
ORIGINAL ARTICLE

Purification and characterization of a newly serine protease
inhibitor from Rhamnus frangula with potential for use
as therapeutic drug

Abir Ben Bacha1,2 • Ikram Jemel2 • Nadine M. S. Moubayed3 • Imen Ben Abdelmalek4

Received: 23 November 2016 / Accepted: 2 February 2017 / Published online: 8 June 2017

� Springer-Verlag Berlin Heidelberg 2017

Abstract Protease inhibitors from plants are well known

to be potent inhibitors of the growth of bacteria, fungi, and

even certain viruses which make them excellent candidates

for use as the lead compounds for the development of novel

antimicrobial agents for applications in medicine. In this

study, Rhamnus frangula was selected as a protease inhi-

bitor source. The maximum recovery of the protease

inhibitor against trypsin was recorded in the crude extract

made in 0.1 M phosphate buffer (pH 7.0) and isolated from

the mature leaves. Then, the protease inhibitor designated

as RfIP1 was purified to homogeneity by Sephadex G50

with an apparent molecular mass of 22.5 kDa and its

N-terminal sequence exhibited a high degree of homology

with known serine protease inhibitor sequences. The RfIP1

displayed maximal activity at pH 7 and 37 �C. It main-

tained almost 80% of its maximal activity through a large

pH range. The thermo-stability of RfIP1 was markedly

enhanced by BSA, CaCl2, and sorbitol, whereas the addi-

tion of Mg2?, Zn2?, NaTDC, SDS, DTT, and b-ME sig-

nificantly promoted inhibitory activity. The protease

inhibitor displayed high inhibitory activity toward some

known proteases (cathepsin B, chymotrypsin, collagenase,

thrombin, and trypsin) that have more importance in

pharmaceutical industry and it acted as potent inhibitor of

some commercially proteases from Aspergillus oryzae,

Bacillus sp, and Bacillus licheniformis. The protease inhi-

bitor also possessed an appreciable antibacterial effect

against both Gram-positive and Gram-negative bacteria.

Keywords Rhamnus frangula � Protease inhibitor �
Characterization � Purification � Therapeutic proteases

Introduction

Thanks to their utilization in biotechnological and phar-

maceutical industries (Cyran 2002; Ahn et al. 2004; Imada

2005; Robert 2005) as well as their potential as valuable

tools for the study of reaction mechanisms and enzyme

structures, enzyme inhibitors have recently received greater

attention of researchers. Several types of selective and

specific protease inhibitors have been purified, character-

ized, and assessed for their biological potentials. In fact,

Serine Protease Inhibitors have received great interest for

various applications in biomedicine and biotechnology in

addition to its application in protein–protein interaction

studies, focused mainly in therapeutics. Recent findings

have reported proteolysis control as a pharmacologically

efficient tool, using different serine protease inhibitors to

treat infectious and systemic diseases. Potentiality and

therapeutic efficiency of serine protease inhibitors have

been exemplified in treating immune, inflammatory, res-

piratory diseases, AIDS, cardiovascular, and neurodegen-

erative disorders (as Alzheimer disease). Therefore,

protease inhibitors could be useful in drug design to pre-

vent organisms’ propagation that provokes dangerous
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diseases, such as AIDS, cancer, and malaria (Johnson and

Pellecchia 2006).

It is well established that protease inhibitors are capable

to extend the shelf life of various foods produced, as they

can delay their proteolysis by inhibiting the activity of

exogenous and endogenous proteases throughout food

preservation and processing (Reppond and Babbitt 1993).

In plants, protease inhibitors are considered as effective

defense tools due to their antinutritional interaction against

phytopathogens and insects either via inactivating the

hydrolase enzymes or depolarization of plasma membrane

of the pathogens thereby inhibiting its growth and invasion

(Ryan 1990).

Structurally, protease inhibitors belong to various clas-

ses, including cysteine, serine, aspartate, and metallo-pro-

teases based on the active amino acid in the reaction

centers. However, serine and cysteine protease inhibitors

are the most extensively studied ones in plants. Based on

their amino acid sequences, eight classes of plant serine

protease inhibitors were reported (Mosolov and Valueva

2005). Among them, protease inhibitor 1, protease inhibitor

2, and soybean trypsin inhibitor families were well studied

(Kim et al. 2009; Meulenbroek et al. 2012). Almost all the

previously studied serine protease inhibitors are isolated

from Solanaceae, Fabaceae, Euphorbiaceae, Poaceae, and

Cucurbitaceae families.

Rhamnus frangula is a tall deciduous shrub in the family

Rhamnaceae growing to 6–18 feet high on fissures or

slopes in limestone rocks. It is native to northernmost

Africa Europe and western Asia (Hänsel and Sticher 2007).

Previous studies have demonstrated that crude extract of R.

frangula has strong antioxidant, antimicrobial, and free

radical scavenging activities (Manojlovic et al. 2005; Ştef

et al. 2009). Although R. frangula has been known as a

potential source of various bioactive molecules and one of

the most common laxatives, it was not described as a

protease inhibitor source so far. In this context, the aim of

the present study was to screen different parts of R. fran-

gula for protease inhibitors for further evaluation of their

inhibitory activity against some commercially and thera-

peutically important proteases as well as their potential for

use as antibacterial agents in both human health and food

preservation.

