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a b s t r a c t

Pin-II protease inhibitors (PIs) are the focus of research interest because of their large structural–
functional diversity and relevance in plant defense. Two representative Capsicum annuum PI genes
(CanPI-15 and -7) comprising one and four inhibitory repeat domains, respectively, were expressed
and recombinant proteins were characterized. b-Sheet and unordered structure was found predominant
in CanPI-15 while -7 also displayed the signatures of polyproline fold, as revealed by circular dichroism
studies. Inhibition kinetics against bovine trypsin indicated three times higher potency of CanPI-7
(Ki � 57 lM) than -15 (�184 lM). Activity and structural stability of these CanPIs were revealed under var-
ious conditions of pH, temperature and denaturing agent. Structure prediction, docking studies with prote-
ases and mass spectroscopy revealed the organization of multiple reactive site loops of multi domain PIs
in space as well as the steric hindrances imposed while binding to proteases due to their close proximity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction dynamics of this class [5,7–10]. However, there have been few
Proteinase inhibitors (PIs) are widely spread in nature and form
complexes with proteases thereby resulting into loss of their pro-
teolytic activity. Serine PIs are well known as plant defense pro-
teins due to their high efficiency in inhibiting digestive proteases
of feeding insects and thus imparting anti-nutritional effects on
them [1–3]. The Potato inhibitor-II (Pin-II) or Pot-II family of serine
PIs, predominantly found in Solanaceae is extensively studied at
gene as well as protein level and its functional co-relation to insect
defense has been established [4]. The striking feature of Pin-II PIs is
the presence of variable number of inhibitory repeat domains
(IRDs) (1–8) forming multi-domain precursor proteins. A con-
served Pin-II PI protein consists of an endoplasmic reticulum signal
peptide of 25 amino acids (aa) followed by variable number of IRDs
of �50 aa which are separated by 5 aa long linkers. The sequence of
IRDs is highly variable; however, the presence of eight cysteines, a
single proline residue and an active site either for trypsin or chy-
motrypsin inhibition is conserved throughout IRDs. The cysteines
are involved in formation of four disulfide bonds, which stabilize
the repeat structure [5,6].

The three-dimensional structures of several Pin-II PIs, single- as
well as two-domain, have been determined either by X-ray crystal-
lography or NMR and these give a good outline of the structure and
ll rights reserved.
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studies on multi-domain inhibitors giving insights into their do-
main orientations, binding to proteases and stoichiometry [5,11].
Possibly because the precursors PIs are processed at linker re-
gion(s) by plant endogenous proteases to release IRD(s) [11], it
has been difficult to characterize the multi-domain inhibitors from
natural plant sources.

Capsicum annuum Pin-II PIs (CanPIs), displaying high isoform
diversity with PIs of 1- to 4-IRDs, have been isolated and character-
ized to assess their defense potential against Lepidopteran prote-
ases [2,12]. In the present study, single domain CanPI-15 (1-IRD)
and four-domain CanPI-7 (4-IRD) were characterized for their pro-
tease inhibitory specificity and inhibition kinetics was studied to
evaluate binding. Transitions in the structure of rCanPIs under
varying conditions were monitored using biophysical techniques.
CD spectroscopy, structure prediction and docking studies ren-
dered insight into the conformational stability and/or flexibility,
structure and binding mechanisms of multi-domain Pin-II PIs,
respectively. We report biochemical and structural reasons for bet-
ter efficiency of multi-domain inhibitors against target proteases
and their high stability imparted by disulfide bonds assigning them
key role in insect control strategies.
2. Materials and methods

2.1. Cloning, recombinant expression and purification of CanPIs

The cDNAs encoding the mature peptide region of CanPIs
(CanPI-15 and -7) were cloned in ligation-independent cloning
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(LIC) compatible expression vector pMCSG7 [13] for recombinant
expression in Escherichia coli. E. coli Origami B (DE3) cells were
transformed with pMCSG7-CanPI-15 and pMCSG7-CanPI-7. Single
recombinant E. coli colonies were initially grown overnight at
37 �C in 10 ml LB medium supplemented with antibiotics (Ampicil-
lin, Kanamycin, and Tetracycline). The pre-culture was used to
inoculate 1 L ‘Terrific Broth’ (TB) medium with appropriate antibi-
otics and allowed to grow until the OD (600 nm) reached 0.6–0.8.
Cells were induced with IPTG (0.5 mM) overnight at 21 �C and har-
vested by centrifugation.

