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Abstract. - OBJECTIVE: With the help of bioin-
formatics analysis, we wished to develop a novel
antivenom against the Deinagkistrodon (D.) acutus
shake venom using B-cell linear epitopes of three
primary toxins (serine protease, metalloprotease,
and phospholipase A2).

MATERIALS AND METHODS: cDNA sequences
of three toxins of D. acutus venom were retrieved
from the NCBI database. B-cell linear epitopes were
predicted using DNAStar and the website server
software provided by IEDB. Then, the sequences of
the predicted epitopes were artificially synthesized
and inserted into the vector pET-32a-c(+). Recombi-
nant antigen peptide was expressed and purified.
BALB/c mice were immunized with the recombi-
nant antigen peptide. The immunoprotective effect
of this novel antivenom was measured by neutral-
ization of venom haemorrhagic activity.

RESULTS: Six epitopes were obtained by bioin-
formatics analysis. ELISA analysis showed that an-
tibody titre was >8,000 against snake venom and
>64,000 against the recombinant peptide. Neutral-
ization assays confirmed that the developed an-
tivenom could effectively reduce the haemorrhagic
activity of snake venom.

CONCLUSIONS: Six B-cell linear epitopes of D.
acutus snake venom were predicted by bioinfor-
matics analysis and successfully utilized to pro-
duce a novel antivenom.
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Introduction

Venomous snake bites are a relatively common
occurrence in tropical and subtropical regions.
Without proper and timely treatment, they often
cause death or disability'?. At least 2.5 million
venomous snake bites occur every year world-
wide, resulting in 125,000 deaths®. A critical role

in the treatment of snake bites is attributed to an-
tivenom. It is a specific antidote, which, however,
may cause severe adverse reactions such as ana-
phylactic shock, urticaria, hypotension, asthma,
and thrombotic phlebitis. The prevalence of these
adverse reactions can reach up to 20%*. Another
limitation of antivenom is that it contains antibod-
ies to non-toxic components, which reduces its
therapeutic effect’. Therefore, improving the effi-
cacy and safety is one of the main objectives of
novel antivenom development.

With the advent of bioinformatics and im-
munoinformatics, a new approach to identifying
protein epitopes based on computer simulation
and bioinformatics has emerged. Recent exam-
ples of such approach are presented in the reports
by Wagstaff et al® and Machado de Avil et al’.
The former report predicted seven epitopes of
snake venom metalloprotease (MP) from carpet
viper and found that the serum produced by im-
munized animals can effectively neutralize ven-
om-induced haemorrhaging. The latter report
predicted five epitopes of snake venom MP con-
sisting of 12 amino acids and demonstrated the
corresponding antivenom to exhibit good protec-
tive effects.

In the present study, we analyzed cDNA se-
quences of three major toxic components (serine
protease (SP), MP, and phospholipase A2
(PLA2)) of Deinagkistrodon (D.) acutus venom
using bioinformatics methods. D. acutus is a
venomous snake distributed in southern China
and in some areas of Vietnam®. In addition, we
predicted key antigenic epitopes of three snake
venom toxins and prepared the corresponding an-
tivenom using tandem expression of predicted
epitopes. The protective effect of this antivenom
was then successfully demonstrated in an animal
study.
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Materials and Methods

Mice

BALB/c mice weighing 18-20 g were provid-
ed by the Animal Center of the Third Military
Medical University (Chongqing, China). All ani-
mal experiments were performed in strict accor-
dance with the regulations of the Guide for the
Care and Use of Laboratory Animals issued by
the Ministry of Science and Technology of the
People’s Republic of China. All efforts were un-
dertaken to minimize animals’ suffering. The ani-
mal use protocol was approved by the Institu-
tional Animal Care and Use Committee of the
Third Military Medical University.

