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Introduction

Proteinase inhibitors, a promising class of therapeutic 
agents, play a vital role in regulating physiological pro-
teases, which evoke critical pathologic conditions. The 
natural protein-proteinase inhibitors abundant in plant 
storage tissue such as seeds and tubers constitute a part 
of the plant defence system. The Bowman-Birk inhibi-
tors (BBIs), bifunctional inhibitors have been extensively 
studied and their mechanism of inhibition very well 
established1. The entire multigene BBI family and its 
genome organisation in common bean have been stud-
ied2. BBIs distinguish themselves from other protease 
inhibitors by their small size (6000–9000 Da), seven dis-
ulfide bridges and two symmetrical homology domains 
comprising the protease binding sites leading to the 
typical bow-tie motif3. The inhibitory activity is vested in 

the closed nonapeptide loop with residue P1 directing 
specificity and β branched Thr (P2) strongly enhancing 
activity4. Odani and Ikenaka5 bisected the BBI in such 
a way that each half retained its individual inhibitory 
properties. The smallest naturally occurring protease 
inhibitor that mimics BBI by combining size reduction, 
yet retaining biological activity is the sunflower trypsin 
inhibitor6. The BBI-protease interactions are extensively 
reviewed7,8 and several three dimensional structures 
solved9–16.

Considerable scientific interest in BBIs is connected 
with their anticarcinogenic17 and radioprotective effects 
on normal tissues. The possible mechanisms for these 
activities have been ascribed and linked to protease 
inhibition18. BBI concentrate (BBIC) a soybean extract 
enriched in BBI exhibits potent anti-inflammatory 
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effect by inhibiting several human proteases associated 
with inflammation-mediating cells19. BBIC was effec-
tively used in the remission of active ulcerative colitis 
without any apparent toxicity in humans20. Mung bean 
BBI has been shown to inhibit the NS3 protease integral 
to the virus life cycle that causes Dengue hemorrhagic 
fever21. An expressed lentil BBI exhibited antiprolifera-
tive properties in human colon cancer cells22. The anti-
carcinogenic activity of Vigna unguiculata BBI was 
ascribed to apoptosis and permeabilisation of the lyso-
some membrane23. The cancer-therapeutic property 
of BBIs has most often been attributed to the intrin-
sic ability to inhibit serine proteases24. Lanza et  al.25 
showed that the Medicago scutellata trypsin inhibitor 
exhibits anticarcinogenic effects on cisplastin-induced 
cytotoxic breast and cervical cancer cells in the absence 
of any antichymotryptic activity suggesting that anti-
chymotryptic activity is not a strict requirement for 
antitumoral activity17. Considering the positive thera-
peutic benefits of BBIs and their relative stability at 
cooking temperature26 and the acidic digestive system 
in humans27, BBI levels have been determined in com-
mercial foods28.

Only about half of the BBI administered orally is taken 
up into the blood stream via the intestinal epithelial cells 
or crosses the intestinal lumen and distributed through-
out the body29. The molecular mass of BBIs (6000–
9000 Da) is a limitation, as sufficient amounts do not 
reach the organs outside the gastrointestinal tract when 
administered orally, leading to a decreased bioavail-
ability. Engineering BBI to achieve size reduction while 
retaining either the antitryptic or antichymotryptic or 
both by synthetic and combinatorial chemistry are based 
on the structural scaffold of the nine residue cyclised 
loop of the BBI30–33. An important feature of legume BBIs 
is the well defined interaction with the cognate protease. 
Hydrophilic bridges and conformational rigidity are 
characteristic of the narrow specificity of the antitryptic 
domain of BBIs12. The aim of this study is to genetically 
engineer and express the conformationally stable antit-
ryptic domain of a BBI from horsegram (Dolichos biflo-
rus). HGI-III, a 76 amino acid polypeptide is the major BBI 
present in the horsegram seed with potent anti-tryptic 
activity34. Accordingly the anti-tryptic domain (36 amino 
acid residue), a disulfide cyclised loop of molecular mass 
~4240 Da was cloned and expressed in E. coli BL21 (DE3) 
pLysS. Structural and kinetic analysis of this anti-tryptic 
peptide against bovine trypsin and human tryptase are 
reported.

