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Abstract

Erythrina velutina is a species of arboreal leguminous that occurs spontaneously in the northeastern states of Brazil. Legu-
minous seeds represent an abundant source of peptidase inhibitors, which play an important role in controlling peptidases
involved in essential biological processes. The aim of this study was to purify and characterize a novel Kunitz-type peptidase
inhibitor from Erythrina velutina seeds and evaluate its anti-proliferative effects against cancer cell lines. The Kunitz-type
chymotrypsin inhibitor was purified from Erythrina velutina seeds (EvCI) by ammonium sulphate fractionation, trypsin—
and chymotrypsin—sepharose affinity chromatographies and Resource Q anion-exchange column. The purified EvCI has a
molecular mass of 18 kDa with homology to a Kunitz-type inhibitor. Inhibition assays revealed that EvCI is a competitive
inhibitor of chymotrypsin (with K, of 4 x 10® M), with weak inhibitory activity against human elastase and without inhibition
against trypsin, elastase, bromelain or papain. In addition, the inhibitory activity of EvCI was stable over a wide range of pH
and temperature. Disulfide bridges are involved in stabilization of the reactive site in EvCI, since the reduction of disulfide
bridges with DTT 100 mM abolished ~50% of its inhibitory activity. The inhibitor exhibited selective anti-proliferative
properties against HeLa cells. The incubation of EvCI with HeLa cells triggered arrest in the cell cycle, suggesting that
apoptosis is the mechanism of death induced by the inhibitor. EvCI constitutes an interesting anti-carcinogenic candidate for
conventional cervical cancer treatments employed currently. The EvCI cytostatic effect on Hela cells indicates a promised
compound to be used as anti-carcinogenic complement for conventional cervical treatments employed currently.
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Introduction

Peptidases catalyze indispensable reactions in all living
organisms, contributing to cellular homeostasis in events,
such as digestion, apoptosis, blood coagulation and inflam-
matory responses (dos Santos et al. 2012). The uncon-
trolled activity of peptidases contributes to the develop-
ment of several pathologies, among them cancer (Martin
and List 2019). The control of peptidase activity is medi-
ated by peptidase inhibitors (PIs). Several families of PIs
are known, and they display specificity for enzymes from
different families, such as serine, cysteine, aspartic and
metallopeptidases (Bacha et al. 2019). Among PIs from
serine peptidase, the Kunitz inhibitors comprise the most
investigated group, composed of proteins with different
molecular weight, number of polypeptide chains, content
of disulfide bridges, number of reactive sites and specific-
ity of inhibition (Richardson 1991; dos Santos et al. 2012).
Plant PIs have been studied for decades. Several biologi-
cal properties have been proposed for these PIs including,
particularly, their insecticidal properties (Migliore et al.
2007). Biomedical research has made great progress in
shedding light on the importance of PIs in cardiovascular
diseases (Pathak et al. 2013), osteoporosis (Delaisse et al.
1987), Alzheimer’s disease (Nguyen et al. 2014), AIDS
(Naggie and Hicks 2010), and cancer (Bacha et al. 2019;
Martin and List 2019). Among the plant families, Legu-
minosae is widely investigated and the genus Erythrina is
known as a source of several PIs. Previously, PIs have been
purified and characterized from E. variegata (Kouzuma et al.
1992), E. latissima (Joubert et al. 1981), E. caffra (Joubert
1982a) and E. acanthocarpa (Joubert 1982b). Erythrina
velutina Willd (Leguminosae: Papilionoideae) popularly
known as “mulungu”, is a tree native to Brazil (Lorenzi
2014). Previously, we described the purification and char-
acterization of a trypsin inhibitor of E. velutina seeds with
anti-inflammatory and anticoagulant activities (Machado
et al. 2013). In this study, we reported the purification and
characterization of a novel Kunitz-type chymotrypsin inhibi-
tor, isolated from E. velutina seeds, named EvCI. Further-
more, we describe the anti-proliferative properties of EvCI
against HeLa cells, highlighting the relevance of basic
research for carcinogenesis and cancer promotion studies.

Materials and methods
Chemicals
Papain (EC 3.4.22.2), Bromelain (EC 3.4.22.33), Bovine

a-chymotrypsin (EC 3.4.21.1), Bovine Trypsin (EC
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3.4.22.33), porcine elastase (EC 3.4.21.36), and human
leukocyte elastase (EC 3.4.21.37); Substrates: BApNA,
BApNA SAAVpPNA, and Azocasein were purchased from
Sigma Chemical Co. (St. Louis, MO); dimethyl sulfoxide
(DMSO), DL-dithiothreitol (DTT), and iodoacetamide
(TAA) were acquired from Sigma-Aldrich (Sao Paulo, Bra-
zil); and SDS-PAGE, sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis were purchased from Sigma (St.
Louis, MO, USA).

