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Mortality due to snakebite is a serious public health problem,
and available therapeutics are known to induce debilitating side
effects. Traditional medicine suggests that seeds of Mucuna
pruriens can provide protection against the effects of snakebite.
Our aim is to identify the protein(s) that may be important for
snake venom neutralization and elucidate its mechanism of
action. To this end, we have identified and purified a protein
from M. pruriens, which we have named MP-4. The full-length
polypeptide sequence of MP-4 was obtained through N-termi-
nal sequencing of peptide fragments. Sequence analysis sug-
gested that the protein may belong to the Kunitz-type protease
inhibitor family and therefore may potentially neutralize the
proteases present in snake venom. Using various structural and
biochemical tools coupled with in vivo assays, we are able to
show that MP-4 does not afford direct protection against snake
venom because it is actually a poor inhibitor of serine proteases.
Further experiments showed that antibodies generated against
MP-4 cross-react with the whole venom and provide protection
to mice against Echis carinatus snake venom. This study shows
that the MP-4 contributes significantly to the snake venom neu-
tralization activity of M. pruriens seeds through an indirect anti-
body-mediated mechanism.

Death due to venomous snakes is an important public health
problem in many tropical and subtropical countries. It is esti-
mated that about 200,000 people die due to snakebite every
year, and the majority of survivors suffer permanent disabilities
(1– 4). Snake venom is a complex mixture of enzymes, non-
enzyme proteins, procoagulants, peptides, nucleotides, and
inorganic ions. These components damage the central nervous

system, vascular system, and muscular and cardiovascular sys-
tem (5). The most common and effective method of treating
snakebite victims is through the immediate administration of
anti-venom. The anti-venom is composed of an immunized
animal (horse, goat, or rabbit) blood product, such as blood sera
(polyclonal antibodies), that does not contain any active com-
ponents of snake venom (6). Monovalent anti-venom is gener-
ated in a hyperimmunized animal against a given species
venom, whereas polyvalent anti-venom is generated against a
mixture of various snake venoms, particularly cobra, krait, Rus-
sell’s viper, and saw-scaled viper (7). Some patients are allergic
to anti-venom and show sudden signs of neurotoxicity, edema
at various body parts, shortness of breath, weak pulse, muscles
tenderness, dizziness, fainting, and in some cases death due to
hemorrhage (8 –10).

Traditional medicine in many countries employs the extracts
of certain plants to provide protection against snakebites. Since
ancient times, several plant extracts have been known to pro-
tect human beings from the toxic effects of snakebite (8, 11–13).
The characterization and isolation of effective ingredients in
these plant extracts can pave the way for the development of
safer prophylactic and therapeutic formulations against snake
venom. The plant Mucuna pruriens is well known for its anti-
snake venom properties, and it has been claimed that the oral
intake of few seeds can protect an individual for a year against
snakebites (14 –18). M. pruriens seeds are also used for the
treatment of Parkinson, neoplasty, diabetic, microbial, analge-
sic, and inflammatory diseases (19 –24).

A number of studies have been done on extracts from
M. pruriens to isolate the biochemical basis of snakebite pro-
tection. In one report, it was found that crude M. pruriens seed
extract initiates a coagulation cascade and competes with the
Echis carinatus venom components for common cellular tar-
gets (25). Other reports show that immunization with M. pru-
riens aqueous seed extract affords possible protection against
venom of the snake families Elapidae and Viperidae (16, 26).
One of the proteins present in the seed extract is a multiform
glycoprotein (gpMuc) of apparent molecular mass 20 –28 kDa.
N-terminal sequences of seven glycosylated isoforms of this
protein show the conserved signature sequence of Kunitz-type
protease inhibitors (27, 28). This protein can inhibit proteolytic
components of snake venom and thus may provide direct pro-
tection against the toxic effects of snakebite.
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It was shown that antibodies raised in mice against M. pru-
riens seed proteins also react with venom components. This
observation suggests that immunological neutralization of
venom components provides protection against the toxic
effects of snakebite (14, 29). However, the proteins in the
M. pruriens extract that are responsible for antibody cross-re-
activity remain to be identified and isolated. It is possible that
immunization with the active protein(s) may be enough to
afford long term protection against snakebite, and such a prep-
aration can be used as a prophylactic agent. Moreover, these
proteins can be used to generate polyclonal sera that may serve
as an immediate and effective therapeutic for individuals suf-
fering from the toxic effects of snakebite.

In the present study, we have identified one of the dominant
proteins of the seed proteome of M. pruriens, named MP-4
(20.9 kDa). The full-length sequence of this protein was deter-
mined using the N-terminal Edman degradation method, and
bioinformatic analysis of the derived sequence suggested that
this protein may belong to the Kunitz-type protease inhibitor
family. This observation raised the possibility that MP-4 may
neutralize snake venom through direct inhibition of the pro-
teases present in snake venom. However, in vivo and biochem-
ical assays showed that the protein does not directly neutralize
the toxic effects of snake venom. The structure of this protein
(2.8 Å) showed that a residue critical for protease inhibition is
missing in the reactive site loop. In line with the structural
observation, the protein does not inhibit the proteolytic activity
of trypsin and chymotrypsin. However, we observed that
immunization of mice with this protein provided significant
protection against the toxic effects of snake venom from E. cari-
natus. Overall, our studies show that the MP-4 protein contrib-
utes substantially to protection against snake venom by M. pru-
riens seeds through an antibody-mediated mechanism and not
through direct inhibition of venom proteases. Our studies sug-
gest that MP-4 can be utilized to develop prophylactic and
therapeutic strategies against physiological effects of snake
envenomation.