Materials and methods

Materials
Bacterial strains and vectors
Bacterial strain E. coli DH5α was from Invitrogen 
Corporation, Carlsbad,CA; BL21 (DE3) pLysS strain 
and the vector pET20b(+) were from Novagen, Merck 
Specialities Private Ltd., Mumbai, India.

Chemicals
Tryptone-type 1, yeast extract, ampicillin sodium salt 
and isopropyl thiogalacto pyranoside (IPTG) were from 
Hi-Media Laboratories, Mumbai, India, Gel extrac-
tion kit and Taq DNA polymerase were from Qiagen, 
GmbH, Hilden, Germany. Pfu DNA polymerase was 
from Fermentas Life Sciences, GmbH, Hilden, Germany. 
Other restriction enzymes were purchased from New 
England BioLabs Inc., Ipswich, MA. Bovine serum albu-
min (BSA), bovine pancreatic trypsin (2 × crystallized, 
type III, EC 3.4.21.4), L-1-tosylamido-2-phenylalanine 
chloromethyl ketone-treated trypsin, N-α-benzoyl-dl-
arginine-p-nitroanilide (BAPNA) and tryptase from 
human lung (EC 3.4.21.59) were from Sigma-Aldrich, 
St. Louis, MO. Sephadex G-50 was from Pharmacia LKB, 
Uppsala, Sweden.

Oligonucleotides were synthesised by Sigma-
Genosys, Bangalore India. Molecular weight markers 
for sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) were obtained from Bangalore 
Genei, Bangalore, India. All other chemicals used were 
of highest purity.

Methods
Cloning and construction of recombinant plasmids for total 
prokaryotic expression of trypsin inhibitory domain (TID)
The TID of horsegram HGI-III was amplified from 
the plasmid pRSET-rHGI35. Primers designed to 
obtain the open reading frame of 108 bp were HGI-F 
(5′GATCATCATCAGTCAACTGATGAG3′) and HGIT-R 
(5′CTCGAGTTACCTAACGTCCGTACAGCGGCA3′). The 
thermocycling conditions used were initial denaturation 
at 94°C, 5 min; followed by 25 cycles of 94°C, 30 s; 60°C, 30 
s; 72°C, 20 s; in a GeneAmp® PCR system 9700 (Applied 
Biosystems, Foster City, CA). The amplified product was 
separated by agarose gel electrophoresis and purified by 
using a gel extraction kit. The purified amplicon with a 
stop codon was blunt end ligated into the EcoRV site of 
pET20b to generate the plasmid pET20b-recombinant 
TID (rTID). Chemically competent E. coli DH5α cells 
were transformed and clones harbouring pET20b-rTID 
were identified by gel shift assay and HincII digestion. The 
DNA sequence was confirmed by dideoxy sequencing 
using the Big Dye R terminator version 3.1 cycle sequenc-
ing kit (Applied Biosystems).

Expression of rTID
E. coli BL21 (DE3) pLysS transformed with pET20b-rTID, 
was grown overnight at 37°C in Luria-Bertani medium 
(10 mL) supplemented with ampicillin (100 µg/mL). 
Cells (1 mL) were diluted into 250 mL 2YT medium sup-
plemented with ampicillin (100 µg/mL) and incubated 
at 37°C in an orbital shaker (180 rpm) until the optical 
density at 600 nm reached 1.75 ± 0.1. IPTG was added to 
a final concentration of 0.3 mM and the culture further 
grown at 37°C for 4 h in an orbital shaker. The cells were 
harvested by centrifugation at 7650g for 15 min at 4°C. 
The pellet was lysed in 35 mL 0.1 M Tris-HCl pH 8.2 by 
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ultrasonication (Vibracell™, Sonics and Materials Inc., 
New Town, CT). The cell free extract (CFE) containing the 
rTID was further purified.

Trypsin and tryptase inhibitory assay
The amidase activity of trypsin and tryptase and their 
inhibition were assayed using BAPNA according to the 
method of Kakade et al.36 One trypsin/tryptase inhibitory 
unit (TIU) is defined as the amount of inhibitor, which 
reduces the enzyme activity by one unit.

