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Horsegram (Dolichos biflorus), a protein-rich leguminous pulse, native to Southeast Asia and tropical Africa,
contains multiple forms of Bowman–Birk inhibitors. The major Bowman–Birk inhibitor from horsegram
(HGI-III) was cloned and functionally expressed in Escherichia coli (rHGI), which moved as a dimer in
solution similar to the natural inhibitor. The biochemical characterization of rHGI also points to its close
resemblance with HGI-III not only in its structure but also in its inhibitory characteristics. To explore the
electrostatic interactions involved in the dimerization, a site-directed mutagenesis approach was used. The
role of reactive site residue K24 and the C-terminal Asp in the structure and stability of the dimer was
accomplished by mutating K24 and D75/76. The mutants produced in this study confirm that the self-
association of HGI-III is indeed due to the electrostatic interaction between K24 of one monomer and D75/76 of
the second monomer, in agreement with our previous data. The functional expression of a Bowman–Birk
inhibitor minus a fusion tag serves as a platform to study the structural and functional effects of the special
pattern of seven conserved disulphide bridges.
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1. Introduction

Proteases, although essentially indispensable to the maintenance
and survival of their host organisms, can be potentially damaging
when overexpressed or present in higher concentrations, and their
activities need to be regulated. Proteinase inhibitors therefore play a
vital role in regulating proteases. Many proteinaceous proteinase
inhibitors have been isolated from plant storage organs [1,2]. The
large amount of reserve protein in legume seeds are noted for their
proteinase inhibitor content, the synthesis being elicited by mechan-
ical wounding or insect or pathogen attack [2]. These proteinaceous
inhibitors play a key role in plant arsenal against insect herbivory and
combating proteinases of pests and pathogens [3,4].

Two distinct families, the Bowman–Birk inhibitors (BBIs) and
Kunitz-type inhibitors, of legumes are among the most well studied.
This prominence is due to their specific inhibition of trypsin-like
family of serine proteases [1,5–8]. These inhibitors bind to their
cognate proteinase according to a common substrate canonical
mechanism, similar to that of a productively bound substrate [5].
The BBIs characteristically are single polypeptides with molecular
masses in the range of 6–9 kDa and comprise of a binary arrangement
of two subdomains with a conserved array of seven disulphide
linkages that play a vital role in stabilizing the kinetically independent
configuration of the reactive site on the outer most exposed loop
[9,10]. Despite the extensive studies on BBIs, only a few three-
dimensional structures have been solved either by X-ray or by NMR.
These include PI-II from tracy bean [11], A-II from peanut [12], and
soybean BBI [13–15] pea seed PsTI-IVb [16], snail medic seeds MSTI
[17], seeds of Vigna ungulata, Vu-BBI, and BTCI [18,19]. Renewed
interest in BBIs arises from their ability to suppress carcinogenesis
both in vivo and in vitro model systems [20–22]. Consequently, a BBI
concentrate (BBIC) achieved “investigational new drug status” as an
anticarcinogenic agent by the FDA in 1998. Besides the anticarcino-
genic effects, BBIs also inhibit inflammation-mediating proteases
potentiating an anti-inflammatory role [23]. BBIC has recently been
used in treating ulcerative colitis [24] and multiple sclerosis [25].
Considering the positive aspects of BBIC, incorporation into commer-
cial foods has been attempted [26].

Horsegram (Dolichos biflorus) is a pulse crop native to Southeast
Asia and tropical Africa. Four BBIs from horsegram have been isolated
and characterized. Themajor BBI of horsegram (HGI-III) is a 76-amino
acid single-chain polypeptide with two independent inhibitory
domains directed toward trypsin and chymotrypsin [27]. The
complete primary structure of HGI-III [28] and the role of disulphide
bonds in maintaining the structural integrity of HGI-III have been
established [29,30]. HGI-III is a group II BBI characterized by the Pro-
Ala sequence near the second reactive site. Three sequential epitopes
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Table 1
Oligonucleotide sequences used for cloning and site-directed mutagenesis of rHGI.

Primer Oligonucleotide sequence

K24A-F 5′TGCGCATGCACAGCGTCAATCCCTCCTCAATGC3
K24A-R 5′GCATTGAGGAGGGATTGACGCTGTGCATGCGCA3′
D75A-F 5′ AAATCTTCACATGCTGATCTCGAGCACCAC3′
D75A-R 3′TTTAGAAGTGTACGACTAGAGCTCGTGGTG5
HGI-Nde-F 5′CTAGCTAGCCATATGGATCATCATCAGTCA3′
HGI-BamH1-R 5′CGCGGATCCTTAATCATCATGTGAAG3′
HGI-Xho-R 5′CGCGGATCCTTACTCGAGATCATCATGTGAAG3′
Δ76-Xho-R 5′CTCGAGTTAATCATGTGAAGATTTGCAAGGTGC3′

The underlined residues in the table indicate the region of point mutation. The
restriction sites used are italicized.
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of HGI-III have been mapped, of which one includes the chymotrypsin
inhibitory site [31]. HGI-III, though a single polypeptide of ∼8600 Da,
like several other BBIs, undergoes self-association and exists as a
dimer in solution [32]. Several BBIs undergo self-association to form
homodimers or trimers ormore complex oligomers in solution [33]. In
direct contrast, the three inhibitors of germinated horsegram seeds
(HGGIs) are single polypeptides of 6500–7200 Da that exist as
monomers and exhibit no such self-association [34]. Chemical
modifications coupled with a comparative evaluation of several BBI
protein sequences and homology modeling indicated that the
dimerization was characterized by a crucial electrostatic interaction
that comprised the C-terminal tail of subdomain II [32].

Despite the vast potential application of BBIC as therapeutics,
reports on efficient production systems are currently limited to the
expression of BBIs as fusion proteins. The gene-coding soybean
(Glycine max) BBI was chemically synthesized and expressed in
Escherichia coli as a fusion protein, which, on CNBr cleavage, required
refolding [35]. Prokaryotic expression of rice BBI showed that the
fusion protein exhibited only trypsin inhibitory activity [36]. Soybean
BBI expressed as a fusion protein in Bacillus subtilis also required
activation [37]. Pea seed inhibitor was expressed using a protein
fusion expression where the inhibitor was linked to Aspergillus niger
glucoamylase protein [38]. The functional expression of a recombi-
nant BBI is therefore required not only for therapeutic applications but
also as a promising model to study mechanism, specifically any
molecular changes that might improve its efficacy. In the present
investigation, we report the cloning and functional expression of HGI-
III the major Bowman–Birk inhibitor of horsegram. Further, by site-
directed mutagenesis, we validate the involvement of the C-terminal
tail in a crucial interaction that is vital for self-association.

