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Multiple proteases of the same family are quite often present in the same
species in biological systems. These multiple proteases, despite having high
homology in their primary and tertiary structures, show deviations in prop-
erties such as stability, activity, and specificity. It is of interest, therefore,
to compare the structures of these multiple proteases in a single species to
identify the structural changes, if any, that may be responsible for such
deviations. Ervatamin-A, ervatamin-B and ervatamin-C are three such
papain-like cysteine proteases found in the latex of the tropical plant Erva-
tamia coronaria, and are known not only for their high stability over a
wide range of temperature and pH, but also for variations in activity and
specificity among themselves and among other members of the family. Here
we report the crystal structures of ervatamin-A and ervatamin-C, com-
plexed with an irreversible inhibitor 1-[L-N-(trans-epoxysuccinyl)leu-
cyllamino-4-guanidinobutane (E-64), together with enzyme kinetics and
molecular dynamic simulation studies. A comparison of these results with
the earlier structures helps in a correlation of the structural features with
the corresponding functional properties. The specificity constants (kca/Kp)
for the ervatamins indicate that all of these enzymes have specificity for a
branched hydrophobic residue at the P2 position of the peptide substrates,
with different degrees of efficiency. A single amino acid change, as com-
pared to ervatamin-C, in the S2 pocket of ervatamin-A (Ala67 — Tyr)
results in a 57-fold increase in its k.,/K, value for a substrate having a
Val at the P2 position. Our studies indicate a higher enzymatic activity of
ervatamin-A, which has been subsequently explained at the molecular level
from the three-dimensional structure of the enzyme and in the context of
its helix polarizibility and active site plasticity.

The diverse roles of plant cysteine proteases in biologi-
cal processes have already been established [1-3]. Some
of them are involved in defense responses, such as
papain in the latex of Carica papaya, which is triggered
by invading pathogens [4]. Other papain-like proteases
seem to be involved in the different signaling cascades

Abbreviations

of plants [1]. These proteases belong to the C1 family,
clan CA according to the classification in the MEROPS
database  (http://merops.sanger.ac.uk); this also
contains mammalian intracellular proteases such as
cathepsins (B, C, L, K, S, etc.) and proteases from
pathogenic parasites, which act as drug targets in

E-64, 1-[L-N-(trans-epoxysuccinyl)leucyllamino-4-guanidinobutane; pNA, p-nitroanilide; B-ME, B-mercaptoethanol.
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many diseases caused by uncontrolled proteolysis or
parasite infection [5,6]. Plant proteases of this family
have long been used in industry, owing to their high
stability and broad specificity [7,8]. These proteases
show high sequence similarity and they share a com-
mon fold with papain, the archetypal enzyme of the
family, which has served as a model for mechanistic
and structural studies. The papain-like fold consists of
two domains with a V-shaped active site cleft at the
interface of the domains, with a catalytic dyad com-
prising residues Cys and His situated at the opening of
the cleft, one from each domain. The activity of the
proteases is governed by the catalytic dyad that exist
as a Cys™...His" zwitterion — a prerequisite for enzyme
catalysis [9]. The role of neighboring residues of the
catalytic dyad, such as Aspl158, Asnl75, Glu50, and
GInl9 (papain numbering), in catalysis and stabiliza-
tion of the zwitterionic form of the dyad has been
established from high-resolution X-ray structures and
mutagenesis studies [10-12]. The active center chemis-
try and catalytic mechanism of this class of enzymes
have been studied extensively by Brocklehurst et al. for
a number of enzymes, using different reactive probes
[13—-18]. Other factors contributing to the stability of
the Cys™...His " ion pair, such as the dipole moment of
the central helix, and interdomain interactions, have
also been characterized [19-21]. Specificity subsites [22]
for the members of this protease class have been iden-
tified from the crystal structures of the enzymes with
substrate analog inhibitors [23-25]. The specific roles
of individual amino acid residues in the subsites in
substrate specificity have also been identified from
mutagenesis studies [26].

In this family of papain-like cysteine proteases, it is
not very uncommon to find, in a single species, multi-
ple proteases that quite often differ in stability, activity
and specificity in spite of their high homology in pri-
mary and tertiary structures [1,3,27]. Multiple lyso-
somal cysteine proteases of this family (cathepsins)
from humans and their mammalian homologs have
been widely studied [28]. Because these cathepsins are
involved in the lysosomal proteolytic machinery, the
uncontrolled regulation of their normal function leads
to a number of pathological events in humans. These
conditions may even arise when the regulatory protein
inhibitors for these cathepsins, such as stefins or cysta-
tins, are downregulated [28-30]. The cathepsins have
been shown to be potential drug targets, having a rela-
tively short and well-defined substrate-binding site [5].
In addition to the structural and biochemical studies
on the individual cathepsins, comparisons of the sub-
site structures related to the functions of the proteases
have also been made, and these studies serve as a
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useful guide for drug or inhibitor design, which should
be specific for a particular protease that is responsible
for a particular pathological event in humans [5,28,31].
Studies on the plant multiple proteases, on the other
hand, are limited. Structures of individual multiple
proteases from the latex of C. papaya have been stud-
ied, and a few biochemical properties of some of these
proteases have been compared [32,33], but elaborate
studies relating their 3D structures with their proper-
ties, such as stability and activity, have not been
reported. Such a study is particularly necessary
because sometimes even a subtle change in the struc-
ture may cause variations in functions. Papain-like
cysteine proteases from plants (papain, ficin,
bromelain, etc.) have long been used in industry [34].
Stability and activity are two important parameters
that practically determine the feasibility of the indus-
trial application of an enzyme. Three-dimensional
structures of multiple enzymes from the same species
can thus be a useful source of natural variants for
investigation of properties such as stability and activ-
ity, to judge the potential of the enzymes for industrial
applications.