Purification of the pET20b-rTID
The CFE was applied to a Sephadex G-50 size exclu-
sion chromatography (SEC) column (100 × 2 cm) pre-
equilibrated with 0.025 M Tris-HCl pH 8.2 at a flow rate 
of 10 mL/h. Each fraction (2 mL) was assayed for protein 
and anti-tryptic activity. The fractions exhibiting trypsin 
inhibitor activity were pooled, dialysed against water and 
lyophilised.

The lyophilised fraction was dissolved in 0.1% trifluo-
racetic acid (TFA) and purified by reversed phase high-
performance liquid chromatography (RP-HPLC) (Waters 
Symmetry Shield™ RP18 5 µm 4.6 × 150 mm) using a 
binary gradient of 0.1% TFA and 70% acetonitrile in water 
containing 0.05% TFA.

Molecular weight determination
The apparent molecular weight of purified rTID was 
determined by SDS-PAGE37. Ovalbumin (M

r
 45 000), 

carbonic anhydrase (M
r
 29 000), soybean trypsin inhibi-

tor (M
r
 20 000), lysozyme (M

r
 14 500) and aprotinin (M

r
 

6500) were the marker proteins. The gel was stained with 
0.25% coomassie brilliant blue R-250 and destained with 
10% (v/v) acetic acid.

Electrospray-mass spectrometry (ESI-MS) was car-
ried out in the ionisation mode on an Acquity SYNAPT 
HRMS (Waters Associate). The RP-HPLC purified rTID 
was suspended in 50% CH

3
CN containing 0.1% HCOOH 

and directly infused.
SEC 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 pre-equilibrated with 0.1 M 
Tris-HCl pH 8.0 at a flow rate of 1 mL per min and 
calibrated using a mixture of standard proteins, BSA 
(66 000 Da), ovalbumin (45 000 Da), carbonic anhy-
drase (29 000 Da), lysozyme (14 400 Da), and insulin β 
chain (3500 Da).

Inhibition studies
The effect of varying substrate concentration (BAPNA) 
on bovine trypsin in the presence of fixed concentra-
tions of rTID was studied. The modes of inhibition and 
dissociation constants were evaluated from the double 
reciprocal38 and Dixon plot39 of the data.

Stability studies
The purified rTID was dissolved in 0.1 M Tris-HCl buffer 
pH 8.2 and incubated at 90 ± 1°C in a constant tempera-
ture water bath. Aliquots were removed at regular time 
intervals, immediately cooled on ice and assayed for 
residual trypsin inhibitor activity as described above.

Determining the IC
50

 value for tryptase
Different concentrations of rTID were assayed against 
a fixed concentration of human lung tryptase. The IC

50
 

value was determined by plotting log of % residual activ-
ity against varying inhibitor concentrations. The K

i
 was 

also deduced from the IC
50

 value following the equation 
K

i
 = IC

50
/1+ ((S)/Km).

In vitro stability of pET20b-rTID and HGI-III to gastrointestinal 
proteases
The stability of rTID and HGI-III to gastrointestinal pro-
teases like pepsin and pancreatin was studied. The inhib-
itors were incubated with pepsin (1 mg/ mL) for 2 h and 
pancreatin (1 mg/ mL) for 4 h. The reaction was stopped 
by heat inactivation of the proteases. The residual trypsin 
inhibitory activity was determined as described above.

Results

Design of the stable mini inhibitors
The poor bioavailability and high susceptibility to prote-
olysis are significant limitations of BBIs as efficient and 
potent cancer chemopreventive agents. These limita-
tions are attributed due to its fairly large size. The aim of 
this study was to obtain a molecularly pruned inhibitor 
that was stable, yet exhibited trypsin inhibition. HGI-III 
similar to soybean BBI possesses two domains easily 
distinguishable34. Primers were designed to amplify the 
TID of HGI-III comprising loops I and II, this included 
residues 1–36 of HGI-III. A ~108 bp amplicon obtained 
was blunt end ligated to obtain the plasmid pET20b-
rTID (Figure  1). The deduced amino acid sequence of 
the amplicon was commensurate with that of residue 
1–36 of HGI-III in addition to that derived from the 
vector.