Experimental Procedures

Ethics Statement—Female BALB/c mice were obtained from
the Small Animal Facility of the National Institute of Immunol-
ogy (Delhi, India) and maintained in conventional environmen-
tal conditions throughout the experiment after due approval
from the institutional animal ethical committee (approval 198).
All experiments on animals were conducted according to rele-
vant national and international guidelines.

Plant Materials—M. pruriens (family Fabaceae; subfamily:
Faboideae; genus: Mucuna; species: pruriens) seeds were col-
lected from a medicinal firm, M/S Shidh Seeds Sales Corp.
(Dehradun District, India). Seeds were stored in an air-tight
container in a dry and dark place at room temperature (25 °C).

Fractionation and Identification of Seed Proteome—M. pru-
riens seeds were washed thoroughly with milli-Q water and
dried at room temperature (25 °C). The dried seeds were
ground into fine powder using an electric grinder. Delipidifica-
tion of 50 g of fine seed powder was done three times with 500
ml of petroleum ether for 3 h each, followed by air drying at
room temperature (25 °C). 20 g of dried delipidified powder was

homogenized in 400 ml of 50 mM sodium acetate buffer, pH 5.0,
and stirred for 15 min at 4 °C in the dark. The homogenized
mixture was centrifuged at 12,000 � g for 30 min at 4 °C. The
resulting solubilized protein supernatant solution was then
subjected to ammonium sulfate salt fractionation over the
range of 0 – 80% (w/v) at 4 °C. The precipitated protein in each
ammonium sulfate fraction was subjected to centrifugation at
12,000 � g for 1 h at 4 °C. The pellets corresponding to each
fractionation step were resuspended in 25 ml of 50 mM phos-
phate buffer, pH 7.2, and analyzed by 12% SDS-PAGE. The
major protein bands in the 40 and 60% ammonium sulfate frac-
tions were transferred onto a polyvinylidene difluoride (PVDF)
membrane using 10 mM CAPS buffer (pH 11.0). Each protein
band from the PVDF membrane was subjected to N-terminal
sequencing by the Edman degradation method on a Procise
protein sequencer (Applied Biosystems). The N-terminal
sequence obtained in this manner was utilized for preliminary
identification of homologous protein sequences using the
BLAST algorithm (30).

Protein Purification—The 60% ammonium sulfate fraction
contained a dominant protein in the seed proteome of M. pru-
riens that was named MP-4. Resolubilized precipitate from the
60% fraction containing �60 –100 mg of total protein was
injected onto a Sephacryl-200 preparative size exclusion col-
umn (Amersham Biosciences). The column was pre-equili-
brated with 50 mM phosphate buffer, pH 7.2, containing 140
mM NaCl, and the same buffer was also used as running buffer
for elution of proteins at a 1 ml min�1 flow rate on ÄKTAprime
(Amersham Biosciences). Fractions corresponding to different
peaks were collected manually and analyzed by 12% SDS-PAGE
for their homogeneity. The fractions of the third peak corre-
sponding to MP-4 were pooled together and concentrated to 10
mg ml�1 using ultrafiltration (Amicon, 10 kDa cut-off; Milli-
pore). All steps from fractionation to purification were done in
the dark because the initial crude extract was found to be pho-
tosensitive. The concentration of purified protein was esti-
mated by a BCA protein assay (Pierce) using BSA (Sigma-Al-
drich) as a standard.

Determination of Molecular Weight by Mass Spectrometry—
For molecular weight determination, a Nano LC ultra 2D Plus
system (AB Sciex) connected to a hybrid quadrupole-TOF
LC/MS/MS mass spectrometer (AB Sciex) was used. The latter
was equipped with a trap column and C8 RP analytical column
followed by a nanoelectron spray ionization source (Nano-
source II, AB/MDS Sciex). Protein (10 –20 �g) was reconsti-
tuted in 10 �l of 0.1% (v/v) trifluoroacetic acid and was loaded
onto a trap column. The column was equilibrated for 12 min in
0.1% formic acid/H2O. Further elution was carried out for 45
min, over a gradient of 13–32% solvent B (acetonitrile � 0.1%
formic acid) at a flow rate of 550 nl min�1. The TOF-MS data
were acquired using Analyst version 1.4.2 software (AB/MDS
Sciex) and deconvoluted by BioAnalyst software for the intact
MP-4 mass calculation.

Proteolytic Digestion and Sequencing of MP-4 by Edman Deg-
radation Method—Internal sequences of MP-4 were derived
using a variety of digestive enzymes (1% (w/w) MP-4). Tryptic
digestion was carried out with 200 �g of MP-4 in 0.1 mM CaCl2
and 50 mM ammonium bicarbonate buffer, pH 8.0, with non-
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reducing and carboxymethylated MP-4. For V8 protease,
Arg-C endoproteinase, and Lys-C endoproteinase enzymes,
digestions were done with reduced and carboxymethylated
MP-4 under similar digestion conditions. Incubation tempera-
ture (37 °C) was kept constant during all digestion steps. With
each enzyme, samples were collected at several time points.
Apart from enzymes, chemical digestion was also performed
with cyanogen bromide (1:250 mol/mol) in 70% formic acid. All
of the digested samples were run on 12% SDS-PAGE, trans-
ferred to PVDF membrane. The neatly excised peptide frag-
ments were subsequently sequenced on a Procise protein
sequencer (Applied Biosystems). The final 25 residues at the C
terminus were built based on homologous sequences available
in the sequence database. This endoproteinase Glu-C-digested
peptide fragment was non-reproducible, and hence different
combinations of amino acids of this peptide were used for
homologous database search. The full-length polypeptide
sequence obtained in this manner was utilized for identification
of homologs using the BLAST algorithm (30).