The cell pellet was solubilized in ice cold cell lysis buffer A
(50 mM Tris–HCl, pH 8.0; 300 mM NaCl; 2% glycerol) and disrupted
by sonication (0.5 s pulse with 0.5 s intervals for 10 min) using an
Ultrasonic Disruptor UD-201 (Tomy, Tokyo). The supernatant and
pellets were separately collected by centrifugation for 45 min at
10,000�g, 4 �C (RS-4S rotor, Kubota). The supernatant was loaded
on Ni–NTA resin (Qiagen, Valencia, CA, USA) and purified using
standard affinity chromatography. The fusion protein was eluted
with buffer B (50 mM Tris–HCl, pH 8.0; 300 mM NaCl; 2% glycerol;
250 mM imidazole). The His-tag was cleaved using Tobacco etch
virus (TEV) protease at a protease to target protein ratio of 1:100
(w/w) at RT for 12 h. Additional Ni–NTA purification was performed
to remove the cleaved tag and collect the protein in flow through.
This was applied on Sephadex S-75 for further purification.
2.2. Inhibitory activity assays and kinetic analysis

Inhibitory assays using rCanPIs against bovine trypsin (50 mM)
were performed using chromogenic substrate Benzoyl-L-arginyl-p-
nitroanilide (BApNA) as detailed in Tamhane et al. [14]. Michaelis–
Menton constant (Km) for trypsin was calculated by using various
concentrations of BApNA substrate (1–5 mM). Kinetic properties
(A)

(C)

Fig. 1. (A) Diagrammatic representation of the gene structure of two CanPIs from C. annuu
The IRDs varying in the aa sequence are shown in different colors. Trypsin inhibitory
recombinant CanPI-15 (6 kDa) and CanPI-7 (25 kDa) separated on 15% SDS–PAGE and s
fusion protein eluted with 250 mM of imidazole. Lane 3, purified through Sephadex-75 c
rCanPI-7. (D) Inhibition kinetics of CanPI-15 and -7 against bovine trypsin. The inhib
inhibitors.
of rCanPIs were analyzed over a range of concentration of inhibi-
tors (100–1000 lM). IC50 and Ki values for each inhibitor were cal-
culated from the sigmoid curve and Cheng–Prusoff’s classical
equation, respectively [15]:

Ki ¼ IC50=ð1þ ½S�=KmÞ
2.3. Fluorescence measurements and ANS binding studies

The rCanPI protein samples (100 lg/ml) were incubated in an
appropriate buffer over the pH range of 2–10 for 4 h at 28 �C. The
following buffers (25 mM) were used for these studies: Glycine–
HCl for pH 1–3, acetate for pH 4–5, phosphate for pH 6–7,
Tris–HCl for pH 8–9 and Glycine–NaOH for pH 10–12. Appropriate
aliquots from samples were used to check for TI activity and
fluorescence measurements for binding with 1-anilino-8-naphtha-
lenesulfonate (ANS) were performed on Perkin Elmer LS 50B lumi-
nescence spectrometer at 28 �C. ANS is a hydrophobic dye which
binds to solvent-exposed hydrophobic regions in a protein and
shows increased fluorescence intensity and blue shift in the kmax

of emission [16]. The final ANS concentration used was 50 lM,
excitation wavelength was 375 nm and total fluorescence emission
was monitored between 400 and 550 nm. Slit widths of 7 nm each
were set for excitation and emission monochromators and the
spectra were recorded at 100 nm/min. Reference spectrum of
ANS in the buffer was subtracted from the spectrum of the sample.

2.4. Circular dichroism (CD) measurements

The far UV CD spectra (in wavelength range of 195–300 nm) of
rCanPI proteins (125 lg/ml) were recorded on a J-815 spectropo-
larimeter (Jasco, Tokyo, Japan) at 28 �C in a quartz cuvette. Each
(B)

(D)

m, with their signal peptide (SP), various IRD(s), linker region(s) and the stop codon.
(TI) domains and chymotrypsin inhibitory (CI) domains are marked. (B) Purified

tained with Coomassie Blue R250. Lane 1, wash with 20 mM of imidazole. Lane 2,
olumn. (C) Far UV CD spectra of rCanPIs. Signatures of polyproline fold observed in
ition of trypsin follows a sigmoidal pattern with increasing concentration of the
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Fig. 2. rCanPIs under varying pH and temperature. (A) Percent inhibition of bovine
trypsin by rCanPIs incubated for 4 h in buffers of pH 2–10. (B) Percent inhibition of
bovine trypsin by rCanPIs incubated for 2 h at temperatures 24–99 �C. (C) ANS
binding of rCanPIs after incubation in buffers of pH 2 and 8. Increase in ANS
intensity and blue shift is observed in rCanPIs at pH 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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CD spectrum was accumulated from three scans at 100 nm/min
with a 1 nm slit width, cell path length 0.1 cm and nominal resolu-
tion of 0.5 nm. All spectra were corrected for buffer contributions
and observed values were converted to mean residual ellipticity
(MRE) in deg cm2 dmol�1 defined as

MRE ¼ Mhk=10dcr

where M is the molecular weight of the protein, hk is CD in millide-
gree, d is the path length in cm, c is the protein concentration in mg/
ml and r is the number of amino acid residues in the protein.

