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ABSTRACT. Ervatamin C is an unusually stable cysteine protease from the medicinal Erleatamia
coronariabelonging to the papain family. Though it cleaves denatured natural proteins with high specific
activity, its activity toward some small synthetic substrates is found to be insignificant. The three-
dimensional structure and amino acid sequence of the protein have been determined from X-ray diffraction
data at 1.9 AR = 17.7% andRyee = 19.0%). The overall structure of ervatamin C is similar to those of
other homologous cysteine proteases of the family, folding into two distinct left and right domains separated
by an active site cleft. However, substitution of a few amino acid residues, which are conserved in the
other members of the family, has been observed in both the domains and also at the region of the
interdomain cleft. Consequently, the number of intra- and interdomain hydrogen-bonding interactions is
enhanced in the structure of ervatamin C. Moreover, a unique disulfide bond has been identified in the
right domain of the structure, in addition to the three conserved disulfide bridges present in the papain
family. All these factors contribute to an increase in the stability of ervatamin C. In this enzyme, the
nature of the S2 subsite, which is the primary determinant of specificity of these proteases, is similar to
that of papain, but at the S3 subsite, Ala67 replaces an aromatic residue, and has the effect of eliminating
sufficient hydrophobic interactions required for-S33 stabilization. This provides the possible explanation

for the lower activity of ervatamin C toward the small substrate/inhibitor. This substitution, however,
does not affect the binding of denatured natural protein substrates to the enzyme significantly, as there
exist a number of additional interactions at the enzyimgbstrate interface outside the active site cleft.

Cysteine proteases of the papain family are widely chain cross over to the other domain, acting as clamps
distributed in nature. They are found in both prokaryotes holding the two domains tightly together.

and eukaryotes, e.g., bacteria, parasites, plants, invertebrates, The papain-like mammalian lysosomal cysteine proteases
and vertebrateslj. Enzymatic activity of these proteases is (11 cathepsins known so farB{5) are reported to be
related to a catalytic dyad formed by a cysteine and a responsible for protein degradatiod),(and they have also
histidine residue which exists as an ion pair;SH*In", in been implicated in the development and progression of many
the pH interval of 3.5:8.0 (1, 2). Allmembers of the papain  diseases that involve abnormal protein turno@er). The
family share a common fold. A papain-like fold consists of plant cysteine proteases in this family, being more easily

two distinct domains, the left (L) comprising mainly the ayailable, serve as useful models to study the enzyme
N-terminal half of the molecule and the right (R) comprising supstrate and enzyménhibitor interactions.

mainly the C-terminal half of the molecule, separated by a
V-shaped active site clef]. Cys25 and His159 (papain
numbering) from the L- and R-domains, respectively, form
the catalytic site of the enzyme in the middle of the active
site cleft. The L-domain is predominantyhelical, and the
R-domain has mainly an antiparalf@isheet structure. Both
the amino and carboxyl terminal ends of the polypeptide

Ervatamia coronaria a flowering plant indigenous to
India, has a wide range of medicinally important applications
(10). Three cysteine proteases with novel properties have
been isolated from the latex of this plant and designated as
ervatamin A (1), ervatamin B 12), and ervatamin C1(3).

The sequence of 21 N-terminal amino acid residues of the
ervatamins showed marked similarity to those of known
cysteine proteases of the papain family. Studies of enzymatic

*The coordinates of the refined structure have been deposited atand physicochemical properties of the ervatamins revealed
the RCSB dPrtOtem D";‘tz .Batﬂ.‘ with e”")il code 10.0%1 ars‘d the grottei” that the activity of the enzymes toward natural substrates,
?fguMegfingvﬁerggg{)gse"Lnd'zrpt?]%e;(‘:’\ge;?gﬁ?{u';be? P\évg'%smro anOItheir iqhibition by thiol—gpt_acific inhibitors, and 'their auto-

* To whom correspondence should be addressed. E-mail: jiban@ catalytic property are similar to those of papain and other
Cm§b2-saha-er_net-in- , members of this family. Ervatamins, however, exhibit some