Plant material

Erythrina velutina Willd seeds were donated by the FLONA/
ICMBio (Floresta Nacional de Nisia Floresta, Instituto
Chico Mendes de Conserva¢do da Biodiversidade) seed
bank, RN, Brazil.

Purification of E. velutina chymotrypsin inhibitor
(EvCl)

Erythrina velutina seeds were finely ground and homog-
enized at 1:10 (w/v) with 0.05 M Tris—HCl buffer, pH 7.5,
for 3 h at room temperature. Following a centrifugation at
8000xg for 30 min at 4 °C, the supernatant was fraction-
ated with ammonium sulfate in 0-30% (F1), 30-60% (F2),
and 60-90% (F3). The fractions were dialyzed against dis-
tilled water, lyophilized and submitted to enzymatic assays.
F2 showed the highest inhibitory activity against chymo-
trypsin and was applied onto a trypsin—sepharose column
(4.0%x2.5 cm) equilibrated with 50 mM Tris—HCI buffer,
pH 7.5. Fractions without affinity for trypsin were collected
during the washing step, pooled and applied onto a chymo-
trypsin—sepharose column (10X 1.5 cm), equilibrated with
50 mM Tris—HCI buffer, pH 7.5 at flow of 2 mL min~'.
Proteins adsorbed to column were eluted with 5 mM HCI
and applied onto a Resource Q anion-exchange chromatog-
raphy column, coupled in a AKTA purifier system equili-
brated with buffer A (20 mM Tris—HCI, pH 8.0), and the
elution step was carried out with a linear gradient of buffer
B (20 mM Tris—HCI, pH 8.0 containing 1 M NaCl) at flow of
2 mL min~'. The absorbance was monitored at 280 nm. The
peak eluted from Resource Q anion-exchange column was
named EvCI—E. velutina chymotrypsin inhibitor.

Inhibitory activity assays

The methodology with modification for inhibitory activity
against chymotrypsin was performed using azocasein as sub-
strate (Kunitz 1947). Ten microliters of bovine chymotrypsin
(0.3 mg mL™") was pre-incubated with 50 mM Tris—HCI, pH
7.5 containing 20 mM CaCl, and EvCI for 15 min at 37 °C.
Reaction was initiated by addition of 200 pL of 1% azoca-
sein. After 30 min at 37 °C, the reaction was stopped by the



3 Biotech (2022) 12:19

Page3of10 19

addition of 300 uLL of 20% TCA, centrifuged at 12,000xg
for 10 min and the supernatant was alkalinized with 2 M
NaOH 1:1 (v:v). The absorbance was determined at 540 nm.
One unit of inhibitory activity was defined as the amount
of inhibitor that decreased absorbance by 0.01 at 540 nm.
Assays were performed in triplicate and three independent
experiments were conducted.

The inhibitory activity against trypsin was determined
using BApNA as substrate (Erlanger et al. 1961). Ten micro-
liters of trypsin (0.3 mg mL™! in 50 mM Tris—-HCI, pH 7.5
buffer containing 20 mM CaCl,) solution was pre-incubated
for 10 min at 37 °C with 100 pL of EvCI and 390 pL of
50 mM Tris—HCI, pH 7.5. The reaction started with the
addition of 250 pL of 1.25 mM BApNA, prepared in 1%
DMSO and 50 mM Tris—HCl buffer, pH 7.5. After 15 min
at 37 °C, the reaction was stopped by the addition of 60 pL
of 30% acetic acid solution. The absorbance was determined
at 410 nm.

The inhibition of human neutrophil elastase (HNE) was
determined using SAAVpNA as substrate, following the
methodology described by Johansson and collaborators
(Johansson et al. 2002), with some modifications. A volume
of 20 uL. HNE (0.5 ug mL™"), 100 pL of EvCI and 390 uL of
0.1 M PBS buffer, pH 7.4 was pre-incubated for 30 min at
37 °C. Then the reaction was started by the addition of 5 pLL
of 0.15 M SAAVpNA solution. After 60 min at 37 °C, the
reaction was stopped with 250 pL of a 2% citric acid. The
absorbance was determined at 410 nm.