The rCanPI protein samples (125 lg/ml) were incubated in
above mentioned buffers of varying pH and used for CD measure-
ments. Temperature effects were monitored by incubating the pro-
tein samples in the temperature range of 24–99 �C for 2 h and
measuring the CD spectra. CD spectra were recorded for protein
samples incubated in 0–8 M GdnHCl for 2 h.

2.5. Structure prediction and assessment for CanPIs

Structure of CanPI-15 was predicted by homology modeling,
based on the �90% sequence identity with chymotrypsin inhibi-
tor-1 structure from Russet Burbank potato tubers at 2.1 Å resolu-
tion (PDB ID: 4SGB_I). 3D structure of CanPI-7 was obtained using
the automated I-TASSER service (http://zhang-lab.ccmb.med.umich.
edu/I-TASSER/) which uses multiple PDB structures depending
on its structural conservation, to model different parts of protein
[17–19]. The best model selected from output based on C-score
was subjected to an energy minimization procedure with GRO-
MOS96 (The PyMol Molecular Graphics System, Version 1.2r3
pre, Schrödinger LLC.) to reduce poor Van der Waals contacts and
correct the stereochemistry of the model. The quality of the model
produced was assessed by checking the protein stereology using
the PROCHECK and the energy was checked by ProSA.

2.6. Macromolecular docking of CanPI-7 with proteases

Docking study was conducted to evaluate the binding confor-
mation and interaction of CanPI-7 with trypsin and chymotrypsin.
Models of CanPI-7 and bovine trypsin (PDB ID: 1S0Q) and chymo-
trypsin (PDB ID: 1YPH) were submitted separately to online server
GRAMMX [20] following the standard protocols. Successively, two
trypsin and two chymotrypsin molecules were docked and ana-
lyzed to study the probable mechanism of binding.

2.7. MALDI-TOF-MS analysis of protease-PI complex

Equimolar amounts of rCanPI-7 and trypsin were mixed and
incubated for 20 min at 37 �C. The mass spectral analysis of the
reaction mix was done on Q-TOF-MALDI-TOF-MS with a standard
instrumental protocol (High Definition Mass spectrometer, Waters
Corporation, Milford, MA, USA). Sample preparation, spectral
acquisition and processing were done as described earlier [12].

3. Results and discussion

3.1. Recombinant expression of CanPIs

The diagrammatic representation of the selected single (CanPI-
15) and multi-domain (CanPI-7) PI genes from C. annuum and se-
quence alignments of the constituent five unique IRDs are shown
in Fig. 1A and Suppl. Fig. 1, respectively. CanPI-15 comprised a sin-
gle trypsin inhibitory domain (TI) while CanPI-7 had two TI and
two chymotrypsin inhibitory (CI) domains. The core reactive site
of an IRD, ‘PKN’ or ‘PRN’ for TIs and ‘TLN’ for CIs confined by two
conserved cysteine residues is marked (Suppl. Fig. 1).
CanPIs being disulfide rich proteins, we chose E. coli Origami B
(DE3) as a host to produce the recombinant proteins [21,22]. Ori-
gami B (DE3) is a modified strain that has mutations in both, the
thioredoxin reductase (trxB) and glutathione reductase (gor) genes
thus maintaining a non-reducing condition in cytoplasm facilitat-
ing the S–S bond formation in the recombinant protein in the prop-
er order. The soluble fraction was purified and final preparations
yielded single protein corresponding to 6 kDa for CanPI-15 and
25 kDa for CanPI-7 (Fig. 1B).

