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Impact Of Superstations On Mental Heath Among Female Teachers In Shirpur City 

I. Introduction 
Jahoda (1969) The superstition and luck are one of the factors that affect behaviors and actions of individuals 

and is considered a domain-speciflc concept of sport, academic performance, gambling, wedding etc. Most of the 
positive superstation's are carrying a charm,crossing fingers, touching wood in order to gain good luck and negative sUperstitions on the other hand effects the individual behaviorsin a different way, such as Hindus believe that cutting nails and hair on Saturdays brings bad luck, Sweeping floors in the evening drives away Laxmi from the home,breaking of mirror, The former ones constitute an external reinforcement for individual actions addressed toward the attainment of 
desired goals and successes functional to personal growth, while the later ones are out of personal control reinforcement of behaviors directed toward the avoiding of the bad luck and harmful significances for the individual. 

Sedgwick (1973); Nsereko, (2014) past trends in mental health have pointed out that every culture has labeled its people's mental problems with its own explanation to reflect its general, social and logical concerns. Among these are the Greeks, the Egyptians, medieval England and the present-day states. African societies likewise have also 
described people suffering from psychological disorders in their own views which were closely associated with their 
environment and philosophy of life 

Many people think of mental disease when they hear the term 'mental health'. But mental health is not only an 
absence of a mental illness; mental health is something all of uS want for ourselves. 

II. Literature Review 

Kaur M (2005) study on mental health as related 
to teacher adjustment and found that there is a significant 
relationship between mental health and adjustment of the 
teacher. 

Gupta (1999): study on superstition in comparison to 
professional students. There was no significant difference 
in the superstition behaviors of medical and engineering 
students: male and female professional graduates 
in.Hosteller was found to be more superstition than day 
scholars. 

II. Methodology 
3.1 Objective 

To study and associatesuperstitions in married 
and unmarried female teachers in shirpur 
city. 
To study and associate mental health of 
married and unmarried female teacher in 

shirpur city. 
To find out the associationamong the 
superstitions and mental health of 

femaleteachers in shirpur city. 
To find out the associationbetween the 

superstitions and mental health of married 
female teachers in shirpur city. 
To find out the relationship between 
thesuperstitions and mental health of 
unmarried female teachers in shirpur city. 

3.2 Hypothesis 
There 

-Dr. Bachute Milind Bhagwanrao 
R.C. Patel Arts, Commerce & Science College 

Shirpur, Dist. Dhule 
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no significant difference in 

superstitions of married and unmarried 
female teachers in shirpur city. 
There is no significant difference in themental 
health of married and unmarried female 

teachers in shirpur city. 
There is no significant relationship between 
the superstitions and mental health of female 
teachers in shirpur city. 
There no significant relationship between 

the superstitions and mental health of 
married female teachers in shirpur city. 
There no significant relationship between 

the superstitions and mental health of 
unmarried female teachers in shirpur city. 

3.3 Variable 

2 

Independent Variable: Unmarried female 
Teachers 
Married female Teacher 

Dependent Variable: Superstation 
Mental Health 

3.4 Population: the population comprised of 
married and unmarriedfemale teacher in shirpur city. 

3.5 Sample size: sample size consisted of 60 
femaleteachers in shirpur city. 

Sr. No. Sample 

|Married female teacher 
Unmarried female teacher 
Total 

30 

30 

60 

177 
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3.6. Tools: 

Toble No.l, ShowS mean score of superstition 

omong morried ond unmorried female teacher in shirpur 
city. 

"Superstotion scole by Dr.Dixit and Dr.Dube. 
" Mentol health checklist-by Promodkumar. 
IV. Result 

Superstiticous N 

femole 

teochers 

Morried 30 4,29 10.342.510,05 

Unmorried 
femole 

The toble no 1, above here shows mean scores 
of superstitions among married female teachers are 

Mental 

superstation of married and unmarried female teachers 
differ significantly. Therefore hypothesisone is rejected. 

Health 

Married 

of married and unmarried female teacher in shirpur city. 

female 

30 60.30 12.16 

teachers 

female 
teachers 

S 

30 

No. 

M 

Unmarried 3022.62 5.482.57 

Section Variable 

24.53 5.08 

Levelof 

|Signiflcance 

SD t 

SuperstitioUs 
Mental health 

Table no. 2 above shows the mean scores of mental health of married female teacher are 24.53 and S.D. are 5.08 respectively. Unmarried femaleteachers mean score is 22.62 and standard deviation are 5.48 respectively. Obtained t value is 2.57 is less than table value significant ot 0.05 level. This indicates that married and unmarried female teachers have no significant difference in the mental health in shirpur city. Therefore this hypothesis is rejected. 

Recent Trends In Hunanities 

64.29 S.D. scores are 10.34 respectively, and unmarried between superstitions and mental health of female 
femaleteocher mean score is 60.30 S.D., arel12.16 teachers in shirpur city. Therefore hypothesis3 has no 
respectively. Obtoined t-value is 2.51 more than the significant relationship between superstitions and mental 
toble value is significant at 0.05 level. This indicates health of female teachers in shirpur city so the hypothesis 

Table: 3: Represents the coefficient of correlation between the superstitious and mental health of married and unmarried female teachers in Shirpur city 

60 

60 

Level of 

Significance 
0.05 

Table No.2: Shows the mean scores of mental health Correlationconcerning superstitions and mental health of 
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-0.136 

Superstitlous marrled 
teachers 

is rejected. 

marrled 
Mental health is30 
teachers 

is 30 
female 

Superstltious 
teachers 

female 

Is30 Unmarrled female 

Mental health is 30 
unmarried female 
teachers 

0.133 

Table No. 3 above Section 3a represents coefficient of Correlation between superstitions mental health of female teacher in shirpur city. The rvolue 
is -0.136 present's a significant 

0.21 

the 
und 

but negative relationship 

Table No.3 section 3b represents thecoefficient of 
married female teachers. The r'value is -0.133 shows n sianificantbut negative relationship between superstitions and mental health of marriedfemale teachers in shirpur city. Therefore hypothesis 5has no significant relationship betweensuperstitions and mental health of marriedfemale teacher in shirpur city, so the hypothesis is rejected. Table No.3 Section 3cCorrelation 

betweensuperstitions and mental health of unmarried female teacher'sr-value is -0.21 present's significantof negative correlation. Therefore 5 hypothesis is rejected. V. Conclusion 

There are differences between married 
and unmarried female teacher'ssuperstitioUS 
belief.The married teachershave more 
superstitions than unmarried femaleteachers 
in shirpur city. 
It is ifferent between Married and unmarried 
femaleteacher, they differ signifcanty 
on thescore of mental health. The married 
teacherhas been found to have poor mental 
health than anunmarried female teacher in 

theshirpur city. 
It is significant buthas an inverse relationship 

befween superstitions and mental health of 

female teacher in shirpur city. Score ot 

Superstitions adversely affect the score or 

mental health. 

If is significant buthas an inverse relationship 

178 
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1. 

2 

Reference 

3. 

between superstitions and mental health of 

morried female teacher's in shirpur city. 

4 

It is significant buthas an inverse relatlonship 
between superstition and mental health of 

unmarried teacher's in shirpur city. 

lohoda, G(1969). The Psychology of Superstition. 
Harmons worth, England: Penguin 

loskiran, Manjot (2015) impact of superstation 
ottitude on mental health of female teacher 

Nsereko, D.N. & Musisi, S. (2014). USPPDT 

(University student psychosocial problems 
development theory). Psychology Research, 4. 
259-264. 
Nsereko, D.N. (2014). Evaluating psychosocial 

problems among university students in Uganda: 

Scale development and validation. Unpublished 

Recent Trends In Humanities 

5. 

6. 

7. 

8. 

V'ol- 08, Spectal Isse 09, Mareh 2018, SSN-2230.9578 cdoctoral thesis, Nkumba Unlversity, Entebbe. Nsereko, D.N,, Muslsi, S. & Holtzmen, S. (2014). Evaluatlon of psychos0cial problems Cimong African university students in Ugonda: Development and validation of a screening Instrument. Psychology Research, 2, 112-131. Nsereko, D.N., Muisi, S., Nakigudde, ., & Holtzman, S. (2014). Prevalence, types, distribution, and associations of psychosocial problems among university students in Uganda. International Journal of Research Studies in 

Nsereko, D.N., Musisi, S., Nakigudde, J., & Ssekiwu, D. (2014). Psychosocial problems and development of psychopathology among Ugandan university students. International Journal of Research Studies in Psychology, 3, 3-16 Sedgwick, P. (1973). llness: Mental and Otherwise. The Hastings Center studies. 
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In vitro Hmg-Coa Reductase Inhibitory Effect
and Kinetic Properties of Terminalia arjuna

(Roxb.) Wight & Arn.