Materials and methods

Extraction and recovery of protease inhibitor

Randomly selected barks, fruits, leaves, roots, and seeds of

wild growing plants of R. frangula were collected in

October of 2014 in Riyadh city (Kingdom of Saudi Ara-

bia), washed, air dried at room temperature, and ground.

Extraction was performed by homogenizing 25 g of each

sample in 100 mL of various solutions (0.05 M HCl, 0.2%

NaOH (w/v), 15% NaCl (w/v), 0.1 M phosphate buffer

(pH 7.0), and water. Homogenates were incubated in a

rotary shaker at 200 rpm and at room temperature for 4 h,

filtered and centrifuged at 12,000 rpm and 4 �C for 15 min

(Pichare and Kachole 1996). The protease inhibitor activity

was then assayed in the resulting soluble crude extracts and

the one that support the maximal activity was selected for

further studies.

Protease inhibitor assay

Protease inhibitor assay was performed against trypsin

following the Kunitz method (Kunitz 1947). Briefly, 1 mL

aliquot of a suitable dilution of the extract sample was

mixed with an equal volume of trypsin (1000 units/mg) and

pre-incubated at 37 �C for 15 min. Then, 2 mL of 1%

casein was added and the obtained mixture was allowed to

stand for 30 min at 37 �C. Finally, 2.5 mL of 5% tri-

chloroacetic acid (TCA) solution was added to stop the

reaction. After centrifugation of the reaction mixture

(12,000 rpm, 15 min), the absorbance was measured at

280 nm. One unit of protease inhibitor activity (PIU) was

defined as the decrease by one unit of absorbance at

280 nm of TCA soluble casein hydrolysis product liberated

by the action of trypsin per minute under the standard assay

conditions (Kunitz 1947). The protease inhibitor activity

was also expressed as inhibition percentage which was

determined by comparison with a control experiment for

comparative purposes.

Purification of protease inhibitor

The clear crude extract (80 mL, 15,000 PIU) was frac-

tionated by 30–75% saturation with ammonium sulfate.

The precipitate obtained after centrifugation (12,000 rpm,

30 min) was solubilized in 10 mL of phosphate buffer

(0.05 M, pH 7). The resulting supernatant (10 mL, 11,700

PIU) was then subjected to fractionation using ethanol

(50–90%). Precipitated proteins which contained about

55% of the initial amount of the protease inhibitor were

resuspended in minimum of buffer phosphate buffer

(0.05 M, pH 7), and the obtained supernatant (7 mL,

8190 PIU) was then incubated for 30 min at 70 �C and

centrifuged for 30 min at 12,000 rpm and 4 �C.
Finally, the crude inhibitor preparation obtained (6 mL,

6550 PIU) was applied onto a Sephadex G50 column pre-

equilibrated with sodium acetate buffer (0.1 M, NaCl

0.15 M, pH 5.4). The proteins were eluted using the same

buffer at a flow rate of 0.5 mL/min, and 4 mL fractions

were gathered. The protein elution profile was recorded

spectrophotometrically at 280 nm. Fractions containing
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protease inhibitory activity were analyzed electrophoreti-

cally by analytical polyacrylamide gel (15%) in the pres-

ence of sodium dodecyl sulfate (SDS-PAGE), and pure

active fractions were then pooled, concentrated, and stored

at 4 �C until used for further biochemical characterization.

Protein analysis

Protein concentration was performed according to the

method of Bradford (Bradford 1976). The purified protease

inhibitor was analyzed with 15% SDS-PAGE following the

method of Laemmli (Laemmli 1970). The alkylation of the

cysteine residues of the enzyme was performed as descri-

bed previously (Okazaki et al. 1985). The NH2-terminal

sequence was determined by automated Edman’s degra-

dation, using an Applied Biosystems Protein Sequencer

Procise 492 equipped with 140 C HPLC system (Roissy,

France) (Hewick et al. 1981).

Effect of pH and temperature on the protease

inhibitor activity and stability

Protease inhibitor activity was tested in various buffers at

different pHs (3–13) at 37 �C. The substrate casein (1%)

was prepared in the respective pH buffers as follows:

200 mM sodium acetate buffer (pH 3–5), 200 mM potas-

sium phosphate buffer (pH 6–7), 200 Mm Tris–HCl buffer

(pH 8–9), and 200 mM glycine-NaOH buffer (pH 10–13).

The pH stability of the protease inhibitor was determined

by incubating the enzyme at various pH values ranging

from 2 to 13 for 12 h at 4 �C using the same buffers. The

residual protease inhibitor activity was determined after

centrifugation (30 min at 12,000 rpm) under the standard

assay method. Each measurement was performed in

triplicate.

Furthermore, the optimum temperature of the protease

inhibitor activity was determined by carrying out the

enzyme assay at different temperatures (20–70 �C) at pH 7.

As for the thermal stability, it was studied by incubating

the protease inhibitor at pH 7 and at different temperatures

(30–90 �C) and different time intervals (15 min, 30 min, 1,

2, 3, 6, 9, 12, and 15 h) and measuring the residual activity

with time, after centrifugation (30 min at 12,000 rpm),

under the standard assay method.