Assay to Check Direct Neutralization of Snake Venom—The
minimum lethal dose (MLD)3 of E. carinatus snake venom
(EcV) was found to be 2 mg/kg. To check the direct neutraliza-
tion efficiency of MP-4, experiments were carried out with
three groups of eight mice each. 10 mg ml�1 of this protein was
mixed thoroughly with EcV in 1:1 ratio (w/w). This mixture was
incubated for 1 h at 4 °C, and 400 �l of this solution was admin-
istered intraperitoneally to each mouse in the sample group.
The other two groups of animals were used for control experi-
ments. In one control group, the MLD of EcV (2 mg/kg) was
administrated, whereas in another group, saline was given. The
number of mice surviving at the end of 24 h was recorded for
each group. The entire experiment was repeated three times.

Crystallization and Data Collection—Cuboidal shape crys-
tals were obtained by the hanging drop vapor diffusion method
in the following conditions: 50 mM Tris-HCl, 1.5 M ammonium
sulfate, pH 9.5, at 25 °C.

A single crystal was soaked in glycerol (33%) for 30 s and
frozen directly in the cold nitrogen stream (�173 °C). X-ray
diffraction data were collected and processed with MOSFLM
(31), followed by scaling and merging with SCALA from the
CCP4 program suite (Collaborative Computational Project,
Number 4). The data collection statistics are shown in Table 1.

Structure Determination and Refinement—The closest
homolog of MP-4 (44% sequence identity) for which structure
was available was the trypsin inhibitor from Delonix regia
(DrTI; Protein Data Bank entry 1R8N). 1R8N was therefore
used as the search model to solve the MP-4 structure by molec-
ular replacement (32). The coordinate file of 1R8N was ratio-
nally edited on the basis of sequence alignment. Non-conserved
residues were either deleted or mutated into Ala. The regions
corresponding to long loops in the structure, the first five
N-terminal residues, and the last 25 C-terminal residues and

water molecules were deleted. The top model of Phaser (CCP4)
showed initial log likelihood gain, rotation factor Z score, and
translation factor Z score for the MP-4 model of 234.13, 10.9,
and 6.9, respectively. The molecular replacement solution was
checked manually for symmetry-mate clashes within 8 Å range
in PyMOL.

Rwork of 38.3% and Rfree of 42.8% were obtained with initial
rigid body refinement that was carried out in the resolution
range of 50 –3.5 Å. B-group and positional refinement further
lowered the Rwork to 36.5% and Rfree to 38.7%. The electron
density maps at 3.5 Å resolution were examined, and the
regions corresponding to residues 27–30, 37– 44, 66 –72, 100 –
107, 115–121, 157–161, 117–120, and 158 –160 showed poor
electron density. These poor density regions correspond to
loops in the structure, whereas the core region showed good
electron density. Further refinement was carried out in CNS
initially for the core region. After each refinement cycle, the
map quality was visualized in the COOT program (33), and
model rebuilding was carried out based on electron density.
Resolution of the data used for refinement was progressively
increased by 0.05 Å, and missing regions were built gradually
with the appearance of electron density. In the range of 37.9 –
2.8 Å resolution, the backbone was completely built, and side
chains of most of the missing residues were constructed. Water
molecules were initially modeled at 3 Å resolution and progres-
sively added with the increment of resolution. The iterative
cycles of gradual model building followed by refinement led to
the appearance of clear electron density for the loop and C-ter-
minal regions.

The entire MP-4 structure was built and refined at a resolu-
tion of 2.8 Å. Refinement statistics are given in Table 1. Quality
of the model was evaluated by PROCHECK (CCP4 suite).
Structure factors and the final coordinates of the crystal struc-
ture of the MP-4 were deposited in the Protein Data Bank under
accession code 5DSS. All of the structure figures were prepared
with PyMOL. Structural alignments were also carried out using

3 The abbreviations used are: MLD, minimal lethal dose; EcV, E. carinatus
snake venom; STI, soybean trypsin inhibitor; WSCP, water-soluble chloro-
phyll binding protein; DrTI, D. regia trypsin inhibitor; CAPS, 3-(cyclohexyl-
amino)propanesulfonic acid; SPR, surface plasmon resonance; ETI, E. caffra
trypsin inhibitor; contig, group of overlapping protein fragments.