Sequence alignment
of snake venom proteins

Six cDNA sequences were selected from the
NCBI database (http://www.ncbi.nlm.nih.gov) for
each of the three D. acutus snake venom toxins.
The accession numbers of the sequences were MP
— AJ223283, AY566610, AF117637, AJ223283,
GU290061, and GQ245980; SP — AF159060,
AJ006471, AY861382, EF093559, EU681180, and
EF101918; and PLA2 — AJ223188, X77648,
X77649, AF269132, X77650, and X77651. The
selected sequences were aligned in the MegAlign
module of the DNAStar software’ according to the
type of the toxins. One sequence of each toxin that
exhibited the highest homology with the common
sequence was chosen for epitope prediction.

Linear epitope prediction
of snake venom protein

Linear epitope prediction of snake venom
protein sequences was performed using the IEDB
online software (http://tools.immuneepitope.org
/tools/beell/iedb_input) with the following indi-
cators: Chou and Fasman f turn, Emini surface
accessibility, Karplus and Schulz flexibility, Ko-
laskar and Tongaonkar antigenicity, and Parker
hydrophilicity!'®. Secondary structure prediction
of snake venom proteins was performed using the
Protean module of DNAStar with the following
antigen prediction indicators: protein sequence
flexibility, surface accessibility, hydrophilicity,
and Jameson-Wolf antigenic index'"!?. Based on
the prediction results of the two software pack-
ages, the regions with good consistency were
identified to determine the epitopes of each ven-
om protein sequence. According to the literature’,
two epitopes, consisting of 12 amino acids each,
were selected for each venom toxin.
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Tandem expression of predicted epitopes
and preparation of the antivenom

All six linear epitopes predicted by the soft-
ware were aligned together using the software,
with each antigen fragment being separated by
lysine and serine'®. After optimization of the nu-
cleic acid codon, the gene sequence design of the
antigenic epitope peptide was sent for sequence
synthesis, epitope peptide expression, and purifi-
cation. BALB/c mice were immunized with the
prepared epitope peptide used as an antigen (50
ug per injection per mouse). For first immuniza-
tion, the epitope peptide was completely emulsi-
fied with an equal volume of complete Freund
adjuvant and administered by subcutaneous in-
jection into the bilateral axilla and digastric
groove. For second and third immunizations, the
antigen was mixed, emulsified with incomplete
Freund adjuvant, and administered with a two-
week interval. Mouse blood specimens were col-
lected one week after the third immunization.
The antibody titre was assessed by indirect
ELISA as described below.

Antibody titre determination
by indirect ELISA

Blood specimens were collected five weeks
after animal immunization with the recombinant
antigen peptide. Serum specimens were obtained.
The antibody titre against snake venom or re-
combinant antigen peptide was determined by an
ELISA using the following steps. First, the speci-
mens were diluted to 0.2 pg/mL (to determine
the antibody titre against snake venom) or 0.5
ug/mL (to determine the titre against recombi-
nant antigen peptide) with an antigen-coating
buffer (0.1 M carbonate, pH 9.6). Diluted speci-
mens (100 pL per well) were pipetted onto 96-
well plate. The plate was incubated overnight at
4° C and washed with a washing buffer (PBS pH
7.4, 0.05% Tween-20). Then, 150 pL of blocking
buffer (PBS pH 7.4, 0.05% Tween-20, 2% BSA)
was added to each well. The plate was incubated
for one hour at 37° C and then washed with the
washing solution. Immunized mouse serum was
diluted to an appropriate concentration with an
antibody dilution buffer (PBS pH 7.4, 0.05%
Tween-20, 1% BSA). Diluted serum (100 pL per
well) was added to 96-well plate along with im-
munized mouse serum as negative control and
antibody dilution buffer as blank control. After
30 min incubation at 37° C, the plate was
washed, and 100 pL of TMB substrate solution
were added to each well. The calorimetric reac-
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tion was allowed to proceed for 15 min in the
dark, after which the reaction was terminated by
addition of 50 uL of stop solution (2 mol/L
H,S0,). Optical densities were determined at a
wavelength of 450 nm using a microplate reader.