2. Materials

2.1. Plant material

Horsegram seeds (D. biflorus) were procured from the local
market, which served as starting material.

2.2. Bacterial strains and vectors

The bacterial strain E. coli DH5α and pRSETC vector were from
Invitrogen Corporation, Carlsbad, CA. E. coli BL21 (DE3) pLysS and
Origami (DE3)pLysS and the vector pET20b were obtained from
Novagen, Merck Specialities Private Ltd, Mumbai, India.

2.3. Chemicals

Tryptone type 1, yeast extract, bacto-agar, ampicillin sodium salt,
and isopropyl thiogalacto pyranoside (IPTG) were from Hi-Media
Laboratories, Mumbai, India. Genomic DNA extraction kit, gel
extraction kit, and Taq DNA polymerase were from Qiagen, GmbH,
Hilden, Germany. Pfu DNA polymerase for gene amplification was
obtained from Fermentas Life Sciences GmbH, Hilden, Germany.
Restriction enzymes for gene manipulation and expression were
purchased from New England Biolabs, Beverly, MA, USA. Bovine
serum albumin (BSA), bovine pancreatic trypsin (2× crystallized,
type III, EC 3.4.21.4), L-1-tosylamido-2-phenylalanine chloromethyl
ketone (TPCK)-treated trypsin, bovine pancreatic α-chymotrypsin
(3× crystallized, type II, EC 3.4.21.1), porcine pancreatic elastase
(EC 3.4.21.36), N-α-benzoyl-DL-arginine-p-nitroanilide (BAPNA),
N-benzoyl-L-tyrosine-p-nitroanilide (BTPNA), N-succinyl-Ala-Ala-
Ala-p-nitroanilide (NAPNA), CNBr-activated Sepharose® 4B, 3-[cyclo-
hexylamino]-1-propanesulfonic acid (CAPS), N-acetyl-DL-phenylala-
nine-β-naphthyl ester (APNE), oxidized glutathione, and imidazole
were procured from Sigma-Aldrich, St. Louis, MO, USA. Polyvinylidine
difluoride membrane (PVDF; 0.45 µm) was from Pierce, USA. Ni-
Sepharose™ 6 Fast Flow was purchased from Amersham Biosciences
AB Uppsala, Sweden. Cellulose acetate (5000 Da cutoff) was obtained
from Millipore Systems, Bedford, MA, USA. The oligonucleotides were
synthesized by Sigma-Genosys, Sigma-Aldrich Chemical Private
Limited, Bangalore, India. Molecular weight markers for SDS–PAGE
were from Bangalore Genei, Bangalore, India. All other chemicals used
were of highest purity.

3. Methods

3.1. Isolation of genomic DNA

Horsegram seeds were milled to a fine powder and defatted with
CCl4 (1:5 wt./vol.) for 14–16 h at 25±2 C. Genomic DNA was
extracted from 0.2 g of defatted seed powder using a silica gel-based
membrane-type kit (DNeasyPlant, Qiagen GmbH, Hilden, Germany)
following the manufacturer's protocol. The DNA concentration was
determined by spectrophotometry (UV-1601, Shimadzu, Japan) after
dilution. The DNA concentration and the impurity factor (A260/A280

ratio) were recorded. This genomic DNA was used in subsequent PCR
analyses.

3.2. Cloning and construction of recombinant plasmids for total
prokaryotic expression of HGI-III

Genomic DNA isolated from horsegram seeds were used as the
template for PCR amplification of HGI-III coding sequence. Primer
sequences designed using the published sequences of HGI-III [28]
(GenBank Accession No. AY049042), were used to obtain the open
reading frame of 228 bp. The PCR primers corresponded to the first
8 N-terminal amino acids of HGI-III and last 8 C-terminal amino acids
of the mature coding sequence. The primer sequences were HGI-F (5′
GATCATCATCAGTCAACTGATGAG3′) and HGI-R (5′ATCATCATGTGAA-
GATTTGCAAGG3′). Touchdown PCR conditions used to amplify a
228 bp fragment were 94 °C, 15 s; 54–44 °C, 30 s; 72 °C, 20 s; for 10
cycles followed by 94 °C, 15 s; 44 °C, 30 s; 72 °C, 20 s; for 10 cycles in a
GeneAmp® PCR System 9700 (Applied Biosystems, Foster City, CA,
USA). The amplified PCR product was separated on agarose gel
electrophoresis. The PCR product was purified using a PCR product
purification kit (Qiagen GmbH, Hilden, Germany) following the
manufacturer's instructions and subjected to direct dideoxy sequenc-
ing on an automated DNA sequencer (ABI 310, Applied Biosystems
Foster City, CA, USA). Primers were designed to introduce NheI and
NdeI sites at the 5′ end (HGI-Nde-F; Table 1) and BamHI (HGI-BamH1-
R; Table 1) at the 3′ end to facilitate cloning of the 228 bp into pRSETC
vector (Invitrogen Corporation, Carlsbad, CA, USA). Using these two
oligonucleotide primers and the 228-bp amplicon as template DNA, a
PCR product containing the entire HGI-III coding region with NheI and
NdeI site at the 5′ end and BamHI site at the 3′ end was obtained. The
PCR product was blunt end cloned into the PvuII site of pRSETC vector
to generate a vector named pRSET-rHGI (3157 bp) (Fig. 1). Chemically



Fig. 1. (A) Agarose gel electrophoresis to show the 230-bp amplicon from genomic DNA. Lane 1, 100 bp DNA ladder; lane 2, PCR product (∼230 bp). (B) Schematic representation of
the expression cassette in pRSETC vector to produce rHGI protein. (C) The nucleotide sequence of genomic DNA in the open reading frame of rHGI and translated amino acid
sequence of rHGI. The restriction sites Nde1 and BamH1 are underlined in the nucleotide sequence. Trypsin and chymotrypsin inhibitory domains in the amino acid sequence are
shown in bold.
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competent E. coli DH5α cells were transformed with pRSET-rHGI.
Positive clones harboring the insert were verified by gel shift assays
and BamHI digestion. The sequence of the inserted fragment was
confirmed by dideoxy sequencing using the Big DyeR terminator v3.1
cycle sequencing kit (Applied Biosystems, USA), products purified
using Dye Ex™ 2.0 spin kit (Qiagen GmbH, Hilden, Germany) and
sequenced using an ABI 310 DNA Genetic Analyser (Applied
Biosystems, Foster City, USA). The codons for the 44 amino acids in
excess at the N-terminal end of the vector pRSET-rHGI (3157 bp)
were removed by NdeI digestion, allowed to self-ligate generating the
vector pRSET-rHGI (3025 bp) (Fig. 1), which was transformed into
chemically competent E. coliDH5α. The transformants were identified
by gel shift assay and insert release. Plasmid DNA was purified using
the alkaline lysis method and DNA sequence determined.