An attempt has therefore been made in this article
by choosing one such species that has in its latex mul-
tiple enzymes sharing a common catalytic mechanism,
but differing in properties such as stability, substrate
specificity, and activity. The stability aspect has been
extensively discussed in our earlier papers [27,35], and
here we address the issue of substrate specificity and
activity in greater detail. In the process, we have also
studied the dynamic aspects of noncovalent inter-
actions involved in substrate/inhibitor recognition and
their effects on enzyme catalysis in this class of
enzymes.

Three papain-like cysteine proteases, ervatamin-A,
ervatamin-B and ervatamin-C, have been isolated and
purified from the latex of a medicinal plant Ervata-
mia coronaria and biophysically/biochemically charac-
terized [36-39]. The 3D crystal structures of
ervatamins determined by us are used for investigation
of the catalytic mechanism and substrate specificity
and to understand the differences therein for this class
of enzymes. In order to identify the subsites of the
ervatamins and to understand substrate or inhibitor
binding/recognition at the molecular level, we have
crystallized ervatamin-A and ervatamin-C with a cyste-
ine protease-specific inhibitor, 1-[L-N-(trans-epoxy-
succinyl)leucyllJamino-4-guanidinobutane (E-64), which
occupies the active site cleft from the S1 to the S3
subsites of the enzyme. Enzyme kinetic studies
with chromogenic peptide substrates, along with the
structural information from the enzyme-inhibitor
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complexes, help us to understand the activity and sub-
strate specificity at the molecular level. Molecular
dynamics simulation studies at 300 K also help in
revealing the dynamic behavior of amino acid side
chains of the particular enzyme involved in substrate
binding. It provides additional knowledge that comple-
ments the static conformation obtained from X-ray
diffraction methods and helps us to understand the
P2 specificity of ervatamins for branched hydrophobic
residues, as compared to an aromatic residue in the
case of papain. The high activity of ervatamin-A has
been explained from the structural point of view, and
it is seen that small differences in globally similar
enzyme structures, even when the differences are at a
remote position from the active center, may have con-
siderable influence on specificity and activity. In this
article, the domain plasticity has been correlated with
the activity of the enzyme, which has the catalytic site
at the interface of the two domains. This observation
helps us to improve our understanding of the generic
principle of catalysis for this family of proteases.

Results and Discussion

Fold of ervatamin-A

The overall structure and fold of ervatamin-A is simi-
lar to that of ervatamin-B, ervatamin-C [27,35] and
other members of the papain family, and is made up
of two domains, L and R, with a V-shaped active site
cleft at the interface of the domains (Fig. 1).

N-terminus

Fig. 1. Ribbon diagram of ervatamin-A; left domain, right domain
and interdomain crossover are identified by yellow, blue and green
color ribbons, respectively.

Substrate specificity and activity of ervatamins

Amino acid sequence of ervatamin-A and
comparison with other ervatamins

The first 10 N-terminal amino acids of mature ervata-
min-A were already known to us from protein
sequencing [40], and on the basis of this, the forward
primer for cDNA amplification was designed.
Sequences from residues 11-195 were derived from the
partial cDNA sequence of ervatamin-A, which is
described in Experimental procedures. The backbone
of region 196-209 was traced from the electron density
map. Within region 196-209, the side chain of the last
residue could not be located from the electron density
map; the rest could be fitted in the map, mainly guided
by the sequence conservation in the family of papain-
like plant cysteine proteases.

Ervatamin-A shows 90% sequence identity with
ervatamin-C [including Cysl114 and Cys193, forming
the extra (fourth) disulfide bond], with no insertions or
deletions. One would therefore expect ervatamin-A,
like ervatamin-C, to have a fourth disulfide bridge at
the equivalent position. However, the electron density
map of ervatamin-A at various levels clearly indicates
that Cysl14 and Cys193 adopt rotamer conformations
that are unfavorable for the formation of a disulfide
bond, and remain in a reduced form. In addition, erva-
tamin-A was found to have a free Cys (108) apart
from the active site Cys, which is not very common in
the papain family. In comparison, ervatamin-B differs
from ervatamin-A (65% identity), with insertions/dele-
tions in its amino acid sequence.

The structure of ervatamin-A is reported for the
first time; hence, model building and structural fea-
tures have been described. On the other hand, as
mentioned above, the 3D structure of ervatamin-C
has been published previously [27], and therefore
only its binding interactions with E-64 will be dis-
cussed here.

Modes of binding of E-64 with ervatamin-A and
ervatamin-C

The modes of binding of E-64 with ervatamin-A and
ervatamin-C have been analyzed and compared with
the structures of other complexes of the same family.
E-64 binds to these two ervatamins in the same man-
ner as that found in other structures of complexes
of papain-like cysteine proteases, and here also the
binding is in the reversed orientation [5,23,24]. The
C2 atom of the epoxy ring of E-64 is covalently bound
to the active site Cys (Cys25) Sy atom, with an average
bond distance of 1.8 A (Fig. 2A). One of the E-64
carboxyl oxygen atoms in each of the ervatamins is
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Ervatamin-A

Ervatamin-C
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Fig. 2. (A) Schematic representation of E-64 covalently bound to the active site Cys (Sy) of an enzyme. (B) Ervatamin-E-64 interactions
(shown in stereo view) for one of the two molecules in the asymmetric unit of ervatamin-A and ervatamin-C. Hydrogen bonds are marked
by dashed lines. Molecules are represented by stick models, and E-64 carbon atoms are colored pink. (C) Superposition of ervatamin-C, com-
plexed with leupeptin (carbon atoms in magenta) and E-64 (carbon atoms in cyan) at the active site region (stereo view).