TABLE 1
Crystallographic data and refinement statistics

Parameters Valuesa

Data collection statistics
Space group P21212
Unit cell (a, b, c) (Å) 51.00, 69.18, 45.32
Resolution (Å) 37.91–2.8 (2.95–2.8)
Rmerge

b 0.073 (0.162)
Completeness 95.5 (94.0)
�I�/�(I) 25.5 (14.5)
Multiplicity 9.7 (10.1)

Refinement statistics
Total no. of reflections used in refinement 4035
Rwork/Rfree (%)c 26.7/28.4
Average B-factors (Å2) 21.83

Macromolecule 22.36
Solvent 15.65

Root mean square deviation values
Bond length (Å) 0.0118
Bond angle (degrees) 1.6454

Ramachandran plot (%)
Favored 87
Allowed 11
Outliers 2

a Values in parentheses are for the highest resolution shell.
b Rmerge � 	�I � �I��/	I, where I is the integrated intensity of a given reflection.
c Rwork � 	�Fo� � �Fc�/	�Fo�. Rfree was calculated using 5% of data excluded from

refinement.
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PyMOL. The structural orthologs of MP-4 structure were iden-
tified using the Dali server (34).

Assays to Assess Protease Inhibition Activity—The protocol
published by Erlanger et al. (35) was modified to estimate pro-
tease inhibitor activity of MP-4. Inhibition of trypsin by MP-4
was estimated by measuring the release of p-nitroaniline from
substrate N-�-benzoyl-DL-arginine p-nitroanilide (Sigma-Al-
drich). N-�-Benzoyl-DL-arginine p-nitroanilide was dissolved
in a minimum volume of DMSO to obtain a 1 mM solution at
room temperature and further diluted in buffer (100 mM Tris-
HCl, pH 8.0, 150 mM NaCl, and 1 mM CaCl2). In two different
sets of experiments, a fixed concentration of trypsin (0.084 �M)
was titrated against soybean trypsin inhibitor (STI; Sigma-Al-
drich) (67.2– 0.067 �M) and with MP-4 (67.2– 0.067 �M). The
mixtures were incubated for 10 min at room temperature, fol-
lowed by the addition of 30 �l of 1 mM N-�-benzoyl-DL-arginine
p-nitroanilide. Reaction mixture was incubated further for 40
min at room temperature, and reaction was quenched with 50
�l of 30% (v/v) acetic acid. Final volume of the total reaction
mixture was 300 �l. Readings were taken at 405 nm in a micro-
plate reader (Multiskan Ascent, Thermolab Systems). A similar
experiment was also carried out with the standard trypsin
inhibitor, STI, instead of MP-4. IC50 values were calculated by
GraphPad Prism software.

Similarly, the inhibitory concentration of MP-4 was esti-
mated for chymotrypsin. For comparison, experiments were
also conducted with standard inhibitors, such as chymostatin
(Sigma-Aldrich) and chymotrypsin�trypsin inhibitor (Sigma-
Aldrich). For these experiments, N-benzoyl-L-tyrosine p-ni-
troanilide was used as a substrate (Sigma-Aldrich).

Surface Plasmon Resonance (SPR)—All measurements were
carried out on a BIAcore T200 system (GE Healthcare). 2 �M

MP-4 (ligand) was prepared in 10 mM sodium acetate, pH 4.0,
buffer and immobilized onto flow-cell format CM5 (carboxym-
ethylated)-certified grade sensor chips by the amine coupling
method using an equal mixture of N-ethyl-N-dimethylamino-
propyl carbodiimide/N-hydroxysuccinimide (BIAcore amine
coupling kit). Approximately 178 response units was achieved
by immobilization on a CM5 sensor chip with a flow rate of 5 �l
min�1 for 120 s, and the unreacted active sites were blocked
with 1 M ethanolamine (BIAcore amine coupling kit). 16 �M to
125 nM porcine trypsin (Sigma-Aldrich) and 32 �M to 125 nM

chymotrypsin (Sigma-Aldrich) were serially diluted in running
buffer (10 mM HEPES, pH 7.4, containing 150 mM NaCl, 3 mM

EDTA, and 0.005% surfactant P20) in two different sets of
experiments wherein each cycle comprised a 3-min association
phase and 15-min dissociation phase. Kinetic parameters were
calculated by T200 Evaluation software. Interaction curves
were simultaneously fitted by a 1:1 Langmuir model system
(36). The T200 Evaluation program was used to determine the
equilibrium dissociation constant (KD � kd/ka).

Immunization—The immune response against MP-4 protein
was assessed in two sets of female BALB/c mice (8 –10 weeks
old), each group containing eight mice. The immunizing anti-
gen was either MP-4 or whole venom of E. carinatus (Sigma-
Aldrich). For primary immunization, each mouse was subcuta-
neously injected with 200 �l (60 �g) of emulsion of MP-4-CFA
(complete Freund’s adjuvant, Difco) in a ratio of 1:1 (v/v). Pri-

mary immunization was followed by two booster immuniza-
tions, after 14 days and 21 days of priming using incomplete
Freund’s adjuvant (Difco). After 10 days of each booster, the
immunized animals were screened for the presence of antibod-
ies raised against the antigen. Blood samples (�0.2– 0.4 ml)
were collected from the retro-orbital sinus, allowed to coagu-
late for 1 h at 37 °C, and then centrifuged at 1500 � g for 30 min
to separate the serum. 100 �l of the serum samples was diluted
1:500 to monitor the antibody titer by ELISA. Similarly, anti-
bodies were generated against an optimized dose of whole
E. carinatus venom (Sigma-Aldrich).

