was performed
with MAFFT v7.294 using the L-INS-i (Katoh and Standley
2013), and its results were displayed by Jalview (Waterhouse
et al. 2009). The evolutionary history was inferred by the
maximum likelihood (ML) method using the Molecular
Evolutionary Genetic Analysis (MEGA) v6.06 (Kumar et al.
2016). All positions containing gaps and missing data were
eliminated. To confirm sequences belonging to the CAP sub-
family, CAP motifs were searched for in all sequences, using
an in-house Python script.

Homology models and features of wild-type
and mutant CsVAL28

LOMETS (LOcal MEta-Threading-Server) (Wu and Zhang
2007) was used for searching for a suitable template, S.
mansoni VAL 4 (SmVAL4, PDB ID: 4P27_A). The
disulfide-bonding cysteines were explored using the
BDisulfide of Design 2^ (Craig and Dombkowski 2013).
Each cysteine was individually substituted with serine based
on the target and template alignment, using a text editor (Guo
and Feng 2001). The 3Dmodels of wild-type (WT) CsVAL28
and mutants (C75S, C124S, C128S, C144S, C149S, and
C160S) were generated using the BTarget-Template
Alignment^ mode of Swiss-Model (Biasini et al. 2014).
COACH (COnsensus ApproaCH) (Yang et al. 2013) was used
to predict Zn2+-binding sites based on the identification of
analogs with similar sites. The electrostatic potentials on the
surface of the WT CsVAL28 model were calculated with the
Adaptive Poisson–Boltzmann Solver and PDB2PQR (Unni et
al. 2011). Models were investigated and visualized using
UCSF CHIMERA (Huang et al. 2014).
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Structural quality assessment

Structural stereochemical qualities of the WT CsVAL28
3D model were evaluated using Ramachandran plots
(Lovell et al. 2003) and ERRAT (Colovos and Yeates
1993) from PROCHECK (Laskowski et al. 1996) and
ModFOLD6 (McGuffin et al. 2013). In mutants, quality
evaluations were not performed because those were ma-
nipulated with the purpose of breaking the disulfide
bonds. The root mean square deviation (RMSD) of all
3D models was calculated using the ResQ (Yang et al.
2016).

Mobility via normal mode analysis

Normal mode analysis (NMA), which provides insights into
large-scale mobility, was performed for WT CsVAL28 and
mutants using the iMODS (Internal coordinates normal
MODe analysis Server) (Lopez-Blanco et al. 2014) with all
parameters set to the default values. The 3D models were
rendered in different colors based on B-factor values (as in-
ferred by NMA) by turning the arrow field toggle on.

Cloning of the CsVAL28-coding sequence

The gene encoding the CsVAL28 protein was identified from
an adult worm expressed sequence tag (EST) (Kim et al. 2014;
Yoo et al. 2011). Polymerase chain reaction (PCR) was per-
formed to identify transcripts containing the open reading
frame of CsVAL28 from adult C. sinensis. The forward and
reverse primers for CsVAL28 amplification were 5′-TTT
GAC GGA TCC ATG ATC AGG GAA GGG TGA G-3′
and 5′GGG CCC AAG CTT TTA CAA ACA AAT GCA
TGG C-3′, respectively, and contained BamH I and Hind III
restriction sites (underlined bases), respectively.

The gene coding for CsVAL28was identified from an adult
worm EST library by PCR, using the primers mentioned
above. The amplified PCR product was purified, digestedwith
endonucleases, and run on a 1% agarose gel. The bands cor-
responding to the cDNA fragments were excised and the frag-
ments were ligated into the bacterial expression vector
pRSETA (Novagen, Madison, WI, USA) to code for
CsVAL28 fused with a 6×His tag in its N-terminal.
Successful cloning was confirmed by DNA sequencing and
the vector was transformed into Escherichia coli BL21 (DE3)
(Invitrogen, Carlsbad, CA, USA). The cDNA sequence of

Fig. 1 Homology analysis of CsVAL28 and various to SmVAL
members. Residues that are 75% conserved among the VAL proteins
are shaded in light blue, and those that are 100% conserved are
highlighted in dark blue. Residues that are necessary for the
coordination of the Zn2+ in CsVAL28 are marked with triangles.