424 FEBS Journal 275 (2008) 421-434 © 2007 The Authors Journal compilation © 2007 FEBS



R. Ghosh et al.

stabilized in the oxyanion hole formed by GInl9 side
chain Ne2 and Cys25 main chain nitrogen atoms,
while the second oxygen atom interacts with the active
site HisNG61 (supplementary Table S1). The backbone
nitrogen atom of residue 24 is also involved in stabiliz-
ing one of the carboxyl oxygen atoms of E-64. Other
hydrogen bonds or electrostatic short contacts involv-
ing backbone atoms of E-64 and ervatamin-A or erva-
tamin-C are also listed in supplementary Table S1. In
contrast to the inhibitor interactions at the active site,
the subsite interactions (S2-P2 and S3-P3) are differ-
ent in ervatamin-A and ervatamin-C.

S$2-P2 interactions

The Leu side chain of E-64 at the P2 position is buried
inside the S2 pocket of ervatamin-A, formed by the
side chains of Tyr67, Phe68, Alal3l, Leul55 and
Leu201. This Leu side chain forms a van der Waals
contact mainly with the side chain of Tyr67 and to
some extent with Phe68, Alal31 and Leul55 (Fig. 2B).
The side chain of Tyr67 in ervatamin-A points towards
the S2 cleft, providing the maximum hydrophobic
environment for S2-P2 stabilization.

The S2 pocket of ervatamin-C is formed by the side
chains of Ala67, Alal31, Phe68, Leul55 and Leu201
(Fig. 2B). Tyr67 in ervatamin-A is replaced by Ala67
in ervatamin-C, and due to this replacement, the
S2 cavity of ervatamin-C has a wider opening than
that of ervatamin-A and lacks the proper environment
in which to bind and fix the Leu side chain (P2) of
E-64 tightly. In fact, S2-P2 binding is not compact in
ervatamin-C, and free space is observed beyond this
Leu side chain at the S2 cavity (Fig. 2B). Two mole-
cules of the enzyme complex in the crystallographic
asymmetric unit provide individual snapshots which
reveals the dynamic nature of the binding of E-64 to
ervatamin-C. The main van der Waals interactions are
provided by Leul55, Phe68 and Alal31 in both mole-
cules of the asymmetric unit. This observation also
corroborates the ICsy value of 225.0 nMm for ervatamin-
C as compared to 76.25 nM for ervatamin-A.

The mode of interaction of the Leu (P2) residue of
E-64 is similar to that of another substrate analog
inhibitor leupeptin, as revealed from our previous
docking studies with ervatamin-C, although the direc-
tion of the peptide-binding mode is opposite in the
two cases (Fig. 2C).

S3-P3 interactions

The S3 subsite for papain-like cysteine proteases is not
well defined like the S2 subsite; rather, it can be

Substrate specificity and activity of ervatamins

assigned to a region on the surface of domain L con-
taining the active site Cys. The S3-P3 interactions are
mainly governed by side chain interactions, and
accordingly the amino-4-guanidinobutane (P3) moiety
of E-64 orients differently in ervatamin-A and ervata-
min-C. This difference in the orientation of the
P3 moiety is further influenced by the different orienta-
tion pattern of the individual P2 Leu residues. In erva-
tamin-A, the P3 moiety of both the molecules of the
asymmetric unit runs along the extended backbone of
residues 65-64 and is partly exposed to the solvent
(Fig. 2B). On the other hand, the P3 moiety of E-64 in
each of the of the two ervatamin-C molecules in the
asymmetric unit mainly interacts with His61 in both
molecules (Fig. 2B).

The substrate specificity of ervatamins - a
comparison from structural and kinetic studies

It is established that the specificity of papain-like cys-
teine proteases is primarily determined by S2-P2 inter-
actions, as the S2 subsite is a deep pocket that makes
a major contribution to the binding energy for
enzyme-substrate interactions [5,31]. Our kinetic stud-
ies on the ervatamins using chromogenic peptides
show a preference for Val at the P2 position in ervata-
mins (Table 1). Ervatamins show less activity towards
benzoyl-Arg-p-nitroanilide, containing a phenyl ring at
its P2 position, which is an ideal substrate for papain
[26,41]. Tt is also shown that a substrate containing an
aromatic ring (like Phe) at the P2 position is less pre-
ferred than Val or Leu by ervatamins. Of the five resi-
dues of the S2subsite, a Leu (position 205 for
ervatamin-A and ervatamin-C, and position 208 for
ervatamin-B) at the bottom of the subsite is conserved
in ervatamins. Compared to a Ser in the equivalent
position of papain, the role of Leu here is to restrict
the size and depth of the S2 subsite. The S2 subsites of
ervatamin-A and ervatamin-C are similar, with only
one substitution observed: Tyr67 in ervatamin-A is
replaced by Ala67 in ervatamin-C. The same position
is occupied by a Trp in ervatamin-B. In the case of
ervatamin-A and ervatamin-B, this residue points
towards the S2 cleft, whereas the Tyr at the equivalent
position in papain moves towards the S3 subsite,
resulting in less contribution to the S2-P2 interaction.
This Tyr at the equivalent position of ervatamin-A
and papain adopts different rotamer conformations
(Fig. 3A), with a ~ 90° difference in chil angle
between the two. This difference is also observed to be
maintained in the 1 ns dynamics trajectory of papain
and ervatamin-A in solvated conditions without any
inhibitor/substrate (Fig. 3B).
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Table 1. Kinetic constants for peptidyl p-nitroanilides and ICgq value for E-64. The P2 residues of the substrates are in bold.