The inhibition of elastase was analyzed using 1% azoca-
sein as substrate (Kunitz 1947). A volume of 20 pL of pig
pancreas elastase (0.1 mg mL~"in 0.05 M Tris—HCl buffer,
pH 7.5) was pre-incubated with 380 pL of 0.05 M Tris—HCl
buffer, pH 7.5 and 100 pL of EvCI for 15 min at 37 °C. Then
the reaction was started by adding 200 pL of 1% azocasein.
After 30 min, the reaction was stopped with the addition
of 300 pL of 20% TCA. The reaction was centrifuged at
12,000xg for 10 min and the supernatant was alkalinized
with 2 M NaOH 1:1 (v:v). The absorbance was determined
at 540 nm.

The inhibition of bromelain was carried out using 1%
azocasein as substrate (Kunitz 1947). Briefly, 30 uL of
bromelain solution (1 mg mL~! dissolved in 0.3 M sodium
acetate buffer, pH 5.5) was pre-incubated with 290 pL acti-
vation buffer (0.3 M sodium acetate buffer, pH 5.5, contain-
ing 0.02 M EDTA and 0.03 M DTT) and 20 pL of EvCI
for 20 min at 45 °C. After this period, 500 pL of 1% azo-
casein was added. After 30 min incubation, the reaction
was stopped by adding 150 puL of 20% TCA solution. The
reaction was centrifuged at 12,000xg for 10 min, and the
supernatant was alkalinized with 2 M NaOH 1:1 (v:v). The
absorbance was determined at 540 nm.

The inhibition of papain was determined using BANA
as substrate (Zhao et al. 1996). Ten microliters of papain

(0.1 mg mL~" in 0.025 M sodium phosphate buffer, pH 6.0)
solution was pre-incubated for 10 min at 37 °C with 20 pL.
of activation solution (0.02 M EDTA and 0.03 M DTT, pH
6.0) 20 uL of EvCI, and 250 pL of 0.25 M sodium phosphate
buffer, pH 6.0. The reaction was started by addition of 100
pL of 0.001 M BANA solution, prepared in 1% DMSO and
0.025 M sodium phosphate buffer, pH 6.0. After 20 min at
37 °C, the reaction was stopped by adding 250 uL of 2% HCl
in ethanol. The color product was developed by the addition
of 250 uL of 0.06% p-di-methyl-amino-cinnamaldehyde in
ethanol and measured by absorbance at 540 nm.

Protein determination and polyacrylamide gel
electrophoresis

The protein content was determined according to Bradford
(Bradford 1976), using bovine serum albumin as a stand-
ard. The sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (12% SDS-PAGE) was conducted as described
by Laemmli (Laemmli 1970). Following electrophoresis,
the gels were stained with Coomassie Blue R-250. Pro-
tein molecular weight markers, alcohol dehydrogenase
(150 kDa), p-galactosidase (116 kDa), bovine serum albu-
min (BSA) (66 kDa), ovalbumin (45 kDa), lactate dehydro-
genase (35 kDa), restriction endonuclease Bsp981 (25 kDa)
and B-lactoalbumin (18.4 kDa) were purchased from Fer-
mentas Inc. (Burlington, CA).

Matrix-assisted laser desorption-ionization
time-of-flight mass spectrometric analysis
(MALDI-ToF MS)

The Coomassie Blue R-250-stained protein spots were
excised from gels, washed with 25% (v:v) methanol and
7% (v:v) acetic acid for 12 h at 20 °C, and de-stained with
50 mM NH,HCOj; in 50% (v:v) methanol for 1 h at 40 °C.
Protein was reduced with 10 mM DTT in 100 mM NH,HCO,
for 1 h at 60 °C and incubated with 40 mM iodoacetamide
in 100 mM NH,HCO; for 30 min. The gel pieces were
minced and allowed to dry and then rehydrated in 100 mM
NH,HCO; with 1 pmol of trypsin at 37 °C overnight.

The digested peptides were extracted from the gel
slices with 0.1% tri-fluoro-acetic acid (TFA) in 50% (v:v)
acetonitrile:water three times. The peptide solution, thus
obtained, was dried and reconstituted with 3 mL of 0.1%
TFA in 5% acetonitrile/water, and then desalted by C18 Zip-
Tip pipette tips (Millipore, Bedford, MA, USA). MALDI-
ToF MS was performed using a Voyager time-of-flight
mass spectrometer (Applied Biosystems, Framingham, MA,
USA). The peptide solution was mixed with the matrix satu-
rated with a-cyano-4-hydroxycinnamic acid and air-dried.
Calibrations were carried out using a standard peptide mix-
ture. The mass spectra were subjected to sequence database
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search with Mascot software (Matrix Science Ltd, London,
UK).