Accession IDs were retrieved from the UniProtKB/Swiss-Prot database
(UniProt 2015). CAP motifs were boxed in red and their names were
added below. Green-circled C’s represent cysteine residues and the three
disulfide bonds are as follows: C1–C5, C2–C3, and C4–C6
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CsVAL28 was deposited in the GenBank under accession ID
MH172541.

Peptide microarray

To map the epitopes of CsVAL28, peptides were spotted onto
microarrays and used to screen the reactivity against sera from
patients with clonorchiasis or healthy subjects. Each peptide
comprised a 15-mer and its sequence was offset from the one
of the previous peptide by 4 amino acids. A custom peptide
array was manufactured by JPT Peptide Technologies (Berlin,
Germany), wherein all 15-mer peptides were displayed in 3
identical sub-arrays on each glass slide. The slides were incu-
bated with blocking buffer (Superblock TBS T20, Thermo
Fisher Scientific Inc. Rockford, IL, USA), washed with Tris-
buffered saline (TBS), and then incubated with sera (1:100
dilution) from patients with clonorchiasis or healthy subjects
at 4 °C overnight. After washing with TBS, the slides were
incubated with 0.1 μg/mL Cy5-labeled mouse anti-human
IgG (#209-175-082: Jackson ImmunoResearch Products,
Bar Harbor, ME, USA), and consecutively washed with
TBS and deionized water (5 times in each for 5 min). The
slides were dried by centrifugation at 500×g for 1 min. The
fluorescence scan was performed with an Axon GenePix
Scanner 4300A (Molecular Devices, Sunnyvale, CA, USA).
Data were analyzed using the GenePix Pro 6.0 software
(Molecular Devices) and the mean signal intensity for each
spot was extracted between 0 and 65,535 arbitrary units (a.u.).

Signals were normalized by subtracting signals obtained from
internal control peptides. Signal relative intensities were cal-
culated by dividing the mean intensity of each peptide in the
clonorchiasis group by the mean intensity of the same peptide
in the healthy group, and the final data were visualized using
Heatmap Illustrator (HemI) v1.0.3 (Deng et al. 2014).

Results and discussion

Sequence features

An isolated cDNA clone was found to code for a novel VAL
protein, named CsVAL28. The 3′-incomplete coding sequence
of CsVAL28 was 582 bp in length and coded for a putative
protein of 194 amino acids with a calculated molecular mass
22.09 kDa and a theoretical pI of 8.67. CsVAL28 is possibly
secreted through non-classical route. Typical VAL proteins
contain a CAP domain (Pfam ID: PF00188). However, similar
to SmVAL4 (Kelleher et al. 2014), CsVAL28 does not contain
a prototypical CAP domain since its amino acid (aa) sequence
does not align with the aa1–8 region of a Hidden Markov
Model (HMM) profile of the domain.

CsVAL28 as a new CAP superfamily member

To determine the phylogenetic relationship of CsVAL28 with
the SmVAL subfamily, 27 proteins were collected from the

Fig. 2 Phylogenetic relationship
between CsVAL28 and the
SmVAL family. a Phylogenetic
tree constructed by performing
sequence alignment between
CsVAL28 (closed circle) and
SmVAL family members to infer
evolutionary relationships.
Bootstrap values (1000 replicates)
are shown next to the branches.
The scale bar represents amino
acid substitutions. UniProtKB/
Swiss-Prot accession IDs are
given in parentheses. b CAP
motif organization in CsVAL28
and members of the SmVAL
family. CAP1, yellow box; CAP2,
blue box; CAP3, orange box;
CAP4, green box
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UniProtKB/Swiss-Prot database (UniProt 2015). Multiple se-
quence alignment revealed the presence of six highly con-
served cysteine residues (C1 to C6), which potentially form
three disulfide bonds (C1–C5, C2–C3, and C4–C6) in
CsVAL28 (Fig. 1). Chalmers et al. reported that VAL proteins
in platyhelminths can be divided into two distinct groups
(Chalmers and Hoffmann 2012), with the presence of an