Stabilizers influence on theRfIP1thermo-stability

The improvement of thermo-stability of the purified pro-

tease inhibitor at 80 �C was also examined by adding

several thermal stabilizers, such as BSA (1%), CaCl2
(10 mM), cysteine hydrochloride (10 mM), glycerol

(10%), glycine (1 M), PEG 8000 (10 mM), sorbitol (10%),

casein (1%), starch (1%), sucrose (1%), and urea (10 mM).

Samples were incubated for 2 h at 80 �C and then checked

for protease inhibitor activity.

Metal ions influence on the RfIP1 activity

The influence of metal ions on the protease inhibitor

activity was determined by the addition of various divalent

ions (such as Ca2?, Cd2?, Co2?, Fe2?, Hg2?, Mg2?, Mn2?,

and Zn2?) to the reaction mixture at 1 and 10 mM final

concentrations. After incubation for 1 h at 37 �C, the

protease inhibitor activity was assayed under optimal

conditions.

Effect of reducing and oxidizing agents

and surfactants on the RfIP1 activity

Impact of oxidizing agents [dimethyl sulfoxide and

(DMSO), hydrogen peroxide (H2O2), and sodium

hypochlorite (NaOCl) at different concentrations ranging

from 1 to 5% (v/v)] and reducing agents [b-mercap-

toethanol (bME) and dithiothretol (DTT) at different con-

centrations ranging from 0.2 to 1% (v/v)] on the protease

inhibitor activity was examined by incubating the protease

inhibitor with each of these agents for 30 min and then

determining its residual activity. Furthermore, effect of

several non-ionic and ionic surfactants, such as NaTDC,

SDS, Triton X-100, Tween-80, and Tween-20 on the pro-

tease inhibitor activity, was investigated by incubating the

protease inhibitor in the presence of each surfactant for

60 min and estimating its residual activity in the dialyzed

mixture against 0. 1 M phosphate buffer (pH 7).

Effect of RfIP1on some available important

therapeutic proteases

Influence of the studied protease inhibitor on five available

proteases with therapeutic importance, such as Elastase

(Sigma-Aldrich, E8140), cathepsin B (Sigma-Aldrich,

C6286), chymotrypsin (Sigma-Aldrich, C3142), collage-

nase (Sigma-Aldrich, C2674), and thrombin (Sigma-

Aldrich, T7513), was evaluated. These enzymes activities

were determined according to (Kunitz 1947; Fritz et al.

1966; Barrett 1981; Ian 2001) protocols, respectively. The

enzymes’ inhibitions in the presence of RfIP1 were per-

formed by adding the inhibitor (0.25 mg/mL) to the

respective reaction mixture, pre-incubating for 15 min, and

then measuring the remaining enzyme activity. Protease

inhibitor activity of the respective enzyme is expressed in

terms of percent inhibition.
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RfIP1 influence on some available commercially

proteases

The effect of the studied protease inhibitor on six available

commercially proteases activities: esperase (Novozyme,

Sigma-Aldrich, P5860), proteinase K (Sigma-Aldrich,

P2308), subtilisin (Sigma-Aldrich, P5380), and that

obtained from Aspergillus oryzae (Sigma-Aldrich, P6110),

Bacillus licheniformis (Sigma-Aldrich, P4860), and Bacil-

lus sp. (Sigma-Aldrich, P3111) was investigated under the

same conditions. The inhibitor (0.25 mg/mL) was added to

the respective reaction mixture and pre-incubated for

10 min. Then, the residual enzyme activity was assayed as

described elsewhere. Protease inhibitor unit is defined as

the amount of protease inhibitor that inhibited one unit of

respective enzyme activity. The protease inhibitor activity

was also expressed as inhibition percentage which was

determined by comparison with a control assay for com-

parative purposes.

Antibacterial activity of the RfIP1

The antibacterial activity of the crude extract and the

purified protease inhibitor was evaluated against Gram-

positive, Bacillus cereus (ATCC 14579) and Bacillus

subtilis (ATCC 6633), Enterococcus faecalis (ATCC

29122), Staphylococcus aureus (ATCC 25923), Staphy-

lococcus epidermidis (ATCC 14990), and Gram-negative,

Salmonella enteric (ATCC 43972), Pseudomonas aerug-

inosa (ATCC 27853), Klebsiella pneumonia (ATCC

700603), and Escherichia coli (ATCC 25966) strains

using the agar diffusion method (Berghe and Vlietinck

1991). The bacterial strains were cultured in a nutrient

broth for 24 h. Each bacterial suspension (106 CFU,

0.2 mL) was spread on Muller Hinton agar, and pores

were then loaded with 10 ll of the crude extract and the

totally purified protease inhibitor (1 mg/mL). The plates

were incubated overnight at 37 �C. Acetate buffer was

used as the negative control, and ampicillin (10 lg/well)
was used as the positive control. The diameter of zone of

inhibition (mean of triplicates ± SD) as indicated by clear

area which was devoid of microbial growth was

measured.

