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Cysteine proteases play an important role in cell migration and tumor metastasis. Therefore, their
inhibitors are of colossal interest, having potential to be developed as effective antimetastatic drugs for
tumor chemotherapy. Traditionally, secondary metabolites from streptomyces show a wide range of
diversity with respect to their biological activity and chemical nature. In this article, we have described
the characterization of small molecule cysteine protease inhibitor, CPI-2081 (compound 1), amixture of
two novel pentapeptides, compound 1a (736.71 Da), and compound 1b (842.78 Da), isolated from
Streptomyces species NCIM2081, following solvent extraction and repeated HPLC based on C18
chemistry, and completely characterized using a variety of both 1D and 2D NMR spectroscopy.
Further, it was found that nanomolar concentration of compound 1 is able to inhibit papain hydrolytic
activity. Also, compound 1 significantly inhibits tumor cell migration at sub cytotoxic concentration,
indicating its remarkable potential to be developed as antimetastatic drug,whichwillmake chemotherapy
more localized and specific, thereby minimizing the hazardous side effects on normal tissues.

Introduction

Deregulated expression of proteases is convincingly repor-
ted to be involved in tumor progression and metastasis.1-4

Cysteine proteases such as cathepsin B expression is increased
in many human cancers.5,6 The predominant expression of
cathepsin K in osteoclasts has rendered the enzyme a major
target for the development of novel antiresorptive drugs, and
cathepsin S appears to be a considerable drug target for vari-
ous inflammatory diseases including rheumatoid arthritis.7-9

Several studies have shown thatparasites suchasTrypnosoma,
Leishmania, and Plasmodium also take advantage of cysteine
protease activity to survive the hostile microenvironment by
immune-evasion, hydrolysis of host proteins, enzyme activa-
tion, and cellular invasion.10-15 Therefore, it is reasonable to
assume that a good cysteine protease inhibitor can be a useful
compound to target the aforementioned disorders. Among all
kind of sources for natural bioactive compounds, actimomy-
cetes always hada competitive edge over otherswith respect to
their ability to producebioactive smallmolecules for drugdeve-
lopment. There aremany novel bioactive compounds isolated
from actinomycetes in recent past. Lanophylins, A1, A2, B1,
and B2 were isolated from Streptomyces sp.16 Lanophylins

were the first naturally occurring (3E)-hexadecylmethyllidine-2-
methyl-1-pyrroline backbone that inhibits lanosterol synthease
activity important for cholesterol maintenance. Some alkaloids
isolated from Dactylosporangium sp. inhibited recombinant
human kinase and serine proteases, cathepsin G, and chymo-
trypsin.17,18 Mannopeptimycins glycopeptides exhibiting anti-
bacterial activities were isolated from Streptomyces hygro-
scopicus.19 A few small molecule nonproteinacious cysteine
protease inhibitors, which are used in biomedical research as
protease inhibitor, have also been isolated from Streptomyces
sp.20,21 FA-70C, an antipain (cysteine protease inhibitor)
analogue, was isolated from the culture supernatant of Strep-
tomyces species strain FA-70. It inhibits Arg-gingipain (Rgp),
a key cysteine protease produced by Porphyromonas gingivalis,
a major pathogen of advanced periodontal diseases.22 A new
compoundmigrastatin, an inhibitor of cellmigration,was iso-
lated from Streptomyces species Mk929-43F1.23 A series of
successful attempts to isolate protease inhibitors from Strepto-
myces species led to discovery of few small molecule cysteine
and serine protease inhibitors such as leupeptin,E64, and anti-
pain.20,21,24 Because of the requirement of highmolar concen-
tration for inhibitory activity, these compounds have not found
their applicability in therapeutic formulations to target pro-
teases in humandiseases and aremaximally restricted touse in
research laboratories as protease inhibitor cocktails.We report
identification, isolation, and structure-functional characteri-
zation of a novel small molecule cysteine protease inhibitor
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that is effective in nanomolar concentrations. We have also
demonstrated its inhibitory effect on cancer cell migration.