extended first loop region and all six disulfide-bond-forming
cysteines in Platyhelminth VAL Group 1 differentiating it from
VAL Group 2. On the other hand, according to the study of
Cantacessi et al. (2012), the occurrence and conservation of
cysteine residues at specific sequence positions should be used
as the key criteria for the classification of trematode SCP/TAPS
proteins. According to this system, CsVAL28 is very close to
the Trematode single-domain SCP/TAPS Group 2, which con-
tains a CAP domain and six highly conserved cysteine residues.

Members of the VAL subfamily are characterized by a
pattern of four CAP motifs that have been evolutionarily con-
served across diverse species (Gibbs et al. 2008): CAP1,
[GDER][HR][FYWH][TVS][QA][LIVM][LIVMA]Wxx[ST-
N]; CAP2, [LIVMFYH][LIVMFY]xC[NQRHS]Yx[PAR
H]x[GL]N[LIVMFYWDN]; CAP3, HNxxR; CAP4,
G[EQ]N[ILV] (x = any amino acid). Our analysis grouped
CsVAL28 with SmVAL26 (182 aa) and SmVAL27 (182 aa),
with both of which it shared 34.8% identity, even though
SmVAL26 and SmVAL27 have an additional CAP3 motif
(Fig. 2). SmVAL17 (90 aa), albeit harboring an exclusive
CAP1 motif, showed low identity (11.9%) with CsVAL28
andwas distinct from the VALGroup 1, as it had no conserved
cysteines. Therefore, CsVAL28 was characterized as a new
CAP superfamily member that belongs to the Platyhelminth
VAL Group 1. In the Pfam database, classification of CAP
proteins is based on the distribution of CAP domains and the

Fig. 3 Ribbon and surface
representations of the CsVAL28
3D model. a Overall structure; α-
helixes andβ-strands are depicted
as orange and green ribbon
diagrams, respectively, and
coiled-coil as a gray line.
Residues that bind Zn2+ are
shown in ball-and-stick, and
disulfide bonds are indicated by
C1–C5, C2–C3, and C4–C6. b
Electrostatic potential map of the
surface of the CsVAL28 model.
Positively and negatively charged
regions are colored blue and pink,
respectively. The two faces of
CsVAL28 are presented by a
vertical rotation of 180°

Fig. 4 Zn2+-binding residues of CsVAL28. The superposed residues that
form the binding site are shown in stick mode and labeled black for C.
sinensis and red for S. mansoni (PDB ID: 4P27_A). Side-chain oxygen
and hydrogen atoms are colored red and white, respectively
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conservation of CAP motifs. In the case of the pathogenic
nematodeHaemonchus contortus, all CAP proteins had a con-
served CAP4 motif but variable remaining CAP motifs
(Mohandas et al. 2015). In trematodes, the frequency of
CAP motifs is high in the case of CAP3 and CAP4, moderate
for CAP1, and low for CAP2. These findings are in line with
the results of Philippsen et al., who showed that a selective
expansion of the VAL gene family occurred in different
Schistosoma species (Philippsen et al. 2015).

Homology modeling and validation

SmVAL4 (PDB ID: 4P27_A) (Kelleher et al. 2014) was se-
lected as the best template by the LOMETS, as seen in Table

S1 (Wu and Zhang 2007). The identity and coverage between
the target and template sequences were 36 and 66% (from
His34 to Pro164), respectively. Since the identity score was
in the 25–50% range, the model can be used for studying
mutants (Franca 2015) (see subsection BDisulfide bonds and
their role in maintaining structural stability^). The 3D model
of CsVAL28 was predicted based on the template, using the
Swiss-Model server (Biasini et al. 2014). The quality of the
model was verified by constructing a Ramachandran plot
(Lovell et al. 2003), which showed that 87.4% of residues
lay in the favorable region, 9.9% in the additionally allowed
region, only 2.7% (Asp47, Lys55, and His123) in the gener-
ously allowed region, and none in the disallowed region (Fig.
S1A). The overall quality score was calculated by ERRAT