3.3. Expression of recombinant HGI (rHGI)

E. coli BL21 (DE3) pLysS transformed with the expression vector
pRSET-rHGI, was grown overnight at 37 °C in Luria–Bertani medium
(10 mL) supplemented with ampicillin (100 µg/mL). Ten milliliters of
the cells was diluted 25-fold into 250 mL of 2YT medium supple-
mented with ampicillin (100 µg/mL) and incubated with shaking at
37 °C until the optical density (OD) at 600 nm reached 1.75. IPTG was
added to a final concentration of 0.3 mM, and the culture was further
incubated at 37 °C for 4 h. The cells were harvested at 8000 rpm for
15 min at 4 °C and then lysed in 0.1 M Tris–HCl pH 8.2 by
ultrasonication (Vibracell™; Sonics and Materials, Inc., New Town,
CT, USA). Both the supernatant and the pellet were evaluated for
trypsin inhibitory activity. The supernatant containing rHGI was
further purified.

3.4. One-step trypsin Sepharose affinity purification of recombinant HGI

The supernatant (cell free extract) was applied to a trypsin–
Sepharose column (12×3.4 cm) preequilibrated with 0.1 M Tris–HCl
pH 8.2 containing 0.1 M NaCl at a flow rate of 10 mL/h. The column
was thoroughly washed with the same buffer until the A230 was zero.
The bound rHGI was eluted with 0.2 M glycine–HCl pH 3.0 containing
0.1 M NaCl at a flow rate of 30 mL/h. Two-milliliter fractions were
collected and assayed for trypsin inhibitory activity. The pH of the
pooled trypsin inhibitor fraction was adjusted to 7.5 and dialyzed
against water and lyophilized.

3.5. Trypsin, chymotrypsin, and elastase inhibitory assay

The amidase activity of trypsin and its inhibition were assayed
using the chromogenic substrate BAPNA at pH 8.2 in 0.05 M Tris–HCl
containing 0.02 M CaCl2 at 37 °C according to the method of Kakade
et al. [39]. The amidase activity of chymotrypsin and its inhibition
were assayed using BTPNA at pH 7.8 in 0.08 M Tris–HCl containing
20% DMSO and 0.02 M CaCl2 at 37 °C. One unit of trypsin/
chymotrypsin enzyme activity is defined as the increase in the
absorbance of 0.01 at 410 nm under the assay conditions. One
inhibitory unit is defined as the amount of inhibitor that reduces
the enzyme activity by one unit. Elastase inhibition was assayed in a
similar way at pH 8.2 using NAPNA as substrate.
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3.6. Protein estimation

Protein content was measured by the dye binding method of
Bradford [40]. BSA was used as the standard.

3.7. Polyacrylamide gel electrophoresis (PAGE)

Native PAGE (10% T, 2.7% C) of the purified rHGI was carried out
according to the method of Laemmli [41]. Gelatin-embedded PAGE
was performed by incorporating gelatin 0.5% (wt./vol.) in the gel [42].
Following electrophoresis, the gel was washed with distilled water
and incubated at 37 °C in 0.1 M Tris–HCl buffer, pH 8.0, containing
trypsin (40 μg/mL) or at pH 7.8 containing chymotrypsin (40 μg/mL).
After gelatin hydrolysis, the gel was washed and stained with
Coomassie brilliant blue R-250 and destained. The presence of rHGI
was detected as a dark blue band with a clear background due to the
complex of the unhydrolyzed gelatin and stain. For APNE staining, the
gel was incubated in either 0.1 M sodium phosphate buffer, pH 8.0,
containing trypsin (5 mg in 20 mL) or 0.1 M Tris–HCl buffer, pH 7.8,
containing chymotrypsin (40 μg/mL) for 1 h, and visualized with
APNE (4 mg/mL in DMSO), and o-dianisidine tetrazotised (7 mg/
10 mL of 0.1 M sodium phosphate buffer, pH 7.4) for 15 min. The
appearance of a clear transparent band against a pink background
indicates the presence of the inhibitor.

3.8. Molecular weight (mass) determination

The molecular weight of purified rHGI and mutant HGIs were
determined by SDS–PAGE following the published procedure [41]. All
the SDS–PAGE experiments were carried out under reducing condi-
tions at pH 8.3. The purified proteins in sample buffer were boiled for
5 min and separated by SDS–PAGE (15% T, 2.7% C) at pH 8.8. The
separated proteins were visualized with either 0.1% Coomassie
brilliant blue or by silver staining. The gel was stained with 0.25%
Coomassie brilliant blue R-250 and destained with 10% (vol./vol.)
acetic acid. Ovalbumin (Mr 45,000), carbonic anhydrase (Mr 29,000),
soybean trypsin inhibitor (Mr 20,000), lysozyme (Mr 14,500), and
aprotinin (Mr 6500) were used as marker proteins.

Electrospray ionization–mass spectrometry (ESI-MS) was carried
out in the ionisation mode using an Acquity SYNAPT HRMS (Waters
Associate, Miliford, USA). The RP–HPLC-purified protein was sus-
pended in 50% CH3CN containing 0.1% HCOOH and was directly
infused, and the spectra were analyzed and deconvoluted using Max
Ent1.

3.9. Size-exclusion chromatography

Size-exclusion measurements were performed using a BIOSEP-
SEC-S 3000 (300×8 mm, exclusion limit: 700 kDa for globular
proteins) column on a Waters Associate HPLC equipped with a binary
gradient pumping system and Waters Model 1296 photodiode array
detector set at 230 nm. The column was preequilibrated with the
corresponding buffers at a flow rate of 1 mL/min before sample
loading. The column was calibrated using a mixture of standard
proteins, bovine serum albumin (66 kDa), carbonic anhydrase
(29 kDa), cytochrome c (14.4 kDa), and aprotinin (6.4 kDa).

3.10. N-terminal sequence analysis

The purified protein after SDS–PAGE was transferred to a PVDF
membrane in 0.01 M CAPS–10% methanol buffer (pH 11) and stained
with Coomassie brilliant blue R-250. The bands corresponding to
rHGI were excised, washed with methanol, and loaded directly
to the Applied Biosystems 477A automated gas phase sequencer
for N-terminal sequencing by Edman degradation. β-Lactoglobulin
was sequenced as a standard to validate the performance of the
instrument.