Results

Identification and Isolation of Compound 1. The design of
the bioassay consists of screening various Streptomyces
species fermentation broth on the basis of its ability to inhibit
cysteine protease activity in a cell free system (Supporting
Information (SI) Figure S1). The fermentation broth of strains
that are active and exert their cysteine protease inhibitory
activitywere selected for identification, extraction, and isola-
tion of specific compound. Aliquots of the dichloromethane
extracts of Streptomyces species NCIM 2081 fermentation
broths in this assay were able to inhibit the substrate hydro-
lysis by papain (EC 3.4.22.2). The strain, Streptomyces species
NCIM 2081, was cultured in shake flasks in submerged
conditions for 72 h, and culture supernatant was harvested,
followed with lyophilization to dehydrate. The anhydrous
powder thus obtained was dissolved in aqueous methanol to
precipitate all proteins and extracted with n-hexane followed
by dichloromethane (SI Scheme 1). The dichloromethane was
removed under vacuum after filtration and chromatographed
on semipreparative Delta pack C18 column equipped with
reverse-phase HPLC resin and eluted with 40 min aqueous
acetonitrile gradient (5% to 95%) containing 0.1% TFA
(SI Figure S2). The fractions were analyzed in the cell free
protease inhibition assay as described in the Experimental
Section. The active fractions were pooled and rechromato-
graphed by reversed-phase HPLC that showed many closely
eluted compounds (SI Figure S3). Chromatography of this
fraction on analytical, symmetry-C18 reversed-phase HPLC
using gradient of aqueous acetonitrile containing 0.1%TFA
led to separation of compounds, which were further purified
by a second round of reversed-phase HPLC to yield 9 mg of
compound 1 from 35 L of the original fermentation broth
(SI Figure S4). ESI-MS analysis of purified compound showed
a set of fragmented masses roughly in the m/z range of
737-890. The interpretations of structural information for
the compound were annotated mainly by NMR spectroscopy.
The two peptides with mass m/z 736.40 (compound 1a) and
m/z 842.22 (compound 1b) have been (SI Figure S5) con-
firmed by complete assignments of NMR spectra such as 1H,
13C COSY, TOCSY, ROSEY, 1H-13C-HSQC, HMBC,
1H-15N-HSQC performed at 500/400MHzNMR spectro-
meters in DMSO-d6.

The UV spectrum of compound 1 displayed absorption
maxima at λmax 280 and 220 nm, which is analogous to the
UV spectrum of peptides containing aromatic amino acids.
The FT-IR spectra in solidKBr revealed that it contains pep-
tide amide core (SI Figure S6) and, the biochemical analysis
of amino acid composition indicated the presence of five
amino acids in nearly equal molar concentrations (Table 1).
The NMR spectra indicated the presence of small amount of
minor component along with the major peptide. 1H NMR
showed that they are present in the ratio of∼65:35, and com-
plete structure of both the components were assigned using
various 2-D NMR.

NMRAnalysis and Structure Elucidation ofMajor Compo-

nent (Compound 1a). Analysis of 1H and 13C NMR spectra
clearly indicated the presence of two peptides with more or
less identical amino acid residues (SI Figures S7A-C and S8).
In addition, the 1H NMR showed that they are present in the
ratio of∼65:35. The presence of six major carbonyl signals in
the 13C spectrum (SI Figure S8), five protons in the NH