Fig. 6 Comparison of point
mutations with respect to their
effect on the mobility of
CsVAL28. The direction is given
by the arrow, while the length of
the line represents the magnitude
of mobility in 3D models of wild-
type (WT) CsVAL28 (a), the
C75S mutant (b), and the C124S
mutant (c). Increasing magnitudes
of B-factor values are color-coded
from blue to red. The Zn2+-bind-
ing residues, Asp80 and His130,
are displayed. Dashed circles in
the C124S mutant model indicate
movement in opposite direction
compared to WT

Fig. 5 Residual flexibility of wild-type (WT) CsVAL28 and its mutant variants. The regions around Lys74 and Asp102 with high RMSD values are
marked by dashed boxes
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(Colovos and Yeates 1993) at 79.68, suggesting a good 3D
model (Fig. S1B). The global model quality score of 0.49, as
calculated by ModFOLD6 (McGuffin et al. 2013), ensured
that the model was properly folded, and the 3D cartoon of
the model was colored according to the per-residue error con-
sidering the B-factor values (Fig. S1C). No further refinement
of the CsVAL28 3D model was performed to keep the three
disulfide bonds intact.

Overall structural features

Structure examination revealed a core helix-sheet-helix
(α-β-α) sandwich fold, which is a characteristic of members
of the CAP superfamily, including VAL proteins (Gibbs et al.
2008) (Fig. 3a). Electronegative regions were found in the
center of the Zn2+-binding site (Fig. 3b). Superposition of
CsVAL28 with SmVAL4 structures showed that the structural
coordinates of the Zn2+-binding site were highly conserved,
except for the position of His130 (Fig. 4). However, His130
has also been predicted as a conserved residue for Zn2+ bind-
ing in CRISPs (cysteine-rich secretory proteins) by COACH,
based on the identification of analogs with similar binding
sites (Yang et al. 2013).

Disulfide bonds and their role in maintaining
structural stability

Several highly conserved cysteines are found in different
groups of VAL proteins and participate in intrachain and inter-
chain disulfide bonds that are critical for maintaining protein
structure stability (Cantacessi et al. 2012; Chalmers and
Hoffmann 2012). We examined the importance of the three
putative disulfide bonds (Cys75-Cys149, Cys124-Cys128,
and Cys144-Cys160) for the structure of CsVAL28 by using
the BDisulfide function of Design 2^ (Craig and Dombkowski
2013). Specifically, each cysteine was individually substituted
with serine and we evaluated which point mutation affects the
protein stability, as previously suggested (Guo and Feng 2001).
Then, 3D models of WT CsVAL28 and mutants (C75S,
C124S, C128S, C144S, C149S, and C160S) were generated
and compared. When comparing the WTwith mutant models,
RMSD values were remarkably different in the aa74–102 re-
gion (Fig. 5). Amongmutants, differences of residual and over-
all RMSD were highest in C124S and C75S, respectively
(Table S2).

All 3D models were subjected to NMA using iMODS
(Lopez-Blanco et al. 2014) to determine which mutation has
a greater impact on protein mobility. NMA allows the accurate