Stability of EvCI

The thermal stability of EvCI (1 pg mL™!) was assayed at
different temperatures (Gomes et al. 2005). Samples of EvCI
(1 mg mL_l) were incubated at temperatures of 37, 40, 60,
70, 90 and 100 °C, for 30 min. Following incubation of
10 min at 4 °C, the inhibitory assays against chymotrypsin
were performed. The stability of EvCI at different pH values
was also investigated. Samples of EvCI (1 mg mL™") were
prepared in buffers 100 mM glycine—-HCI (pH 2-3), 100 mM
sodium phosphate (pH 6-8) and 100 mM glycine—NaOH
(pH 11-12). After incubation in each buffer for 1 h at 37 °C,
the inhibitory activity against chymotrypsin was analyzed
using 1% azocasein as substrate. The assays were carried
out in triplicate and expressed as mean + SD.

Kinetic studies of EvCl

Inhibition curve of chymotrypsin with different inhibitor
concentrations was carried out. The stoichiometric ratio
between EvCI and chymotrypsin was determined by the
titration curve plotting the residual enzyme activity against
the inhibitor—enzyme molar ratio. Increasing concentra-
tions of EvCI (2.6 and 5.3x 108 M; 1, 2.1, 2.6, 3.7, 4.8,
and 6.4 x 107 M) were incubated with 8.0 x 10 M chymo-
trypsin. The mechanism of inhibition of EvCI on chymot-
rypsin was determined using two different concentrations of
azocasein (0.025 and 0.085 mM) and increasing concentra-
tions of EvCI (1.1, 2.2, 3.3, and 4.4 X 1077 M). The kinetic
parameters (V,,, and K|) were established to determine the
value of dissociation constant (K;).

Cancer cell lines

The cancer cells HeLa (human cervical cancer), MDA
(human breast cancer), K562 (chronic myeloid leukemia)
and PC3 (human prostate carcinoma) were grown in Eagle’s
minimal essential medium (DMEM) with Earle’s salts or
RPMI-1640 medium (Nutricell, Campinas, SP, Brazil), sup-
plemented with 10% fetal bovine serum (FBS, Sigma), peni-
cillin (1000 U mL™") and streptomycin (250 mg mL™"). The
cells were incubated at 37 °C in a humidified atmosphere
containing 5% CO,.

Treatment of cells with EvCI

The PC3, HeLa and MDA cells were seeded (103 cells
mL™!) in 96-well microplates until they reached a semi-
confluent density. Different concentrations of EvCI
(0.0005-200 pug mL~!) were incubated with cells and
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treatment carried out for 72 h. The K562 cells were incu-
bated (100,000 cells mL_l) with different concentrations of
EvCI (0.0005-200 pg mL™") for 48 h. The cell viability was
determined using MTT. The analysis of cell cycle and cell
death were evaluated by annexin V-FITC and propidium
iodide (PI) labelling by flow cytometry using a FACSCali-
bur flow cytometer (BD Biosciences).

MTT reduction assays

Following the treatment with EvCI at respective incubation
times, the cells were incubated in 200 pL of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solu-
tion (5 mg mL~! in culture medium) for 3 h at 37 °C. The
formazan was dissolved using isopropanol and the absorb-
ance was measured at 540 nm in a microplate reader (Bio-
Rad, Philadelphia, PA, USA). The results of cell viability
were used to obtain the half-maximum inhibition concen-
tration (ICsp).

Analysis by flow cytometry

Following the treatment with EvCI for 72 h, HeLa cells
were washed with cold PBS and re-suspended in binding
buffer (0.01 M HEPES, pH 7.4, 0.14 M NaCl and 2.5 mM
CaCl,) at a concentration of 1x 10° cells mL™!. The cells
were concentrated in 5 mL tubes and mixed with 5 uL of
Annexin V-FITC and 5 ug mL~! PI. Following an incubation
of 20 min at room temperature, 300 puL of binding buffer was
added. In total, 10,000 events were collected in a FACS-
Calibur Flow Cytometer (BD Biosciences) and analyzed in
CellQuest software. Control cells were treated with medium
only.

To investigate the effects of EvCI on cell cycle, HeLa
cells were synchronized at GO by 24 h of incubation in
serum-free RPMI 1640 medium, and then treated with
50 ug mL~! of EvCI for 72 h. Afterwards, cells were har-
vested, washed with cold PBS, fixed and permeabilized.
Then, cells were treated with 4 ug mL~' RNase type I for 1 h
at 37 °C and re-suspended in PBS. Cells were stained with
25 pg mL~" PI, and 10,000 events were obtained in FACS-
Calibur Flow Cytometer (BD Biosciences) and analyzed in
Cell Quest software. The DNA content was evaluated using
a FL2H detector in a logarithmic scale.