MOHINI P. PATIL, SAMADHAN G. PATIL, BHUSHAN S. BHADANE

AND RAVINDRA H. PATIL*

ABSTRACT

Hypercholesterolemia is the leading cause of development of coronary artery
diseases (CADs) and atherosclerosis. HMG-CoA reductase (HMGR) is the
key enzyme in the cholesterol biosynthesis pathway and therefore it is
considered as an ideal target for controlling the endogenous cholesterol
biosynthesis. Several anti-hypercholesterolemic drugs have been developed
which can selectively inhibit this enzyme. However, the associated side effects
and the cost of these drugs have been the main constrain for their clinical
use. In the present study, Terminalia arjuna (Roxb.) Wight & Arn. bark
extract was investigated as an inhibitor of HMGR and its kinetic parameters
were studied in an attempt to explain its hypolipidemic activity. The bioassay
guided fractionation of the crude extract afforded a colorless semisolid
compound that showed highest inhibition in comparison with a standard
inhibitor, Atorvastatin. In the presence of purified fraction, the value of
apparent K

m
 (K

mapp
) was found to be increased whereas apparent V

max
 (V

maxapp
)

remained unchanged. Inhibition constant (K
i
) of purified fraction was found

to be significantly lower than the positive control (atorvastatin). The kinetic
data revealed that the purified fraction was able to inhibit HMGR
competitively.

Key words: HMG Co-A reductase, Terminalia arjuna, Atorvastatin,
Inhibition constant, V

max



2 RPMP Vol. 47—Metabolic Disorders

INTRODUCTION

Use of medicinal plants for the treatment of human illness is as old as
human civilization. India has a vast treasure of medicinal plants and
thousands of species of Indian medicinal plants as well as plant derived
products are known for their ethnomedicinal potential. Plant bioactive
metabolites have various physiological and metabolic effects. Moreover,
plant derived medicine has no adverse effects as compared to their synthetic
counterparts.

From last two decades, plant-derived medicine is used all over the world
for the management of life style related disorders such as type 2 diabetes,
cardiovascular disease and stroke. Hypercholesterolemia is one of the major
contributing factors leading to heart diseases (Dallas, 2001; Patil et al.,
2010). Cholesterol is the important component of the membranes and it
acts the precursor for the synthesis vitamin D and several steroidal
hormones. It is derived from diet as well synthesized by indigenous
biosynthesis. Since, more than two third of the total body cholesterol is
obtained through indigenous biosynthesis, inhibiting the cholesterol
biosynthesis is considered as an attractive target for controlling the serum
cholesterol level. 3-hydroxyl-3-methylglutaryl coenzyme-A reductase
(HMGR, EC 1.1.1.88), is the key enzyme in cholesterol biosynthesis pathway
which carry out conversion of HMG-CoA to mevalonate (Endo et al., 1976).
Statins- the fungal secondary metabolites competitively inhibit HMGR and
they have widely been used as potent anti-hypercholesterolemic drugs.
Lovastatin was the first highly potent inhibitor of HMGR and hence approved
by FDA as a cholesterol lowering drug (Endo, 1979). Success of lovastatin
followed discovery of many synthetic derivatives of statins and their clinical
use has resulted in decrease in the episodes of cardiovascular events and
number of deaths all over the world (Scandinavian Simvastatin Survival
Study, 1994). Despite the potential anti-hypercholesterolemic effects of
statins, some reports demonstrated increase in cancer risk and alteration
in glucose metabolism (Peto et al., 2008). Moreover, Statins are known to
produce significant toxic effects such as liver focal hypoplasia, cataracts,
muscle toxicity and degeneration of central nervous system (Maron et al.,
2000). Presence of HMGR inhibitors is also reported in some natural sources
such as red yeast rice, several chines herbs, vegetables and fruit (Shoichet,
2004; Daidone et al., 2012). The present study aimed to evaluate the in vitro
HMGR inhibitory activity of bark extract of Terminalia arjuna, to discover
anti-hypercholesterolemic drug candidate which is cheaper and safer than
the synthetic drugs. The HMGR inhibitor is purified from the bark extract
by activity guided fractionation and the inhibition kinetics is studied.
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MATERIAL AND METHODS

Plant Material and Extraction

The bark of Terminalia arjuna was collected from the region of Toranmal
hill station area (MS, India). The plant material was identified and
authenticated by expert taxonomist during the flowering and fruiting
condition. Authentication bark and other plant parts were done at
Department of Botany R.C. Patel Arts, Commerce, and Science College,
Shirpur (MS, India) and the voucher specimen was deposited (RCP-02/2016)
in the same department. The bark of plant was thoroughly washed with tap
water, shade dried, and powdered. Shade dried bark powder was subjected
to the solvent extraction with methanol in Soxhlet extractor for 74 hat
65ºC. After extraction, the extract were concentrated using rotary vacuum
evaporator under high pressure to obtain dry residue and stored in
refrigerator until further use.

Bioassay Guided Fractionation

The crude extract of bark of T. arjuna was subjected for bioactivity guided
fractionation using silica gel (60-120 mesh size) column chromatography.
The dried crude extract (~ 50 g) was dissolved in methanol and adsorbed
onto the silica gel and the resulting slurry was air dried, and applied on
packed column (30 cm × 5 cm) which was pre-conditioned with petroleum
ether. The column was eluted with 100% petroleum ether. The polarity of
mobile phase was then gradually increased using petroleum ether and
chloroform with proportion of 9:1, 8:2, 6:4, 1:1, 2:8 (v/v) and finally with the
chloroform and methanol [8:2, 1:1, 2:8 (v/v)]. Various fractions were collected
with size of 5 mL and matched by TLC for homogeneity using different
mobile phases. The fractions having the similar R

f
 values were mixed

together and re-crystallized for further characterization. The tentative
identification of fractions is confirmed by the preliminary phytochemical
screening according to the Wagner and Balt (1996).

In vitro HMGR Inhibition Assay

The activity of HMGR (EC 1.1.1.88) was measured by the method described
in the protocol provided by the manufacturer of HMGR assay kit (Sigma
Aldrich, Saint Louis, MO, USA). Eluted fractions by column chromatography
of T. arjuna extract were screened for in vitro inhibition of HMGR. The
assay was based on spectrophotometric measurement of the decrease in
absorbance at 340 nm, which represent the oxidation of NADPH by the
catalytic subunit of HMGR in the presence of substrate HMG-CoA. Briefly,
the reaction mixture containing, 910 µL assay buffer (1x), 20 µL NADPH,
60 µL HMG-CoA and 5 µL HMGR (0.6 mg U/mL). Atorvastatin was used as
standard inhibitor.The solution was mixed immediately and assayed for
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decrease in absorbance at 340 nm at the interval of 20 second up to 10 min
using a Bio-Cell adapter placed in microplate reader carrier (Biotek,
Winooski, VT, USA). The inhibition of HMGR was recorded with and without
fractions. The HMGR activity was expressed as U/mg protein which converts
1 µ mole of NADPH to NADP+ per one min at 37oC and pH 7. The enzyme
activity was calculated using following formula-

340 340nmnm
( A /min Test A /min Blank) (1)

Enzyme Units/mL
(12.44) (0.005)

D - D ´
=

Where, 1= Total volume (in mL) of reaction mixture, 12.44 = Micro molar
extinction coefficient of NADPH at 340 nm, 0.005 = volume (in mL) of enzyme
used in an assay. All experiments were conducted in triplicate and the data
were analyzed by using Simultaneous Nonlinear Regression (SNLR) method.

Kinetics of HMGR and Its Inhibitors

The initial rate of enzyme catalyzed reaction was calculated by Michaelis-
Menten equation. K

m
 and V

max
 were obtained from Linewaver-Burk double

reciprocal plot. Other kinetic parameters viz; inhibition constant (K
i
) of

crude extract of endophytic fungi and Orlistat standard were determined
using Dixon plot (1/v versus [I]) plot. Turnover number (K

cat
) was calculated

as V
max

/E
t. 
The specificity constant was expressed as K

cat
/K

m
.

Statistical Analyses

All the kinetic parameters of enzyme HMGR and its inhibitors were obtained
by simultaneous non-linear regression analysis using the Sigma plot 12
software (Bangalore, India). Each point in the graphs represents the mean
± standard errors of three separate experiments.

RESULTS AND DISCUSSION

The fractions obtained by activity guided fractionation were evaluated for
inhibition of HMGR. The kinetic parameters were studies using a single
substrate-single inhibitor approach, whereas, the mode of inhibition was
studied by Lineweaver-Burk double reciprocal plot and Dixon plot. The
HMGR followed Michaelis-Menten kinetics when HMG-CoA is used as a
substrate (Fig. 1A). However, in presence of inhibitor, a dose dependent
decrease was observed in initial velocity (Fig. 1B).

The Lineweaver-Burk shows no change in the intercept of axis of 1/v as
function of increase in inhibitor concentration (Fig. 2A). The inhibition
constant (K

i
) of the purified fraction of T. arjuna bark extract and atorvastatin

standard was found to be 6.19 ± 0.71 µg/ml and 6.95 ± 0.98 (nM), respectively.
(Fig. 2B, Table 1).
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Fig. 1: Substrate-Velocity (Michaelis-Menten) curve of enzyme HMGR in the
absence of inhibitor (A) and in the presence of inhibitor (B).