(8.3-7.8δ) and CR (4.5-4.0δ) regions, suggested a penta-
peptide structure for the major compound present. The
presence of an extra carbonyl group (169.88δ) with HMBC
correlation to amethyl group at 1.84δ indicated the presence
of an acetyl group. A singlet at 1.23δ corresponding to nine
protons having HMBC connectivity to a quaternary carbon
at 42.52δ and to its own carbon at 31.23δ suggested the
presence of a t-butyl group (SI Figure S12C). Thusmodifica-
tion of at least two of the amino acids present in the major
compound by an acetyl and t-butyl group is very evident. In
addition, the presence ofmore than one aromatic amino acid
is also borne out from the 1H and 13C spectra. The 13CDEPT
spectrum had only four major CH2 signals in the region
expected for β carbons, indicating that only four out of five
aminoacids haveβCH2groups.The existenceof apentapeptide
is also supported by the 15N HSQC data, which showed six
distinct NH proton signals, five of which fall in the peptide
region and the remaining most deshielded signal (-248.74 δ)
corresponds to an indoleNHof a tryptophan residue and the
other five of themoriginating from the five peptideNHof the
pentapeptide (SI Figure S9). The chemical shift extracted from
the 1H-15N HSQC spectrum is given in Table 2.

From the COSY (SI Figure S10A-C), TOCSY (SI Figure
S10D,E), 1H-13C HSQC (SI Figure S11, Table S1), and
1H-13CHMBC (SI Figure S12A-F and Tables S2-S8), the
amino acid residues of the major peptide has been unambi-
guously identified as alanine, cysteine, leucine, phenylalanine,
and tryptophan, which correlates well with the hydrophobic
nature of the peptide. The details of chemical shift and coup-
ling constants for the major peptide are given in Table 2.
HMBC correlations of the quaternary carbon of the t-butyl
group (42.52δ) with the β CH2 protons of cysteine (2.78 δ,
2.66δ) provided unequivocal evidence formodification of the
thiol proton of cysteine by a t-butyl group, in other words, the
presence of a cysteine-S-t-butyl moiety (SI Figure S12C).
Similarly, the HMBC connectivity of acetyl methyl protons
(1.84δ) to leucineR carbon at 51.68δ and leucine-NH (8.03δ)
to acetyl carbonyl (169.88δ) confirmed the existence of leucine-
NH-COCH3 as theN terminal amino acid (SI Figure S12C).
The sequence of the major pentapeptide was identified with
the help of 13C HMBC connectivity and sequential NOEs of
the typeH(i)-NH(iþ 1), andNH(i)-NH(iþ 1) (SIFigure S13A,
B) as AcNH-leucine-cysteine (S-tBu)-tryptophan-alanine-
phenylalanine, which is also supported bymass spectral data
(m/z=737.71 Da; SI Figure S5). The HMBC, COSY/TOCSY,
and NOESY correlations used for the structural elucidation
are shown schematically in Figure 1A.

NMR Analysis and Structure Elucidation of Minor Com-

ponent (Compound 1b). It is clear from the 1H and 13C spectra
that hasweaker signal (∼35mole percent) alongwith someof
the signal of the major peptide (SI Figure S7B). The detailed
NMR investigation carried out showed that the minor
peptide is also likely to be a pentapeptide containing more
or less the same amino acid residues. The intensities observed
for the R, β, and aromatic protons compared to the peptide
NH in the 1H spectrum and overall patterns obtained for the

Table 1. Amino Acid Composition of Compound 1

amino acid mol (%) ( SEM

alanine 18.07( 3.2

cysteine 22.1( 2.4

leucine 19.79( 1.9

phenylalanine 21.04( 1.5

tryptophan 20.09( 1.7
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1H and 13C spectra can be rationalized only by considering a
pentapeptide having identical residues with modification in
only one amino acid residues of the major pentapeptide
(compound 1a).

The multiplicities of the tryptophan residue signals obser-
ved in the 1H spectrum suggest the presence of a modified
tryptophan residue in the minor peptide (∼35 mol%). A split-
ting of ∼2 Hz for the major indole NH at 10.76δ, due to
weak scalar coupling with C2 proton of the tryptophan
ring at 7.15δ, is clearly visible in the expanded 1H spectrum

(SI Figure S7B) while the weakNHsignal at 10.6δ appear as a
singlet. This clearly suggests the absence of proton on trypto-
phan C2 carbon in the minor pentapeptide (compound 1b).
The absence of J coupling of the minor NH proton (10.6δ)
of the indole ring in the COSY and TOCSY spectra was
also noticeable (SI Figure S10B and S10D). The most interest-
ing observation is the presence of a tyrosine type of moiety
(doublets at 6.98δ, 6.65δ, broad peak at 9.2δ), which also
corresponds to the minor signals in the 1H spectrum (SI Figure
S7A and B) 13CNMR also confirms the presence of a tyrosine