Statistical analysis

The data were expressed as means + SD, except when indi-
cated in another way. Differences among the treatments were
analyzed by ANOVA, Tukey’s test and Kruskal-Wallis test
with Dunn’s post test. Significant differences occurred when
p<0.05.
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Results and discussion
Purification of EvCl

PIs are potential candidates for biotechnological and medi-
cal applications (Srikanth and Chen 2016). PIs from the
Erythrina genus possess reactive sites with specificity for
trypsin, chymotrypsin, or both (Joubert et al. 1981; Jou-
bert 1982a, b; Kouzuma et al. 1992). To purify EvCI, an
initial ammonium sulphate precipitation was used. Among
the three fractions, the F2 fraction showed the highest
inhibitory activity against chymotrypsin. To avoid col-
lecting fractions with activity against trypsin, we used a
trypsin—sepharose column as the capture step. Thus, the
fractions with activity against trypsin were adsorbed to
resin while the other fractions were pooled, depleted of
trypsin inhibitors. Following our purification strategy, a
chymotrypsin—sepharose column was used to capture EvCI
(Fig. 1A). This procedure allowed us to separate EvCI
from most of the contaminants. The fraction eluted from
the chymotrypsin—sepharose column showed strong inhibi-
tory activity against chymotrypsin. Finally, a Resource
Q column was used in the polishing step to obtain EvCI
(Fig. 1B). A minor contaminant was separated from the
EvCI peak. At the end of process, we obtained a purifica-
tion of 104.3-fold and a yield of 1.1% (Tables 1, 2).

The combination of bio-affinity and ion-exchange chro-
matographies is widely used in the purification process
of PIs, such as the chymotrypsin and trypsin inhibitors
purified from Caesalpinia bonduc (Bhattacharyya et al.
2007), Archidendron ellipticum (Bhattacharyya et al.
2006) and Entada scandens (Lingaraju and Gowda 2008).
The purification of EvCI was equivalent to or smaller than
those found for other similar inhibitors reported in the
literature, such as the Kunitz-type inhibitor from Pithecel-
lobium dumosum seeds, purified 139.2-fold (Rufino et al.
2013), the trypsin inhibitors from Crotalaria pallida seeds
(Gomes et al. 2005) and A. ellipticum (Bhattacharyya et al.
2006), purified 180- and 124-fold, respectively. The recov-
ery of 1.1% is in accordance with those found for other
Kunitz inhibitors (Gomes et al. 2005; Bhattacharyya et al.
2007; Cruz et al. 2013; Machado et al. 2013).

Characterization of EvCl

The analysis of EvCI by SDS-PAGE was described by
(Bradford 1976) and the presence of EvCI was revealed as
a single protein band with an apparent molecular weight
(MW) of about 18 kDa (Fig. 1B, inset). The identification
of tryptic digestion of two EvCI peptides showed 100%
identity with the sequence of the chymotrypsin inhibitor
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Fig. 1 Purification of chymotrypsin inhibitor from E. velutina seeds
(EvCI). A Chromatogram of F2 fraction applied onto chymotrypsin-
Sepharose column (10X 1.5 cm), equilibrated with 50 mM Tris—HCI
buffer, pH 7.5. Fractions were eluted at constant flow of 2 mL min~".
The adsorbed proteins were eluted with 5 mM HCI. Fractions were
monitored at 280 nm and assayed against trypsin and chymotrypsin.
B Chromatogram of fractions from chymotrypsin-sepharose column
applied onto Resource Q column (AKTA purifier system), equili-
brated with 20 mM Tris—HCI buffer, pH 8.0 and eluted with a NaCl
linear gradient (1 M final) at 2 mL min~'. Fractions were monitored
at 280 nm. (Inset) SDS-PAGE (12%) of EvCI from Resource Q. Pro-
teins were stained with Coomassie blue. Molecular weight markers:
fB-galactosidase (116 kDa); bovine serum albumin (66 kDa); ovalbu-
min (45 kDa); lactate dehydrogenase (35 kDa); restriction endonu-
clease Bsp981 (25 kDa); p-lactoglobulin (18.4 kDa) and lysozyme
(14.4 kDa)

from E. variegata, ECI, which possesses 179 amino acids
(NCBI identity access gi:2129823). The coverage of the
two sequenced peptides corresponds to 13.96% of the
whole ECI (Fig. 2). The molecular mass of EvCI is close
to already purified chymotrypsin inhibitors from Lens
culinaris (16 kDa) (Cheung and Ng 2007), Schizolobium
parahyba (20 kDa) (Teles et al. 2004) and Psophocarpus
tetragonolobus (21 kDa) (Kortt 1980).