Fig. 2: Competitive inhibition of HMGR by T. arjuna fraction. (A) Lineweaver-
Burk and (B) Dixon plot.
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The fractionated compound as well as atorvastatin standard showed
increase in apparent K

m
 while apparent V

max
 remained unchanged. The

specificity constant (K
cat

/K
m
) for purified fraction and atorvastatin standard

was found to be 0.43 and 4.2 × 10-3, respectively (Figs. 3A and B, Table 1).

Fig. 3: Competitive inhibition of HMGR by atorvastatin standard. (A) Lineweaver-
Burk and (B) Dixon plot.

Table 1: Kinetic parameters of HMG Co-A reductase in the presence and absence of
inhibitors

Parameters No inhibitor T. arjuna fraction Atorvastatin

k
m 

(
µ
M) 12.15 ± 1.34 n/a n/a

V
max

 (µmole/min) 91.56 ± 2.81 n/a n/a
K

mapp 
(

m
M) n/a 16.3 77.99

V
maxapp 

(µmole/min) n/a 92.85 0.199
K

i 
(µg/ml) n/a 6.19 ± 0.71 6.95 ± 0.98 (nM)

K
cat 

s-1 9.32 ± 0.42 7.16 ± 0.0.46 0.333 ± 0.01
K

cat
/K

m (min-1 mM-1)
0.74 0.43 4.2 × 10-3

type of inhibition n/a competitive Competitive
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All tested concentration of fractionated compound and atorvastatin
(standard) inhibited HMGR in a dose dependent manner. The enzyme activity
in presence of purified compound was found significantly lower (P <0.05)
than control (without inhibitor). Moreover, the IC

50 
of fractionated compound

was found comparable with atorvastatin (data not shown). The kinetic study
revealed that the fractionated compound from the methanol extract of T.
arjuna bark inhibited the HMGR in a competitive way.

Increased level of serum cholesterol increases the risk of CHDs several
fold. Statins are widely prescribed for controlling the hypercholesterolemia
but use of statins has several undesirable side effects (Peto et al., 2008).
They are known to produce significant toxicity. The toxic effects include
increases in hepatic transaminases, atypical focal hyperplasia of the liver,
cataracts, vascular lesions in the central nervous system (CNS) and skeletal
muscle toxicity (Maron et al., 2000). Moreover, inhibition of HMGR using
other inhibitors affects synthesis of other nonsterol isoprenoids which play
important role for normal function of the cell (Endo, 1992). Use of medicinal
plants and plant derived products for health management is the imperative
part of our tribal culture. A number of natural products have been screened
as HMGR inhibitors and their efficiency was validated in vitro as well as in
vivo. Lin et al. (2015) demonstrated the HMGR inhibitory effect of curcumin
and salvianolic acid C with an IC

50 
values comparable to the standard. Long-

chain primary alcohols such as policosanols, is shown to decrease serum
cholesterol in animals and in humans (Singh et al., 2006). Various parts of
T. arjuna such as the bark, leaves and fruits have been used in indigenous
system for curing a number of ailments (Warrier et al., 1996). The bark is
said have aphrodisiac, expectorant, tonic, styptic, antidysenteric, purgative
and laxative and cardioprotective effects (Gupta et al., 2001; Patil et al.,
2010). Traditionally, an alcoholic decoction of its bark was widely prescribed
(Nadkarni and Nadkarni, 1954; Warrier et al., 1996). It has hypolipidemic
activity, as well as it is used as a cure for congestive heart failure, CHDs,
myocardial necrosis, angina, atherosclerosis and ischemia-reperfusion injury.
(Dwivedi and Agarwal, 1994; Gauthaman et al., 2001). The terpene glycosides
of the bark extract such as arjunin, and a lactone, arjunetin (Honda et al.,
1976) and flavonoids like arjunolone, flavones, bicalein and quercetin have
been characterized for various biological activities (Sharma et al., 1982).
However, to the best of our knowledge, this is the first report on HMGR
inhibitory activity of T. arjuna.

CONCLUSION

Management of hypercholesterolemia through new potent inhibitors is of
high priority among researchers worldwide. However, the life style-related
diseases such as CHDs and atherosclerosis are preventable. Medicinal plants
serve as potential source of bioactive metabolites for the treatment of CHDs.
However, their structural characterization, standardization and mode of
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action are necessary for their clinical use. High-throughput in vitro and in
vivo screening of natural products can be an efficient strategy to discover
new specific inhibitors of HMGR that can lead to develop a drug candidate
for hypercholesterolemia. Also, there is a renowned interest among the
people for plant derived medicine all over the world. Thus, the therapeutic
benefits of plant based metabolites should be the focus of our current drug
discovery efforts studies (Stravic, 1994; Corson, 2007).
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INTRODUCTION

Biochemical reactions in living systems are catalyzed by a series of enzymes

and are tightly controlled by specific protein and nonprotein enzyme inhibi-

tors. Enzyme inhibitors bind to an enzyme and arrest its catalytic action [1],

which make them useful tools in the study of enzyme structures and reaction

mechanisms and their applications as therapeutics in medicine and biocontrol

agents in agriculture [2–6]. Proteases play a major role in the posttranslational

processing of proteins, protein catabolism, and various pathological processes,

and therefore, they become a natural target for protease inhibitors (PIs). Sev-

eral natural, specific, and selective PIs are now known as major regulating

proteins to control proteolytic activity in all life forms [7]. PIs find diverse

applications in diagnostics and therapeutics, to treat various microbial
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[hepatitis, herpes, AIDS, aspergillosis], mortal (arthritis, muscular dystrophy,

malaria, cancer, obesity), neurodegenerative, and cardiovascular diseases [8].

In addition, they are indispensable tools to use to (1) study enzyme structure;

(2) control herbivorous pests and fungal, postharvest microbial infections

[9–11]; (3) stabilize proteases in commercial products [12]; (4) prevent unde-

sired proteolysis during heterologous expression of protein extraction; and

(5) prolong the shelf life of many proteinaceous types of seafood [13]. The

discovery of PIs in plants displaying specific inhibitory activities against

digestive enzymes of insects drew attention to controlling phytophagous

insect pests and pathogen (fungal) invasion through antinutritional interac-

tions and losses in crop yield and quality [14]. The proven biocontrol activity

of PIs against plant pathogens and herbivorous pests [11] may help to curtail

extensive chemical pesticide use, eventually reduce heavy losses in crop

yield, and improve the quality of agricultural produce [15]. At present, there

are several small PIs for each mechanistic class of proteases [serine, cysteine,

aspartyl, and matrix metalloproteases (MMPs)] identified from plants, animals

[16,17], and microbial sources [18–20]. The majority of PIs come from plants,

and a few have animal origins; they (1) exhibit limited specificity, (2) inhibit

only proteases (trypsin) belonging to a single mechanistic class, (3) bind and

block access to the active site of target proteases and do not bind in a strictly

substrate-like manner, (4) insensitive to the pH range 2–10 with varying thermo-

stability [21], (5) show poor structural stability in a variety of environmental

conditions, (6) accumulate at high concentrations in tissue in response to wounds

(10% of the total proteins) [22], (7) function as defense agents to protect plants

from invading pests [23], (8) exhibit competitive inhibition, and (9) require more

space, time, and cost to obtain in a pure form because a long duration is required

for the cultivation/growth of plants and animals.

The application of PIs from bench to business for agriculture/biotechnology

purposes depends on (1) structural stability under a range of environmental con-

ditions, including pH and high affinity for various digestive proteases of pests

[16,22]; (2) rapid binding to their target protease(s) to form a tight complex

with an association rate constant (Kass) of >105 per M and a binding constant

Ki of <10�9M [24]; (3) broad specificity toward the major mechanistic classes

of proteases; (4) the capacity to function even in low concentrations; and (5)

economical production. Microorganisms are a low-cost source of PIs due to

their rapid growth and mass production by simple-medium engineering, greater

diversity in inhospitable environments, amenability for genetic modification for

overproduction or overexpression in transgenic plants, and resistance to proteo-

lytic cleavage [19,25,26].

Many microbes from a variety of types of ecological habitat, such as terres-

trial, marine, and soil, have been reported for a number of low-molecular-weight

protein and nonprotein inhibitors [27]. The periplasmic space in Escherichia coli
contains ecotin, which inhibits trypsin, elastase, and chymotrypsin [28]. The

majority of extracellular protein inhibitors of alkaline proteases have been
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produced by the genus Streptomyces [29]. The first Streptomyces subtilisin

inhibitor (SSI) was reported as being derived from Streptomyces albogriseolus;
thereafter, various Streptomyces species have been reported to produce similar

SSI-like proteins, which are now classified as being in the SSI family [29].