; Sgﬁ:r;gsmfguobm\‘jg'resﬁ;Phys'cs' striking properties that are distinctly different from those of

“Present address: Department of Biochemistry, Biophysics and Papain and others in the family, and these enzymes also differ
Molecular Biology, lowa State University, Ames, IA. among themselves in many respect$<14).
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Table 1: Summary of Diffraction Data Collection and Refinement Statfstics
A. Crystal Data

space group P2,2:2; no. of observed reflns 157915
unit cell params (A) a=43.73,b=82.69,c = 133.05 no. of unique refins 38978
no. of molecules/asymmetric unit 2 completeness (%) 97.9 (99.8)
resolution (A) 1.9 (1.951.90) o 1o(I) 20.15(2.9)
Vu (A3Da™) 2.41 Rmergd (%) 6.0 (56.0)
solvent content (%) 50
B. Refinement Statistics
resolution range (A) 151.9 rms dev from target values
no. of reflections in working set 36113 bond lengths (A) 0.006
no. of reflections in test set 1901 bond angles (deg) 1.3
no. of protein atoms 3151 dihedral angles (deg) 24.0
no. of solvent molecules 256 improper angles (deg) 0.79
no. of ligand (thiosulfate) atoms 10 Ramachandran statistics
R factor (%) 17.7 most favored regions (%) 86.4
Rirec® (%) 19.0 additionally allowed regions (%) 13.3
generously allowed regions (%) 0.3
disallowed regions (%) .
averageB factor (A2) 26.8

2Values in parentheses are for the outer resolution shel-L®® A.° Ryerge = Y|lh — OhVy(In), wheredhOis the average intensity of
reflection h and symmetry-related reflectioffR = Ryee = Y ||Fo| — |Fc|l/3|Fo| calculated for reflections of the working set and test (5%) sets,
respectively.

Among the ervatamins, ervatamin C show8)(remark- crystallographic 2-fold axis. Crystal data parameters, together
able stability under conditions known to denature most with the solvent content and Matthews coefficieh8)( are
proteins. It retains both secondary and tertiary structuresgiven in Table 1. The structure of ervatamin C was solved
along with biological activity over a wide range of pB by the molecular replacement method with the program
12), at high temperatures (up to 7@C), and at high AMoRe implemented in the CCP4 suitd7) using the
concentration of chemical denaturants. In addition, ervatamin polyalanine coordinates of ervatamin B (PDB code 1IWD)
C hydrolyzes natural protein substrates with high specific as the starting model. A rotation search was carried out taking
activity, whereas it exhibits very low activity against some data between 10 and 4.0 A followed by a translation search
small synthetic substrates. Moreover, the enzyme is not fully with the highest rotation peak to identify the position of the
inhibited by leupeptin, a potent inhibitor of the papain family first monomer. Once the position of the first monomer was
of cysteine proteases. Toward understanding the basis of sucliixed, a translation search with the second highest rotation
novel and significant observations, a detailed structural study peak was performed to locate the second monomer. Rigid
of ervatamin C and a comparison with other ervatamins as body refinement with AMoRe yielded aRfactor of 41.2%
well as with other members of the papain family are crucial. and a correlation factor of 62.6%.

These studies will also be of interest from the point of view  Model Building, Screening, and Refinemenhe model
of comparative biochemistry and the evolutionary relation- obtained from molecular replacement was subjected to rigid

ship of the plant cysteine proteases. body refinement in CNS10) with each monomer in the
asymmetric unit as an independent rigid group in the
MATERIALS AND METHODS resolution range 15:03.0 A, which resulted iR and Ryee

values of 46.2% and 43.3%, respectively. A random sample
of 5% reflections in the data set was excluded from the
refinement and used for tH&e calculation. Manual fitting
of the polyalanine model to theF2 — F. electron density