Inhibitory activity of EvCl
To determine the specificity of EvCl, inhibition assays

were assayed against serine and cysteine peptidases. EvCI
was highly active against chymotrypsin (89.16% +6.31).
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Table 1 Purification steps of EvCI

Purification steps Volume (mL) Total protein (mg) Total inhibitor ~ Specific activ-  Purification (fold) Yield (%)
activity (U) ity (Umg™")

Crude extract 160.0 1862.40 83,520 449 1.0 100.0

F2 (30-60%) 51.0 407.18 25,806 63.4 14 30.9

Trypsin-sepharose (not retained) 47.0 16.60 21,949 13223 29.5 26.3

Chymotrypsin-sepharose 9.0 1.26 4185 3321.0 74.0 5.0

Resource Q 2.0 0.20 936 4680.0 104.3 1.1

One chymotrypsin inhibition unit (1 U) was defined as the inhibitor amount that decreased the absorbance at 540 nm by 0.01 OD in the chymot-

rypsin assay conditions

Table 2 Inhibitory activity of EvCI towards peptidases

Enzyme Inhibition (%)*
Chymotrypsin 89.16 +6.31
Neutrophil elastase 3591+3.91
Trypsin 6.30+£3.92
Porcine elastase ND

Papain 227+1.21
Bromelain ND

ND not detectable

*Values are means + standard error

A moderate inhibition against neutrophil elastase was
noticed (35.91% = 7.91). Other serine (trypsin and pan-
creatic elastase) or cysteine (papain) peptidases were not
inhibited by EvCI. PIs specific against chymotrypsin with-
out activity against trypsin have been purified from other
plant species, such as Psophocarpus tetragonolobus (Kortt
1980) and Schizolobium parahyba (Souza et al. 1995).
PIs from Caesalpinia bonduc (Bhattacharyya et al. 2007),
Archidendron ellipticum (Bhattacharyya et al. 2006) and
Piptadenia moniliformis (Cruz et al. 2013) have the ability
to inhibit both trypsin and chymotrypsin. Despite selec-
tivity, EvCI did not inhibit cysteine peptidase (papain),
so it does not have the characteristic of bi-functionality,
present in some PIs, such as PmTKI (Cruz et al. 2013) and
ITC (Gomes et al. 2005). Therefore, EvCI is a chymot-
rypsin and neutrophil elastase inhibitor, indicating that it
may play a potential role in healing and/or prevention of
various diseases (Champ 2002; Duranti 2006) due to its
specificity.

Stability of EvCl

The effects of temperature on EvCI activity were investi-
gated until 100 °C. The inhibitor was stable at all tempera-
tures assayed (Fig. 3A). The pH range also did not affect the
chymotrypsin inhibitory activity of EvCI (Fig. 3B). EvCI
was also pre-incubated with increasing concentrations of
DTT (1, 10 and 100 mM) for different times (15, 30, 60 and
120 min). At the highest concentration of DTT (100 mM)
and time (120 min), a reduction in inhibitory activity of 50%
was noticed (data not shown). As regards the effect of DTT
on EvClI, a similar result was found for the inhibitor of Inga
laurina, ILTI, which lost 56% of the inhibitory activity in the
same conditions (Macedo et al. 2007). However, the stability
in DTT observed for EvCI and ILTT is higher than other PIs,
such as Entada scandens (Lingaraju and Gowda 2008), C. pal-
lida (Gomes et al. 2005) and P. moniliformis (Cruz et al. 2013).
Typically, the stability of PIs in denaturing agents is related
to presence, localization and the number of intramolecular
disulfide bonds. Considering the occurrence of disulfide bonds
in EvCl, a possible explanation associated with its stability in
DTT would be the localization of the disulfide bonds (Garcia
et al. 2004; Macedo et al. 2007). The trypsin inhibitor from
E. caffra, ETI, is able to maintain its inhibitory activity unaf-
fected under reduction conditions, because its disulfide bridge
is not involved in stabilization of the reactive site (Lehle et al.
1994), which is maintained by hydrogen bonds. The Kunitz
trypsin inhibitor from Catanduva (Piptadenia moniliformis)
seeds (PmTKI) was not affected by the reducing agent and lost
only 30% of activity after 2 h, demonstrating that the stability
of this inhibitor does not depend exclusively on the disulfide
bonds (Cruz et al. 2013). The trypsin inhibitor from Entada
acaciifolia (EATI) is another example of the importance of