Purification and characterisation of rTID
rTID was expressed in E. coli BL21 (DE3) pLysS and solu-
bilised by sonication. The trypsin inhibitory activity of 
the crude cell lysate was 4.7 ± 0.2 × 105 TIU/L culture. The 
inhibitor was partially purified by Sephadex G-50 SEC 
(Figure 2A). Further purification by RP-HPLC (Figure 2B) 
afforded the rTID in an apparently homogenous form. 
The specific activity of the purified rTID was 4.6 ± 0.5 × 103 
U/mg. The apparent molecular mass estimated by SDS-
PAGE was ~4000 ± 1000 Da (Figure 2A inset), which was 
in close agreement to the theoretical molecular mass 
(Figure 2C). The rTID contains in addition to residues 
1–36 of HGI-III two additional residues M&D from the 
vector. ESI-tandem MS indicated that the molecular mass 
of rTID was 4299 Da.
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Inhibitory properties of rTID
The initial rates of trypsin reaction in the presence and 
absence of rTID followed Michaelis Menten kinetics 
(results not shown). The mode of rTID inhibition was 
evaluated from the double reciprocal plots of trypsin 
titrated with different concentrations of rTID. The results 
indicate that rTID is a non-competitive inhibitor (Figure 
3A). The apparent K

i
 from Dixon plots of the same data 

was 3.2 ± 0.17 × 10−8 M (Figure 3B) for trypsin. The reported 
K

i
 of seed HGI-III is 8.7 × 10−8 M for trypsin whereas the 

K
i
 of a refolded rHGI is 6.1 ± 0.13 × 10−8 M35. The K

i
 thus 

establishes a very high affinity between trypsin and 
rTID, close in agreement with the K

i
s reported for other 

legume BBIs, but one order lower than the cyclic SFTI6.
The inhibition of rTID towards human lung tryptase 

was also evaluated. Although BBIs do not commonly 
inhibit human tryptase18 the BBI-derived peptides are 
potent inhibitors of tryptase33. The purified rTID inhibited 
human lung tryptase with an IC

50
 value 3.78 ± 0.23 × 10−7 

M (Figure 4A) and the deduced K
i
 was 2.2 × 10−7 M. 

Preliminary results indicate that rTID inhibits trypsin like 

proteases in the colonal lumen of ulcer patients (data not 
shown).

Thermal stability of rTID
Pre-incubation of rTID for different time periods at 90°C 
had no effect on the trypsin inhibitor activity (Figure 4B). 
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Figure 1.  (A) Pictorial representation of the trypsin inhibitory 
domain (TID) of the bifunctional horsegram BBI (HGI-III). (B) 
Schematic representation of the expression cassette in pET20b 
vector to produce rTID protein. Inset: Agarose gel electrophoresis 
showing 108 bp amplicon of the TID domain. Lane 1: 50 bp DNA 
ladder; Lane 2: PCR amplicon. C: Translated protein sequence 
with the additional residues of the vector.
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These results are in agreement to that reported for the 
legume seed BBIs and also for the seed inhibitor HGI-
III. The remarkable stability of BBIs have been ascribed 
to the conserved array of seven disulfide bonds. In rTID 
two of these conserved disulfides are still intact, which 
plausibly explains the high heat stability.

In vitro stability of rTID to gastrointestinal proteases
rTID was resistant to the digestion of gastrointestinal 
proteases like pepsin and pancreatin or the combina-
tion of both. HGI-III, the seed inhibitor used as a control 
also showed similar results (Table 1). These results are 
in agreement to the other BBI proteins which reach the 
colon in their active form.

Discussion

Physiological proteinase inhibitors are required for the 
precise spatial and temporal regulation of proteinase 
activity. Naturally occurring protein-proteinase inhibi-
tors like BBI therefore find use in therapeutic interven-
tion to limit the activity of proteinases associated with 
disease. Following the recognition that legume BBIs are 
effective in suppressing carcinogenesis in several in vitro 
and in vivo models11, there has been renewed scientific 
interest on these molecules. A goal in BBI research 
has been to reduce their size to minimal structural 
elements yet retaining inhibitor potency and specific-
ity. The growing interest of protein mimicking coupled 
with use of natural scaffolds as templates and capacity 
for diversity in chemical synthesis has resulted in an 
enormous number of synthetic peptide mimics31,33,40,41. 
Horsegram seed HGI-III consists of two similar domains 
each displaying heterologous anti-proteinase activity42. 
The seed HGI-III inhibits trypsin with a K