In addition to being a potent low molecular weight plasmin inhibitor, plasmi-

nostreptin from Streptomyces antifibrinolyticus [30], trypsin inhibitors from

Streptomyces lividans and Streptomyces longisporus [31], transglutaminase-

activating metalloprotease inhibitors (MPIs) from Streptomyces spp. [32], and

kexstatin from Streptomyces platensis [33] have been isolated. These PIs in

microbes probably have evolved as a protective mechanism in all habitats,

including inhospitable ones. Microbes represent a preferred source of natural

PIs to understand inhibitor-enzyme interactions for applications in agriculture,

therapeutics, food industry, and other environments. The current fermentative

production of PIs using microbes suffers from lower yields, cost-intensive pro-

cesses, and difficulties in recovery, thereby preventing its wide use for bench-

to-business scale-up. Various statistical tools for media optimization can be

meaningfully utilized for yield enhancement of PIs from microbial sources.

Marathe et al. [5] reported a >30% increase in yield with a PI by optimizing

various culture conditions through Plackett–Burman design (PBD) and the

response surfacemethod (RSM) using a central composite design (CCD) by Strep-
tomyces sp. isolated from soda lake Lonar. Alternatively, large-scale production

of PIs using recombinant techniques is possible, but target PI accumulates and

precipitates in host cells as inclusion bodies, resulting in low recovery.

PROTEASES, THEIR OCCURRENCE, AND THEIR SIGNIFICANCE

Proteolytic enzymes are the largest functional group of proteins (there are

>560) that play crucial functions in all plants, animals, and microbes, as well

as archaea [34,35], and they constitute 1%–5% of the gene content [35]. There

are about 100 protease genes in bacteria and archaeal genomes, while there

are 400–700 protease genes in plant and mammalian genomes, suggesting

the complexity in their biological functions [36]. Proteases require a water

molecule for limited and unlimited proteolytic cleavage, and hence they are

classed as hydrolases. Proteases are indispensable for the survival of all life

forms because of their involvement in many complex physiological and path-

ological processes [37].

Serine proteases represent one-third of the total proteases, followed by

metallo, cysteine, aspartic, and threonine proteases. The information on

proteases is furnished in several databases, such as MEROPS (Release 9.5, July

2011), a database of proteolytic enzymes; (2) Degradome [38]; and (3) Proteol-

ysis map (PMAP) [39]. Each class of proteases shows a different type of catalytic

mechanism based on its members’ active site configuration. The classification

and properties of some proteases, according to the International Union of

Biochemistry and Molecular Biology (IUBMB), are summarized in Table 6.1.
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TABLE 6.1 Properties of Proteases Categorized on the Basis of Catalytic Mechanisms (IUBMB)

Sr. No. Type Source

MW

(kDa) pH Temperature (°C)
Catalytic

Residues References

Serine protease (EC 3.4.21)

1. Chymotrypsin Manduca sexta 23.6 10.5–11 40 Ser195, His57,
Asp102

Polgar [40]

2. Trypsin Streptomyces griseus 22.8 2–10 37 Arg, Lys Read et al. [41]

3. Plasmin Homo sapiens 75.4 4–5 65 Lys, Arg Robbins et al. [42]

Cysteine/thiol protease (EC 3.4.22)

1. Papain Carica papaya 23.8 6.5–7.5 20 Cys25, His159, and
Gln19

Domsalla et al.
[43]

2. Cathepsin B Homo sapiens 24.5 7.5 42 Cys25/29,
His159/199, and
Asn175/219

Fabra et al. [44]

Aspartyl protease (EC 3.4.23) or acid protease

1. HIV 1 protease HIV 1 10.87 3.4–7 60 Asp Bandaranayake
et al. [45]

2. Pepsin A Aspergillus oryzae 39.4 3–6 55 Asp32, Asp 215 Davidson et al.
[46]



Metalloprotease (EC 3.4.24)

1. Deuterolysin Penicillium
roqueforti,
P. caseicolum

20.0 5 37 Asn3, Gln, and
Gly8

Gripon et al. [47]

2. Thermolysin
(Zinc protease)

B. stearothermophiles 34.6 7 65 Ile, Pro Titani et al. [48]

Glutamic acid protease (EC 3.4.23)

1. Glutamyl
protease

Stylidium lignicola 21.00 4.5 37 Ala-Ile-His Fujinaga et al. [49]

Oda et al. [50]

2. Glutamyl
endopeptidase II

Streptomyces griseus 22.0 8.8 — Glu, Asp Yoshida et al. [51]

Threonine protease (EC 2.3.1.35)

1. Ornithine
acetyltransferase

Saccharomyces
cerevisiae

31.0 7.5 20–65 Ser-His-Asp Sankaranarayanan
et al. [52]

2. Threonine
protease

Archaebacteria — — — Ser195 Baird et al. [53]



The requirement of proteases for cellular and physiological processes in each

life form is unavoidable. They have been detected in plants, such as papain,

bromelain, ficin, and keratinase; in animals, such as trypsin, chymotrypsin,

pepsin, and rennin; and in microbial systems, such as bacterial proteases, fungal

proteases, actinomycetal proteases, and viral proteases [34]. The proteases in

each life form contribute significantly to cellular physiological processes

(namely, tissue differentiation, tissue arrangement, morphogenesis in develop-

ment, cell growth and migration, blood clotting, controlled cell death); proteo-

lytic activity during tumor growth and metastasis; and tumor invasion or

invasion processes of pathogens and viruses. Additionally, proteases are

involved in the release of hormones, activation of enzymes by limited proteoly-

sis, transport of secretory proteins across cellular membrane, and protein metab-

olism. Thus, proteases are crucial in several metabolic processes of all life forms

to control the synthesis, turnover, and functions of proteins [54]. Because uncon-

trolled protease activity can lead to serious malfunctions, it must be precisely

regulated. Proteases in biological systems are generally regulated either by deg-

radation or by binding with inhibitor molecules [19].

PROTEASE INHIBITORS

Protein PIs are a class of low molecular weight polypeptides that act as natu-

ral antagonists of proteolytic enzymes and are responsible, either directly or

indirectly, for all functions, including cell growth, apoptosis, protein turnover,

and cell migration, in all life forms [55,56]. PIs were first reported by Fermi

and Pernossi [57], and since then, they have remained key molecules on sev-

eral fronts [58]. Most PIs are small molecules (5–25kDa) and contain many

disulfide bonds [59]. The majority of these substances produced by Strepto-
myces spp. are serine protease inhibitors (SPIs), such as leupeptin, antipain,

chymostatin, and elasnin [7]. PIs interact with protease active sites by contact

and form stable complexes by mimicking the structure of the tetrahedral inter-

mediates in enzyme-catalyzed reactions [60,61]. The specific inhibition

potential of PIs enables them to unravel enzyme structures and pathways of

enzyme catalysis, indicate the nature of active site-functional groups and their

contribution to the stabilization of active site configuration, and establish

enzyme substrate specificity, as well as their reported applications in the man-

agement of pests and human diseases and food processing and other allied

industries, as mentioned in the section “Introduction”.

CLASSIFICATION OF PIs

Natural PIs are ubiquitous, and many of them have been isolated from a wide

variety of animals, plants, and microbes [62]. They are grouped based on the

kind of protease that they inhibit. Accordingly, there are six types of PIs: MPIs,

SPIs, cysteinyl protease inhibitors (CPIs), aspartyl protease inhibitors (APIs),
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glutamate protease inhibitor (GPIs), and threonine protease inhibitors (TPIs).

These PIs are either emergency or regulatory inhibitors [61]. Emergency phys-

iological inhibitors block any protease activity [63], while regulatory ones

are colocalized with protease and perform specific actions. The latter are further

grouped into four types: threshold inhibitors, buffer-type inhibitors, delayed-

type inhibitors, and proinhibitors. PIs are also classified based on their mecha-

nism of action, such as suicide inhibitors, transition state inhibitors, and protein

protease inhibitors and chelating agents [64]. At present, PIs are grouped into

71 families based on 17,451 inhibitor sequences [65], each having a different

molecular weight and mechanism of inhibition. Each family is further grouped

into 39 clans based on their tertiary structures. The family is identified by the

letter I followed by a number, and clans by two letters (namely, I or J followed
by another letter) [65]. About 634 protein PIs have been reported from viruses

to animals [14–39,54–66]. Of the 71 families, 27 include PIs from microbes and

fungi, 7 (I10, I16, I36, I38, I57, I58, and I69) have PIs exclusively of bacterial

origin, and 5 (I34, I48, I66, I79, and I85) have PIs of fungal origin [65].

Serine Protease Inhibitors

SPIs represent the largest family of PIs that bind to target proteases by covalent

bonding [67]. Of the 71 families of PIs, 16 are of SPIs based on the sequence

similarity, topological similarity, and binding mechanism [55]. The greater pro-

portion of SPIs among the total PIs may be attributed to the fact that there are

>26,000 serine proteases belonging to 13 clans and 40 families [68]. Several

SPI families are isolated from plants, animals, and microorganisms [69], of

which serpins and the Kunitz type represent the largest families. The majority

of SPIs display the standard mechanism of inhibition and bind to protease to

form a typical Michaelis complex. However, the Kcat and Km levels for the inhi-

bitors are lower than those for normal substrates, indicating slow hydrolysis of

the reactive site’s peptide bond. Hence, SPIs mostly display biopesticidal

[14,16,70] and antibacterial activities (e.g., beta lactam [71] and anticarcino-

genic) in various in vivo and in vitro systems [72].