Crystallization, Data Collection, and Structure Solution
All crystallization experiments were performed by the
hanging drop vapor diffusion method. The protein, used for

crystallization, was purified13) in the presence of sodium map was performed using the interactive graphics program

tetrathionate and concentrated to 13 mg/mL in 0.01 M O (20). Th del including t lecules in th
sodium phosphate buffer, pH 7.0. Needle-shaped crystals of (20). The model including two molecules in the asym-

; ; ; tric unit was then refined using strict noncrystallographic
ervatamin C were obtained at room temperature with 0.05 me . 4 .
M potassium dihydrogen orthophosphate and 20% (w/v) z}/morg?{f{z]gﬁ??];nm%’r\:ts (1r?)cglfélg%oﬂ£|fgr§tto?\$ g%uggs
PEG-8000. Crystals were characterized, and preliminary ng" f39 8(|V Th » Wil ” fh f ‘;21
X-ray studies were reported ). Subsequently, diffraction andRiree OF 59.6%0. ThE amino acid sequence ol the firs

data were collected from a better crystal, grown under the (rjescd:Jes d"‘;af k?ﬁwnf ttr? rﬂs,'rr?nd 30?3 electlronn \?viﬂstlrgy
same conditions, on a 30 cm MAR Research image plate evelopead for some of them. These residues, along N

detector mounted on a Rigaku RU-200 rotating anode conserved cysteines, were inserted into the model. Because
generator running at 50 KV and 90 mA, using Cu K the full amino acid sequence was unknown to us, refinement

radiation. X-ray intensity data were indexed, integrated, and was carried out very cautiously and during each sfep-2
subsequently scaled using DENZO and SCALEPACK from "¢ &1dFo — Fe maps were calculated and carefully checked

the HKL program packagel6) up to 1.9 A resolution. A tSO av_?_|d |tr;cotr_rect |dent|f_|(;::;1tl?rr]1 of Q(rjnlno_amlc_i rfs(ljd_uetsh.
self-rotation function calculation using the program PO- pecilic attention was paid fo the residues implicated in the

LARRFN in the CCPA packggétl’) clearly m(.jlcat?d the 1 Abbreviations: CD, circular dichroism; BAPA, benzoylarginine-
presence of two molecules in the asymmetric unit, related p, nitroanilide; MALDI-TOF, matrix-assisted laser desorption time of
by a noncrystallographic 2-fold axis, distinct from the flight; NCS, noncrystallographic symmetry; GPII, ginger protease II.
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tuted Ala67 in the S2 subsite and (), 2~ F. map
contoured at 1.5 of a representative residue, Argl72. The figure was prepared by BOBSCRAPT (