3.11. Construction of point mutants of rHGI

Table 1 lists the primer pairs used for site directed mutagenesis.
Mutants were made using the Quik Change PCR-based mutagenesis
method [43] and pRSET-rHGI as template, with one modification. Pfu
DNA polymerase was used for amplification. Methylated (parental)
DNA was degraded using DpnI and nonmutant template digestion
evaluated by agarose gel electrophoresis. The mutated DNA was
transformed in chemically competent E. coli DH5α. Plasmid DNA was
isolated by alkaline lysis method and sequenced according to the
dideoxy chain termination method to check for random PCR errors.
The mutants were expressed in E. coli strain BL21 (DE3) pLysS and
purified on Sephadex G-100 by size exclusion.

3.12. Construction of expression plasmids and point mutants of HGI-III as
C-terminal histidine-tagged proteins

A C-terminal (His)6-tagged expression of HGI-III was used to abet
in protein purification. The HGI-III coding region was PCR-amplified
using the primer pair HGI-F (5′GATCATCATCAGTCAACTGATGAG3′)
and HGI-Xho-R (Table 1) from pRSET-rHGI digested with Xho1 and
ligated into pET-20b digested with EcoRV and Xho1 restriction
enzymes. The expressed protein from the recombinant clone (pET-
20b-HGI) would have, in addition to the 76 residues of HGI-III, two
amino acids (LE) plus the 6 residue His tag ((His)6) at the C-terminus
and two amino acids (MD) at the N-terminus. Using pET-20b-HGI as
the template and the corresponding set of mutant primers (Table 1),
the mutant clones pET-20bHGI K24A and pET-20bHGI D75A were
constructed by the PCR-based Quik Change method as described
above. After cloning into E. coli DH5α cells and plasmid DNA isolation,
themutants sequencewas validated by the dideoxy chain termination
method to check for random PCR errors. These clones were used for
the expression of His-tagged rHGI and its mutants in E. coli strain BL21
(DE3) pLysS cells.

3.13. Construction of Δ76 mutant of rHGI

Using pET-20b-HGIDNAand the primer pair HGI-F andΔ76-Xho-R,
the deletion mutant pET 20bHGIΔ76 was constructed as described
above for pET-20b-HGI and expressed in E. coli strain BL21 (DE3)
pLysS. The expressed protein was purified by Sephadex G-100 size
exclusion chromatography followed by RP–HPLC using a C-18 column.

3.14. One-step purification of the (His)6-tagged fusion proteins

The cell-free extract was applied to a Ni2+-NTA Sepharose column
preequilibrated with 0.02 M Tris–HCl containing 0.5 M NaCl and
0.03 M imidazole pH 7.4. The column was washed with the same
buffer until A280 returned to baseline. Unbound proteins were eluted
in this buffer. The bound (His)6-tagged fusion protein was eluted with
the above buffer containing 0.5 M imidazole and fractions checked for
trypsin inhibitory activity. The fractions containing the fusion protein
were collected and dialyzed overnight against water at 4 °C.

3.15. Refolding of purified rHGI in solution

Refolding of the purified rHGI and mutants in solution were
carried out as reported for CNBr cleaved recombinant soybean BBI
[35]. Purified protein (15 mg) was unfolded in 0.24 mL of unfolding
buffer (2 M Tris–HCl, pH 8.0, 0.2% EDTA, 6 M GuHCl, and 2 M β-
mercaptoethanol) for 18 h at 37 °C. Refolding was performed by
adding the unfolded inhibitor dropwise into 240 mL of refolding
buffer (0.08 M Tris–HCl, pH 8.0, 0.1 mM EDTA, and 0.2 mM oxidized



Fig. 2. Trypsin Sepharose affinity chromatography profile of rHGI. The E. coli cell lysate
was loaded on a trypsin Sepharose column equilibrated with 0.1 M Tris–HCl buffer
(pH 8.2) containing 0.1 M NaCl at a flow rate 10 mL/h. (−•−) TIU/mL, (−▲−) A230.
The bound protein was eluted by altering the pH with 0.2 M glycine–HCl, pH 3.0,
containing 0.1 M NaCl at a flow rate of 30 mL/h. The arrow shows the active inhibitor
fractions that were pooled. Inset: (A) Gelatin-embedded native PAGE profile of rHGI
showing trypsin inhibitory activity and native PAGE (10% T, 2.7% C) of rHGI at pH 8.8.
The gels were stained for (B) trypsin inhibitory activity and (C) chymotrypsin
inhibitory activity with APNE.
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glutathione with vigorous stirring, for 18 h at 37 °C). The refolded
sample was concentrated by ultrafiltration with a 5000-Da cutoff
cellulose acetate flat membrane on a Mini Labscale™ TFF system
(Millipore Systems, Bedford, MA, USA), dialyzed and lyophilized.
Fig. 3. (A) SDS–PAGE (15% T, 2.7% C) profile of purified HGIs. Lane 1, seed HGI-III; lane 2, mo
and (C) ESI mass spectrum of rHGI. The inset shows an expansion of the molecular peak.
3.16. Inhibition studies and stoichiometry

The effect of varying substrate concentration (BAPNA, BTPNA, and
NAPNA) with bovine trypsin, chymotrypsin, and elastase in the
presence of fixed concentrations of rHGI was studied. The modes of
inhibition and dissociation constants were evaluated from the double
reciprocal [44] and Dixon plots [45] of the data, respectively. The
stoichiometry was studied by titrating rHGI with a constant optimum
concentration of bovine trypsin under conditions of the assay, and
residual activity was measured. Extrapolation of the plot of residual
trypsin activity against the inhibitor/enzyme concentration ratio
provided the stoichiometry of binding.

3.17. Stability studies

The purified recombinant inhibitor was dissolved in 0.1 M Tris–
HCl buffer and incubated at 90±1 °C in a constant temperature water
bath. Aliquots were removed at regular time intervals, immediately
cooled on ice, and assayed for residual inhibitor activity as described
earlier. The purified rHGI was dissolved in 0.1 M buffers of pH 3, 5, 7,
and 8.2 and incubated for 1 h at 37 °C. The residual trypsin inhibitor
activity was assayed with BAPNA as described earlier.

3.18. Disulphide bond assay using 2-nitro-5-thiosulfobenzoate (NTSB)

The disulphide content of the rHGI was evaluated using NTSB as
described earlier [46]. For the disulphide assay 1.27×10−8 mol of
rHGI in 0.05 mL of buffer was added to 3.0 mL of NTSB assay solution
and incubated at 37 °C. The change in absorbance at 412 nm due to
the formation of 2-nitro-5 thiobenzoic acid (NTB) was observed for
60 min. Ribonuclease was used as the reference standard. The
lecular weight markers; and lane 3, purified rHGI. (B) RP–HPLC profile of purified rHGI



Fig. 4. Size-exclusion chromatography of seed HGI-III and rHGI. The purified proteins
were dissolved in 0.1 M Tris–HCl, pH 7.5, and loaded on to a BIOSEP-SEC-S 3000 column
preequilibrated in the same buffer and eluted at 1 mL/min. (A) HGI-III, (B) rHGI, and
(C) K24Amutant of rHGI. Inset: SDS–PAGE (15% T, 2.7% C) followed byWestern blotting
and immune detection with anti-HGI-III. Lane 1, rainbow molecular weight markers;
lane 2, bovine serum albumin; and lane 3, K24A mutant of HGI-III.
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concentration of the disulphide bonds was calculated using a molar
extinction coefficient of 13,600 M−1 cm−1 at 412 nm for NTB [47].