Characterization of Cross-reactivity—The antibody res-
ponses against respective antigens were monitored using anti-
body-specific indirect ELISA. In brief, 96-well plates (Greiner
Bio-one) were coated in triplicates with 5 �g of protein in 100 �l
of 50 mM carbonate buffer, pH 9.0, per well with overnight
incubation at 4 °C. To avoid nonspecific binding, blocking
was done with 5% lactogen (350 �l/well in PBS buffer) for 2 h
at 37 °C. After complete blocking, the plates were washed
three times with 1� phosphate-buffered saline with 0.05%
Tween 20 (PBST). The serum samples were serially diluted
(0.5�), 100 �l of each sample was added to the wells, and the
plate was incubated for 2 h at 37 °C. Two sets of experiments
were carried out, one with anti-MP-4 sera and the other with
anti-EcV sera.

The plates were then washed three times with PBST, and 100
�l of 2 �g ml�1 solution of horseradish peroxidase (HRP)-la-
beled goat anti-mouse IgG (Jackson ImmunoResearch) was
added, followed by incubation at 37 °C for 1.5 h. The assay was
developed with 100 �l of 0.5 mg ml�1 o-phenylenediamine
dihydrochloride (Sigma-Aldrich) in 50 mM citrate phosphate
buffer, pH 5.5, and 1 �l ml�1 hydrogen peroxide (Merck).
o-Phenylenediamine dihydrochloride was used as a chromo-
genic substrate for HRP. Incubation was performed in the dark
for 5–10 min. 50 �l of 1 N sulfuric acid (Thomas Baker) was used
to inactivate the HRP enzyme, and immediately absorbance
was measured at 490 nm using a microplate reader (Multiskan
Ascent, Thermolab Systems).

In Vivo Protection Assay—In vivo protection assays were per-
formed on four groups of BALB/c mice, each containing eight
mice. Three groups of mice were immunized with MP-4 using
the immunization protocol described above, whereas the last
group was used as a control (injected with saline). The anti-
MP4 antibody titers were checked after 28 days. Subsequently,
the mice were challenged with a minimal lethal dose, LC50 2 (2
mg/kg/individual) and subminimal lethal dose 
LC50 2 (1
mg/kg/individual) of crude EcV (Sigma-Aldrich) administrated
intraperitoneally. One of the three groups immunized with
MP-4 was used as the control experimental set, wherein these
mice were administered saline instead of EcV. The unimmu-
nized control group was also injected with EcV. The numbers of
survivors and dead mice in all groups were recorded at the end
of 24 h. The survival percentage for each group was calculated
using the expression, Survival percentage � ((total mice �
number of dead mice) � 100/total mice). The in vivo protection
assay was repeated three times.
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Results and Discussion

Fractionation of Proteins from Seeds of M. pruriens—Ammo-
nium sulfate fractionation over the range of 0 – 80% resulted in
the identification of six major proteins: MP-1 and MP-6 in 40%,
and MP-2, MP-3, MP-4, and MP-5 in 60% fractions (Fig. 1, A
and B). All of them were subjected to N-terminal sequencing
after transferring onto PVDF membrane, and the initial 15–27
amino acids were sequenced for each band (Fig. 1C). The
plausible functions of these proteins were assigned based on
homologous proteins present in the sequence database (supple-
mental Table S1). N-terminal sequence for MP-1 shows no sig-
nificant match with known plant proteins. MP-2 shows
sequence homology with water-soluble chlorophyll-binding
protein (WSCP) of Lepidium virginicum and Kunitz-type tryp-
sin inhibitors of winged bean with a high confidence value.
MP-3 showed a significant match with WSCP of L. virginicum
similar to MP-2. MP-4 showed significant homology with
WSCP of L. virginicum and various Kunitz-type trypsin inhib-
itors of plant origin. In the case of MP-5, very high homology
was found with the number of Kunitz-type trypsin inhibitors,
water-soluble chlorophyll-binding protein and plant �-fucosi-
dases. The N-terminal sequence of MP-6 showed 99% identity
with plant chitinases.

Purification, Sequencing, and Characterization of MP-4 —
MP-4 appears to be a dominant protein based on the 12% SDS-
PAGE profile in reducing conditions after ammonium sulfate
fractionation of M. pruriens seeds. N-terminal sequencing of
this protein provided identification of the first 27 residues.
Sequence analysis of the N-terminal sequence by BLAST
showed that this protein has 51% sequence identity with water-
soluble chlorophyll-binding protein of L. virginicum and 41, 51,
and 51% sequence identity with Kunitz-type protease inhibitors

of D. regia, Medicago truncatula, and Cicer arietinum, respec-
tively (supplemental Table S1). Gel filtration chromatography
using Sephacryl-200 column facilitated purification of MP-4
from a 60% ammonium sulfate fraction. First and second peaks
were identified as a mixture of MP-2 and MP-3, whereas the
third peak was MP-4 (Fig. 2A). It was revealed that MP-4 is
monomeric in nature, based on the comparison of reducing,
non-reducing SDS-PAGE and native PAGE (Fig. 2B). It was
therefore unlikely that MP-4 belongs to the WSCP class
because these proteins are normally tetrameric (37). Using
mass spectrometry, the molecular mass of MP-4 was found to
be 20.9 kDa (Fig. 2C).

The internal peptide fragments of MP-4 were obtained by
enzymatic and chemical digestion (Table 2) and were
sequenced using N-terminal sequencing. All fragments were
aligned manually to generate the 185-residue-long full-length
protein sequence (Fig. 3, A and B). Sequence analysis showed
that the closest homolog was a Kunitz-type trypsin inhibitor
from C. arietinum that exhibited 57% sequence identity with
MP-4 (Fig. 3C). The closest homolog for which structure was
available is a Kunitz-type protease inhibitor from D. regia (Pro-
tein Data Bank code 1R8N) that showed 44% sequence identity
(Fig. 3D). Overall, bioinformatics analysis of the MP-4 sequence
suggested that it was a Kunitz-type protease inhibitor.