R. Ghosh et al.

Ervatamin-A Ervatamin-B Ervatamin-C
Km kcat kcat/Km Km kcat kcat/Km Km kcat kcat/Km
Substrates (mm) (s™ (s7"mm) (mm) (s™ (s7"mm) (mm) (s™ (s7"mm)
N-benzoyl-Phe-Val-Arg-pNA 0.071 35.330 497.605 0.057 0.285 5.0 1.063 9.312 8.760
D-Val-Leu-Lys-pNA 0.75 4.276 6.065 0.218 0.134 0.615 0.548 0.385 0.703
D-lle-Phe-Lys-pNA 1.666 5.474 3.286 0.725 0.022 0.03 1.475 0.264 0.179
Ala-Ala-Val-Ala-pNA 0.501 0.333 0.665 0.013 0.002 0.154 0.355 0.192 0.541
D-lle-Pro-Arg-pNA 0.683 0.017 0.025 0.364 0.241 0.662 0.716 0.015 0.021
N.-benzoyl-Arg-pNA 0.550 0.07 0.127 No activity 0.776 0.007 0.009
D-Leu-Ser-Thr-Arg-pNA 2.36 0.198 0.084 Very low activity 1.683 0.037 0.022
N-succinyl-Ala-Ala-Ala-pNA No activity 0.383 0.003 0.008 Very low activity
N-benzoyl-Val-Gly-Arg-pNA 1.888 0.117 0.062 Very low activity Very low activity
N-acetyl-Leu-Glu-His-Asp-pNA No activity No activity No activity
N-acetyl-Val-Glu-lle-Asp-pNA No activity No activity No activity
N-acetyl-lle-Glu-Thr-Asp-pNA No activity No activity No activity
ICs0 in nm for E-64 76.25 123.74 225.0
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Fig. 3. (A) Stereo view of superposition of the S2/S3 region of ervatamin-A on papain. The Tyr67 residues of ervatamin-A and papain are
shown as stick models, colored magenta and blue, respectively. The remaining parts of the proteins are represented as ribbon diagrams,
with S2 residues in magenta and S3 residues in blue. (B) Molecular dynamics trajectory of papain and ervatamin-A for residue 157 (papain

numbering, 155 for ervatamin-A) and residue 67, respectively.

The 1 ns molecular dynamics trajectories at room
temperature (300 K) for papain and ervatamin-A also
reveal that side chain conformations of the S2 subsite
residues are less flexible in papain than in ervatamin-A.
The distribution of the chi2 dihedral angle of Tyr67 in
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ervatamin-A with time (Fig. 3B) shows that the aro-
matic ring of the residue can move around the Cp—Cy
bond, and may act as a lid that fixes the P2 side chain
upon binding. A large degree of flexibility of the
LeulS5 chi2 dihedral angle is also observed in the
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Fig. 4. Superposition of cysteine proteases specific for Pro (at P2): cyan, ervatamin-B; magenta, ginger protease Il; orange, barley EP-B2;
yellow, viganain; Protein Data Bank codes 1IWD, 1CQD, 1FO5 and 1S4V, respectively. The conserved Met residue is marked.

trajectory of ervatamin-A. This residue also provides
hydrophobic interactions with the P2 leucyl side chain
of E-64 in both the ervatamins (supplementary Table
S1). Owing to its side chain flexibility, it can adopt a
conformation suitable for binding a flexible P2 residue
such as Val or Leu. On the other hand, side chains lin-
ing the papain S2 subsite show no conformational flex-
ibility in the trajectory; this, and the larger volume of
the S2 cleft, result in a preference for a bulky rigid
aromatic side chain at the P2 position of the substrate
in the case of papain [26,41].

Ervatamin-B shows Pro specificity at the P2 position
of the substrate. The S2 subsite of ervatamin-B is lined
with Trp67, Met68, Thr132, Glul57 and Leu208 [35].
The Met residue at position 68 is conserved in other
papain-like cysteine proteases with Pro specificity at the
P2 position of the substrate (Fig. 4). These proteases
specific for Pro (at P2) also contain a bulky residue at
the equivalent position of 208 in ervatamin-B [42-44].

Kinetic studies indicate that the ervatamins have a
preference for a long-chain positively charged residue
such as Arg or Lys at the P1 position, and show no
activity for substrates containing Asp at this position
(Table 1). Our previous docking studies on ervatamin-
B and ervatamin-C [27,35] with a substrate analog
inhibitor, leupeptin, showed that an Arg at the P1 posi-
tion of the inhibitor points away from the active site
cleft towards the solvent. This Arg appears to have
conformational flexibility, and in the case of ervatamin-
C, only weak stabilizing interactions are provided by
the enzyme through the backbone oxygen atom of resi-
dues 155 and 156 (Fig. 2C). We also observe from the
model of the ervatamin-C complex with leupeptin
(Fig. 2C) that if a smaller, negatively charged residue,

Asp, replaces Arg at the P1 position, it will lie in a
region surrounded by an array of backbone oxygen
atoms from residues 63, 64 and 23, and this region will
provide an unfavorable electrostatic environment for
Asp at the PI position. This probably explains our
observation that ervatamins show no activity towards
substrates with Asp at the P1 position (Table 1).