4. Results

4.1. Construction of pRSET-rHGI

The primers based on the amino acid sequence of HGI-III, the
major BBI of horsegram, were used to amplify the coding sequences of
genomic DNA. The only product obtained following amplification of
genomic DNA with primers HGI-F/R annealed at 54–44 °C was a
fragment of ∼228 bp (Fig. 1A). Dideoxy DNA sequence analysis of the
purified PCR product revealed that this fragment covered the entire
coding sequence of HGI-III indicating the absence of introns. The
deduced amino acid sequence was identical to that determined for
HGI-III of horsegram [28] and differed by a single amino acid from the
GenBank sequence (Accession No. AY049042). It is reported that
genomic clones of BBI isolated from soybean (Glycine max) also do not
contain any introns [48]. The PCR product encoding the 76 amino
acids of HGI-III flanked by NdeI and BamHI was ligated into the PvuII
site of pRSETC using T4 DNA ligase and confirmed by DNA sequencing
and insert release by restriction digestion. A 44-amino acid stretch of
the vector including the N-terminal (His)6-tag before the coding
sequence was removed by digestion with NdeI and allowed to self-
ligate to obtain the expression plasmid designated pRSET-rHGI
(Fig. 1B). The removal was confirmed by BamHI restriction digestion.
The nucleotide sequence of the expression vector was determined,
which showed the removal of the 44 amino acids. The DNA and
translated amino acid sequence of HGI-III are shown in Fig. 1C.

4.2. Purification and biochemical characterization of rHGI

rHGI was expressed in E. coli BL21 (DE3) pLysS and solubilized by
sonication. The total trypsin inhibitory activity of the crude cell lysate
from a 1-L culture was 3.5±0.14×105 TIU with a specific activity of
1.54±0.44×103 TIU/mg protein. The inhibitor was purified using a
single-step trypsin affinity chromatography. The elution profile
indicated that rHGI eluted as a single peak when the pH was reduced
to pH 3.0 (Fig. 2). The trypsin inhibitor fractions were pooled as
shown in Fig. 2. The specific activity of the purified rHGI was 4.02±
0.13×103 TIU/mg. Gelatin-embedded PAGE revealed that the rHGI
inhibited bovine trypsin (Fig. 2, inset A). Native PAGE followed by
incubation independently with either bovine trypsin or chymotrypsin
showed that rHGI inhibited both the enzymes (Fig. 2, insets B and C).
These results are consistent with that of the HGI-III purified from
horsegram seeds, which is double-headed, inhibiting trypsin and
chymotrypsin independently and simultaneously [26].

The estimated size of rHGI by SDS–PAGE was ∼16,000±1200 Da,
which is consistent with its dimeric status in solution like the seed
inhibitor (Fig. 3A). Size-exclusion HPLC on a BIOSEP-SEC-S 3000
column using 0.1 M Tris–HCl, pH 7.5, also revealed that rHGI eluted
with a retention time of 9.293 min corresponding to a molecular mass
of ∼16,000 Da, which was in close agreement to similar to horsegram
seed HGI-III (Figs. 4A and B). These results provide further evidence
that rHGI like natural HGI-III in solution associates to form a dimer.
This anomalous behavior of legume BBIs’ is well documented. RP–
HPLC of the purified rHGI indicated that the protein purified was
homogenous (Fig. 3B). ESI–tandem MS indicated that the molecular
mass of rHGI was 8676.925 Da, and the protein showed an isotopic
pattern of (M+H)8+ charge state (Fig. 3C). These results are in close
agreement to that reported for HGI-III [26] and consistent with
the theoretical value (8690 Da) deduced from the translated amino
acid sequence. N-terminal sequence analysis by Edman degradation
showed the sequence to be NH2– MDHHQSTDEP…….consistent
with that reported for horsegram HGI-III and that of the translated
sequence.
The chymotrypsin inhibitory activity of rHGI when assayed using
the colorimetric substrate BTPNA was 100±0.15 CIU/mg protein,
which was much lower than the seed HGI-III (4572 CIU/mg protein).
HGIs contain 14 half cystine residue linked by seven disulphide bonds.
The number of disulphides in rHGI was estimated using the NTSB
method. rHGI expressed in BL21 (DE3) pLysS showed the presence of
seven disulphide bonds. These seven disulphide bridges are intramo-
lecular as SDS–PAGE in the presence of β-mercaptoethanol shows a
single polypeptide chain (Fig. 3A). These results suggest that the
number of disulphide bonds was not responsible for the lowered
chymotrypsin inhibitor activity. It is plausible that the low chymo-
trypsin inhibition is due to improper folding. rHGI was therefore
overexpressed in the Origami strain of BL21 (DE3), a strain in which
the mutations of both the thioredoxin reductase and glutathione
reductase genes greatly enhance disulfide bond formation in the
cytoplasm. The chymotrypsin inhibitory activity of the crude lysate
increased to 2.9±0.13×103 CIU/mg protein. The yield of the purified
protein was 1.0±0.2 mg/L culture medium, when compared to 9.8±
2.3 mg/L for rHGI expressed in E. coli BL21 (DE3) pLysS. All further
expressions were carried out using E. coli BL21 (DE3) pLys S.
4.3. pH and thermal stability of rHGI

Preincubation of rHGI for 60 min in the pH range of 3.0–9.0 had no
effect on the trypsin inhibitor activity. Further 95% of the inhibitor
activity was retained at all pH studied (Fig. 5A). Fig. 5B shows the
thermal stability of rHGI. Heat treatment did not affect the trypsin
inhibitory activity at 90 °C for 120 min. At 100 °C, rHGI showed a 20%
decrease in the activity after 120 min (results not shown). These
results are in agreement to that reported for other legume seed BBIs
[1,5].