1 QPLLDVEGNLVENGGTYYLLPHIWALGGGIEAARTGKETCPLTVVQSPFEVSNGEPIRIA 60
61 SQFLSTFIPDGSPVAPGFANPPSCAALPWWTVVETLRGLAVKLLEHKT PEEDDTKFKFQK 120
121 VSSPNRYVYNLSYCQREDDDLKCDQYIGIHRDARGNRRLVVTNDNPLQLVLVKANSPSQ 179

Fig.2 Sequencing of EvCI peptide fingerprint analysis. Amino-acid sequence of chymotrypsin inhibitor ECI from E. variegata seeds (NCBI
identity access gi 2129823) was used as template. Doubly underlined segments correspond to the sequenced EvCI peptides
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Fig.3 Stability of EvCl in a range of (A) temperature and (B) pH

the disulfide bridge for further functions beyond the stabiliza-
tion of the reactive site (de Oliveira et al. 2014). When the
disulfide bridges of EATI were reduced, the inhibitor lost part
of its inhibitory activity with variations in temperature and
pH, suggesting that disulfide bridges could contribute with the
overall folding of PIs.

Kinetics of inhibition

The concentration of EvCI that inhibits 50% of the chymo-
trypsin activity (ICso) was 1.3x 107" M, according to the
linear regression of data from the dose-response curve
(Fig. 4A). Another important point determined by titration
is the maximum percentage of inhibition of chymotrypsin
achieved by EvCI, which was around 89%. From the titration
curve with increasing concentrations of EvCI and a fixed
concentration of chymotrypsin (Fig. 4B), the stoichiometric
ratio of 2:1 was established between the inhibitor and the
enzyme.

To determine the inhibition mechanism of EvCI against
chymotrypsin, the inhibition kinetics data were analyzed by
the Dixon plot (Fig. 4C). The Dixon plot revealed that lines
corresponding to the concentrations of azocasein converge
to a common point above the x-axis. The analysis showed a
competitive inhibition mechanism of EvClI for chymotrypsin
with a K; value of 4x 10~® M. Kinetic assays demonstrated
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Fig.4 Kinetic analysis of EvCI with chymotrypsin. A Inhibition
curve of chymotrypsin by EvCI. Increasing concentrations of EvCI
(0.027, 0.053, 0.27, 0.58 and 0.9 pM) were incubated with fixed con-
centration of chymotrypsin (0.08 uM) to calculate the ICs,. B Chy-
motrypsin activity under different molar relationships EvCI-enzyme.
C EvCI Dixon’s plot. Increasing concentrations (0.11, 0.22, 0.33 and
0.44 uM) of EvCI were pre-incubated with chymotrypsin and residual
enzyme activities were determined with two different concentrations
of azocasein (0.025 and 0.085 mM)

that EvCI is a competitive inhibitor for chymotrypsin.
Similar results were found for inhibitors Archidrendon
ellipticum (Bhattacharyya et al. 2006) and Derris foliata
Lour. (Bhattacharyya and Babu 2009). The stoichiometry
1:1 inhibitor:enzyme was also reported for Schizolobium
parayba (Souza et al. 1995) and Derris trifoliate Lour Pls
(Bhattacharyya and Babu 2009), but was different from
Psophocarpus tetragonolobus, which forms complexes in a
ratio of 1:2 inhibitor:chymotrypsin (Kortt 1980).
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The value of dissociation constant (K;) calculated for
EvCI (4% 107® M) is in accordance with other inhibitors,
such as Derris trifoliata Lour (1.25x107'° M) (Bhattacha-
ryya and Babu 2009), Plathymenia foliosa (1.4x107° M)
(da Silveira et al. 2008) and Schizolobium parahyba
(5.85% 107 M) (Souza et al. 1995).