Bacterial viability was assessed by measuring colony-

forming ability of bacteria incubated in the absence or

presence of the purified RfIP1 for various times. Mixtures

that contained 1 9 2 107 CFU/ml in sterile BHI and the

protease inhibitor at appropriate amount were incubated for

2 h with shaking at 37 �C. At various time intervals,

samples were withdrawn, serially diluted into sterile BHI,

streaked onto media agar plates, and incubated 24 h at

37 �C to calculate the bacterial viability by colony count-

ing. The bactericidal effect of the purified RfIP1 was

expressed as the residual number of CFU with respect to

the starting inoculum and the IC50% (concentration elicit-

ing 50% effect) corresponding to the protease inhibitor

concentration capable of killing 50% of the starting

inoculum.

Results and discussion

Screening for protease inhibitor from different parts

of R. frangula

Proteases inhibitors which are of common occurrence in

plants are generally small proteins that have mainly found

in storage tissues, such as seeds and tubers; however, they

also occur in the aerial parts of plants (De Leo et al. 2002).

In plants, protease inhibitors are also induced in response to

attack by pathogens and insects or injury (Ryan 1990).

They act as anti-metabolic proteins causing the inhibition

of the digestive process of insects (Lawrence and Koundal

2002).

Bark of Frangula alnus Mill. is widely used as laxative

and can be present as constituent of herbal laxative

preparations due to the presence of frangulins, glucofran-

gulins and anthraquinone glycoside derivatives (EMEA

2007; Males and Kremer 2010). Although R. frangula is

known as source of various bioactive substances with

industrial and pharmaceutical applications (EMEA 2007;

Males and Kremer 2010; Kremer and Kosalec 2012), it is

never described as a source of any protein inhibitors.

In the present study, it was noted that among the dif-

ferent parts of the R. frangula screened, mature leaves

(77 ± 3.2% inhibition) showed the highest levels of

inhibition against trypsin activity. However, fruits

(43 ± 5.1% inhibition), seeds (25 ± 4.5% inhibition),

barks (12 ± 2.7% inhibition), and roots (7 ± 1.5% inhi-

bition) showed less amount of trypsin inhibitor activity

(Fig. 1a). These findings may be explained by the fact

that leaves are well known to be the major tissues

attacked by pathogens and pest, thereby indicating a tis-

sue specific expression of protease inhibitors. Further-

more, to select the best method for maximal extraction of

protease inhibitor from R. frangula leaves, various sol-

vents were investigated. As shown in Fig. 1b, the highest

protease inhibitor activity was recorded in the crude

extract prepared in 0.1 M phosphate buffer (pH 7.6)

(86 ± 5.1% inhibition) followed by the one prepared in

distilled water (55 ± 6.1% inhibition). Similar results are

reported for the maximal extraction of proteins from

Moringa oleifera leaves (Bijina et al. 2011) and Cajanus

cajan seeds (Pichare and Kachole 1996). Thus, R. fran-

gula leaves which may be a rich source of protease

inhibitor were considered for further studies.
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RfIP1 purification

The protease inhibitor was extracted and purified form R.

frangula leaves by the three steps procedure detailed in

‘‘Materials and methods’’. The protein elution profile of the

final purification step presented in Fig. 2a showed that the

protease inhibitor activity emerged in a single peak

between 1.4 and 1.7 void volumes (Fig. 2a). The active

fractions analyzed on SDS-PAGE (Fig. 2b) clearly showed

that the protease inhibitor was homogenously purified and

had an apparent molecular mass of about 22.5 kDa. This

result suggested that the inhibitor protein purified belongs

to the Kunitz type of serine protease inhibitor family,

whose members are mostly monomeric or dimeric with a

molecular mass ranging from 18 to 26 kDa (Kunitz 1947;

Macedo et al. 2003).

The purification flow sheet summarized in Table 1

showed that after the Sephadex G-50 gel filtration, a high

recovery yield of 25.7% of the initial protease inhibitor

activity and a purification factor of 80 fold were reached

with a specific inhibitory activity of 1040.5PIU/mg.

Interestingly, reduced and alkylated RfIP1 was completely

inactive and failed to inhibit trypsin which proves that it is

of proteic nature and the protease inhibition is not influ-

enced by other molecules.

The NH2-terminal sequence of the first 33 residues of

the purified protease inhibitor was determined (MKSTIF-

FIFL FCATTTSYLP SLIVDFVLDN NGN) and showed a

significant homology degree with those of the Kunitz

family reported so far (Kunitz 1947; Creighton and Charles

1987; Jofuku and Goldberg 1989).

Effect of pH and temperature on the activity

and stability of RfIP1

The effect of pH on RfIP1 activity and stability is shown in

Fig. 3. The result was a bell-shaped curve showing an

optimal activity (86 ± 2% inhibition) at pH 7 (Fig. 3a).

The activity was found to decrease gradually at higher and

lower pH ranges. Interestingly, it was noticed that the

inhibitor maintained more than 35% of its activity at

extreme pH conditions. Moreover, the purified protease

inhibitor was highly stable at extreme pH conditions

maintaining around 50% of its inhibitor activity when

incubated at pH 3 or pH 11 for 12 h (Fig. 3b). Several

protease inhibitors in the Kunitz family were previously

reported to be stable in the alkaline pH, while they are very

sensitive to acidic pH losing their full activity when incu-

bated at pH values of less than 5 for few minutes (Mello

et al. 2002; Bijina et al. 2011). Kridric et al. suggested that

the functional stability of Kunitz-type protease inhibitors in

the extreme conditions of pH and temperature and when

incubated with reducing agents is probably due to the intra

molecular disulphide bridges (Kridric et al. 2002). The

stability of the protease inhibitor at a large range of pH is

an encouraging and interesting characteristic that can be

exploited in biotechnological and pharmaceutical

industries.