Fig. 5. (A) Effect of pH on the stability of rHGI. (■) pH 3.0, (●) pH 5.0, (▲) pH 7.0.
(B) Thermal stability of rHGI and mutants at 90±1 °C. (▼) rHGI, (■) K24A, (▲) pET-
20b-HGI Δ76, and (●) pET-20b-HGI D75A. The inhibitors were incubated at 90±1°C in
a water bath. At regular time intervals, the residual trypsin/elastase inhibitor activity
was determined.
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4.4. Inhibitory properties of rHGI

The stoichiometry of inhibition against bovine pancreatic trypsin
and chymotrypsin was assessed using BAPNA and BTPNA, respective-
ly. Increasing concentrations of rHGI were incubated with a fixed
concentration of the enzyme and the residual enzyme activity
assayed. A linear extrapolation to obtain 100% inhibition indicated
that rHGI bound to trypsin in a 1:0.9 molar ratio (Fig. 6), whereas
Fig. 6. Stoichiometric titration of bovine trypsin inhibition by rHGI. Increasing
quantities of inhibitor were added to a fixed concentration of enzyme (2.5 nM).
Residual enzyme activity was determined using BAPNA. Each point is the average of
three assays.
there was no obvious stoichiometry with chymotrypsin from the
titration pattern of the inhibitory activity (results not shown) similar
to the HGIs isolated from horsegram seed [27].

The initial rates of reaction in the presence and absence of rHGI
followedMichaelis–Menten kinetics (results not shown). Themode of
rHGI inhibition was evaluated from the double reciprocal plots of
trypsin/chymotrypsin titrated with different concentrations of
their respective substrates. The results indicate that rHGI is a com-
petitive inhibitor of both trypsin and chymotrypsin. The apparent Ki

for trypsin inhibition from Dixon plots of the same data was 5±
0.15×10−8 and 6.1±0.13×10−8 M for rHGI and refolded rHGI,
respectively (Fig. 7A and Table 2). The Ki of HGI-III purified from
Fig. 7. Dixon plot for determining the dissociation constant (Ki) of rHGI for (A) bovine
trypsin, (B) bovine chymotrypsin, and (C) K24A mutant against porcine pancreatic
elastase. Data points are the average of three determinations.



Table 2
Dissociation constants (Ki) of HGI-III and rHGI for trypsin, chymotrypsin, and elastase
inhibition.

Inhibitor Bovine trypsin Bovine chymotrypsin Porcine pancreatic
elastase

HGI-III 8.7±0.13×10−8M 3.9±0.16×10−7 M NA
rHGI 6.1±0.13×10−8 M

(5.0±0.15×10−8 M)a
3.0±0.15×10−7 M
(3.4±0.12×10−6 M)a

NA

K24A NA 2.6±0.13×10−7 M 1.58±0.14×10−8 M
(4.0±0.13×10−7 M)a

D75A 4.8±0.11×10−8 M 3.4±0.18×10−7 M NA
Δ76 3.8±0.23×10−8 M 2.2±0.20×10−7 M NA

NA, not applicable.
a Values in parenthesis are the values before refolding.
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horsegram seed was 8.7±0.13×10−8 M for trypsin, whereas the Ki

toward chymotrypsin was 3.9±0.16×10−7 M. The inhibitory con-
stant of rHGI for chymotrypsin (3.4±0.12×10−6 M) was one order of
magnitude below the activity of the natural inhibitor (Table 2). The
consideration that this difference could result from some incorrectly
folded protein coupled with the reported flexibility of the chymo-
trypsin domain prompted investigation on unfolding and refolding of
rHGI. Refolding of rHGI led to a decrease in one order of magnitude for
the chymotrypsin inhibitory constant (Fig. 7B and Table 2). In
contrast, refolding had a very marginal effect on the Ki for trypsin
inhibition (Table 2). These Ki values thus establish a very high affinity
between these proteases and rHGI, in close agreement with the Ki

values reported for other legume BBIs.
4.5. Site-directed mutagenesis of rHGI

The inhibitors of horsegram (HGIs) are single polypeptides of Mr

∼8600 Da yet exists as a dimer in solution [27]. Kumar et al. [32]
combining their observations on the monomeric status of the
germinated seed HGGIs, chemical modification of HGI-III, and
multiple sequence alignment of various legume BBIs concluded that
a unique interaction involving the active site K24 and the C-terminal
Asp was responsible for the dimerization of HGI-III. Therefore, to
validate this hypothesis, site-directed mutagenesis of rHGI was
carried out by Quik Change PCR method. Initially, the trypsin reactive
site K24 was mutated to A. The mutant rHGI-K24A was expressed in
E. coli BL21(DE3) pLys (yield of 6.2 mg/L culture broth) partially
purified and refolded. The purified protein, however, lost its trypsin
inhibitory activity but retained its chymotrypsin inhibitory potential
(Table 2). This was not unexpected as the trypsin recognition site of
rHGI is K24. A is reported to be at the reactive site of BBIs that inhibit
elastase. Therefore, rHGI-K24A was evaluated against porcine pan-
creatic elastase. The elastase inhibitory activity with its substrate was
4.8×103 EIU/mg protein. Kinetic analysis of the refolded protein
indicated that it is a potent competitive inhibitor of elastase with a Ki

of 1.58±0.14×10−8 M, which was one order of magnitude more
potent than the chymotrypsin inhibitory constant (Table 2 and
Fig. 7C).

The self-association of rHGI-K24A mutant was evaluated by size-
exclusion chromatography and SDS–PAGE, followed by Western
blotting using anti-HGI-III antibodies available in our laboratory. The
results shown in Fig. 4C indicate that the molecular mass of K24A
mutant was ∼8600 Da and, therefore, exists as a monomer in solution.
These results further advocate that K24 is involved in the dimerization
of the HGI-III. The purification of the K24A mutant was hindered by
the fact it had lost its binding affinity to the trypsin–Sepharose matrix.
Relatively little or no changes in the elastase inhibitory activity were
observed up to 2 h for the K24A mutant. Although the stability of
K24A mutant was comparable to rHGI up to 2 h, it lost 30% and 50% of
its activity after 3 and 6 h of incubation at 90 °C, respectively (Fig. 5).
These results indicate that the monomer was less stable than the
dimer.

To abet in the purification of the expressed protein, rHGI was
recloned using the vector pET20b to generate a (His)6 fusion tag at the
C-terminal end. The expression vector pET20b-HGI was used in all
further experiments and mutation studies. pET20b-HGI-K24A was
expressed in E. coli BL21(DE3) pLys and purified by Ni2+-Sepharose
chromatography. The yieldwas 6.2 mg/L culture broth. Size-exclusion
chromatography and SDS–PAGE followed by protein staining showed
that K24A (His)6 tagged fusion protein moved as a protein of
molecular mass ∼16,000±1000 Da (Fig. 8A). This was surprising
and not expected.