Cell-based EvCl tests

The viability of HeLa, MDA, K562, HepG2 and PC3 cells
was analyzed after an exposure period of 72 h with increas-
ing concentrations of EvCI (0.0005-200 ug mL~!). A dose-
dependent reduction of HeLa viability was noticed (Fig. 5A).
The reduction of viability reached about 60% with EvCI at
50 ug mL~1. No cytotoxic effect was observed on the other
cells treated with EvCI (Fig. 5A). Several plant-purified
compounds are also being evaluated for their biochemical
and therapeutic applications. Thus, the cytotoxic potential
of EvCI was analyzed on different tumor cell lines: HeLa,
MDA, PC3 and K562. EvClI inhibited HeLa cell proliferation
with an ICs; of 50 ug mL™'; however, it showed no cytotoxic
effect against the other ones. EvCI showed a specific anti-
tumor activity, which is similar to other PIs that have been
analyzed (Lam and Ng 2010; Chan et al. 2013). Given the
cytotoxic effect of EvCI in HeLa cells, we investigated the
mechanism of death triggered by EvCI using flow cytometry.
The results of flow cytometry assay using annexin V-FITC/
PI double staining to distinguish living cells (An"/PI7),
dead cells (An~/PI*), early apoptotic cells (An*/PI”), and
late apoptotic/dead cells (An*/PI*) showed an increase in
percentage of cells undergoing apoptosis regardless of types,
both apoptosis early (An*PI") and late apoptosis (An"PI")
when submitted to the highest dose of 50 ug mL~"! of EvCI
for 72 h and compared to the experimental control (Fig. 5B).

Changes in the distribution of HeLa cells were checked
at different stages of the cell cycle. Treatment of HeLa cells
with 50 ug mL~! of EvCI promoted reduction of the cell
population (p <0.05) in GO/G1 after 72 h, accompanied by a
small increase in the S/G2/M population (p <0.05) (Fig. 5C).
No significant changes were observed in the sub-Glphase
after treatment, confirming the results obtained on induc-
tion of cell death by flow cytometry after double-staining
with Annexin V-FITC/PI. Furthermore, exposure of cells to
a concentration four times higher than ICy, used in the MTT
assay (200 ug mL™") caused no significant reduction in cell
proliferation when compared to treatment with 50 ug mL™!
for the same period of exposure. Taken together, these
results indicate that the primary effect of EvCI is induction
of arrest in the cell cycle and, therefore, a cytostatic effect
specific for HeLa cells.

Tumor cells exhibit various alterations in cell cycle regu-
lation. Changes in signal transduction pathways are required
for the establishment of all tumor types (Evan and Vousden
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Fig.5 Effects of EvCI on viability of cancer cell lines. A The cells
were treated with EvCI (0.0005-200 ug mL™") for 72 h. B Determi-
nation of cell death mechanism using HeLa cells treated with EvCI.
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V-FITC/PIL. C Effects of EvCI on HeLa cell cycle. The cells were
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2001). The control of cell proliferation is considered an
effective strategy to prevent or delay tumor growth (Moli-
nari 2000). In this study, we observed a cytostatic effect of
EvCI on HeLa cells, indicating that this inhibitor could be
an alternative to or complement for conventional treatments,
such as surgery, radiotherapy and chemotherapy, which
have moderate efficiency and side effects. EvCI reduced
cell viability and proliferation and induced arrest in the cell
cycle of HeLa tumor cells. Flow cytometry analysis showed
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a significant reduction of cells in the GO/G1 phase and an
increase in the proportion of cells in S and G2/M phases
(p <0.05) of the cell cycle, suggesting a cytostatic effect in
HeLa cells for arrest at these points in the cycle. Similarly,
Bowman-Birk PIs presented a cytostatic effect on the osteo-
sarcoma cell cycle (Saito et al. 2007). Another example is
the classic Bowman-Birk inhibitor from Vigna unguiculata,
which had a significant cytostatic effect on reducing the pro-
liferation of MFC-7 cells, presenting arrest in S/G2/M and a
significant increase in annexin-V* cell number (Joanitti et al.
2010). Cytostatic effects of Bowman—Birk PIs have been
described in ovary (Wan et al. 1998), breast, mouth (Zhang
et al. 1999), colon (Clemente et al. 2005), osteosarcoma
(Saito et al. 2007) and other tumor cells (Kennedy 1998).

Conclusion

EvClI, a member of the Kunitz chymotrypsin inhibitors from
E. velutina seeds, is a competitive inhibitor of chymotrypsin
and displays high functional stability regarding pH, tempera-
ture, and exposure to DTT. Furthermore, EvCI displayed
a selective anti-proliferative effect on HeLa cells, and the
primary effects on cell viability and cell cycle indicate arrest
in the cell cycle followed by apoptosis. These data suggest
that EvCI may be a promising compound to be studied as
a potential anticancer agent in the future, but other mor-
phological and biochemical studies should be performed to
elucidate the mechanism of EvCI action in HeLa cell lines.
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