CD Pro analysis of the far UV CD spectrum (Fig. 1C) yielded the
values of secondary structure elements as: a-helix-3.8%, b-sheet-
41.4%, turns-21.2% and unordered-33.4% for CanPI-15. The single
negative band between 208- and 210-nm and the CDPro analysis
validated that the CanPIs were b-sheet rich and unordered proteins
in accordance to the earlier structural reports on Pin-II PIs [5–9].
Interestingly, CanPI-7 exhibited signatures of a polyproline fold
(PPII) structure, bearing a small positive band near 227 nm and a
large negative band between 208- and 210-nm with a cross over
at 223 nm. Typically this kind of structure is adapted by proteins
rich in proline/hydroxyproline but, even sequences not rich in pro-
line can also take up this structure [23,24]. Earlier, several residues
with PPII structure within the long unordered loops in Bowman-

http://zhang-lab.ccmb.med.umich.edu/I-TASSER/)
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Birk protease inhibitor have been reported by Raman optical activ-
ity spectroscopy [25].

3.2. Inhibitory activities and kinetic analysis of CanPIs

Kinetic studies revealed stronger inhibition of trypsin by CanPI-
7 (IC50, 89 lM) than CanPI-15 (IC50, 277 lM). The inhibition of
trypsin followed a sigmoidal pattern with increasing concentra-
tions of the inhibitors (Fig. 1D). CanPI-7 with low Ki (�57.42 lM)
turned out to be a more potent inhibitor and indicated more ‘tight
binding’ than CanPI-15 (Ki � 184.66 lM). CanPI-7 attained higher
inhibition of bovine trypsin at 3-fold lower concentrations than
CanPI-15. This highlights the exponential inhibitory effects that
could be attained by use of multi domain PIs against proteases.

3.3. Stabilities of CanPI-15 and -7 to pH, temperature and denaturing
agents

CanPI-15 and -7 showed structural stability over a wide range
of pH conditions (pH 2–10) while pH 7–8 was the optimum range
for inhibitory activity (Fig. 2A). CanPIs exhibited �10% loss of
inhibitory activity at acidic pH 2. The ellipticity and the minima
at 210 nm, for both rCanPIs at pH 2 and 8, remained unaltered indi-
cating no loss of the native secondary structure (Fig. 3A and B). Fur-
ther, the rCanPIs checked for ANS binding to look for any partial
unfolding of the proteins under acidic pH conditions showed two
times increase in fluorescence intensity at pH 2 (Fig. 2C) with blue
shift of kmax to 500 nm indicating exposure of hydrophobic patches
on the surface of the protein. However, this alteration in the struc-
ture did not seem to affect the activity.

CanPI-7 retained its inhibitory activity even after incubation at
80 �C for 2 h while CanPI-15 began to gradually lose its activity
starting from 60 �C (Fig. 2B). At higher temperatures, beyond
90 �C both the proteins displayed progressive loss of activity
resulting in to complete denaturation. In accordance to the re-
tained activity, both the CanPIs showed 15–25% gradual loss of sec-
ondary structure only from 70 �C to 90 �C (Fig. 3C and D). The
(A) (C)

(B) (D)

Fig. 3. Far UV CD spectra of rCanPI-15 and -7. (A, B) Incubated in buffers of pH 2 and 8. (C
increase in temperature. (E, F) 5 M and 8 M GdnHCl treated rCanPIs. Polyproline fold f
secondary structure is observed for both the rCanPIs in presence of 8 M GdnHCl.
decrease in the positive band at 227 nm observed with increasing
temperature supported the assignment of PPII fold in CanPI-7
(Fig. 3D). The high thermo stability of CanPIs can be ascribed to
the presence of disulfide bonds. The unusual heat resistance of var-
ious proteins has been attributed to the presence of cysteines
resulting in intra-domain or inter-domain disulfide bonds [26,27].

Both, CanPI-15 and -7 showed apparently 50% loss of secondary
structure in presence of GdnHCl from 5 M to 8 M concentration as
indicated by the loss of ellipticity at 210 nm (Fig. 3E and F). CD
spectra of CanPI-15 showed positive band at 227 nm with higher
concentrations of GdnHCl indicating the formation of polyproline
fold (Fig. 3E). This implied that although CanPI-15 did not show
any indication of PPII fold in its native CD profile, it is prone to
adapt such kind of structure under specific conditions. CanPI-7 also
displayed an increase in the positive band at progressively higher
GdnHCl concentrations supporting the earlier hypothesis that for-
mation of PPII like structure is promoted in presence of denaturing
agent [26]. This structural rearrangement is unique and has been
observed in very few proteins like Human tropoelastin, Titin, and
Bowman-Birk inhibitor [24,25].