The SSI of Streptomyces strongly inhibits both subtilisin and trypsin. It

exists as a dimer of two identical subunits of 11.50-kDa proteins [73] and is

stable under edaphic conditions [74]. Each subunit has one Trp, three Tyr,

and two intrachain disulfide linkages. SSIs occur at high frequency, and about

14 of them have been characterized to date from various Streptomyces spp.

[75]. The prevalence of SSIs in significant numbers suggest that they might

be involved in important physiological functions. The reactive site of an SSI

contains methionine (Met73) and valine (Val74), but tyrosine, tryptophan,

and lysine were not found to be involved in inhibition [76]. SSIs bind to sub-

tilisin and form a typical Michaelis complex [77]. In a recent study, arginine

was found to be crucial for this activity, as PIs isolated from a Streptomyces
sp., lost almost all their activity in the presence of chemicals that specifically
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modify it [4]. The presence of arginine at the active site is a characteristic

feature of the Streptomyces trypsin inhibitor and the trypsin inhibitor family

[31,78].

Cystatin Superfamily

The members of the cystatin family were first isolated from egg white and the

leaves or seeds of rice, corn, soybean, cowpea, and Chinese cabbage [79,80].

They also are found in animals and microorganisms [81]. The cystatin PIs

have been suggested as part of a plant’s defense mechanism against insect

attack [80]. Most cystatins are small proteins of molecular mass ranging from

11–16kDa [82]. The four families of cystatin are family-1 cystatins (stefin

family), family-2 cystatins (cystatin family), family-3 cystatins (kininogen

family), and family-4 cystatins (phytocystatins) [83].

Aspartyl Protease Inhibitors

The APIs are relatively uncommon and include cathepsin D. They have a

molecular mass in the range of 20–22kDa and contain up to two disulfide

(S–S) bonds [84]. An low molecular weight pepstatin isolated from various

species of Streptomyces spp. is a specific inhibitor of pepsin [8]. Pepstatins,

pepstanones, and hydroxypepstatins perform identical activities against pepsin,

cathepsin D, and rennin. In contrast, pepstatin inhibits the growth of Plasmo-
dium berghei and murine sarcoma virus [85].

SOURCES OF PIs

The specific inhibition and control over unwanted proteolysis enable PIs to play

key roles in the physiological regulation of plants, animals, microbes, and

archaea [86]. To date, many PIs have been purified from a variety of plant, ani-

mal, and microbial sources.

Plant PIs

Plant PIs are abundant in the seeds of monocots, dicots, angiosperms, and

gymnosperms, and comprise 5%–10% of total proteins. They are found in

low quantities in the aerial parts of the plants, such as leaves, flowers, and

roots [21,87–89]. The PlantPI database reported about 495 inhibitors, identi-

fied from about 129 plant families [62]. Plant PIs constitute a major part of

the plant’s defense system against phytophagous insects and phytopathogens.

This property prevents the proteolysis of the proteases present in insect guts or

secreted by pathogenic microbes, which leads to scarcity of amino acids

or other nutrients essential for insect or phytopathogen growth [62,90].

218 Studies in Natural Products Chemistry



The inhibitors from soybean represent two families—namely, the Kunitz soy-

bean trypsin inhibitor (STI) and the Bowman–Birk trypsin and chymotrypsin

inhibitor (BBI). There have been reports on the purification and characteriza-

tion of PIs from the Gramineae (Poaceae), Leguminosae (Fabaceae), and

Solanaceae families [17,91–93]. The legume seeds contain the Bowman–Birk
type, Kunitz type, potato type I/II, squash, barley a-antitrypsin, and

thumatine-like PIs [94]. Simple inhibitors consist of a single domain, but

complex inhibitors contain more than two domains. Out of 48 families,

11 are complex, having 2–15 inhibitory domains [83]. Kuhar et al. [95]

reported a Bowman–Birk protease inhibitor with antifeedant and antifungal

activity from Dolichos biflorus. Some plant PIs are synthesized as zymogen

[96] in response to various stress conditions [97]. Table 6.2 summarizes the

protein PIs from various plant sources. The plant PIs have potential applica-

tions as biopesticides in agriculture, while potato PIs have been used to for-

mulate minidrinks to affect food intake in humans [135].

Animal PIs

PIs of animal origin are localized in tissues and organs as secretory proteins

that block the activity of endogenous proteases and prevent unwanted proteoly-

sis. There are trypsin inhibitors present in blood plasma, milk colostrum, semi-

nal plasma, cervical mucus, mucous membranes of the respiratory passages,

synovial fluids, and submandibular glands [136–138]. PIs from invertebrate

animals, such as ascarides, sea anemones, leeches, snake venoms, and snail

slimes, show specificity toward mammalian serine proteases [139]. PIs from

mammalian plasma include b2-macroglobulin, a1-antitrypsin, a1-antichymo-

trypsin, and intertrypsin inhibitors [140]. These PIs are thought to protect the

host from pathogen attack, participate in embryogenesis, and regulate embry-

onic growth. Two PIs with molecular weights of 67 and 18kDa, characterized

to be members of the family I cystatin group, have been reported as being

derived from glassfish eggs. The smaller of the two inhibited cathepsin, a cys-

teine protease, more effectively than egg-white PIs [141]. Similarly, a potent PI

isolated from Bombyx mori was reported to inhibit the CDEP-1 protease of

Beauveria bassiana and subtilisin A from Bacillus licheniformis [142]. Some

PIs reported from animal sources are summarized in Table 6.2.

Microbial PIs

Microbes represent an inexpensive source of PIs; they display extensive struc-

tural versatility, specific broad inhibitory profiles, resistance to proteolytic

cleavage, stability in edaphic conditions, and different patterns of inhibition

[11]. These attributes make them suitable for an array of applications in med-

icine, agriculture, and biotechnology [11]. Kantyka et al. [143] suggested that
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TABLE 6.2 Protease Inhibitors From Various Plant and Animal Sources

Source Protease Inhibitor

Molecular

Mass (kDa) Target Enzymes Reference(s)

Plant source

Kunitz (plant) family

Inga laurina (SW.) Kunitz type trypsin inhibitor ILTI 20 Trypsin Macedo et al. [98]

Glycine max Kunitz type trypsin inhibitor 20.0 Trypsin Gillman et al. [99]

P. tetragonolobus Winged-bean chymotrypsin
inhibitor

20 a-Chymotrypsin Roy et al. [100]

Hordeum vulgare Barley subtilisin inhibitor 19.2 Subtilisin, a-amylase Vallee et al. [101]

S. tuberosum Kunitz cysteine peptidase inhibitor 20 Cysteine proteases Gruden et al. [102]

Cereal

H. vulgare Barley trypsin/factor XIIa inhibitor — a-Amylase trypsin Lazaro et al. [103]

Triticum aestivum Wheat trypsin/alpha amylase
inhibitor

12–16 a-Amylase, trypsin Shewry et al. [104]

Zea mays Maize trypsin/factor XIIa inhibitor
factor

12.028 Mammalian trypsin Mahoney et al. [105]

E. coracana Ragi seed trypsin/amylase inhibitor 3.268 a-Amylase Hojima et al. [106]

Squash family

Momordica
cochinchinensis

Macrocyclic squash trypsin
inhibitor

3.453, 3.480 Trypsin Hernandez et al.
[107]



Momordica charantia Trypsin inhibitor MCTI-II 2.8 Trypsin Huang et al. [108]

Cucumis sativus Trypsin inhibitor CSTI-IV 3.4 Trypsin Wieczorek et al.
[109]

Potato type I

Solanum tuberosum Protease inhibitor 23.0 Trypsin Fischer et al. [110]

Hordeum vulgare Wheat subtilisin/chymotrypsin-
inhibitor

— Subtilisin, chymotrypsin Gregg et al. [111]

Momordica charantia Glutamyl peptidase II, subtilisin 7.419 Subtilisin Ogata et al. [112]

Solanum tuberosum Chymotrypsin inhibitor I inhibitor — Chymotrypsin, trypsin Richardson [113]

Mustard

Brassica hirta Mustard trypsin inhibitor-2 — a-Chymotrypsin, bovine b trypsin Ceci et al. [114]

Sinapis alba Mustard trypsin inhibitor 7.0 Beta-trypsin Menegatti et al. [115]

Cystatin

Oryza sativa Oryzacystatin II — Cysteine proteinases Ohtsubo et al. [116]

Onchocerca volvulus Onchocystatin — Cysteine proteinase Lustigman et al.
[117]

Gallus gallus Ovocystatin pr — Thiol proteases Laber et al. [118]

Kininogen

Oryza sativa Oryzacystatin II — Cysteine proteinases Ohtsubo et al. [116]

Onchocerca volvulus Onchocystatin — Cysteine proteinase Lustigman et al.
[117]