ldentification of immunoprotective
antigen by neutralization
of haemorrhagic activity

Neutralization of haemorrhagic activity was
performed according to a previously published
procedure'* with some minor modifications. Di-
lutions of snake venom were prepared in PBS
and intradermally injected into the back skin of
BALB/c mice (0.1 mL/injection). The mice were
sacrificed 24 hour later, and back skin was re-
moved to measure the diameter of subcutaneous
haemorrhagic spots. The minimum hemorrhagic
dose (MHD) was defined as the dose of snake
venom that produced a haemorrhagic spot of 10
mm in diameter. The MHD of D. acutus venom
was estimated to be 4 ug. In experimental group,
50 pL of the antivenom prepared from the re-
combinant antigen peptide were mixed with ei-
ther 2 or 4 MHD of the snake venom solution in

A

a final volume of 100 pL. The mixture was incu-
bated for 30 min at 37° C and intradermally in-
jected into the back skin of BALB/c mice. Mice
in a positive control group was treated with 2 or
4 MHD of the snake venom (100 pL venom solu-
tion), whereas mice in a negative control group
received injection of 100 uL PBS. Each animal
group comprised four animals. The mice were
sacrificed 24 hour later. The diameter of subcuta-
neous haemorrhagic spots was measured, and
haemorrhagic area was calculated.

Results

Sequence alignment
of snake venom proteins

cDNA sequences of three selected venom tox-
ins were aligned using the MegAlign module of
DNAStar. MP GU290061 (Figure 1A), SP
AF159060 (Figure 1B), and PLA2 AJ223188
(Figure 1C) showed the highest homology with
the common sequence. Therefore, the above three
sequences were selected for secondary structure
analysis and antigenic epitope prediction.

B
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Figure 1. Comparison of sequences of three major toxins of the venom of D. acutus. A, Serine protease. B, Phospholipase
A2. C, Metalloprotease. The fragment marked with a red square is the position of the epitope in the sequence comparison.
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Epitope prediction
of snake venom proteins

Secondary structure analysis of SP AF159060
was performed using the Protean module of
DNAStar. The hydrophilicity, hydrophobicity,
Jameson-Wolf antigenic index, and surface acces-
sibility of venom proteins were comprehensively
analyzed using DNAStar. Furthermore, the Emini
surface accessibility, Karplus and Schulz flexibili-
ty, Kolaskar and Tongaonkar antigenicity, and
Bepipred linear epitope prediction were analyzed
using the IEDB online software for linear epitope
prediction of proteins. The epitopes obtained by
the software were comprehensively analyzed. Dif-
ferent prediction methods commonly revealed
suitable epitope features in the segments 82-105
and 196-218. Two peptides consisting of 12 amino
acids were selected from the above two segments
as the predicted epitopes: SE1 (IQFDDEQR-
RYAI) and SE2 (IDTCNQDSGGPL). The results
of sequence alignment showed that these two pep-
tides were highly conserved. Epitope prediction of
MP GU290061 and PLA2 AJ223188 was per-
formed following the procedure described previ-
ously, and two 12 amino acid long epitopes were
selected from the sequence of each snake venom
protein: MET1 (TALPKGAVQQKY) and MET2
(DYSETHYSPDGR), and PL1 (MQEMCECD-
KAFA) and P12 (DCDSKKDRYSYK). In total,
six epitopes were obtained (Figure 1).