The role of the C-terminal D75&76 was studied by carrying out a
D75A and Δ76 mutation. The proteins were expressed in E. coli BL21
(DE3) pLys and purified by Ni2+-Sepharose and size-exclusion
chromatography. The yields were 6.8±0.4 and 4±0.9 mg/L culture
broth, respectively. The purified proteins were refolded as described
under the Methods section. The refolded D75A and Δ76 HGI mutant
proteins inhibited both trypsin and chymotrypsin, and their inhibitory
constants were similar to those of the refolded rHGI (Table 2). These
mutants were, however, found to be less thermally stable when
compare to rHGI (Fig. 5B). SDS–PAGE and size-exclusion studies
indicate that both the D75Awith the fusion tag and Δ76mutants exist
as monomers in solution (Figs. 8B and C). These results further
advocate the role of Asp75&76 in the dimerization of HGI in solution.
SDS–PAGE analysis of the purified (His)6-tagged fusion protein
probed with anti-HGI antibodies also suggests that D75A and Δ76
mutants are monomers in solution (results not shown).

rHGI K24A is a monomer (Fig. 4C); in contrast, pET-20b-HGI K24A
exists as a dimer in solution (Fig. 8A). The major difference between
rHGI K24A and pET-20b-HGI K24A is that the latter has a His6 fusion
tag. Either the His6 through an ionic interaction with the negatively
charged N-terminus of the second monomer or some other interac-
tion is responsible for this dimerization. Size-exclusion studies at
different pH were used to understand the role of His if any. pET-20b-
HGI K24A eluted as a monomer at pH 5.0 (Fig. 8D). At pH 8.0 (results
not shown) and 9.5 (Fig. 8E), the elution time corresponded to that of
a dimer. At pH 5, His is protonated; therefore, if involved in
dimerization through an ionic interaction, the protein should exist
as a dimer, yet it is a monomer. At pH 8.0 and 9.5, wherein His is
unprotonated, the protein retains its dimeric status (results not
shown), suggesting that the His is probably not involved in
dimerization. A previously reported molecular model of HGI-III
dimer shows that the C-termini are located at the dimer interface,
and the C-terminal Asp from one subunit forms a strong salt bridge
with R31 of the other subunit, which is brought into this appropriate
orientation by a hydrogen bond between K24 and D76 of opposite
subunits [32]. Therefore, it is possible that in pET-20b-HGI K24A, this
salt bridge (R31–D76) is not disrupted, resulting in the dimer. The role
of C-termini Aspwas studied by size-exclusion chromatography in the
presence of ZnSO4. pET-20b-HGI K24A elutes at 11.245 min in the
presence of 1 mM ZnSO4 (Fig. 8F). This increased retention time
reckons a significantly reduced molecular weight. The conversion of
pET-20b-HGI K24A to a monomer occurs through the indirect Zn2+

coordination with carboxylate side chain of nearby Asp(D75/76)
mediated by the neighbouring His74. Size-exclusion chromatography
in the presence of ZnSO4 has been used previously by us [32] to
indirectly provide evidence that the Asp residues at the C-termini play
a vital role in the dimerization of HGI-III. It is also possible that a
substantial shift in the pKa of D75/76 due to the increase in length at the
C-terminus by (His)6 tag fusion reckoning the protonation at pH 5.0.
Therefore, the interactions involving D75/76 are disrupted, and the
protein is dissociated. The observed dissociation of pET-20b-HGI K24A
to a monomer in the presence ZnSO4 at pH 7.5 (Fig. 8F) in conjunction
with the observation that pET-20b-HGI D75A with a similar His6
fusion tag is a monomer (Fisg. 8B and C) points to the involvement of
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C-terminal D75/76 in the dimerization of this mutant. Site-directed
mutations of HGI-III described clearly exemplify the pivotal role of the
C-terminal D75/76 in the dimerization previously demonstrated by
chemical modifications [32].
5. Discussion

The results presented in this paper demonstrate the functional
expression of themajor BBI, HGI-III of horsegram seeds, and exemplify
the pivotal role of the C-terminal Asp tail in the dimerization of HGI-III
in solution. Previously, the identification of the role of individual
amino acids in the structure and stability of the HGI-III dimer was
accomplished using alternate approaches to site-directed mutagen-
esis like producing deletion variants of the inhibitor by germination,
coupled with chemical modifications and homology modeling [32].
The self-association of HGI-III was attributed to a unique interaction
that involved the ε-amino group of K24 (P1 of first reactive site) of one
monomer and the carboxyl side chain of D76 of the other monomer.
In this article, we have cloned and expressed HGI-III, and through a
site-directed mutagenesis approach, we further exemplify that
the self-association of HGI-III to form a dimer involves K24 and both
the C-terminal D75 and D76.

The expression and purification of HGI-III, the major BBI of
horsegram, and its mutations have not been previously reported,
although the isolation and purification of natural BBIs from horse-
gram seeds and its biochemical characteristics are well documented
[27–32]. In this study, rHGI was overexpressed in a soluble form in
E. coli BL21 cells. The target rHGI could be easily purified by a one-step
trypsin affinity chromatography utilizing the strong binding potential
to trypsin (Fig. 2). Unlike other BBIs that have been expressed as
fusion proteins, rHGI was expressed with no fusion tags. The mole-
cular mass of rHGI was 8676.25 Da, and the purity was N98% (Fig. 3).
Further, the inhibitory activity assays suggested that rHGI like the
natural HGI-III strongly inhibited both bovine trypsin and chymo-
trypsin (Figs. 7A and B). The dissociation constant of refolded rHGI for
trypsin was 6.1±0.13×10−8 M, which is similar to 8.25×10−8 M
reported for natural HGI-III [27]. In contrast, the inhibition toward
chymotrypsin was one order of magnitude below the activity of the
natural inhibitor. This difference was due to incorrect folding as
reckoned by the decreased Ki values after refolding (Table 2). The
dissociation constant for chymotrypsin of the refolded rHGI was 3±
0.15×10−7 M similar to the seed HGI-III. A chemically synthesised
soybean BBI gene cloned and expressed as a β-galactosidase fusion
protein also showed that the dissociation constant of complexes with
trypsin were similar to the natural BBI [35]. Prokaryotic expression of
a rice BBI shows that the fusion protein has trypsin inhibitory activity
but lacks chymotrypsin inhibitory activity [49]. The similarity of
dissociation constants rHGI and seed HGI-III accompanied by
competitive inhibition of trypsin and chymotrypsin affirms that the
intramolecular disulphide bridges are in the correct orientation. In
addition, the extreme thermal and pH stability exhibited by rHGI
indicates the correct folding and disulphide formation. Further, the
experimental measurements of seven disulphide bonds in rHGI are
commensurate with the theoretical values. Data on the cloning and
expression of legume BBI are sparse. The gene for buckwheat trypsin
inhibitor was cloned and expressed in E. coli and shown to specifically
inhibit the proliferation of IM-9 human B lymphoblastoid cells in a
dose-dependent manner, but the dissociation constants were not
determined [50]. Using chemical DNA synthesis, a fully active
recombinant soybean BBI [35] was expressed in E. coli, and a cDNA
coding for lentil trypsin/chymotrypsin BBI expressed in the methylo-
trophic yeast Pichia pastoris was functionally active [38].
Fig. 8. Size-exclusion chromatography of rHGI mutants expressed with (His)6 fusion
protein. The samples were dissolved in different buffers and loaded on to a BIOSEP-SEC-
S 3000 column preequilibrated with respective buffers and eluted at 1 mL/min.
(A) pET-20b-HGI K24A (0.1 M Tris–HCl pH 7.5), (B) pET-20b-HGI D75A (0.1 M Tris–HCl
pH 7.5), (C) pET-20b-HGI Δ76 (0.1 M Tris–HCl pH 7.5), (D) pET-20b-HGI K24A (0.1 M
Tris–HCl pH 5.0), (E), pET-20b-HGI K24A (0.1 M Tris–HCl pH 9.5), and (F) pET-20b-HGI
K24A (1 mM ZnSO4, in 0.1 M Tris-HCl pH 7.5). Insets in A, B, and C: SDS–PAGE (15% T,
2.7% C) profile of K24A, D75A, and Δ76 mutants, respectively.
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The inhibitors of horsegram are thermally stable single polypep-
tides with molecular mass in the range ∼8600 Da. SDS–PAGE and
analytical gel filtration indicate the molecular mass to be ∼16,000 Da
[27], suggesting that they exist as dimers in solution. In a similar
manner, rHGI with a molecular mass of 8676.92 Da shows a mass of
∼16,000 Da by SDS–PAGE (Fig. 3A) and size-exclusion chromatogra-
phy (Fig. 4A) and, therefore, like natural HGI-III, exists as a dimer in
solution. Such self-association and anomalous behavior in SDS–PAGE
resulting in a large overestimation of molecular mass has been
reported for several legumes [51–54]. Similarly, an in vitro-synthe-
sised BBI and related soybean inhibitor also exhibits the phenomenon
of self-association [55].