Table 2. NMR Data for Compound 1 at 500 MHz (1H), 125.75 MHz (13C), 40.56 MHz (15N) in DMSO-d6
a,b

a *The intensities are calculated with respect to indole NH at 10.75δ. The notations s, d, t, q, m, dd, br in the table stands for singlet, doublet, triplet,
multiplet, doublet of doublet, andbroad signal, respectively. b#The intensities are calculatedwith respect to indoleNHat 10.60δ. Coupling constants are
shownonly for signals withminimumoverlapwith themajor signals. For some of the protons, the chemical shifts are extracted from the 1H-13CHSQC/
HMBC spectrum.
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type of moiety in the compound 1b (quaternary carbons at
156.6δ and 130.6δ and aromatic CH carbons at 129.7δ and
115.6δ). Apart from this, an additional quartet (J=15.7 Hz),
corresponding to the minor set of signals, is seen at 3.90δ. The
13C-1HHSQC spectrum correlates this quartet to a carbon at
∼31.1 ppm, where the 13C signal from the t-butyl group also
incidentally appears (SI Figure S11C). These protons were
found to show weak J couplings in the COSY and TOCSY
spectra to the protons on -C6H4-OH moiety (6.98δ, 6.65δ),
COSY and TOCSY expanded (SI Figure S14A). The AB
quartet pattern observed with a large coupling constant
(15.7 Hz) is indicative of a methylene group. The absence of
any 1H-1H J couplings of it to other protons rules out the
possibility of a tyrosine residue, as it should have shown further
J couplings to its R proton.

All these observations can be rationalized by considering
the presence of only a tyrosine type side chain (-CH2-C6H4-
OH) group (Figure 1B). The presence of such a group has
been confirmed from the 13C-1H HMBC spectrum where
connectivities of this CH2 group to the carbons of the phe-
nolic residue (CH carbon at 129.60δ and quaternary carbon
at 130.36δ) are seen (SI Figure S14B). More information
regarding the linking of the other side of this CH2 group is
obtained from the 13C-1H HMBC spectrum. This quartet
(centered at 3.98δ) shows correlation to a weak signal at
106.6 ppm, a quaternary carbon that in turn correlates to the
R-proton of tryptophan residue. (SI Figure S14B). This also
suggests that the R-proton of both major and minor signal
has nearly same chemical shift. The major R proton corre-
lates to the tryptophan C3 carbon at 110.4δ. The correlation
of the weak signal at 106.6 δ to the weaker CH2 protons
(3.14, 2.95δ) appears very close to the β protons of trypto-
phan residue. This in turn confirms that the tryptophan
moiety is intact and the modification has taken place at
C2 position by substitution of the indole ring proton by a
CH2-C6H4-OH group (Figure 1B). The C2 carbon of the
modified tryptophan residue appears at 136.93δ as a quater-
nary carbon, which not only shows connectivity to the CH2

group at 3.98δ but also to the weak β protons (3.14, 2.95δ)
appearing close to the β protons of the unmodified trypto-
phan residue (SI Figure S14D).

TheHMBCconnectivity of theNHgroup of indole ring of
tryptophan also shows unambiguous evidence for this modi-
fication (SI Figure S14C). Both the major and minor NH
protons show correlation to four different carbons viz., C2,
C3, C3a, C7, and C7a. The changes in 13C chemical shifts for
these carbons are very much evident from this. Because the
modification is only on one of the amino acids of the penta-
peptide, the 1H and 13C chemical shifts observed for the
minor component (compound 1b) is very close to that of the
major signals (compound 1a) except for the signals aris-
ing form the tryptophan residue. The 1H and 13C chemical
shifts of the minor pentapeptide (compound 1b) are given in
Table 2, and the connectivities observed are shown in
Figure1B. The presence of two very similar pentapeptides
have also been confirmed by 2D DOSY experiment per-
formed on a sample dissolved in methanol-d4, which clearly
indicated the presence of two compounds having very close
but distinct diffusion coefficients (SI Figure S15).