High activity of ervatamin-A

The proteolytic mechanism of papain-like cysteine pro-
teases have long been studied [10,22,33], and are
known to be mediated by Cys and His forming a cata-
Iytic dyad. It has been established that the catalytic
propensity of a His is highest, followed by a Cys, at
the enzyme active site among the 20 naturally occur-
ring amino acids [45,46]. In papain-like cysteine prote-
ases, the presence of a zwitterionic form of the
Cys™..His™" catalytic dyad was initially indicated
experimentally [14] and later established theoretically
[9,47,48], and was considered to be a prerequisite for
catalysis. The most important contribution to stabiliz-
ing the zwitterions comes from the long central a-helix
to which the catalytic Cys belongs [49]. The polarizing
effect originating from the helix concerned facilitates
the transfer of the proton from the catalytic Cys pres-
ent at the N-terminus of the helix to the His of the
dyad [19,50,51]. The first stage of catalysis is mediated
by the highly active thiolate ion of the Cys. Biochemi-
cal studies on ervatamins in our laboratory and in the
literature [42] show high activity of ervatamin-A
among the ervatamins towards synthetic peptides and
protein substrates. This phenomenon is difficult to
explain from the structures, especially so when the
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Fig. 5. The interdomain cleft of ervatamin-A and ervatamin-C in the same orientation. Ribbons colored yellow, blue and green represent
domain L, domain R and the interdomain crossover, respectively. The catalytic dyad Cys25 and His157 is marked.

Table 2. The sequence and the dipole moments of the central
helix were calculated by QUANTA (Accelrys Inc.). The residue at posi-
tion 32 is in bold.

Dipole

Enzyme Sequence moment (Debye)

Ervatamin-A (average CWAFSTVTTVESINQIRT 52.36
from two molecules
of the asymmetric unit)
Ervatamin-C (average
from two molecules
of the asymmetric unit)

Ervatamin-B

CWAFSTVSTVESINQIRT 49.39

CWAFSAVAAVESINKIRT 51.06

sequence of ervatamin-A has 90% identity with that of
ervatamin-C and has only one substitution at the
S2 pocket within a 10 A sphere around the catalytic
Cys. This substituted residue at position 67 contributes
to the S2-P2 interactions, as discussed above. The elec-
trostatic surface calculated by GRSAP [52] near the
active site is also similar in the two enzymes. However,
if we look carefully into the structure, we observe an
important substitution in ervatamin-A that, although
not near the active site, can influence the rate of catal-
ysis in ervatamin-A. A Ser — Thr substitution at posi-
tion 32 in the helix containing the catalytic Cys25 at
its N-terminus has two effects in the structure of erva-
tamin-A as compared to ervatamin-C. The Thr320y
in ervatamin-A points towards the helix and makes a
hydrogen bond with the backbone oxygen atom of res-
idue 28 of the same helix (Fig. 5), which is within the
same turn of the helix starting from Cys25. Although
residue 32 is not in the close vicinity of the catalytic
dyad, it enhances the dipole moment of this particular
helix in the case of ervatamin-A (Table 2), which may
promote/stabilize the catalytic ion pair CysSy .....
HisIm ™, a prerequisite for catalysis in this class of
enzymes. On the other hand, the Ser320y of ervata-

min-C pointing away from the helix forms a hydrogen
bond with Argl72Ne from the other domain, and
helps to form an intricate interdomain hydrogen bond
network involving Ser32, Argl72, Tyr184, Thrl4 and
Prol5 (Fig. 5). A similar type of interdomain network
mediated by the guanidium group of the side chain of
Argl72 (ervatamin-A numbering) is observed in
ervatamin-B [35]. Owing to the presence of a bulkier
residue, Thr, at position 32 of ervatamin-A, the guani-
dium group of the corresponding Arg orients differ-
ently, and as a result, the interdomain hydrogen bond
network is lost, and it consequently gains interdomain
plasticity. The proteolytic activity of the papain-like
cysteine proteases involves a number of steps to release
the final product [53], and in these intermediate steps,
conformational changes occur in the substrate. Confor-
mational flexibility of the active site of the enzyme is
thus required to allow/accommodate the conforma-
tional changes of the substrates, which are proteins or
peptides of varying length and sequence. As the active
site for this class of enzymes is at the interface of the
two domains, interdomain plasticity plays a role in the
activity of the enzyme. In the case of ervatamin-A, po-
larizibility and active site plasticity can therefore be
considered to be the primary factors responsible for its
observed high activity.

Experimental procedures

Purification, enzyme-inhibitor complex formation,
crystallization, and data collection

Protein purification from the latex of Er. coronaria was car-
ried out as described previously [36-38]. Each of the three
ervatamins (A, B and C) was reversibly inhibited by sodium
tetrathionate during the purification. For enzyme-inhibitor
complex formation, 1mL of protein suspension
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Table 3. Summary of diffraction data collection and refinement statistics. Values in parentheses are for the outer resolution shell.

Ervatamin-A Ervatamin-C
Crystal data
Space group Processed in P2, Processed in C222, P2,2,2,
Unit cell parameters (A, ©)
a 31.168 31.138 43.37
b 105.587 144.614 81.46
c 73.927 105.494 131.45
B 101.961
No. molecules/asymmetric unit 2 1 2
Resolution (A) (high resolution shell) 100-2.5 (2.56-2.5) 100-2.5 (2.56-2.5) 30-2.70 (2.79-2.7)
Data collection range (°) 115 - 82
No. observed reflections 34 362 34 609 41 609
No. unique reflections 14 392 8319 11279
Completeness (%) 85.8 (81.4) 95.2 (92.8) 93.40 (94.60)
/o () 5.4 (3.0) 4.0 (2.5) 4.40 (1.90)
Reerge” (%) 7.43 (14.63) 10.46 (18.73) 10.51 (29.17)
Refinement statistics With P2, dataset and using twinning options
Resolution range (A) 30-2.85 15-2.70
No. protein atoms 3208 3234
No. solvent molecules 40 (water) 166 (water), 6 (8042’)
No. ligand atoms 50 (E-64), 4 (B-ME) 50 (E-64)
R-factor® (%) 23.97 19.73
Rires” (%) 27.02 23.38
rmsd bond lengths (A) 0.009 0.006
rmsd bond angles (°) 1.55 1.41
Ramachandran statistics
Core region (%) 97.1 100.0
Generously allowed region (%) 2.3 0.00
Disallowed regions (%) 0.6 0.00

? Ruerge = 2. llh— <lh> 1/ 3" (Ih), where <lh> is the

average

intensity of reflection h and symmetry-related reflections.