Recombinant tandem expression
of predicted epitopes

The six predicted epitopes were combined, sep-
arated by lysine and serine. This was followed by
codon optimization and whole gene synthesis (Fig-
ure 2). The obtained DNA sequence was inserted
into the plasmid pET-32a-c(+) at the restriction
sites Kpnl/Xhol. The expressed and purified re-
combinant antigen peptide was analyzed by 10%
sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Figure 3). The molecu-
lar weight of the recombinant antigen peptide was

587 | ATCCACACTTGTAMCCALGAT TETOG TEEOCCAC TELATTOCEGLTC TGGTAGE

MET1| ACTACACT GOCOAAAGRCOCCATACAGCAAASATATORCOGTORCTCTRACTCC
MET2 | GATTACAGCGAGAL TEATTATTC TES TGATGGLASATCCOE TAGLGETTETGGT
CAATT| GGTTOCGETGGLGGCTCT
PLZ |ﬂA.fTm’.ﬂALTf.f.mﬁﬂﬂif.ﬁf.".&.’.Tf...TA'AMlTCTlﬂCGOLWI:TEI’,GﬁT
BLi | ATGCAGGAAATCTGOGAA T DOCATAMAGCOTTOGET

] | ATACAATTTGACGAT GAGCAAAGARGATA

Figure 2. Recombinant antigen peptide sequences of DNA.
DNA sequences for six epitopes are marked with red ink.
DNA sequences marked with black ink indicate connections
between two epitopes.
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estimated to be about 35 kDa. The protein band
was relatively wide; this was considered to indicate
partial degradation of the recombinant peptide.

Antibody titre

Antibody titre was determined by indirect
ELISA using the serum of mice immunized with the
recombinant peptide (Figure 4). The antibody titres
of immunized mouse serum were >8,000 against
snake venom and >64,000 against the recombinant
peptide. These results indicated that the recombinant
antigen peptide showed better immunogenicity.

Neutralization of haemorrhagic activity

No haemorrhagic spot was observed on the
skin of mice treated with PBS. As showed in Fig-
ure 5, the areas of haemorrhagic spots were signif-
icantly reduced and had a lighter colour in experi-
mental mice treated with the antivenom prepared
from the recombinant antigen peptide. At the ven-
om dose of 2 MHD, the antivenom reduced the
haemorrhagic area by 81%, and this reduction
reached 92% with the venom dose of 4 MHD. The
results indicated that the recombinant antigen pep-
tide showed better immunoprotective activity.

Discussion

Snake venom from D. acutus has a complex
composition and contains many proteins, carbohy-
drates, lipids, and bioactive peptides. Several of
these compounds act as blood poison, and can

—r

- \-;‘-_Ea“n_Target protein

4

Figure 3. Electrophoretic separation of recombinant anti-
gen peptide on 10% SDS-PAGE. M: Marker. 1-2: Urea + 20
mM Imidazole (5 resin volumes). 3: Urea + 50 mM Imida-
zole (5 resin volumes). 4: Urea + 500 mM Imidazole (5
resin volumes); sample volume 5 pl. 5: Urea + 500 mM Im-
idazole (5 resin volumes); sample volume 5 pl.
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Figure 4. ELISA antibody titre. Antibody titres in mice
immunized with D. acutus venom or recombinant antigen
peptide.

cause extensive hemorrhaging and local tissue
necrosis. The major toxin components identified in
the snake venom include MP, SP, and PLA2. The
snake venom MP belongs to the zinc MP family
and is the primary active component of venom pro-
teins. MP can be divided into four classes accord-
ing to their protein structure: class PI, which con-
tains only the MP domain, class PII, which con-
tains MP and disintegrin domains, class PIII (MP,
disintegrin, and cysteine-rich domains), and class
PIV (a disulfide-linked C-type lectin domain in ad-