Continued



TABLE 6.2 Protease Inhibitors From Various Plant and Animal Sources—Cont’d

Source Protease Inhibitor

Molecular

Mass (kDa) Target Enzymes Reference(s)

Gallus gallus Ovocystatin pr — Thiol proteases Laber et al. [118]

Bothrops jararaca Metalloprotease inhibitor — Atrolysin C Cornwall et al. [119]

Sarcophaga peregrina Sarcocystatin 12.7 Cysteine proteinase Saito et al. [120]

Bowman–Birk

Maclura pomifera Bowman–Birk 7.37 Trypsin Indarte et al. [121]

Glycine max Bowman–Birk 8.22 Trypsin Gu et al. [122]

Dolichos biflorus Bowman–Birk 16.0 Trypsin, chymotrypsin Kuhar et al. [95]

Helianthus anus Bowman–Birk I12 — Trypsin, cathepsin G, elastase,
chymotrypsin

Mulvenna et al.
[123]

Arachis hypogea Bowman–Birk trypsin/chymotrypsin
inhibitor

Trypsin, chymotrypsin Suzuki et al. [124]

Triticum aestivum Bowman–Birk plant trypsin
inhibitor

14.0 and 7.0 Trypsin, chymotrypsin Odani et al. [125]

Potato type II

Solanum tuberosum Proteinase inhibitor II (Kunitz type) 5.6 Trypsin, chymotrypsin, papain Kim et al. [22]

Solanum
lycopersicum

Tomato peptidase inhibitor II
inhibitor unit 2

— Trypsin, chymotrypsin Barrette et al. [126]



Solanum tuberosum Potato peptidase inhibitor II
inhibitor unit 1

— Trypsin, chymotrypsin Keil et al. [127]

Solanum
lycopersicum

Tomato peptidase inhibitor II
inhibitor

Trypsin, chymotrypsin Graham et al. [96]

Solanum
lycopersicum

Tomato peptidase inhibitor II
inhibitor unit 2

5.6 Trypsin, chymotrypsin Bishop et al. [128]

Unknown family protease inhibitors

Sapindus trifoliatus L. SNTI 29 Trypsin Gandreddi et al.
[129]

Animal sources

Onchocerca volvulus Ov-SPI-l — Trypsin Ford et al. [130]

Glass fish egg Cystatin 68 Cysteine proteases Ustadi et al. [131]

Duck egg white Cystatin 9.3 Cysteine proteases Warwas et al. [132]

Anisakis simplex Anisakis simplex inhibitor — Trypsin Stephen and Ju [133]

Bombyx mori SCI-II 7.0 Chymotrypsin Sasaki and
Kobayashi [134]



prokaryotic domains may express PIs for very specialized functions depend-

ing on the cellular metabolism and ecological environment. The study of

microbial PIs has contributed enormously to identify enzyme structure and

reaction mechanisms and develop management strategies against pests and

pathogens in agriculture [131]. Naturally occurring PIs are either nonprotei-

naceous low molecular weight or proteinaceous. Several microbes constitute

a major source of low molecular weight nonprotein inhibitors, and a very

small number secrete proteinaceous PIs [144]. Of these, ecotins of E. coli
competitively inhibit trypsin, chymotrypsin, and elastase [28]; marinostatins

from marine bacteria inhibit serine proteases [144]; and thermostable protease

inhibitors of fungal proteases with a molecular weight of 32–33kDa from

Physarum polycephalum [145] and celpins from the fungus of anaerobic

genus Piromyces spp. arrest cellulosomal serine proteinases [146]. Fungal

PIs are active in acidic reaction conditions, which restrict their possible appli-

cations at neutral or alkaline pH conditions [147]. A potent peptidic inhibitor

of HIV-1 protease, ATBI, is reported to be derived from extremophilic Bacil-
lus spp. [148,149]. Of the prokaryotic domain, actinomycetes represent a

major source of enzyme inhibitors because of extensive diversity in all eco-

logical habitats and the presence of a large number of enzymes [3]. Imada

[150] reported different types of enzyme inhibitors of a-amylase, b-glucosi-
dase, glucosaminidase, and pyroglutamine peptidase from actinobacteria. Of

these, the Streptomyces species represent a major source of microbial enzyme

inhibitors [3,7], which can be expressed in E. coli with no constraints.

Actinomycetes are filamentous soil bacteria with a morphologically com-

plex life cycle. They are common in soil but widely distributed in all habitats,

including soil [151], sediments of deep sea [152], marine samples [153], soda

lake [154], and hydrothermal vents [155]. Actinomycetes are prolific produ-

cers of a variety of antibiotics or bioactives, as well as secreting extracellular

hydrolytic enzymes to obtain nutrients for their growth and morphological dif-

ferentiation [3,156]. Actinomycetes have been reported as potential sources of

different types of PIs [7,150]. The inhibitors of bacterial serine alkaline prote-

ase (subtilisin) were characterized as proteinaceous inhibitors from actinomy-

cetes [157]. Most proteinaceous PIs of Streptomyces are serine alkaline PIs

(subtilisin) [158] and are members of the SSI family [29]. Later, several

related Streptomyces subtilisin-like inhibitors (SIL) of Streptomyces origin

have been reported, such as (i) TI of Streptomyces antiplasminolyticus as plas-
min inhibitors [159]; (ii) inhibitors of subtilisin, chymotrypsin, and pronose

E from Streptomyces fradia; (iii) alkaline protease inhibitor (API-2c) from

Streptomyces griseoincarnatus [22,124]; (iv) Streptomyces trypsin inhibitor

2 from Streptomyces longisporus [31]; (v) kexstatin, a proteinaceous Kex

2 proteinase and subtilisin inhibitor of Streptomyces platensis [33]; (vi) a

double-headed proteinaceous inhibitor of serine and metalloprotease identi-

fied in Streptomyces spp. [160]; (vii) inhibitors of trypsin, chymotrypsin,
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and proteinase K from Streptomyces spp. LK3 [8]; and (viii) trypsin inhibitor

(SMT1) from Streptomyces misionensis UMS1 [161]. The Streptomyces
PIs are secretory proteins and exist as stable dimers with two identical subu-

nits of 110 residues each [161]. Further, an extracellular SPI of Phytophthora
infestans was found to inhibit tomato pathogenesis-related (PR) proteases

[162]. PIs reported from different microbial sources have been listed, along

with their properties, in Table 6.3. The prevalence of PIs in various microbes

is believed to impart protection against proteolysis of endogenous proteins

[181]. PIs from extreme habitats, like soda lake, may display unique inhibi-

tory profiles, be resistant to proteolytic cleavage, and have broad pH and high

thermal stability, which may expand their uses and applications [4].

FUNCTIONAL STUDIES OF PIs

Mechanism of Inhibition

The inhibition of protease by a protein moiety appears to be paradoxical

because of structural diversity of proteases and their inhibitor complex. The

extensive structural diversity in PIs indicates a different mechanism and a

specific inhibition pattern for each one. Structurally, PIs have a-helical coils,
b-sheets, or other folds of small, disulfide-rich proteins [65,182]. Most PIs

display two types of inhibition: irreversible trapping and reversible tight bind-

ing. Accordingly, three types of inhibitors—namely, canonical (standard mech-

anism, Laskowski, or trapping), noncanonical, and serpins—have been reported

[69]. In the canonical mode, PIs exhibit a canonical conformation of a binding

loop and insert a reactive loop into the active site of protease, which is comple-

mentary to it and resembles the typical substrate binding to an active site of

enzyme [69,183]. The PI and enzyme active site interaction resemble the

hydrolysis of a peptide bond during proteolysis [55]. Although the standard

mechanism is mostly adopted for efficient inhibition of serine proteases, a

few inhibitors of metalloprotease, thermolysine, and cysteine proteases such

as Streptomyces metalloprotease inhibitor (SMPI) and staphostatin B also bind

in a substrate-like manner [178]. There are around 18 inhibitor families recog-

nized as canonical inhibitors [182]. A standard mechanism is prominently seen

in serpins, a2-macroglobulin, and viral caspase inhibitors, in addition to kazal,

kunitz and Bowman–Birk family of inhibitors [61]. In the noncanonical type

of inhibitor, the initial slow-binding step occurs at the secondary binding site,

followed by the N-terminus locking at the active site of protease. The PIs bind

to the catalytic site of protease, but not in a substrate-like fashion [184]. The

cystatins, inhibitors of papain like cysteine proteases, are typical noncanonical

inhibitors that insert N-terminus and two hairpin loops into V-shaped active site

[61,185]. The noncanonical approach is also seen in the case of recognition of

thrombin by hirudin [186]. Serpins interact with proteases in a substrate-like
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TABLE 6.3 Microbial Protease Inhibitors With Their Sources and Properties

Microbial Source PIs

Molecular

Mass (kDa) Target Proteases Family Reference(s)

Serine protease inhibitor

Streptomyces spp. VL J2 PI 38.0 Trypsin, chymotrypsin — Marathe et al. [5]

Streptomyces spp. LK3 PI 0.568 Trypsin, chymotrypsin
and proteinase K

— Karthik et al. [8]