® R = Riee = STl = 1R 11/ S IFR| calculated for reflections of the working set and test sets, respectively.

(~3mgmL™) in 50 mM Tris/Cl and 1 mM EDTA was
first activated at 22 °C for 15 min by 50 mM B-mercapto-
ethanol (B-ME), and the extra activator was removed by
ultrafiltration using a YM-10 membrane. The protein was
then mixed with an equal volume of 0.4 mgmL™' E-64
solution in the same buffer, and incubated at 22 °C for 3 h.
The extra inhibitor was removed, and the complex was con-
centrated by ultrafiltration on a YM-10 membrane. The
total inhibition of the ervatamins was checked biochemi-
cally against azocasein as a substrate. Atempts were made
to crystallize these protease—inhibitor complexes, and crys-
tals could be grown by the hanging-drop vapor diffusion
method at room temperature, using the same conditions as
described previously [36,54], with 12% glycerol as cryopro-
tectant. However, for the ervatamin-C complex, diffraction-
quality crystals of the complex were obtained only with
ammonium sulfate as precipitant; the other condition,
described by Chakrabarti et al. [54], using monobasic
potassium phosphate as salt, did not produce any crystal.
Diffraction-quality crystals of ervatamin-B—E-64 could not
be grown. Diffraction data for the other two complexes
were collected in-house with the MAR345dtb system and a
BRUKER FR591 rotating anode generator equipped with

the Osmic Confocal Max-Flux optic system. The data for
ervatamin-A—-E-64 and ervatamin-C-E-64 were collected at
100 K with a crystal-to-detector distance of 200 mm. Both
sets of data were processed with the AUTOMAR program
suite (http://www.marresearch.com/automar), and the data
statistics are listed in Table 3.

Indexing and scaling of the ervatamin-A-E-64 dataset
was possible in primitive monoclinic P2 and C-centered
orthorhombic C222 settings with acceptable data statistics
for both cases (Table 3). Although molecular replacement
with ervatamin-C (90% identity) as a search model
did work in the higher space group (C222,), R-factors
continued to remain high during refinement, and poor elec-
tron density was observed in some parts of the model. The
high R-factor in space group C222, and the relationship of
¢ cosff = —a/2 in the lower space group [55-57] led us to
suspect that the crystals might be pseudo-merohedrally
twinned, where a twinning operator acted as a symmetry
operator leading to a pseudo-higher space group. Different
twinning tests using the programs CNs [58] and DETWIN and
SFCHECK in the CCP4 suite [59] confirmed that the data
were twinned, and allowed us to calculate the twinning
fraction (0.394) (Fig. 6A,B) and the twinning operator
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(=h, =k, h + ). The primitive monoclinic space group was
thus identified as the true space group for ervatamin-A—
E-64 complex data, and was used subsequently in structure
solution and refinement.

Structure determination and refinement

The structure of ervatamin-A—E-64 was determined by the
molecular replacement method using the program AMORE
[60] implemented in the CCP4 suite [59], with the coordi-
nates of ervatamin-C (Protein Data Bank ID: 2PNS) as the
search model, keeping the mismatched residues as Ala, and
using the diffraction data processed in the monoclinic space
group. The Matthews coefficient (2.5 AlDa_l) suggested
two molecules in the asymmetric unit. Molecular replace-
ment was tried for space groups P2 and P2;; a lower R-fac-
tor (39.9%), higher correlation coefficient (54.9%) and
reasonable crystal packing confirmed the space group P2;.
Rigid body, positional and B-factor refinement using CNS
[58] in the resolution range 30-2.9 A, followed by electron
density fitting using QUANTA (Accelrys Inc., San Diego, CA,
USA), gave an R-factor of 32.3% and Rge. of 34.7%.
Refinement practically stalled at this stage, and from here
we refined the structure by considering the twinning options
in CNS [58]. A twinning factor of 0.4 and twinning opera-
tor —h, =k, h + [ were used during the course of refine-
ment. A test set of reflections (6%) for cross-validation was
chosen such that twin-related reflections were maintained
together in either the test set or the working set. Although
the data could be processed up to 2.5 A, there were some
practical problems in using the full dataset in the refine-
ment — the twin fraction o varied from 0.42 to 0.31 with
increasing resolution, and sharply decreased beyond 3 A
(Fig. 6C). cns [58] does not have provision for incorporat-
ing a resolution-dependent twin fraction and refinement of
the same. An average value of o = 0.4 was used, which
gave the lowest R-factor using data up to 2.85 A. After a
few cycles of positional refinement using the program CNs
[58], the E-64 molecule was fitted in the |F,|-|F,| electron
density map (2.50). A covalently linked B-ME molecule,
possibly trapped during complex formation, could be
located near the free Cysl08 in one molecule of the asym-
metric unit, which was fitted in the map and refined subse-
quently. Finally, incorporation of 40 water molecules using
the option X-SOLVATE of QUANTA (Accelrys Inc.) yielded an
R-factor of 23.97% and an Ry, of 27.02%.