functional role of the protein, and these were reconfirmed protecting group. Such an adduct was also reported in the
from simulated annealing omit maps. Map calculation, fitting, case of ervatamin Bl@) and ginger protease Il (GPII2D),
identifying new residues, and refinement with the improved two other cysteine proteases of the same family. Accordingly,
model were performed several times, which broughtRhe a thiosulfate adduct was modeled taking coordinates from
factor down to 28.9% andRyee down to 29.8%. From a  the HIC-Up library £2), which could be fitted well into the
simulated annealing omit map, loop regions varying in length F, — Fc map () near Cys25 (thiosulfate S---Cys25 S&
compared to the other members of the family were identified. 2 A) of each of the two molecules. In subsequent positional,
Further positional refinement yielded &ifactor of 26.3% B-group, and B-individual refinement the terminal S atom
(Riree = 27.8%). At this stage 145 water molecules were of this thiosulfate adduct was covalently patched to the Cys25
incorporated into the model conservatively, i.e., only if they atom, which lowered th& factor to 18.1% Ryee = 19.6%).
appeared as discrete spherical peaks in bBgh-2F. (1.00) Last, two alternate conformations were modeled for residues
and F, — F¢ (3.50) electron density maps, satisfying the Thr30, Thr129, and Argl77 of chain A and Ser29, Thr129,
hydrogen-bonding criteria as incorporated in CNE)( and Arg177 of chain B and also for the thiosulfate molecule,
Almost 80% of the residues could be identified at this stage. and their occupancies were refined. The final structure with
The strategy of amino acid sequence determination istwo chains, each comprising 208 residues, 256 water
discussed later in detail. After a few cycles of positional and molecules, and the fitted model of thiosulfate converged to
subsequent B-group refinement alternating with model refit- an R factor of 17.7% andRy.e of 19.0%. A composite omit
ting into the map and successive water molecule incorpora-map agreed well with the final model. Some representative
tion into the modelR and Ry Values decreased to 19.2% sections of the final electron density maps are shown in
and 20.7%, respectively. In the, — F. map () at this Figure 1. The only residue that could not be identified was
stage, positive electron density beyond Cys25 SG was117 in both chains A and B. The Ramchandran analysis
observed in both the molecules in the asymmetric unit. Since showed that 86.4% of the residues lie in the most favored
the enzyme, used for crystallization, was inactivated by regions with no residue in the disallowed regions. Table 1
sodium tetrathionate throughout the purification procedure summarizes refinement statistics and quality of the model.
(and the enzyme activity could be restored by incubation of The inter/intramolecular contacts and H bonds were calcu-
the enzyme withB-mercaptoethanolllf), it may be expected  lated using the program CONTACT implemented in the
that a thiosulfate is covalently attached to Cys25 as a CCP4 suite of programd4{). For the H bonds, the distance
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criterion for the donoracceptor atom was kept as3.3 A lecular mechanics calculations, BUILDER and DISCOV-
and the bond angle formed by the donor atom, acceptor atomER-3 modules of the Insightll software package (MSI Corp.)
and the atom attached to the acceptor atom betwetartid with a consistent valence force field (cvff) were used. First,
12C. hydrogens were generated for both the complex structures,
Determination of the Amino Acid SequenBecause C,  and their positions were optimized. During minimization and
O, and N atoms have comparable atomic form factors, simulations, a distance-dependent dielectric constant of 1.0
discrimination of Asp/Asn/Leu, Glu/GIn, and Val/Thris not was used. For each of the two complex structures, a subset
unequivocal even at this resolution and with such a good was defined consisting of residues witls 5 Aradius sphere
quality electron density map. The ambiguities concerning of each atom of the inhibitor and designated as the first
Asn/Asp/Leu, GIn/Glu, and Val/Thr were resolved by their subset. The rest of the molecule was defined as the second
potentiality to form strong hydrogen bonds with neighboring subset. The first subset was then minimized, keeping the
polar atoms, by their local environment (e.g., polar side second one fixed. In all subsequent calculations, the second
chains should have a polar environment, whereas hydropho-subset was kept fixed. After minimization, the first subset
bic residues should be buried in a hydrophobic core/cleft), was solvated by a 10 A layer of water molecules using the
and by sequence homology. However, nonconserved amidic/SOAK option of Insightll. Positions of water molecules were
acidic surface residues which formed no hydrogen bonds with minimized separately. Final minimization was carried out
neighboring polar atoms and which could not be distin- with the first subset along with the water molecules as an
guished on the basis of the above criteria were kept as amidesssembly using the conjugate gradient minimization method