Anti-snake Venom Activity of MP-4 —Crude extract of seeds
of M. pruriens showed an anti-venom property, and MP-4 is
present in these seeds in large quantities. Hence, we hypothe-
sized that MP-4 could be involved in the anti-snake venom
property of M. pruriens seeds. The ability of MP-4 to directly
neutralize the toxicity of snake venom from E. carinatus (saw-
scaled viper) was evaluated. Because MP-4 is predicted to be a
protease inhibitor, it is possible that MP-4 may inhibit the

FIGURE 1. Analysis of seed proteins of M. pruriens by 12% SDS-PAGE in reducing conditions after ammonium sulfate fractionation. A, lanes 2–7, 0 –30%,
30 – 40%, 40 –50%, 50 – 60%, 60 –70%, and 70 – 80% fractions, respectively. In lane 1, low molecular weight protein markers (Sigma-Aldrich) were loaded. B, 40%
fraction highlights two major protein bands, MP-1 and MP-6; the 60% fraction shows four major protein bands, MP-2, MP-3, MP-4, and MP-5. C, N-terminal
sequences by Edman degradation method of all of the major proteins present in 40 and 60% ammonium sulfate fractions.
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venom proteases and thus contribute to direct neutralization of
snake venom.

To test this hypothesis, initially, we optimized the LD50 of
EcV on BALB/c mice. The MLD was found to be 2 mg/kg/
individual, and this value is similar to one in an earlier report
(Fig. 4A) (26). Subsequently, three groups of eight mice each
were taken. The first group was injected with the MLD of
venom intraperitoneally. MP-4 was mixed with EcV in a 1:1
ratio (w/w), and this mixture was incubated for 1 h at 4 °C.
The second group of mice was treated with this mixture.
Saline was administered intraperitoneally in the third group
of mice. The first two groups, administered a minimal lethal
dose of EcV and venom preincubated with MP-4, show an
identical survival percentage of 16.7% (p 
 0.001). This
observation suggested that MP-4 does not interact with
venom components and, therefore, may not contribute to

neutralization of snake venom or utilize an alternate mech-
anism to do so (Fig. 4B).

Crystal Structure of MP-4 —The overall structure of MP-4
adapts the �-trefoil fold. The structure consisted of 12 anti-
parallel �-strands connected by long loops, resulting in a hair-
pin-like conformation (Fig. 5A). MP-4 structural features are
coherent with homologous Kunitz-type protease inhibitors
with 12 �-strands (�1–�12), six of which form a hairpin triplet
(�2-�3, �4-�5, and �6-�7) capping a six-stranded antiparallel
�-barrel (�8-�9, �10-�11, and �1-�12). The structure has
pseudo-3-fold internal symmetry coinciding with the barrel
axis (Fig. 5B). There are two internal disulfide bonds existing
between Cys45–Cys90 and Cys145–Cys152 residues in the MP-4
structure.

The MP-4 reactive site loop, which binds to the catalytic
pocket of the target protease, was identified on the basis of

FIGURE 2. Purification and characterization of MP-4. A, size exclusion chromatography profile of 60% ammonium sulfate fraction depicting the first two
peaks, corresponding to MP-2 and MP-3. The third peak corresponds to MP-4. B (left), SDS-PAGE (12%) analysis shows the presence of a single band for MP-4
in reducing (lane 2) and non-reducing (lane 3) conditions. Lane 1, prestained molecular weight markers (Thermo Scientific). B (right), native PAGE (12%) shows
a single band of STI (Sigma-Aldrich) in lane 1, which is used as a molecular weight marker (20.1 kDa), and lane 2 shows the band of MP-4. C, mass spectrometry
profile of MP-4 with a deconvoluted single sharp peak of 20.884 kDa shown in the inset.

TABLE 2
N-terminal sequencing of polypeptides obtained from enzymatic and chemical (CNBr) digestion of MP-4 by Edman degradation method

Enzymes/chemical Sequence Fragment number

N-terminal KNDAEPVIDTDGNPLLHRGKYYIMPSIWGPP F1a

Trypsin TIFTDTELNIEFTEKPNCAENSRWSLFEDDD F2
V8 protease MLSGSFYIKKHGLRNNTYKL F3
Endoproteinase Lys-C TENLNCPVTVLQDYSEVINGLPVEFNIRGILPRTIFTDT F4

LVFCRDGSSTCSDIGEVINN F5
YYIMPSIWGPPGGGLRLGKTENLNCPVTVLQDYSEVINGKPVEFQV F6

Endoproteinase Arg-C GILPRTIFTDTELNTEFTAK F7
CNBr (chemical) GPPGGGLRLGKTENLNCPVTVLQDYSEVINGLPVE F8

SLFEDDKIHKAYDGIGDSEDHPDQEML F9
a Fragment obtained without digestion.
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sequence and structural alignment. The reactive site loop
extends from residue 66 to 74 and is present between �4 and �5,
protruding from one end of the structure (Fig. 5, A and C). The
nine residues of the reactive site loop were denoted as P4 –P5�
following the conventional nomenclature of Schechter and
Berger (38) (Fig. 5D). To inhibit proteases, the reactive site loop
is known to occupy the active site groove of the target enzyme.