As the crystals of ervatamin-C-E-64 were isomorphous
with the thiosulfate-inactivated enzyme (Protein Data Bank
ID: 2PNS), the coordinates of the native molecule without
the solvent molecules and the thiosulfate moiety were used
for rigid body refinement using the program CNs [58]. In
total, 5% of reflection data were set aside for Ry calcula-
tions. The |F,|-|F,| electron density map (2.5¢) clearly indi-
cated the presence of the E-64 molecule at the enzyme
active site of both molecules of the asymmetric unit, and
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the inhibitor was fitted in the electron density. As ammo-
nium sulfate was used during crystallization, six SO4>~ were
located here, instead of the PO4>~ reported in the thiosul-
fate-activated ervatamin-C structure (Protein Data Bank
ID: 2PNS), which was crystallized in the presence of mono-
basic potassium phosphate as salt [27]. A few rounds of
positional refinement, fitting, and introduction of water
molecules and SO,>, followed by manual fitting of the
model by QUANTA (Accelrys Inc.), led to an R-factor of
19.78% and Rpee of 23.42%. The final structure, after
20 cycles of group B-factor refinement using the same pro-
gram, converged to an R-factor of 19.73% and Rge. of
23.38%. Data and refinement statistics are given in Table 3.
The stereochemistries of the final models of ervatamin-A
and ervatamin-C in the complexes were checked by
PROCHECK [61]. At the final stage of refinement, omit-maps
covering the E-64 region in both the ervatamins were calcu-
lated (supplementary Fig. S1). For ervatamin-C-E-64,
low-resolution data were excluded to improve map quality
(supplementary Fig. S2). Molecular images were generated
by using the programs INSIGHTII (MSI Inc.), QUANTA
(Accelrys Inc.) and pymoL (http://pymol.sourceforge.net).
The coordinates and structure factors have been deposited
in the Protein Data Bank with accession codes 3BCN and
2PRE for the two crystal structures ervatamin-A and
ervatamin-C, both complexed with E-64.

Kinetic measurements using chromogenic peptides

All the chromogenic substrates (Table 1) containing p-nitro-
anilide (pNA) were purchased from Sigma. Enzyme assays
were performed in 50 mMm Tris/Cl buffer (pH 8.0) contain-
ing 1 mM EDTA and 0.1% Brij35. Before addition of the
substrate, proteases (0.1-0.5 uM) were preactivated for
15 min at 30 °C in the presence of 5 mMm B-ME. Substrates
were prepared in the same buffer as above. The time of acti-
vation, enzyme concentration and substrate concentration
range for each enzyme-substrate combination were stan-
dardized. Reactions were initiated by addition of an equal
volume of two-fold concentrated substrate to the active
enzyme mixture, and incubation at room temperature was
continued for the appropriate time. Liberated pNA was
monitored continuously at 410 nm on a UV-visible spectro-
photometer (Nicolet Evolution 100; Thermo Electron Cor-
poration, Rockville, MD, USA). The range of substrate
concentrations and the time of incubation were standardized
for each substrate. An extinction coefficient of 8800 at
410 nm for pNA was used for the calculations. The software
GRAPHPAD PRISM (http://www.graphpad.com/prism) was
used to calculate the K, and V., values by nonlinear fit-
ting of the Michaelis—-Menten saturation curve. The k¢, val-
ues were determined by using the equation ke, = Vinax/[EltT-
[E]r is the total concentration of the active enzyme, the
values of which were measured by active site titration with
E-64 using appropriate substrates containing pNA.

Substrate specificity and activity of ervatamins

Measurement of ICs, value of E-64

Enzymes were preactivated in the previously mentioned
assay buffer at 37 °C for 5 min, using 5 mm B-ME. The
optimum enzyme concentration was standardized to
0.25 um for ervatamin-A and 0.5 pM for ervatamin-B and
ervatamin-C. E-64 solution was added to the respective
active protease solutions and incubated at 37 °C for
2-10 min. Residual activity was calculated with respect to
the full activity of the enzyme (Ad41o nmmin~') without any
inhibitor under the same conditions described in the previ-
ous section, against the appropriate pNA peptide substrate
for each of the ervatamins. A range of E-64 concentrations
was used until the residual activity reached zero. Finally,
the residual activity of the enzyme was plotted against the
inhibitor concentration. From these plots, ICsy (the inhibi-
tor concentration required for half-maximal inhibition)
values of E-64 for the ervatamins were determined.

c¢DNA sequencing of ervatamin-A

Total RNA was extracted from the young leaves of Er. cor-
onaria using the RNAqueous-4PCR Kit (Ambion, Austin,
TX, USA) in accordance with the manufacturer’s instruc-
tions, and quantized spectrophotometrically. Single-
stranded ¢cDNA was synthesized by RT using RevertAid
M-MuLV reverse transcriptase with 3 pug of total RNA,
1 pg of oligo(dT);g primer, 1 mM dNTPs and 20 U of
RNase inhibitor in a total volume of 20 pL. Then, the sec-
ond cDNA strand was synthesized by PCR with
Taq DNA polymerase. The protocol comprised a predena-
turation step at 95 °C for 5 min, 35 cycles of two-step
amplifications (the first five cycles comprised denaturation
at 95 °C for 60 s, annealing at 50 °C for 90 s, and exten-
sion at 72 °C for 90 s, and the next 30 cycles comprised
denaturation at 95 °C for 60 s, annealing at 60 °C for 90 s,
and extension at 72 °C for 90 s) and a final extension step
at 72 °C for 15 min. The forward primers for PCR were
designed according to the N-terminal sequence of ervata-
min-A [40]. The reverse primers were based on the con-
served C-terminal sequence and guidelines from the
electron density maps for the protein. Degeneracy of the
primer sequences was fixed on the basis of frequency of
occurrence of a particular DNA codon for an amino acid
at a particular position for this family of plant cysteine pro-
teases. The primers used were 5-TTGCCTGAGCATGTT
GATTGGAGAGCGAAAG-3’ (forward) and 5-GGGAT
AATAAGGTAATCTAGTGATTCCAC-3’ (reverse). PCR-
amplified products were purified from 1% agarose gel and
ligated to the pTZ57R/T vector with the T/A cloning kit
(Fermentas, Hanover, MD, USA). The ligation mixture
was transformed into Escherichia coli XL1-Blue-competent
cells. Recombinant clones carrying the insert were selected
by blue-white screening. Plasmids containing DNA frag-
ments were extracted with the QIAprep Spin Miniprep Kit
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(Qiagen, Valencia, CA, USA). Isolated plasmids were veri-
fied by PCR and sequenced with forward and reverse
M13 primers using the MEGABACE sequencing system
(Amersham Biosciences, Piscataway, NJ, USA). The cDNA
sequence and translated protein sequence were analyzed
for similarity using BLAST (http://www.ncbi.nlm.nih.gov/
BLAST/) and cLusTALW (http://www.ebi.ac.uk/clustalw/).
The cDNA sequence of ervatamin-A has been deposited in
the NCBI GenBank with the accession number EF591130.