Thermodynamic Study of Proteolytic Inhibition Activity of

Compound 1. Because the compound 1 was isolated from
culture supernatant of Streptomyces sp. NCIM2081 follow-
ing activity guided fractionation, and the enzyme used for
the purpose was papain, a comprehensively studied cysteine

Figure 1. (A) SelectedHMBC, COSY,TOCSY, andNOESY corre-
lations of compound-1a (Major). (B) Selected HMBC, TOCSY,
COSY, andNOESYcorrelationsof compound-1b (Minor). (C)Final
chemical structure, elucidated with the help of UV/Vis, FT-IR and
NMR spectroscopy of cysteine protease inhibitor (CPI-2081), com-
pound 1 (R = H or CH2-C6H4-OH).
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protease enzyme. Therefore, we decided to examine the thermo-
dynamic feasibility for the inhibition of papain’s hydrolytic
activity. Also, we determined the inhibitory constant (Ki),
which is an important parameter that shows the potency of
inhibitory compounds. We analyzed the initial kinetics of
substrate hydrolysis inhibition by compound 1. Substrate
hydrolysis decreased as a function of concentration of com-
pound 1 in a dose dependent manner displaying the IC50

value of 36.9 ( 1.8 nM (Figure 2A). The equilibrium con-
stants for association (Ki) was calculated with the help of
a Dixon plot using ORIGIN 6.1 software, where inverse
rate of synthetic substrate, BAPNA (N-benzoyl-DL-arginine-
p-nitroanilide hydrochloride) hydrolysis was plotted against
a range of concentration of compound 1 (from 4.87 to 78 nM)
at 2 and 2.5 mM BAPNA. Dixon plot demonstrated the com-
petitivemodeof association of compound 1withpapain, show-
ing Ki value of 49.14 ( 2.45 nM (Figure 2B), which is close to
IC50 value. Thermodynamic analysis of interaction between
compound 1, and papain were studied as described in litera-
ture.25 In brief, the effect of temperature onKi was investigated
and thermodynamic parameters for the association of com-
pound 1 with papain was calculated using the Vant Hoff plot
(Figure 2C and Table 3).

Compound 1 Inhibits Cancer Cell Migration. Cancer cells
spread from the primary tumor either as individual cells,
using amoeboid, or as cell sheets, strands, and clusters by
means of collective migration. Cysteine protease antagonists
such as leupeptin and antinpain have been demonstrated to

retard the cell translocation during wound repair process.26

We investigated the ability of compound 1 to inhibit cancer
cell migration. To examine this, scratch wound healing assays
were performed in various cancer cell lines as described by
Liang et al.27 Briefly, the motility inhibition of tumor cells
was determined by capability of compound 1 to inhibit the
wound closure over the time in monolayer confluent cells.28

Postconfluent MDA-MB-231 (human breast carcinoma),
B16F10 (murine melanoma), or A-375 (human melanoma)
cells with the typical cobblestone morphology were used for
this experiment. Compound 1 (25 μM) significantly inhibited
the wound closure in A-375 andMDA-MB-231 cells as com-
pared to vehicle control (Figure 3A-C). Similarly, 25 μM
compound 1 was enough to inhibit the wound closure in
B16F10 by 20% (Figure 3A,D). MTT cell viability assay
revealed that the wound closure inhibition was not due to
cytotoxic effect of compound 1 (Figure 4). A-375 cells were
approximately 100% viable as compared to control even in
50 μMcompound 1 in culture conditions, which is much lower
than the compound 1 concentration needed for 30% inhibition

Figure 2. Determination of IC50,Ki for inhibition of hydrolytic activity of papain and thermodynamic parameters of compound 1 and papain
binding. (A) Determination of IC50 (36.9 ( 1.8 nM) for inhibition of hydrolysis of substrate by papain. Percent inhibition ( SEM is plotted
against concentration of compound 1 in nanomolar (nM). (B) Dixon plot for determination of inhibitory constant (Ki=49.14 ( 2.45 nM)
for inhibition of proteolysis by compound 1. Reciprocal rate of reaction is plotted against concentration of compound 1 in nanomolar (nM).
(C) Vant Hoff plot for association of compound 1 with papain (r=0.9336 and N=3).