Fig. 7 Screening of antigenic
peptides via epitope mapping. In
the array, peptides with an
intensity fold ratio (clonorchiasis
sera to control sera) ranging 1 to 7
were colored from light yellow to
red. Among the entire CsVAL28
sequence, four peptides (marked
in red) were found to be highly
antigenic: 57PVVWDNELA
EKAQKW71, 85RKTKKFDLV
GQNWAG99, 101YDLQGAFN
AWFDEYR115, and 105GAFN
AWFDEYRNYNY119
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characterization of the direction and extent of the inherent mo-
tions of the structure much faster than molecular dynamics
(MD) simulations and iMODS has been widely used for
assessing how mutations affect structural dynamics
(Awan et al. 2017; Prabhakar et al. 2016). The results
for WT, C124S (the mutation with the highest residual
RMSD), and C75S (the mutation with the highest over-
all RMSD) are displayed in Fig. 6, whereas the results
for the rest of the mutations can be found in Fig. S2. In
the WT model, the residual mobility of Asp80 and
His130 seems to be oriented toward each other, around
the Zn2+-binding site (Fig. 6a). In the C124S model, the
mobility of the two residues shifted in the opposite di-
rection, which seems to open the box (Fig. 6c). The
results of the remaining mutants were similar with those
of WT (Figs. 6b and S2). Therefore, Cys124 out of the
six highly conserved cysteines was predicted to have a
significant impact on protein mobil i ty. Future,
molecular-level investigation of the effects of disrupting
this disulfide bond by substitution of the conserved cys-
teines should enrich our understanding of the structure-
function properties of VAL proteins.

Identification of a highly antigenic region via epitope
mapping

VAL proteins are considered potentially good antigens since
they are completely exposed to the host’s immune system as
excretory-secretory products (Chalmers et al. 2008). The iden-
tification of linear epitopes bound by antibodies is crucial for
scrutinizing the antigenicity and immunogenicity of native
antigens and especially for developing synthetic multi-
chimeric antigens that could be utilized in immunodiagnostic
tests (Noya et al. 2003). Thus, epitope mapping of CsVAL28
was performed using a peptide microarray that consisted of 46
linear peptide 15-mers overlapping an 11-mer of CsVAL28.
We incubated 15 sera from patients with clonorchiasis and 5
healthy sera with the peptide microarray (Fig. 7). The relative
intensities of the signals from the clonorchiasis group com-
pared to the healthy group ranged from 0.6 to 6.8. Among
them, the following four peptides had intensities higher by a
factor of ≥ 1.2 compared to sera from five or more clonorchiasis
patients: peptide no. 15 (P15, 57PVVWDNELAEKAQKW71),
peptide no. 22 (P22, 85RKTKKFDLVGQNWAG99), peptide
no. 26 (P26, 101YDLQGAFNAWFDEYR115), and peptide

Fig. 8 Surface mapping of linear B-cell epitopes. a Surfaces
corresponding to the peptides P15 (green), P22 (forest green), P26 (blue),
and P27 (cyan) are shown on the 3D structure ofWT CsVAL28 while the
remaining part of the model is displayed in white. The short sequence

BGAFNAWFDEYR^ (orange) overlapped between P26 and P27. Each
peptide can be viewed from three different vertical rotations, displayed in
b, c, and d
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no. 27 (P27, 105GAFNAWFDEYRNYNY119). These were rec-
ognized as linear epitopes, since they exhibited the strongest
signals.

It is important to identify conformational B-cell epitopes
(also known as discontinuous epitopes), which play an actual
role in forming antigen-antibody complex and are believed to
amount to more than 90% of B-cell epitopes (Sun et al. 2011).
Interestingly, four epitopes were exposed on or near the pro-
tein surface and were vulnerable to antibodies (Fig. 8).
Furthermore, P26 and P27 are parts of the putative linear B-
cell epitope B94GQNWAGGYDLQGAFNAWFDEY
RNYNYANRS123^, which was demonstrated in one of our
previous studies to display an anti-allergic effect when applied
on RBL-2H3 cells by inhibiting the activity of the protein
kinase C-α and the extracellular signal-regulated kinase 1/2
(Jeong et al. 2014). Thus, both P26 and P27 epitopes may
contribute significantly to the immunogenicity of CsVAL28.