Molecular dynamics simulation

The crystal structures of papain (Protein Data Bank
ID: 9PAP) and ervatamin-A were used as starting models
on which all the calculations were performed. The INSIGHT-
1I/DISCOVER package (MSI Inc., San Diego, CA, USA) was
used for molecular dynamics study in a solvated condition
of a 10 A water layer along with the waters of crystalliza-
tion associated with the biological unit, but omitting other
ligands. The water molecules and generated hydrogen atom
positions were refined in steps up to saturation. The prop-
erly optimized assembly was then subjected to simulation
study. The temperature of the system was gradually
increased to 300 K from 0 K in 120 ps with an increment
of 50 K (for 20 ps) in each step. The system was then equil-
ibrated for 1.4 ns at 300 K; the last 1 ns was considered as
a product run for analysis. All the simulations were carried
out with constant volume and temperature (NVT ensemble)
through the velocity varlet integrator. A time-step of 2 fs
for integration was used, and a bond constraint was applied
by the RATTLE algorithm, a velocity version of SHAKE with
a tolerance of le™>. Coordinates were saved at 1 ps inter-
vals for the last 1 ns product run for analysis. All the simu-
lations were carried out with the consistent valence force
field, and the cell multipole method with a dielectric con-
stant of 1 was used for nonbonded calculations. The 1 ns
trajectory in each case was analyzed by the Analysis tool of
the INSIGHTII/DISCOVER package (MSI Inc.).
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Supplementary material

The following supplementary material is available
online:
Fig. S1. F,—F. omit map, contoured at 1.5¢, in the
E-64 region. (A) Ervatamin-A. (B) Ervatamin-C.
Fig. S2. Electron density (2F,—F.) map of the S2 sub-
site. (A) Ervatamin-A—E-64 contoured at 1.0c. (B)
Ervatamin-C-E-64 contoured at 1.2¢.
Table S1. Electrostatic and hydrophobic interactions
of E-64 with ervatamins.

This material is available as part of the online article
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(b)

FIGURE S1: Fo-Fc omit map, contoured at 1.5c, in the E-64 region. (a) Ervatamin-A, (b)

Ervatamin-C.



FIGURE S2: Electron density (2Fo-Fc) map of the S2 subsite. (a) Ervatamin-A— E-64

contoured at 1.0c and (b) Ervatamin-C— E-64 complex contoured at 1.2c.



Table S1. Electrostatic and hydrophobic interactions of E-64 with Ervatamins

Type of interaction

Atom of the inhibitor

Residue of Ervatamin-A

Distance in A

Molecule A Molecule B
Hydrogen bond and o1 GLN 19 Ne2 3.42 3.07
electrostatic short contacts
(0]} SER 24 N 3.10 3.73
0] CYS25N 3.41 3.00
04 GLY 66 O 3.15 2.75
04 GLY 66 N 2.84 2.87
N1 ASN 156 O 2.90 2.95
02 HIS 157 N&1 3.31 -
N2 GLY66 O 3.79 -
Covalent bond Sy C2 1.81 1.80
Hydrophobic interactions C8,C9,C10 (P2) TYR 67 <5 <5
C8,C9,C10 (P2) PHE 68
C8,C9 (P2) ALA 131
C9 (P2) LEU 155
C12,C14 (P3) GLY 65




Type of interaction

Atom of the inhibitor

Residue of Ervatamin-C

Distance in A

Molecule A Molecule B
Hydrogen bond and 02 GLN 19 Neg2 3.20 3.50
electrostatic short
contacts O1 GLN 19 Ne2 2.85 2.55
(0] GLN 19 Oel 3.48 -
Ol SER 24 N 322 3.09
(0] CYS25N 3.40 2.95
04 TRP 26 N - 3.51
N3 HIS 61 N&1 3.45 -
N4 HIS 61 No1 343 -
N4 HIS 61 Ne2 2.92 -
N5 HIS 61 Ne2 - 3.38
N3 LYS 640 - 3.33
04 GLY 66 N 3.40 3.32
N2 GLY 66 O - 3.51
N1 ASN 156 O 3.43 -
02 HIS 157 Né1 2.59 2.67
Covalent bond Sy C2 1.82 1.82
Hydrophobic C10 TRP 26 <5 <5
interactions
Cc7 TRP 26
Cc9 TRP 26
C8 PHE 68
C9 PHE 68
C10 PHE 68
C8 (P2) ALA 131
C9 ALA 131
C10 ALA 131
C7 LEU 155
C10 LEU 155
Cc9 LEU 155
C7 ASN 156
C10 ASN 156
Cl14, Cl15, C16 (P3) HIS 61
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