i
 of 87 nM. A 

functional form of the inhibitor expressed in E. coli is 
equally active against bovine trypsin with a K

i
 of 61 ± 0.13 

nM35. The larger size of BBI inhibitor limits its bioavail-
ability, rendering the requirement for higher doses 
when ingested orally17. Designing smaller versions of 
this inhibitor, comprising only the domain that displays 
either trypsin or chymotrypsin inhibitory activity would 
increase the bioavailability. We therefore designed and 
expressed rTID, a potent inhibitor of trypsin with a K

i
 of 

3.2 ± 0.17 × 10−8 M, and of a much smaller size (~4200 Da). 
This inhibitor was not only smaller but was three fold 
more potent than the seed inhibitor. Very recently a 
similar study on the expression of a 33 residue peptide 
derived from mung bean trypsin inhibitor in E. coli as 
a glutathione-S-transferase fusion protein was reported 
and the equilibrium dissociation constant for trypsin 
was 2.12 ± 0.24 × 10−8 M43, very close to that reported for 
rTID. However the anti-tryptase activity had not been 
studied. rTID not only inhibited trypsin but also inhib-
ited human lung tryptase with a dissociation constant 
K

i
 = 2.2 × 10−7M. Chymase and tryptase are chymotrypsin 

and trypsin like proteases produced and stored in 
human mast cells and released upon degranulation as 
in inflammation. Tryptase is involved in inflammatory 
and allergic disorders, among them asthma, rhinitis, 
multiple sclerosis, psoriasis and rheumatoid arthritis32. 
Soybean BBI is a highly effective inhibitor of chymase 
but not human tryptase. It is opined that the active site 
of tryptase is restricted in some manner so that it is not 
accessible to large protein inhibitors normally effective 
against trypsin-like proteases44. HGI-III which inhibits 
both trypsin and chymotrypsin did not inhibit tryptase. 
The tryptase inhibition by rTID is consistent with the 
reported structural constrains of tryptase44. The smaller 
size of rTID probably allows it to access the restricted 
active site of tryptase, which has an unusual tetrameric 
arrangement with a central pore flanked by active sites. 
Although tryptase is inhibited by the general synthetic 
inhibitors of trypsin like proteases viz di-isopropyl 
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fluorophosphate, phenyl methyl sulfonyl fluoride, these 
compounds are unsuitable for human applications due 
to their toxicity and low stability. Preliminary data sug-
gest that rTID inhibits trypsin like enzymes of human 
colon lumen of patients with ulcerative colitis. This 
result suggests a potential application as a therapeutic 
agent for ulcerative colitis. BBIC is efficacious with high 
trypsin and chymotrypsin inhibitor activity without any 
apparent toxicity for both achieving clinical response 
and induction of remission in patient with active ulcer-
ative colitis20. A leech derived tight binding tryptase 
inhibitor, (K

i
 = 1.4 nM) of 46 amino acids differs from BBI 

in its size45. The N-terminal residue of the larger inhibi-
tors such as bovine pancreatic trypsin inhibitor and 
ovomucoid inhibitor accord a steric clash with insertion 
in the restricted active site of tryptase. The observation 
that rTID inhibits tryptase at the nM level bolsters the 
proposition that insertion of rTID occurs after residue 
174 of tryptase, and thereby inactivating it.

The rTID like the legume BBIs is stable at cooking 
temperature and towards the digestive enzymes found 
in humans and animals. Soybean BBIs are reported to 
survive faecal fermentation and are active anticarcino-
gens46. These properties propagate their use as therapeu-
tics in the diet for treatment of cancer and other related 
inflammatory diseases. Human populations whose diet 

comprises of high concentration of BBI are reported 
to have lower incidences of colon, breast, prostrate 
and skin cancer27. rTID consisting of the nine residue 
loop remains active and is a potent inhibitor of trypsin 
and human tryptase. The K

i
 values indicate that it is as 

potent as the horsegram seed inhibitor and other BBIs. 
The successful expression of rTID in conjunction with it 
being smaller and stable demonstrates the feasibility of 
producing a BBI-derived pharmaceutical for therapeutic 
interventions.
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