Table 3. Thermodynamic Parameters for Binding of Compound 1with
Papain

temp (�C) ki (nM) ΔG (kJ/mol) ΔHa (kJ/mol) ΔS J/mol/K

32 -49.15 -42.67 83.84 419.36

37 -40.58 -43.86 83.84 411.61

41 -19.8 -46.3 83.84 411.43
aAll values are calculated at 37 �C.
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of cell migration (Figure 4). Similarly, compound 1was able to
inhibit the cellmigration ofMDA-MB-231 andB16F10 cells at
the concentrations lower than the in vitro cytotoxic dose.

Discussion

Compounds bearing a t-butyl group are very rare in nature
and are mostly isolated from marine sponges and include
peptides, terpenes, carbinols, esters, and ketone.29-32 A very
unusual compound containing tertiary butyl group, t-bu
ketone coumarin swietenone, was isolated from Chloroxylon
swietenia.33 Here, we describe the isolation and structure
elucidation of novel tertiary butyl containing cysteine pro-
tease inhibitor (compound 1), a mixture of two very similar
but distinctly modified peptides in approximate molar pro-
portion of 35:65. As evidenced both by biochemical analysis
(Table 1) and NMRanalysis (Table 2, Figure 1A, Figure 1B).
Four out of five amino acids in compound 1 (compound 1a

and compound 1b) are common, therefore, exhibiting very

similar physiochemical properties, making it nearly impossible
to isolate individual components of compound 1with the help
of reverse phase HPLC equipped with C18 chemistry using
various solvent conditions. The complete structure elucidated
with the help of UV-vis, FT-IR, MS-MS, and extensive
NMR spectroscopic techniques has shown that compound 1

contains unique groups andmodifications such as acetylation
of N-terminal leucine and tertiary butylation of cysteine
residue. N-Terminal acetylation and t-butylation of bioactive
peptide confers the extraprotection fromendogenouspeptidases.
The thermodynamicanalysis shows that theKi kepton increasing
with respect to the increase in temperature between 32 and
41 �C (Table 3), and the Vant Hoff plot was a straight line
having a negative slope (Figure 2C). As shown in Table 3, the
Gibbs free energy (ΔG) is negative, indicating that the inter-
action between compound 1 and papain is spontaneous while
positiveΔH suggests that the overall reaction is endothermic.
Also, significantly high positive entropy (ΔS) shows that the

Figure 3. Compound 1 inhibits cancer cell migration. (A) Representative bright phase images showing the wound closure after 24 h upon
compound 1 (50 μg/mL) treatment in MDA-MB-231, A-375, and B16F10 cells as compared to control. Mean percent wound migration
(standard error of mean) is plotted as a function of concentration of compound 1 as indicated. (B) MDA-MB-231 human breast carcinoma
cells, statistical analysis, P values for significantly different means, P*=0.010, P**=0.005, P***=0.004 vs control (0 μg/mL compound 1).
(C)A375 humanmelanoma cells, statistical analysis,P values for significantly differentmeans,P****=0.008,P***=0.004,P**=0.002, p*=
0.002 vs control (0.5 μg/mL compound 1). (D) B16F10 murine melanoma cells, statistical analysis, P values for significantly different means,
P****=0.013, P***=0.004, P**=0.003, p*=0.002 vs 0.5 μg/mL.
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inhibition of papain by compound 1 is due to hydrophobic
interaction and association is driven by increase in random-
ness. All these kinetic and thermodynamic data suggest that
the newly isolated compound 1 could be a potential scaffold to
study and can be used to develop new potent drug candidates
for the diseases associated with overactive and/or deregulated
expression of cysteine proteases.