The central part of the loop is labeled as the P1–P1� peptide and
exposed to surrounding solvent molecules, known as the reac-
tive site. The reactive site loop is flexible due to a lack of any
secondary structure and disulfide bonds. The residue at the P1
position of the reactive site loop is the principal residue that
decides the inhibitory efficiency of protease inhibitor (39, 40).
This position is generally occupied by Arg or Lys in strong tryp-

FIGURE 3. Derivation of full-length sequence of MP-4 and sequence analysis. A, internal peptide fragments obtained from enzymatic and chemical
digestion and their contig sequence alignment is displayed. The peptide fragment (F10) in the box was not clear in N-terminal sequencing, which was built on
the basis of a homologous sequence present in the protein database (C-terminal 25 ambiguous residues highlighted in light gray). B, full-length amino acid
sequence of MP-4 generated by fragment alignment. C, MP-4 sequence alignment with its closest ortholog from C. arietinum. This protein shows 57% sequence
identity with MP-4. D, the closest MP-4 ortholog for which a structure is available is a Kunitz-type protease inhibitor from D. regia (Protein Data Bank code 1R8N).
MP-4 shows 44% sequence identity to this protein. The identical residues are highlighted in dark gray.
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sin inhibitors and by Phe, Leu, Tyr, and Met in strong chymo-
trypsin inhibitors. However, in MP-4, this position is occupied
by the branched chain aliphatic amino acid, Ile69.

The Dali server was used for the identification of MP-4
orthologs (34). The Kunitz-type protease inhibitor (DrTI) from
D. regia (Protein Data Bank code 1R8N) and trypsin inhibitor
(ETI) from Erythrina caffra (Protein Data Bank code 1TIE)
were found to be close structural homologs of MP-4. The align-
ment of the MP-4 structure with that of DrTI and ETI gave a
root mean square deviation of 1.16 Å (128 C� pairs) and 1.09 Å
(111 C� pairs), respectively (supplemental Fig. S1A). In addi-
tion, the subunits of WSCP of L. verginicum (Protein Data Bank
code 2DRE) were also found to be structural homologs of MP-4.
The core region of MP-4 was found to be superimposed with
these close homologous structures. The majority of the varia-
tions in structure and sequence are localized to the loop regions
(Fig. 5E and supplemental Fig. S1B). The structure of the N-ter-
minal 1–5 residues and last 25 residues of the C-terminal
regions of MP-4 are different from that in the DrTI and ETI
structures (supplemental Fig. S1A). The structure shows that,
although the overall topology of MP-4 is similar to that of close

structural homologs, there are substantial differences in the
reactive site loop and the length and conformation of other
loops.

Biochemical Evaluation of the Protease Inhibition Activity of
MP-4 —Although sequence analysis suggested that MP-4 may
be a protease inhibitor, close inspection of the reactive site loop
in the MP-4 structure suggested that the protease inhibition
activity may not be optimal. The protease inhibition assays
showed that the inhibitory efficiency (IC50) of MP-4 for trypsin
is 1.96 �M, which is �100-fold less than the inhibitory efficiency
of soybean trypsin inhibitor (IC50 0.016 �M) (Fig. 6A). When
chymotrypsin was used as a substrate for MP-4, inhibitory effi-
ciency (IC50) was found to be 1.03 �M, which shows 6-fold
lower inhibitory activity than chymostatin (IC50 0.169 �M)
and �20-fold lower inhibitory activity (IC50 0.048 �M) to
chymotrypsin�trypsin inhibitor (Fig. 6B). For both of these pro-
teases, MP-4 achieved inhibition comparable with known
inhibitors only at very high concentrations (Table 3). These
experiments clearly show that MP-4 is a weak inhibitor of ser-
ine proteases, such as trypsin and chymotrypsin.

SPR was utilized to quantitate the binding affinity of MP-4
for trypsin and chymotrypsin. MP-4 shows a dissociation rate
constant (KD) of 2.65 �M for trypsin, which is �50-fold less than
that reported for soybean trypsin inhibitor (KD 48 nM) (Fig. 7A).
Also, MP-4 has �5000-fold and �106-fold less affinity for
bovine pancreatic trypsin inhibitor (KD 600 pM) and trypsin�
squash trypsin inhibitor (KD 3.0 pM), respectively (41). Simi-
larly, KD value for MP-4�chymotrypsin complex was calculated
to be 3.4 �M, which is �32-fold less when compared with
chymotrypsin�BPTI complex (KD 110 �M) (Fig. 7B) (41). The
analyses of SPR data indicate that MP-4 binds to trypsin and
chymotrypsin with weak affinity, and this may be the primary
cause of poor inhibition of these serine proteases.

We tried to identify the possible cause of weak inhibitory
activity of MP-4 on the basis of a sequence/structural compar-
ison with closely related proteins. Comparative analysis was
done with DrTI (Protein Data Bank code 1R8N) and STI (Pro-
tein Data Bank code 1AVW). STI was taken for studies because
the mechanistic information of its inhibitory efficiency is well
known. Sequence alignment analysis of MP-4 with D. regia and
STI indicates that there is an insertion of one residue, Arg70, in
MP-4 and Gly66 in Delonix between the P2� and P4� positions
(supplemental Fig. S2A). Comparison of the MP-4 structure
with that of DrTI and STI shows that the Arg70 insertion results
in substantial divergence of the reactive loop conformation
(supplemental Fig. S2, B and C). The presence of aliphatic res-
idue Ile at the P1 position and insertion of the residue in the
reactive site loop explains the reason for weak inhibitory activ-
ity of MP-4 for trypsin and chymotrypsin.