A

dition to the domains present in class PIIl MP)%.
The main physiological function of MP is to de-
stroy the blood coagulation system of the prey,
leading to systemic haemorrhaging. Moreover, MP
can induce apoptosis and inflammatory reactions.
The snake venom SP belongs to tryptase subfamily
and mainly affects components of the coagulation
cascade, as well as fibrinolytic and kallikrein-kinin
systems, thereby causing an imbalance of the coag-
ulation system of the prey!®. The snake venom
PLA2 catalyzes the hydrolysis of phosphate
triglycerides to produce fatty acids and lysophos-
pholipids. The toxic effects of PLA2 mainly in-
clude anticoagulation, hemolysis, muscle toxicity,
cytotoxicity, neurotoxicity, and edema. PLA2 is of-
ten called myotoxin and neurotoxin!’. The synergy
of the three snake venom toxins leads to systemic
haemorrhaging and tissue necrosis in patients.
Antigenic epitopes are special structures and im-
munoactive groups on the surface of an antigen
molecule. Epitopes contain a site that can cause anti-
body production. These antibodies recognize the
epitope'®. Based on their structure, epitopes can be
divided into linear and conformational types.
Presently, epitope prediction by bioinformatics
analysis mainly focuses on B-cell linear epitopes. In
contrast, conformational epitopes are highly com-
plex, resulting in increased prediction difficulty and
low accuracy!. When predicting epitopes by bioin-
formatics analysis, the hydrophilicity, surface acces-
sibility, plasticity, and turn structures of the selected
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Figure 5. Neutralization of haemorrhagic effect of D. acutus venom in vivo. Haemorrhage was assessed on the visceral side
of the mice skin samples taken 24 hours after exposure to D. acutus venom. A, Haemorrhage induced by PBS served as nega-
tive control. B, Hemorrhage induced by 2 MHD of D. acutus venom. C, Haemorrhage induced by 4 MHD of D. acutus venom.
D, Haemorrhage induced by 2 MHD of D. acutus venom plus antitoxic sera. E, Haemorrhage induced by 4 MHD of D. acutus
venom plus antitoxic sera. F, Haemorrhage inhibition (%) in the presence of antitoxic sera.
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segments need to be taken into consideration. Fur-
thermore, production of appropriate sequences con-
sisting of 12-15 amino acids is favourized®. Newer
technologies, such as artificial neural networks and
support vector machine algorithms, permit the use
of protein tertiary structure in linear epitope predic-
tion, development of B-cell epitope analysis soft-
ware (e.g., Beipep, ABCpred, BepiPred, APP, CEP,
DiscoTope, ClusPro, PPI-Pred, and IEDB), and es-
tablishment of databases?'. Therefore, B-cell epitope
prediction using bioinformatics technology is an im-
portant method used to determine new B-cell epi-
topes. Not surprisingly, it gained wide popularity.

Previous prediction and screening methods of
snake venom antigens mostly focused on a single
toxin component?’ and antibody preparation
against this selected toxin. However, since snake
venom has a complex composition and since
venom’s multiple toxins often synergise, in the
present study we selected the three most impor-
tant toxin components of snake venom from D.
acutus: MP, SP, and PLA2. Selected protein se-
quences were used to predict B-cell linear epi-
topes in order for the antivenom to recognize and
neutralize all three components of the snake ven-
om to achieve a better protective effect.

We took advantage of two software tools for
epitope prediction to comprehensively analyze
the antigen fragment in terms of hydrophilicity,
surface accessibility, flexibility, the Jameson-
Wolf antigenic index, and BepiPred linear epi-
tope prediction. The results were mutually con-
firmed by the selection of fragments with good
consistency as the predicted epitopes, thus ensur-
ing the accuracy of prediction.

Snake venom from D. acutus is mainly a blood
poison, and its toxicity is primarily manifested as
haemorrhagic activity. Therefore, we selected neu-
tralization of haemorrhagic activity as the indicator
used to evaluate the protective effect of the antiven-
om. In the animal experiment, the area of the haem-
orrhagic spot on the skin of the immunized mice
was markedly reduced and showed a lighter colour.
These results indicate that the antivenom designed
using the predicted epitopes effectively neutralizes
the venom-induced haemorrhaging.

Conclusion
Our study successfully defined six epitopes of
three major toxin components of D. acutus venom

by bioinformatics analysis. Based on tandem ex-
pression of the six epitopes, the antivenom ob-
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tained from immunized mice could effectively
neutralize venom-induced haemorrhaging. This
provides foundation for development of new an-
tivenoms.
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