The influence of the temperature on protease inhibitor

activity was also performed using the standard assay.

Obtained result showed that RfIP1 was most active at

temperatures from 20 to 50 �C, with a maximal of

86 ± 3.4% protease inhibition around 37 �C. However, the
protease inhibitor activity decreased of about 50% above

60 �C andis completely lost at 70 �C (5% inhibition)

(Fig. 3c). Similar results were described for almost all

plant protease inhibitors of Kunitz type of serine protease

inhibitor family (Hamato et al. 1995; Bijina et al. 2011).

The thermal stability profile of RfIP1 indicated that the

inhibitor protein retained around 85% of its full activity

when incubated for 30 min at 70 �C (Fig. 3d). However,

more than 60% of its inhibitory activity was lost after

incubation for only 15 min at temperature above 80 �C.
Such high thermal stability may indicate that the protease

Fig. 1 Screening for protease inhibitor from different parts of R.

frangula: a distribution of protease inhibitor in different parts of R.

frangula. b Extraction of protease inhibitor using different solvents.

Data shown are mean ± SD (n = 3)
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inhibitor displays a high intrinsic stability in its native state

as it was previously described for all trypsin inhibitor

family. Ellenreider et al. have demonstrated that the pres-

ence of a protein substance promoted the thermal denatu-

ration of the soybean trypsin inhibitor (Ellenreider et al.

1980). The marked resistance of the purified protease

inhibitor against high temperatures can be considered as an

interesting and promising property for its possible potential

use as therapeutic drug and as seafood preservative.

Stabilizers influence on the RfIP1 thermo-stability

Thermal stability is the most essential feature for

biotechnological application of proteins and its

Fig. 2 Purification of R. frangula protease inhibitor: a Sepahdex-G50
chromatography of R. frangula protease inhibitor. The column

(3 cm 9 120 cm) was equilibrated with sodium acetate buffer

(0.1 M, NaCl 0.15 M pH 5.4). The proteins were eluted using the

same buffer, and fractions (4 mL/fraction) were collected at a flow

rate of 0.5 mL/min. Protease inhibitor activity was measured, as

described in ‘‘Materials and methods’’. Active fractions (30–40) were

gathered. b SDS-PAGE (15%) of pure protease inhibitor. Lane 1

10 lg of protease inhibitor eluted from Sepahdex-G50; lane 2

molecular mass markers (Pharmacia). The gel was stained with

Coomassie blue to reveal proteins

Table 1 Flow sheet of R. frangula protease inhibitor purification

Purification step Total activity

(units)a
Protein

(mg)b
Specific activity

(PIU/mg)

Activity

recovery

(%)

Purification

factor

Extraction 15,000 1150 13 100 1

Ammonium sulfate fractionation (30–70%) 11,700 541 21.6 78 1.6

Ethanol Fractionation (50–90%) 8190 160 51.2 54.6 3.9

Heat treatment 6550 25 262 43.7 20.1

Sephadex G-50 3850 3.7 1040.5 25.7 80

a 1 Unit: one unit of protease inhibitor activity was defined as the decrease by one unit of absorbance of TCA soluble casein hydrolysis product

liberated by trypsin action at 280 nm per minute under the assay conditions
b Proteins were estimated using the Bradford method (13). The experiments were conducted three times
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enhancement is thus desirable to increases its efficiency

(Pandhare et al. 2002). In this context, Jamal et al. reported

that osmolytes, such as salts, polyols, and amino acids, are

capable to stabilize the thermally unfolded proteins and

thereby protecting them against thermal inactivation (Jamal

et al. 2009).

To advantageously enhance the thermal stability of the

purified protease inhibitor at very high temperature, effect

of several additives (such as BSA, CaCl2, casein, cysteine

hydrochloride, glycerol, glycine, PEG 8000, sorbitol,

starch, sucrose, and urea) as thermal stabilizers of RfIP1

was examined at 80 �C. As we can show in Fig. 4, as

compared to the control (in the absence of stabilizer),

almost all the tested stabilizers significantly enhanced

thermal stability and thus inhibitory activity. At 80 �C, the
thermal stability was promoted in the order by CaCl2
(75 ± 3.5% inhibition)[BSA (65 ± 2.3%

inhibition)[ sorbitol (62 ± 3.3% inhibition)[Glycerol

(42 ± 2% inhibition)[ sucrose and starch (*36% inhi-

bition). Glycine and casein (*22% inhibition) moderately

enhance the thermal stability of the RfIP1 at 80 �C, while
cysteine hydrochloride, PEG 8000, and urea did not display

any support of the thermal stability of the RfIP1 under the

same conditions. The significant amelioration of the ther-

mal stability of the protease inhibitor observed in the

presence of Ca2? ions suggested that these ions may sta-

bilize the inhibitor protein through non-specific and

specific binding sites thus preventing the protein unfolding

at higher temperatures.