Streptomyces chromofuscus 34 PISC-2000 Protease — Angelova et al. [163]

Phytophthora infestan EPI 1 — Subtilisin I1 Tian et al. [162]

Streptomyces hiroshimensis S-ALP 14.2 Trypsin, subtilisin I16 Nitta et al. [164]

Streptomyces caespitosus ScNPI 11.857 Subtilisin, trypsin,
metalloproteases

I16 Hiraga et al. [32]

Streptomyces albogriseolous S-SI 11.5 Trypsin I16 Taguchi et al. [75]

E. coil Ecotin — Trypsin, chymotrypsin,
elastase

I11 Yang et al. [28]

Streptomyces platensis Kexstatin 13.0 Kex2 proteinases,
subtilisin

I16 Oda et al. [33]

Streptomyces cacaoi SIL1 — Subtilisin, chymotrypsin I16 Kojima et al. [165]

Streptomyces lavendulae SIL-4 — Subtilisin, trypsin I16 Taguchi et al. [166]

Streptomyces fradiae SIL-5 Subtilisin, trypsin I16 Terabe et al. [167]



Streptomyces ambofaciens SIL-7 — Subtilisin, trypsin I16 Terabe et al. [167,168]

Streptomyces thermotolerance SIL-10 — Subtilisin, trypsin I16 Terabe et al. [167,168]

Streptomyces hygroscopicus SIL-12 — Subtilisin, trypsin I16 Terabe et al. [167,168]

Streptomyces galbus SIL-13 — Subtilisin, trypsin I16 Terabe et al. [167,168]

Streptomyces azureus SIL-14 — Subtilisin, trypsin I16 Terabe et al. [167,168]

Streptomyces flavopersicus SIL-V1 12.5 Subtilisin, trypsin I16 Taguchi et al. [166]

Streptomyces orinoci SIL-V2 11.5 Subtilisin, trypsin I16 Taguchi et al. [166]

Streptomyces eurocidicus SIL-V3 12.5 Subtilisin, trypsin I16 Taguchi et al. [166]

Streptomyces parvulus SIL-2 — Subtilisin, trypsin I16 Taguchi et al. [29]

Streptomyces coelicolor SIL-3 — Subtilisin, trypsin I16 Taguchi et al. [29]

Streptomyces lividans Streptomyces
trypsin
inhibitor 1

10.0 Trypsin I16 Strickler et al. [31]

Streptomyces longisporus Streptomyces
trypsin
inhibitor 2

10.0 Trypsin I16 Strickler et al. [31]

Bacillus brevis HPD 31 Bbr PI-a 22.0 Trypsin chymotrypsin,
subtilisin

I16 Shiga et al. [169]

Streptomyces spp. 23 TI-23 13.0 Trypsin — Kourteva [170]

Alteromonas spp. Marinostatin 16.431 Chymotrypsin I10 Imada et al. [171]

Continued



TABLE 6.3 Microbial Protease Inhibitors With Their Sources and Properties—Cont’d

Microbial Source PIs

Molecular

Mass (kDa) Target Proteases Family Reference(s)

Streptomyces antifibrinolyticus Plasminostreptin 11.7 Plasmin, trypsin, subtilisin I16 Kakinuma et al. [30]

Streptomyces spp. WT-27 MAPI — Subtilisin, chymotrypsin I16 Murao and Watanabe [172]

Streptomyces albogriseolous S-SI 11.5 Trypsin I16 Sato and Murao [157]

Cysteine protease inhibitor

Chlorella spp. ECPI 284.0 Papain, ficin, bromelain I25 Ishihara et al. [173]

Aspergillus oryzae Kojistatin — Cathepsin D and B I25 Yamada et al. [174]

Alteromonas spp. Monastatin 20.0 Papain, cysteine proteases I10 Imada et al. [144]

Aspartic protease inhibitor

Streptomyces spp. MBR04 Aspartic protease
inhibitor

— Pepsin — Menon and Rao [175]

Bacillus spp. PI Low
molecular
weight

Pepsin, rennin — Dash and Rao [148]

Aspergillus oryzae Kojistatin — Cathepsin D and B I25 Yamada et al. [174]

Metalloprotease inhibitor

Photorhabdus luminescence Protease inhibitor 51.8 Zn Metalloproteases I38 Chang et al. [175]

Pseudomonas aeruginosa API 11.5 Metalloprotease I38 Feltzer et al. [176]



Photorhabdus luminescence Protease inhibitor 14.8 Zn Metalloproteases — Valens et al. [177]

Streptomyces caespitosus ScNPI 11.857 Metalloproteases inhibitor I16 Hiraga et al. [160]

Streptomyces nigrescens STK 23 SMPI Thymolysine Seeram et al. [178]

Transglutaminase activating protease inhibitor

Streptomyces hygroscopicus TGase activating
inhibitor

Transglutamine Zang et al. [179]

Other

Streptomyces spp. NRC-35 Lactamase
inhibitor

— b-Lactamase — Awad et al. [180]



manner, but cleavage of peptide bond in binding loop occurs through structural

modification [182]. A diagrammatic representation of canonical and noncanon-

ical type of modes of inhibition of PIs is shown in Fig. 6.1.

Recently, a heterodimeric PI specific against serine proteases, based on

detailed kinetic studies, was found to inhibit trypsin noncompetitively. The Ki

value of PI, 3.32mg/mL was found to be equivalent to 9.4�10�9M (based on

the molecular weight of the PI)—a subnano molar range that suggests high affin-

ity of the inhibitor for the enzyme [4]. Similar results have been reported for a

novel chymotrypsin-trypsin inhibitor—LsCTI from the seeds of Lonchocarpus
sericeus [187]. In contrast, BTPI-301, a trypsin PI from marine Pseudomonas
sp. was found to be a competitive inhibitor of enzymes with a Ki of

3.5�10�10M [188]. A few other PIs inhibit proteases competitively, with a sec-

ondary binding site outside the active site (exosite). The ecotin of E. coli has a
primary site as well as secondary binding sites and thereby compensate for sub-

optimal binding at the primary site, which broadens its specificity against

FIG. 6.1 A diagrammatic representation of mode of inhibition of PIs (A) canonical type and

(B) noncanonical type.
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several host proteases [185]. In some cases, PIs lead to irreversible covalent

modification of proteases or release charged groups and act as suicide substrates.

Serpins and a-2 microglobulin have a large reactive loop that triggers a confor-

mational change and allows covalent attachment to serine proteases [67].

Serpin inhibition is completely irreversible and protects the cells from unwanted

proteolysis [184,185].

PURIFICATION AND CHARACTERIZATION OF PIs

PIs exist in all life forms, and purification of proteinaceous PIs to homogeneity

is essential to unravel their physiological functions. The process of purification

involved strategies like salt/solvent precipitation and chromatography, based

on the increase in inhibitory activity after separation. Most proteinaceous PIs,

including serpins, have molecular masses ranging from 3–80kDa. Initial simple

fractionation with ammonium sulfate, organic solvent, or polyethylene glycol is

followed by separation with ion exchange, gel filtration, or reversed phase HPL

chromatography and electrophoresis. The efficiency of each separation approach

is ensured by an increase in the specific activity of PI. Of the chromatographic

purification strategies, affinity, ion exchange, and reverse phase chromatography

are commonly preferred [189,190]. Affinity chromatography on a column con-

taining immobilized protease is a rapid process for purification of PIs from vari-

ous sources. Affinity chromatography constitutes the last step in the purification

strategy. The most preferred affinity ligand includes chymotrypsin-sepharose,

trypsin sepharose, trypsin agarose, and S-carboxymethyl-papain sepharose

[161,191].

The purified PIs are characterized further as select stable PIs that are func-

tional under a variety of conditions for determining the possible applications.

The functional stability of PIs in a range of pH, temperatures, and reducing

agents is the most crucial factor for biotechnological applications. It is usually

governed by the presence of intramolecular, disulfide bonds [192]. Most of

these PIs were insensitive to pH (2–10) and thermostable even up to 70°C
[21]. The pH stability implies that they potentially can be used as biocontrol

agents because of their ability to inhibit various proteases of the digestive tract

of insect pests [16]. In the case of serpins, thermostability may not allow

temperature-dependent changes in the primary structure, resulting in the forma-

tion of inactive polymeric assemblies. The formation of these structures in ser-

pens in vivo has been reported to form the molecular basis of several diseases

[193]. The alkaline PI (API) of Streptomyces spp. was stable over a wide range
of pH and temperature, which suggests its direct application as a biocontrol

agent against fungal pathogens [192]. Another PI-BTPI-301, isolated from a

marine Pseudomonas mendocina, showed high pH and thermal stability suitable

for it to be used as a biopreservative [194]. Similarly, LsCTI, a chymotrypsin-

trypsin inhibitor derived from the seeds of a plant, showed remarkably high

thermal stability at temperatures as high as 100°C for 180min [187].
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The presence of certain divalent ions is required to attain critical confor-

mation for maintaining the structural integrity of PIs. An SPI from Streptomy-
ces sp. showed increased activity in the presence of both Ca++ and Mg++ [5].