Because tumor metastasis is observed in almost all kind of
cancer, it is a leading problem in cancer prevention strategies.
Because of the diverse nature of tumor cells with respect to
type, grade, localization, and close similarity to cellular com-
position of normal tissue, it is very difficult to have anticancer
agentwithout having any side affect on normal tissues. There-
fore, to achieve optimal chemotherapy with anticancer drugs,
it very important to develop antimetastatic drugs which could
arrest the tumor growth and dispersal. We are reporting iso-
lation and characterization of a small molecule cysteine pro-
tease inhibitor, compound 1 that has a potential to be deve-
loped as an antimetastatic drug.

Experimental Section

Bacterial Strain Culture and Fermentation. Streptomyces sp.
NCIM2081 cultures were seeded in 1000 mL flask containing
MGYP culture media (malt extract, glucose, yeast extract, and
peptone) containing 2% soybean meal and incubated at 28 �C
with shaking at 200 rpm. After 72 h, three flasks were removed
and kept at 4 �C for harvesting culture supernatant, followed
by protease inhibition activity assay using papain as the model
enzyme.

InhibitoryActivity forCompound 1 against Papain.The inhibi-
tory activity of compound 1 against papain was determined by
assaying the proteolytic activity of 1.28 μM of papain in Tris-
HCL buffer, pH 6.5, in the presence of 10 mM DDT (dithio-
threitol) and 2 mM EDTA (ethelene diamine tetra acetic acid)
using 1.5 mM BAPNA (N-benzoyl-DL-arginine-p-nitroanilide
hydrochloride) as the substrate in the presence and absence of
compound 1 at 37 �C. To determine the IC50 value and Ki, the
increasing concentration of compound 1 (ranging from 19.4 to
312 nM) was preincubated with papain and 1.5 mM BAPNA
was added to initiate the reaction. The percent substrate hydro-
lysis was calculated using an end point assay in which the release

of p-nitroanilide from BAPNA on account of substrate hydro-
lysis was monitored by recording the absorption maxima at
405 nm.

Amino Acid Analysis Using Fluorescent HPLC.A total of 2 mg
of compound1wasdigested in6NHClat110 �Cfor24h invacuum-
sealed tubes. The hydrolysate was then used for amino acid analysis
with an AccQ-Fluor kit (Waters Corporation, USA) following the
manufacturer’s instruction.Thedigested samplewasderivatizedwith
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQCC) fol-
lowing manufacturer’s instruction. In brief, five picomole of the
sample was loaded onto AccQ-tag HPLC column and eluted with
acetonitrile gradient (5-95%). Elute was monitored with a flores-
cence detector (Waters Corporation, USA). To calculate the molar
proportion of constituents, the peak areas of individual amino acids
were compared with standards running under identical conditions.
Total cysteineandtryptophanwereestimatedwith intactpeptideacc-
ording to themethod of Cavallini et al.34 and Spande andWitkop,35