Metal ions influence on the RfIP1 activity

A wealth of information has been accumulated on the

crucial role of metal ions in sustaining the structural

Fig. 3 Effect of pH and temperature on RfIP1 activity: Effect of pH

on RfIP1 activity (a) and stability (b). Inhibitor activity was assayed

at various pHs against trypsin. For stability studies, the protease

inhibitor incubated at different pHs for 12 h and assayed for residual

inhibitor activity at standard conditions. Effect of temperature on

RfIP1 activity (c) and stability (d). Inhibitor activity was assayed at

various temperatures against trypsin. For stability studies, the protease

inhibitor incubated at different temperatures and drawn at various

time intervals and assayed for residual inhibitor activity at optimal

conditions of pH and temperature. Data shown are mean ± SD

(n = 3)
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integrity of protease inhibitors, such as Mg2? and Zn2?

which maintain the secondary and tertiary structure of

cysteine protease inhibitors. However, the side chain car-

boxylates of aspartate and glutamate amino acids could be

involved in bivalent cations binding to metalloproteins

causing a decrease in the protease inhibitor activity

(Greenwood et al. 2002; Jack et al. 2004).

Effects of divalent metal ions on the purified RfIP1 were

determined at pH 7 and 37 �C. Results are given in Fig. 5

by the addition of different concentrations of divalent metal

ions to the reaction media (Fig. 5). As one can see from

Fig. 5 in contrast to Cd2?, Co2?, Fe2?, and Mn2? which

were not able to support protease inhibitor activity and

caused a notable inhibition between 38 and 73% of the

residual activity, Zn2? and Mg2? ions significantly

improved the RfIP1 activity up to 62 ± 2.8 and

56 ± 3.6%, respectively, when compared to the residual

activity of control at a concentration of 1 mM. Interest-

ingly, the RfIP1 activity was highly enhanced up to

182 ± 4.6% at higher concentration (10 mM) of Hg2?,

while the presence of 10 Mm Ca2? was found to promote

the remaining RfIP1 activity only up to 15 ± 2.3%. Bijina

et al. found that the addition of Zn2? (1 mM) and Hg2?

(10 mM) markedly enhanced the activity of the protease

inhibitor purified from Moringa oleifera leaves (Bijina

et al. 2011). Data obtained in the present study suggested

that metal ions bind to the R. frangula protease inhibitor

and stabilize it spatial conformation.

Fig. 4 Effect of stabilizers on

RfIP1 activity at 80 �C. The
inhibitor activity was

determined under the standard

assay conditions (pH7 and

37 �C) after 4 h of incubation of

the inhibitor protein with

various thermo-stabilizers. Data

are means of triplicate

determinations ± SD

Fig. 5 Effects of different

concentrations of metal ions on

RfIP1 activity. The protease

inhibitor assay was performed at

37 �C and pH 7. The control

represents 100% of the protease

inhibitor activity under the same

condition in the absence of any

metal. Data shown are

mean ± SD (n = 3)
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Effect of oxidizing and reducing agents

and surfactants on the RfIP1 activity

Surfactants and protease inhibitors are generally combined

in cell lysis solutions to maximize membrane protein and

other biological materials solubilization and also to inhibit

undesirable proteolysis. For this reason, effect of surfac-

tants on R. frangula protease inhibitor activity was also

checked and data were presented in Table 2. One can see

that, except NaTDC and SDS, none of the ionic and non-

ionic surfactants tested activated the purified protease

inhibitor. In fact, it was observed that the residual activity

of the RfIP1 was promoted by 82 and 70% compared to

control in the presence of NaTDC or SDS, respectively.

This finding suggested that SDS and NaTDC could act as

stabilizer for the RfIP1 under extreme conditions of pH or

temperature. However, the inhibitor protein lost more than

45% of its initial activity in the presence of Triton X100

and Tween 80, while Tween 20 was able to reduce the

inhibitory activity of the protease inhibitor by only 25%

compared to the control. These observations could be

attributed to a reduction in the hydrophobic interactions.

On the other hand, oxidizing agents checked for their

influence on the RfIP1 activity showed that as the con-

centration of the oxidizing agent tested increased as the

protease inhibitor activity decreased. In fact, as we can see

in Table 2, the protease inhibitor lost 35 or 72% in the

presence of 1 or 5% DMSO, respectively, compared to

control (without any oxidizing agent). Likewise, the RfIP1

activity was reduced by 30 or 72%, respectively, in the

presence of 1 or 5% H2O2, while it was completely lost in

the presence of only 4% NaOCl. This reduction could be

linked to a possible oxidation of the amino acid methionine

at the inhibitor protein reactive site (Johnson and Travis

1979). Furthermore, the effect of two reducing agents on

the activity of protease inhibitor was also evaluated, and

data were shown in Table 2, and it seems that both DTT

and b-ME could enhance inhibitory activity up to 55% at

1% concentration (Table 2). Similar results were reported

for the protease inhibitor from M. oleifera (Bijina et al.

2011) which suggested that, in the presence of reducing

agents, the functional stability of Kunitz-type protease

inhibitors is presumably attributed to the intramolecular

disulphide (Kunitz 1947).