Similarly, a cysteine PI of pearl millet required Zn++ for inhibitory and anti-

fungal activities [16]. Also, exposure of PI to oxidants generally lowers the

biological activity [188]. Each PI contains methionine residues, which upon

oxidation to its sulfoxides cause loss of inhibitory activity. On the contrary,

loss of inhibitory activity of PIs from Moringa oleifera was observed with

H2O2 and DMSO [13].

The covalent linkage of cysteine residues by disulfide bonding is vital for

the conformational stability of PIs in prokaryotes [195]. Low concentration of

dithiothreitol (DTT) has no effect on a Kunitz-type trypsin inhibitor from

Polychaos dubium and Erythrina caffra [21], but it led to unfolding of the

mutant leech carboxypeptidase inhibitor [196].

Detergents are widely preferred for solubilizing proteins from membrane

lipids. PIs are routinely used with detergents, especially in cell lysis buffers,

to inhibit unwanted proteolysis. Ionic detergents bind to proteins, which

causes them to unfold [197]. Marathe et al. [4] reported the complete abolition

of activity of a PI isolated from Streptomyces sp. in the presence of both

sodium dodecyl sulfate (SDS) and triton X-100. Most likely, SDS inactivated

the PI because it is an anionic detergent that exerted unfavorable electrostatic

interactions that might have caused unfolding and/or disruption of trypsin

binding [197]. In contrast, Bijina et al. [17] showed an increase in the inhibi-

tory activity of PI from M. oleifera in the presence of SDS. Naturally occur-

ring osmolytes have been reported to confer protection to PI proteins against

thermal inactivation by stabilizing the temperature-mediated unfolding. Along

with natural osmolytes such as amino acids and polyols, SDS and Tween

80 were found to confer 60% and 45% protection, respectively, against

temperature-mediated instability in API I isolated from actinomycetes [22].

APPLICATIONS OF PIs

PIs and Crop Protection

The use of PIs for insect pest management has gained a fresh impetus because

of increasing pest-mediated economic losses in agriculture fields and storage

places. Of the PIs, Bowman–Birk and Kunitz STIs retard the larval growth of

Tribolium confusum, Tribolium castaneum, and Heliothis virescens [14,198]

while cysteine PI and oryzacystatin exerted a stable suppressor effect against

Diabrotica undeciumpunctata larvae [199]. The heterologous inhibitors in

transgenic plants have been shown to reduce the growth rates of several insect

larvae [200–202]. Broadway and Duffey [203] found that ingestion of STIs

and potato inhibitor II inhibited growth and development in the noctuid

caterpillars Spodoptera exigua and Helicoverpa zea. Recently, a novel

232 Studies in Natural Products Chemistry



Kunitz-type inhibitor from the seeds of Platypodium elegans has been shown

to be active against Spodoptera frugiperda [204]. The PIs targeting different

groups of proteases have also shown various antinutritional effects when

fed to insect pests. Only a few microbial PIs are used as insecticidal agents

for crop protection, such as aminopeptidase inhibitors of actinomycetes

(amstatin and bestatin) for T. castaneum [205]; pepstatin A from actinomy-

cetes against cowpea bruchid (Callosobruchus maculatus) [206]; leupeptin

from actinomycetes for the Western corn rootworm (Diabrotica virgifera)
[207], (iv) cysteine PI E-64 from Aspergillus japonicus against Colorado

potato beetle [208] and (v) a heterodimeric PI, a member of serpin family

from Streptomyces spp. VLJ2, against Helicoverpa armigera, fungal patho-
gens, and Callosobruchus chinensis [4,5].

PIs and Therapeutic Medicine

The fungal strain Aspergillus fumigatus is the most common human pathogen

causing invasive aspergillosis. It secretes a protease belonging to the subtilisin

family that is involved in pathogenesis; therefore, its specific inhibitors are

potential prophylactic agents against aspergillosis. SSI is known to inhibit micro-

bial alkaline proteases, and so its potency was tested against the fungal protease.

The broad-range microbial inhibitors of serine, cysteine, and threonine proteases

(i.e., leupeptin and antipain), were also found to inhibit malignant transformation

[209]. MMPs are reported to destroy the inflammatory tissues, leading to chronic

inflammatory diseases [210]. Also, angiogenesis, metastasis, and growth of

tumors may be inhibited by MMP inhibition. During carcinogenesis and angio-

genesis, gelatinases, MMP-2, and MMP-9 are expressed, which can likely arrest

the tumor growth and metastasis when inhibited by PIs [211].

Several PIs acting against HIV I protease, a homodimeric aspartic protease,

have been used to treat HIV I infection (e.g., ATBIs from extremophilic Bacillus
spp.) [148]. The inhibitor of metalloprotease angiotensin-converting enzymes

was used for the first time to treat hypertension and cardiovascular and renal dis-

eases in humans [212]. A few PIs, such as antipain, leupeptin, and pepstatin, also

have been tested for treatment ofmuscular dystrophy. Lactacystine, a proteosome

inhibitor of Streptomyces lactacystinaeus, is reported to inhibit the replication of
several viruses, including influenza, herpes simplex type 1, and paramyxovirus

[213]. A recombinant Streptomyces trypsin inhibitor from S. levendulae showed
promising activity against Coxsackievirus B3 (CVB3), one of the major causa-

tive agents of chronic and acute myocarditis and pancreatitis [214]. Similarly,

aspartate proteases (omptins) found in the cell walls of several pathogenic

species, such as E. coil, Shigella flexneri, Shigella dysenterae, and Salmonella
enterica, are inhibited by SPIs [215,216]. Recently, a few reports have shown

remarkable antimalarial vector (Aedes aegypti) [187,217] and antiparasitic

(Plasmodium falciparum) [218] activities of PIs obtained from various sources.
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PIs and Biotechnology Research

Small molecular weight PIs (pepstatin of aspartic proteases and chymostatin

of serine proteases) are incorporated as buffer additives in protein extracts

during purification to prevent proteolytic degradation [11]. In the case of

recombinant proteins, PIs are added during the expression process as a fusion

partner to the culture medium for preventing proteolytic degradation [219].

Similarly, refolding of reduced and denatured Streptomyces griseous trypsin
(SGT) was also achieved by SSI [220]. Generally, subtilisin gets denatured dur-

ing refolding, SSI enhances the thermal stability of subtilisin, thus preventing

its denaturation [221]. In basic research, PIs (i.e., SSI) and their enzymes have

been excellent model systems to study protein–protein interactions [222]. Addi-

tionally, PIs are used as legends in affinity chromatography for protein purifica-

tion. In this context, pepstatin A has been tested for purification of aspartyl

proteases from several sources, including plants and fungi [11].

CONCLUSION

Continuous efforts in the field of structure, functions, mode of action, and bio-

physical characterization of PIs from various sources explore the wide range of

opportunities in the pharmaceutical, biotechnology and agriculture sectors. Sev-

eral human diseases like malaria, cancer, and AIDS, are caused by an imbalance

of proteolytic events and incorrect protease signaling pathways. Moreover,

there is increasing evidence of protease involvement in many other diseases.

Hence, PIs from microbial sources have renewed the interest and efforts of

the scientific community to develop PI-based drugs. Similarly, pests and patho-

gens are the major bottleneck in the growth and development of crops, affecting

their yields both qualitatively and quantitatively and causing economic losses.

PIs have emerged as potential candidates in the quest for safer human- and

environmentally friendly alternative strategies for their control. They have been

mainly investigated from plant sources, but studies on PIs of microbial origin

are also gaining momentum, primarily because of vast diversity and ease of cul-

tivation. An added inherent advantage of PIs from Streptomyces spp. in trans-

genic research is relatively higher GC content in their genes, which is a

critical factor in their expression in the host plants. There is ample scope for fur-

ther research on structure elucidation and protein engineering of PIs employing

bioinformatic tools, which in turn would facilitate their use in a wider range of

applications.
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ABBREVIATIONS

API aspartate/aspartyl protease inhibitor

BBI Bowman–Birk trypsin and chymotrypsin inhibitor

CCD central composite design

CPI cysteine/cysteinyl protease inhibitor

GPI glutamate/glutamyl protease inhibitor

IUBMB International Union of Biochemistry and Molecular Biology

Kcat turn over number

kDa kilodalton

Ki inhibitor constant

Km michaelis constant

MEROPS database of proteolytic enzymes

Met methionine

MMP matrix metalloprotease

MPI metalloprotease inhibitor

PBD Plackett–Burman design

PIs protease inhibitors

RSM response surface method

SDS sodium dodecyl sulfate

SIL Subtilisin like inhibitor

SPI serine protease inhibitor

Spp. species

SMPI Streptomyces metalloprotease inhibitor

SSI Streptomyces subtilisin inhibitor

STI soybean trypsin inhibitor

TI plasminostreptin

TPI threonine protease inhibitor

Trp tryptophan

Tyr tyrosine

Val valine
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