3.4. Structure prediction for CanPIs

Predicted structure of single domain CanPI-15 was found to be
similar with NMR structure of Nicotiana alata trypsin inhibitor
(1TIH) and forms complex with a single molecule of trypsin [28].
For CanPI-7, we had used de novo protein modeling approach due
to absence of X-ray crystallographic or NMR structure of any four
domain Pin-II PI molecule. I-TASSER used various PDB structures
like 1fybA, 1pjuA and 1oyvI to model specific parts of the query
molecule, all these PDB(s) belonged to structure of Pin-II PIs. The
selected best model (Fig. 4A) had C score of �3.83, Tm
score = 0.35 ± 0.12 and RMSD = 13.4 ± 4.0 Å which are within the
acceptable range for molecular modeling. b-Sheets and unordered
loops were the major secondary structures of CanPI-7. This model
represented the four solvent exposed reactive sites (RL1–RL4) lying
on unordered loops as shown in Fig. 4A. RL1 and RL2 were in close
(E)

(F)

, D) Incubated at varying temperatures. Loss of secondary structure is observed with
ormation was observed in CanPI-15 in presence of GdnHCl. Fifty percent residual
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proximity with a distance of 21 Å while RL3 and RL4 appeared dis-
tant with 48 Å distance. Earlier structural studies on Pin-II PIs had
been limited to two-domain precursors from tomato [10] and have
shown the orientation of the two domains directly facing each
other leading to binding with two protease molecules indepen-
dently. In case of multi domain PIs, the role of interdomain interac-
tions has been speculated as a key determinant of orientations of
the domains relative to each other [5]. The presence of 2–6 TI do-
mains in many Pin-II PIs has suggested the functional significance
of the combination of IRDs within a single PI. It was intriguing to
speculate about the orientation and binding of the four domain
inhibitor as in case of CanPI-7. PROCHECK and ProSA analysis, also
validated that the modeled structure ID was acceptable for the fur-
ther analysis (Suppl. Fig. 2).
Fig. 4. Structure and binding of CanPI-7 with proteases. (A) The predicted structure of C
secondary structural components and the four reactive sites displayed in red color (RL1–R
between the active site loops are marked. (B) Binding of CanPI-7 (shown in green color) w
blue colors, respectively. In docking, close proximity to RSL 1, 3 and 4 was observed w
hindrance. MALDI-TOF-MS spectra displayed formation of bi, tri and tetravalent complex
of CanPI-7 bound to four trypsin molecules could not be detected.
3.5. Probable mechanism of CanPI-7 binding with multiple target
protease molecules

The goal of the initial stage of docking is to generate as many
near-native complex structures as possible. Four complexes (Com-
plex 1 to Complex 4) (Fig. 4B) were obtained from multiple docking
analysis with four trypsin molecules. Complex 1 showed the close
proximity of trypsin molecule with the first reactive loop (RL1)
with distance of 4.6 Å between Ca atom of central residue of RL1
and Ser195 of trypsin. Binding of the first trypsin molecule at
RL1, caused the steric hindrance for binding of the next trypsin
molecule at second reactive loop (RL2) due to their close proximity.
However, the further two trypsin molecules showed close
proximity with third (RL3) and fourth (RL4) reactive loops with
anPI-7 from I-TASSER server displayed b-sheets and unordered loops as the major
L4) lied on exposed loops. CI and TI specificity of the reactive loops and the distances
ith four molecules of trypsin (T1, T2, T3 and T4) shown with brown, gray, orange and
ith trypsin molecules while binding to RSL2 appeared obstructed because of steric
of CanPI-7 with trypsin molecules while peak corresponding to pentavalent complex
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intermolecular distances of 8.1 Å and 10.4 Å, respectively. The
static complex of CanPI-7 representing at least three protease mol-
ecules in close proximity to the RLs, supports its higher potency
corroborating with the enzymatic assays. The peaks corresponding
to bi (48,630 Da), tri (72,001 Da) and tetravalent (95,483 Da)
complexes in mass spectral analysis (Fig. 4B) further confirmed
the predicted binding hypothesis. However, it is likely that both,
the bound and unbound forms of CanPI-7 could exhibit conforma-
tional flexibility within the domains relative to each other or in
reactive site loops, leading to either strong interaction with more
number of protease molecules or lesser than those observed in
the static model of the complex. Molecular dynamic simulations
of each of the complexes or crystal structures would deliver the
dynamic picture of this interaction. Cross reactivity in binding of
trypsin or chymotrypsin molecules to either TI or CI sites was also
observed (Fig. 4B and Suppl. Fig. 3) and suggests that the reactive
site loops retain adequate conformational flexibility to allow rec-
ognition by a variety of protease molecules. PIs being an innate
part of the plant defense strategies protecting them from insects,
fungi and bacteria must have enough variability to interact with
a wide range of proteases they come across.
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