respectively.
NMR Measurements. All the 1H and 13C NMR measure-

ments were carried out on Bruker AV 500 spectrometer operat-
ing at 500.13 and 125.75 MHz, respectively. Ten mg of the
sample isolated was dissolved in DMSO-d6 in a standard 5 mm
NMR tube and the 1H,COSY,NOESY,ROESY, 13CCPD, 13C
DEPT, 13C-1H HSQC, 13C-1H HMBC, and 15N-1H HSQC
experiments were performed. The one-dimensional 13C experi-
ments were performed on a 5 mm quadra nuclei probe at ambient
temperature (∼28 �C). Twenty thousand and 11000 transients were
collected for 13CCPDandDEPT135 respectively.All the 2Dexperi-
ments except the 15N-1H HSQC were conducted on a 5 mm
broad band inverse gradient probe. The 15N-1H HSQC experi-
ment was carried out on Bruker AV 400 NMR spectrometer
operating at 40. 56 MHz for 15N using a broad band observe
(BBO) gradient probe. Gradient spectroscopic techniques were
employed for all the 2D experiments. Four hundred experiments
(t1 increments) of 24 scans were used for COSY, NOESY, and
ROESY measurements. The COSY and the HMBC spectra
were collected in a magnitude mode, while a phase sensitive
(States-TPPI)modewas used forHSQC,NOSEY, TOCSY, and
ROESY measurements. A mixing time of 1 s and 300 m s was
employed for NOESY and ROESY experiments, respectively.
The numbers of scans used for each t1 increment for other 2D
experiment were as follows: 24 (13C HSQC,), 80 (13C HMBC),
64 (15NHSQC). The 13C HMBC data was optimized for a long-
range coupling constant of 6 Hz. A pulse sequence employing a
double low pass filter gave better results for 13C HMBC due to
spread in 1JC-H values (160-135 Hz). The HMBC spectra were
acquired without proton decoupling during detection. The 90�
pulse lengths for 1H, 13C, and 15N were 13.5, 10, and 14 per s,
respectively. Appropriate window functions viz. sine squared
bell with nophase shift for allmagnitudemode andphase shifted
(ssb=2) sine squared bell for phase sensitivemodewere used for
data processing. In general a 2K� 2K data matrix size was used
for the 2D experiments. The 1H and 13C chemical shifts were
referred to the residual solvent peak (2.50 and 39.95 the central
signal of the solvent, respectively for 1H and 13C). The 15N
chemical shifts were referred to an external sample of nitro
methane (0 ppm). DOSY experiments were carried out on Burker
AV 500 NMR spectrometer equipped with a 5 mm broad band
inverse gradient probe by systematic variation of the strength of
the gradient amplitude and data was processed using standard
Bruker software.

Mammalian Cell Culture. Human breast adenocarcinoma
MDA-MB-231 was cultured in L-15 media supplemented with
10% fetal calf serum, 100 units/mLpenicillin, 100 μg/mL strepto-
mycin, and 2 mM glutamine in a humidified atmosphere of air
containing 5% CO2 at 37 �C. Human melanoma A-375 and
murine melanoma B16F10 was cultured in DMEM supplemen-
ted with fetal calf serum 10%, penicilin100 units/mL, strepto-
mycin 100 μg/mL, and 2 mM glutamine in a humidified atmos-
phere containing 5% CO2 and 95% air at 37 �C.

Figure 4. MTT cell viability assay upon compound 1 treatment:
MDA-MB-231 and B16F10 cells were treated with increasing
concentration of compound 1 for 72 h and A-375 cells were treated
for 48 h. Cells were incubated with MTT for 4 h and an ELISA
reader measured absorbance at 570 nm. Mean percent cell viability
((standard error of mean) is plotted as a function of compound 1

concentration in μM. Statistical analysis, P values for significantly
differentmeans,P1=0.003,P*=0.012,P**=0.017,P((=0.0009 vs
control.
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Cell Survival Assay. MDA-MB-231, B16F10, or A-375 cells
were plated in 96-well plates. After 24 h, cells were treated with
compound1 in indicated concentrations and time.After treatment,
media was removed and 0.5mg/mLMTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide] solution was added to the
cells and A570 was recorded after 4 h of incubation.

Wound Healing Assay. The migration of tumor cells was
determined by scratch wound healing assay. Postconfluent cells
showing the typical cobblestone morphology were used for this
experiment. Scratch wounds with a constant diameter were made
with a 10 μL micropipet tip on monolayer and cells were main-
tained in media supplemented with 5% FBS. Then cells were
treated with compound 1 in indicated concentration. Cells were
incubated at 37 �C for 24 h. After termination of experiments,
wound photographs were taken under phase contrast micro-
scope (Nikon). The photographs were analyzed for cell wound
healing over the time by measuring the horizontal grid length of
wound (scratch) in Microsoft PowerPoint.
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