Effect of the RfIP1 on proteases with therapeutic

importance

Serine protease inhibitors are well known to modulate

protease activities and control multiple critical protease

mediated processes, such as fibrinolysis, tissue remodeling

and coagulation (Laskowski and Kato 1980) as well as in

the development of cancer (Koivunen et al. 1991) and the

neurobiology of aging (Higgins et al. 1990). The R. fran-

gula purified protease inhibitor in the present study showed

a significant affinity toward the chymotrypsin, thrombin

and trypsin which are well known for their therapeutic and

pathological importance. Cathepsin B and collagenase also

exhibited a good level of inhibition, whereas no significant

inhibition was recorded toward elastase (Fig. 6). These

finding results corroborate perfectly with those previously

obtained by Bijina et al. that demonstrated the highest

Table 2 Effects of surfactants and oxidizing and reducing agents on

the stability of RfIP1 activity

Detergent components Concentration

(%)

Residual activity

(%)

None 100

Surfactants

Tween-20 1 85 ± 2.5

Tween-80 1 54 ± 2.8

Triton-X100 1 52 ± 1.5

SDS 1 170 ± 2.5

NaTDC 1 182 ± 1.7

Oxidizing agents

Hydrogen peroxide (H2O2) 1 70 ± 4

2 58±

3 41 ± 2.6

4 32±

5 28 ± 2.5

Sodium hypochlorite

(NaOCl)

1 45 ± 1.6

2 29 ± 2.1

3 15 ± 0.5

4 7 ± 0.2

5 0

Dimethyl sulfoxide

(DMSO)

1 35 ± 2.5

2 31 ± 1.4

3 24 ± 0.7

4 19 ± 1

5 15 ± 0.5

Reducing agents

Dithiothreitol (DTT) 0.2 105 ± 2

0.4 114 ± 1.5

0.6 122 ± 2.1

0.8 139 ± 1.8

1 155 ± 3

b-Mercaptoethanol (bME) 0.2 102 ± 0.8

0.4 112 ± 1.2

0.6 129 ± 2

0.8 137 ± 0.5

1 149 ± 1.9

Results are the relative protease inhibitor activity expressed as the

percentage of the maximum activity recorded without the addition of

compound. Data are mean ± SD (n = 3)
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inhibition of Bovine trypsin and chymotrypsin by the M.

oleifera protease inhibitor and also some serine proteases

involved in the blood clotting cascade (Bijina et al. 2011).

The recorded high affinity of the purified RfIP1 leaves

toward thrombin makes it a potential candidate to use as an

anticoagulant agent.

Several reports suggested that cathepsin B is involved in

the invasive process of cancer pathology and is also con-

sidered as the most virulent protease found in several

protozoan diseases, such as Leishmaniasis (Keppler et al.

1985). Keppler et al. demonstrated that cathepsin B is

strongly inhibited by cysteine protease inhibitor in the

cancer cells suggesting that the inhibitor could play a

protective role in the tumor invasion. Mottram et al. sug-

gested that cathepsin L-like and cathepsin B-like, which

are involved in virulence and parasitic growth a promising

and attractive tool for novel chemotherapy for Leishma-

niasis (Mottram et al. 1988). In 2002, Banks et al. have

isolated trypsin/chymotrypsin inhibitor with potent anti-

fungal properties from broad bean (Banks et al. 2002). In

addition, several studies have demonstrated that cysteine

and serine proteases, in particular, reduced fecundity,

delayed development, and growth and may also increase

mortality (Ryan 1990; Oppert et al. 1993; Annadana et al.

2002; Oppert et al. 2003; Azzouz et al. 2005). Thus, the

protease inhibitor isolated from R. frangula could be

developed for use as a possible drug in pharmaceutical

industries and also for the direct application as a biocontrol

agent for the protection of plants against phytopathogenic

fungi.

Effect of the RfIP1 on some commercially important

proteases

The affinity of purified RfIP1 with six industrially impor-

tant proteases was also checked. Data presented in Fig. 6

showed clearly that the commercially proteases obtained

from Aspergillus oryzae (100% inhibition), Bacillus sp

(95% ± 3.5 inhibition), and Bacillus licheniformis

(96 ± 2% inhibition) were almost dramatically inhibited

by R. frangula protease inhibitor. In contrast, a negligible

inhibitory effect was recorded against esperase (11 ± 1.3%

inhibition), proteinase K (17 ± 0.7% inhibition), and sub-

tilisin (9 ± 1.2% inhibition).

It is well established that bacterial and fungal proteases,

in particular those derived from Bacillus isolates, have

potential for biotechnological applications as additives in

different industries, such as pharmaceuticals, leather pro-

cessing and detergents strains (Abdel-Naby et al. 1998;

Mabrouk et al. 1999). Pandhare et al. demonstrated that the

thermal stability of an alkaline protease isolated from

fungus Conidiobolus macrosporous with prospective use in

leather and detergent industries could be improved by a

protease inhibitor isolated from actinomycete (Pandhare

Fig. 6 Inhibitory activity of

RfIP1 activity toward different

pharmaceutically and

commercially important

proteases. Data are means of

triplicate determinations ± SD
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et al. 2002). Hence, authors suggested that binding of

protease inhibitor could prevent the thermal denaturation of

detergent proteases. The fact that RfIP1 did not exhibit any

significant inhibitory effect against detergent enzymes

suggested probable application for R. frangula protease

inhibitor as stabilizer for improving thermal stability of

detergent enzymes.