We had earlier demonstrated that an electrostatic interaction
involving the trypsin reactive site (K24) and the C-terminal is the
driving force for HGI-III self-association [32]. This self-association,
together with other structural aspects, account for the stability of
legume BBIs [19,30]. Previously, studies other than site-directed
mutagenesis were used to deduce the crucial role of an electrostatic
interaction between K24 and D76 in the self-association of HGI-III [32].
To conclusively prove this K24A mutation, rHGI was carried out and
protein-purified. The lack of its binding affinity to trypsin Sepharose
and the loss of trypsin inhibitor activity evidence the mutation.
The dissociation constant of the complex with elastase (Ki, 1.58±
0.14×10−8 M) establishes a very high affinity. Size-exclusion chro-
matography, SDS–PAGE of the partially purified protein, and Western
blotting with anti-HGI-III indicate a mass of ∼8600 Da, clearly
establishing the involvement of the reactive site K24 in the self-
association of rHGI. The association of rHGI caused by this unique
interaction between the two monomers is only of the monomer→
dimer type with little or no higher forms present as is observed from
size-exclusion studies (Fig. 4). A C-terminal (His)6-tagged fusion
protein of HGI (pETHGI) like rHGI is a dimer. Unexpectedly, the K24A
mutant of this form was also a dimer. Size-exclusion studies either in
the presence of ZnSO4 or at pH 5.0 (Figs. 8D and F) led to the
monomerization of K24A (His)6 mutant. The disassociation of the
pET-20b-HGI K24A into a monomer at pH 5.0 and in the presence of
1 mM ZnSO4 together with the monomer status of pET-20b-HGI D75A
and Δ76 mutant protein strengthens the premise that the C-termini
D75/76 play a more important role than K24 in dimer formation. The
dimer model of seed HGI-III clearly discerns the role of the C-termini
Asp residues in two contacts between the monomers: 1) a salt bridge
(R31–D76) between the monomers and 2) a hydrogen bond with K24

to provide the required orientation for the formation of the salt bridge
(R31–D76) [32]. The reported molecular model of HGI-III dimer
indicates that the amino termini of the subunits are situated at the
surface of the dimer, and any extension in this region would project
into the solvent. This would not influence the stability of the dimer. In
contrast, the carboxyl termini are located at the dimer interface and
play an important role in the dimer stabilization. Therefore, any
extension of C-termini would have consequences on the dissociation
of the dimer as observed with the pET-20b-HGIK24Amutant. Xu et al.
[56] report that the attachment of fusion sequences to coiled-coil
proteins affects not only the thermal stability but also the oligomer-
ization state. The monomer status of the pET-20b-HGI D75A and Δ76
mutant also points to the involvement of the C-terminal Asp residues
in self-association. These results, in conjunction with our previously
published data [32], unequivocally establish the role of an electro-
static interaction between K24 of one monomer and D75/76 at the
opposite face of the second monomer in self-association. NMR
analysis of the self-association behavior of snail medic seeds BBI
reveal that the residues involved are localized at opposite faces of the
molecule, having the highest positive and negative potentials [17].
Most of the residues involved in self-association are highly conserved
in BBIs from different seeds. Multiple sequence alignments of legume
BBIs show that if the first reactive site is either K or R, they inhibit
trypsin and tend to self-associate. In elastase inhibitors wherein K/R
is replaced by A, they exist as monomers [32]. The K24A mutant of
rHGI was converted to an elastase inhibitor (Fig. 7C) and, in solution,
was a monomer (Fig. 4C), justifying the previous observation. The
self-association of legume BBIs relate to their function in storage since
such affinity is a requirement for the molecular packing in seeds [19].
The decreased thermal stability of the K24A mutant in comparison to
rHGI further advocates that the dimeric form of the inhibitor is more
stable than the monomer. The dimer HGI-III was also more
thermostable than the monomeric HGGI-III isolated from germinated
horsegram seeds [32].

The BBIs are promising models to study protein–protein interac-
tions and to clearly distinguish between the structural and functional
aspects using recombinant DNA techniques. Data on the cloning and
expression of BBIs are limited. The cloning and heterologous
expression of a functional rHGI provides a platform for production
and systematic alteration of amino acid residues to explore the
stability and mechanism of action and to unveil the fine specificity.
The approach presented in this article has yielded on refolding in
solution a fully active recombinant protein with seven disulphide
bridges. In this study using a site-directed mutagenesis approach, we
have demonstrated that the self-association of HGIs is indeed due to
the electrostatic interaction between K24 of one monomer and Asp75/
76 of the second monomer, in agreement with our previous data [32].
Site-directed mutagenesis to understand the effects of the special
pattern of seven disulphide bridges on the structure and stability of
HGI-III is currently being investigated.
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