Conclusions

We identified CsVAL28, a novel VAL protein expressed by C.
sinensis, and characterized its functional motifs and structural
details as a new member of the CAP superfamily. Comparative
sequence alignment with members of the S. mansoni VAL
family showed that CsVAL28 has only one CAP1 motif and
six highly conserved cysteines. We also demonstrated that mu-
tation of cysteine to serine at position 124 is predicted to affect
structure mobility. Four highly immunoreactive epitopes were
observed in the internal region via epitope mapping on the
peptide microarray. Further studies are still needed to confirm
the biological functions of CsVAL28, which are associated
with adaptation to a definitive host and, by extension, the de-
velopment of an early diagnostic technique.
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Table S1 
Top 10 models selected as putative templates using LOMETS server. 
 
Rank PDB ID Name Coverage Z-scorea Identity 

(%) 
Program 

1 1XTA_A Cysteine-rich venom protein 1 0.86 13.26 0.32 MUSTER 
(Wu and Zhang, 2008) 

2 3NT8_A Na-ASP-1 0.87 134.70 0.23 PRC 
(Madera, 2008) 

3 4P27_A Venom allergen-like protein 4 0.80 36.18 0.31 SP3 
(Soding, 2005) 

4 4P27_A Venom allergen-like protein 4 0.80 31.83 0.31 SPARKS-X 
(Zhou and Zhou, 2004) 

5 4P27_A Venom allergen-like protein 4 0.79 85.00 0.32 FFAS03 
(Jaroszewski et al., 2005) 

6 4P27_A Venom allergen-like protein 4 0.80 23.62 0.32 cdPPAS 
(Yan et al., 2013) 

7 3NT8_A Na-ASP-1 0.93 37.44 0.32 HHSEARCH 
(Soding, 2005) 

8 4P27_A Venom allergen-like protein 4 0.80 106.00 0.32 FFAS03 
(Jaroszewski et al., 2005) 

9 1XTA_A Cysteine-rich venom protein 1 0.85 30.09 0.31 Neff-PPAS 
(Yan et al., 2013) 

10 4P27_A Venom allergen-like protein 4 0.79 33.22 0.32 wdPPAS 
(Yan et al., 2013) 

a Z-score is defined as the difference of the raw score from mean divided by the standard deviation. 
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Table S2 
Comparison of residual and overall RMSD values between wild-type CsVAL28 and the mutants. 
 
 Wild-type  Mutant  Difference 

Position Residue Overall  Position Residue Overall  Residue Overall 

C1 75 1.09 1.53  C75S 1.49 1.90  -0.40 -0.37 

C2 124 2.13 1.53  C124S 2.81 1.80  -0.68 -0.27 

C3 128 0.55 1.53  C128S 0.45 1.81  0.10 -0.28 

C4 144 0.40 1.53  C144S 0.46 1.78  -0.06 -0.25 

C5 149 1.05 1.53  C149S 1.20 1.80  -0.15 -0.27 

C6 160 0.25 1.53  C160S 0.38 1.81  -0.13 -0.28 
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Figure S1. Validation of the CsVAL28 3D model. (A) The Ramachandran plot shows the residue in
most favored regions (87.4%), additional allowed regions (9.9%), generously allowed regions (2.7%) and
disallowed regions (0.0%). Red (A, B, L), yellow (a, b, l, p) and light yellow (~a, ~b, ~l, ~p) indicate the
most favored regions, allowed regions and generously allowed regions. White shows disallowed regions.
All non-glycine and non-proline residues are shown as closed black squares while glycines (non-end) are
shown as closed black triangles. Generously allowed or disallowed residues are colored in red; (B) in the
ERRAT plot, the overall quality factor is 79.68%; (C) 3D cartoon of the model was colored by the per-
residue error according to the B-factor values using ModFOLD6. Decreasing magnitudes, as B-factor
values, are color coded from red to blue.
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Figure S2. Comparison of mobility of CsVAL28 according to point mutation. The arrows represent
directionality and magnitude of mobility in 3D models of C128S mutant (A), C144S mutant (B), C149S
mutant (C) and C160S mutant (D). Increasing magnitudes, as B-factor values, are color coded from blue
to red. Asp80 and His130 of Zn2+-binding residues were displayed.
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