Antibacterial activity of the purified RfIP1

Several studies have demonstrated that protease inhibitors

suppress the activity of the pathogenic microorganism’s

protease in addition to the alteration of its membrane

permeability, thus suggesting being effective antibacterial

agents (Wijaya et al. 2000; Arulpandi and Sangeetha

2012). In this context, the antibacterial activity of R.

frangula protease inhibitor was evaluated against ten

Gram-negative and Gram-positive bacteria. The antibac-

terial activity on pathogenic strains was determined by

measuring the inhibition zone diameter after the inocula-

tion of bacteria with the purified RfIP1 in Luria broth agar

media and the determination of the IC50% values (Table 3).

Results presented in Table 3 showed that the purified R.

frangula protease inhibitor was as effective as ampicillin,

the reference standard, and exerted appreciable antibacte-

rial effect against both Gram-positive and Gram-negative

bacteria. The highest activity was recorded against both

Bacillus [B. Cereus (26 ± 0.3 mm); B. subtilis

(25 ± 1.2 mm)] and Staphylococcus [S. aureus

(24 ± 1.5 mm); S. epidermidis (23 ± 0.6 mm)] strains

followed by E. faecalis (20 ± 0.5 mm) and E. coli

(15 ± 1.3 mm), while the least activity was against K.

pneumonia (7 ± 0.5 mm), P. aeruginosa (9 ± 1.5 mm)

and S. enteric (8 ± 1.2 mm). However, the crude extract

was less efficient against all the tested Gram-positive

bacteria when compared to the purified protease inhibitor

and had no effect against Gram-negative bacteria used in

this study.

The bactericidal effects of the protease inhibitor were

also studied by investigating viable CFU after incubation

of 108 CFU/ml with different amounts of the inhibitor

protein for 2 h. A significant reduction of the inoculum was

recorded for all tested bacterial strains within 2 h even at

the lowest concentration tested (10 lg/ml) (Table 3). It can

also be noted that at the highest concentration of the pro-

tease inhibitor (50 lg/ml), over 96% of the two Bacillus

strains and L. monocytogene died after 2 h (Data not

shown). The antibacterial effect of the protease inhibitor

was appreciable against E. faecium, S. aureus, and S.

pyogenes, whereas Pseudomonas aeruginosa, Klebsiella

pneumonia, and E. coli required higher amounts of the

inhibitor protein.

The present data are of great importance, especially in

the case of Staphylococcus aureus and Bacillus subtilis,

which are resistant against some antibiotics and synthesize

various enterotoxins that provoke septicemia and enteritis

(Hajji et al. 2010). Arulpandi and Sangeetha (Arulpandi

and Sangeetha 2012) purified a protease inhibitor, named

Table 3 Antibacterial

properties of the crude extract

and the purified protease

inhibitor from R. frangula

leaves against several Gram-

positive and Gram-negative

bacteria

Bacteria strain Inhibition zone (mm) IC50

Crude extract Pure protease inhibitor

Gram?

B. cereus (ATCC 14579) 15 ± 1.8 25 ± 0.3 2

B. subtilis (ATCC 6633) 16 ± 0.5 24 ± 1.2 3

E. faecalis (ATCC 29122) 13 ± 0.5 20 ± 0.5 3

S. epidermidis (ATCC 14990) 15 ± 1.2 21 ± 1.1 5

S.aureus (ATCC 25923) 17 ± 1.6 23 ± 0.6 4

Gram-

E. coli (ATCC 25966) – 11 ± 1.8 11

K. pneumonia (ATCC 700603) – 13 ± 0.7 10

P. aeruginosa (ATCC 27853) – 9 ± 1.5 13

S. enteric (ATCC 43972) – 12 ± 1.2 14

Ampicillin – 26 ± 0.8 2

The bactericidal effect of the protease inhibitor was assessed by measuring the diameter of inhibition zone

(10 lg/well) and the protease inhibitor concentration necessary to kill 50% of the initial inoculum (IC50),

which was deduced from curves obtained from three independent experiments. Ampicillin was used as the

positive reference standard, and acetate buffer was used as the negative control

(-): insensitivity
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fistuli, from Cassia fistula leaves and studied its antibac-

terial activity against Gram? and Gram- bacterial strains.

The efficacy of fistuli was found to be comparable to

streptomycin sulfate used as the standard drug. The purified

protease inhibitor was highly active against B. subtilis,

E. coli, K. pneumonia, and S. aureus. Another trypsin

inhibitor that may possess anti-insecticidal and antibacte-

rial properties was isolated and characterized from the

seeds of C. fistula by Wijaya et al. (Wijaya et al. 2000).

Conclusion

Based on the results of the purification and the biochemical

characterization of RfIP1, we can conclude that the purified

protease inhibitor may have potential for the development

of effective medicament in pharmaceutical industries

against therapeutic serine protease, such as cathepsin B,

chymotrypsin, collagenase, thrombin, and trypsin. Fur-

thermore, this protease inhibitor could become a suit-

able candidate for several biotechnological applications

particularly in food industry, and as a biocontrol defense

protein for the protection of plants against pathogen

infestations. Furthermore, RfIP1 was markedly protected

against Gram-positive and, to lesser extent, Gram-negative

bacteria thereby proving its contribution to the host defense

against serious bacterial infection. Hence, this antibacterial

molecule may also be effective as an alternative source of

antibiotics against pathogen microbial infections.
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