On the basis of our data, it is clear that MP-4 is a poor pro-
tease inhibitor and does not directly neutralize the toxicity of
snake venom. Therefore, it is possible that the contribution of
MP-4 in snake venom neutralization by M. pruriens seeds, if
any, occurs through an indirect mechanism.

Antibody-mediated Anti-snake Venom Activity of MP-4 —
We hypothesized that MP-4 might contribute to anti-snake
venom activity of M. pruriens seeds through generation of
cross-reactive antibodies. To confirm this, polyclonal antibod-

FIGURE 4. Optimization and Evaluation of anti-snake venom activity of
MP-4. A, optimization of EcV LD50, which was found to be 2 mg/kg. B, three
groups of mice were administrated with venom EcV, preincubated mixture
EcV � MP-4, and saline, separately. The percentage survival in the first and
second groups of mice were identical.
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FIGURE 5. Overall structure of MP-4. A, stereo ribbon diagram of MP-4 structure. Yellow and green, �-strands and loops, respectively. The reactive site loop is
highlighted in red. Orange, cysteine amino acid. B, a schematic of the secondary structure elements in MP-4. In this wiring diagram, the red region indicates the
reactive site loop location. C, reactive site loop with 2Fo � Fc map at 1� level. D, position, name, symbol, and denotation of the reactive site loop residues
(P4 –P5�) in a conventional representation. E, multiple sequence alignment of MP-4, Delonix, and Erythrina. Square dashed box indicates the reactive site loop
in all of the three proteins. Yellow arrow for �-sheets and green line with bulge, loop regions in the MP-4 structure.
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ies were raised against purified MP-4 in mice, and ELISA was
performed to assess cross-reactivity of these polyclonal anti-
bodies with EcV (Fig. 8A). Similarly, antibodies were raised
against EcV, and ELISA was performed to probe its cross-reac-
tivity with MP-4 (Fig. 8B). Anti-MP-4 antibodies were found to
cross-react with venom proteins, and anti-venom antibodies
(anti-EcV) were found to cross-react with MP-4. These obser-
vations suggested that EcV and MP-4 may exhibit similar
epitopes and that immunization with MP-4 may protect against
toxicity of EcV.

To elucidate whether MP-4 acts against snake venom
through a mechanism involving the immune system, we per-
formed in vivo protection assays in BALB/c mice (Fig. 9). Four
groups of mice were taken having eight mice each. Three
groups of female BALB/c mice were immunized with MP-4,
whereas a fourth group was maintained as a negative control
that was not preimmunized with MP-4. When the first group of
mice that were preimmunized with MP-4 were challenged with
a subminimal lethal dose (1 mg/kg) of EcV, the survival rate was
41.7%. The second group of preimmunized mice was adminis-
tered MLD of EcV (2 mg/kg), and the survival rate was 25%. The
third group of preimmunized mice were administered saline
and, as expected, did not show any fatalities. The fourth group
of mice were not preimmunized with MP-4 protein, and when

challenged with the minimum lethal dose of EcV (2 mg/kg), a
100% death rate was observed. In these experiments, p values
are 
0.001. The results of these experiments clearly showed
that antibodies generated against MP-4 provide significant pro-
tection against EcV by cross-reacting with venom proteins.

FIGURE 7. Binding analysis of MP-4 with trypsin and chymotrypsin by
SPR. A, SPR sensorgram for the binding of MP-4 (ligand) to trypsin (analyte)
immobilized on the surface of a CM5 chip. The ligand was tested in the con-
centration range from 16 to 0.125 �M. B, binding of MP-4 (ligand) to chymo-
trypsin (analyte), where chymotrypsin was used in the range from 32 to 0.125
�M. Shown are the equilibrium rate constant, Rmax, and �2 value for MP-4�tryp-
sin and MP-4�chymotrypsin complex over the corresponding sensorgram. RU,
response units.

TABLE 3
Comparison of inhibitory efficiency of MP-4 with soybean trypsin
inhibitor, chymostatin and chymotrypsin�trypsin
Top, comparison with STI. Bottom, comparison with chymostatin and
chymotrypsin�trypsin for chymotrypsin. IC50 is given in �M.

FIGURE 6. Protease inhibitory activity of MP-4. A, activity of MP-4 against
trypsin. Lines marked with squares and triangles represent MP-4 and STI,
respectively. B, activity of MP-4 against the chymotrypsin. Chymostatin and
chymotrypsin�trypsin inhibitor are used as control. Lines marked with squares,
triangles, and rhombi represent MP-4, chymostatin, and chymotrypsin�trypsin
inhibitor, respectively.
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Conclusion—Although MP-4 showed significant sequence
and structural homology to protease inhibitors, sequence
divergence at key positions in the reactive site loop drastically
attenuated its ability to effectively inhibit proteases. Conse-
quently, MP-4 did not directly neutralize the toxicity of snake
venom. However, this protein does contribute to protection

against snake venom by M. pruriens seeds through an antibody-
mediated indirect mechanism. From these observations, we can
conclude that MP-4 can be added as an effective adjuvant
in prophylactic preparations for protection against snake
envenomation.
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