to match the experimentally determined pl value of 9.5 for and continued until the maximum derivative dropped below
the protein. 0.01 (kcal/mol)/A. This minimized coordinate set of the
Among the ten leucine residues in the structure, five were whole system was then used for molecular dynamics simula-
conserved including the one at the N-terminus. Of the tion. At the beginning, each system was equilibrated for 120
remaining five, four were totally buried and one, situated ps at 300 K. Molecular dynamics simulation was continued
near the surface, had its side chain facing toward a for another 80 ps for trajectory analysis. Conformational
hydrophobic pocket. analysis of these complexes indicated a stable conformation
Out of 26 residues identified as Val or Thr, 11 were of leupeptin at the active site clefts of ervatamin C and
conserved in the family. The discrimination of a Val/Thr ervatamin B over the last 80 ps of the trajectory. Hence, the
was based on the criteria that Thr OG1 satisfied hydrogen- average structure over the last 10 ps of each simulation could
bonding parameters and valines resided in a hydrophobicbe used as a representative structure to find probable contacts
environment. As is also knowr28), individual B factors between the enzyme and the inhibitor.
sometimes help in identification of Val or Thr; generally they ~ To investigate the nature of binding of ervatamin C to
(C or O atoms) are balanced in correctly built side chains. protein substrates/inhibitors, we docked stefin B, a cysteine
Except three valines witB factors ranging from 30 to 35  protease inhibitor from the cystatin family, at the active site
A2, the terminal atoms of all the other nonconserved valines of ervatamin C, guided by the criteria seen in the papain
and threonines possessed an aveBdactor of 21 & stefin B complex (PDB code 1STF). The interfaces of the
Of the 38 acidic and amidic residues (Asp/Asn and Glu/ initially docked complex of ervatamin-Estefin B were then
GlIn), 16 were conserved in the family. Out of the remaining optimized using the program MULTIDOCK2§). An
22, 15 were discriminated as amidic or acidic on the basis analysis of the intermolecular contacts (within 4 A) between
of their hydrogen-bonding environment; i.e., each polar atom the enzyme and inhibitor of the two complex structures
of all these nonconserved residues formed at least one H(papain-stefin B and ervatamin €stefin B) was performed
bond with a neighboring protein atom. In addition to that, 3 using the program CONTACT in the CCP4 suifer),
residues were among the known 21 residues at the N-
terminus. The remaining four residues, making no hydrogen RESULTS AND DISCUSSION
bonds with protein atoms, could be either amidic or acidic, Overall Organization The polypeptide chain of ervatamin
and these were kept as amides to match the experimentallyC has a papain-like fold (Figure 2). The L-domain consists
determined pl value of the protein. of residues 14106 and 206208 and the R-domain of
Circular Dichroism (CD) SpectroscopZD spectra of the  residues +9 and 111202. Three portions of the polypep-
protein were measured by a JASCO (model J720) CD tide chain (residues 1013, 107110, and 203205) act as
spectrophotometer. The protein solution (0.1 mg/mL in 10 straps to clamp the two domains together. Cys25 from the
mM sodium phosphate buffer, pH 7.5) was scanned from L-domain and His157 from the R-domain, situated on either
190 to 250 nm in 0.1 nm increments. The sample was heatedside of the interdomain cleft, form the catalytic dyad of the
from 20 to 90°C in 10 °C increments, with a 10 min  enzyme. In addition to the three conserved disulfide bridges
incubation time. The unfolding of the protein was monitored (between residues 22 and 63, 56 and 96, and 151 and 196),
by the change in ellipticity in this range, as the sample was a fourth disulfide bridge is formed between residues 114 and
heat denatured. 193, which is unique in ervatamin C. The structure of
Molecular Modeling To analyze the binding of a specific  ervatamin C has been superposed on those of other plant
substrate/inhibitor to ervatamin C in detail, we docked cysteine proteases such as papain, actinidin, GPIl, and
leupeptin, a known inhibitor for both ervatamin B and ervatamin B (Figure 2) by the LSQ-EXPLICIT option in O
ervatamin C, at their respective active site clefts in a manner (20), and the low rmsd values ofcCatoms 1.0 A) indicate
similar to that of its binding at the active site of papain in close resemblance of the overall conformation. Deviations
the crystal structure of the papaifeupeptin complex (PDB  are mainly observed at three surface loop regions of
code 1POP). For molecular modeling and subsequent mo-ervatamin C, which are designated as region8 in Figure
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Ficure 2: Stereoview of the superposition of @aces of ervatamin C (red), papain (black), actinidin (green), ervatamin B (magenta), and
ginger protease Il (blue). The loop regions with deviations are indicated: 1 (residu€¥8R72 (residues 163164 and 167#168), 3
(residues 195196).

lcgo_p —----DDLEDSIDWREHNGAVVEVKHQGGCESCHAFSTVAAVEGINQIVIGDLISLSEQRLY 56
2aCT 00000 ——=—-- LESYVDWRSAGAVVDIKSQGECGGCHAFSAIATVEGIUKITSGSLISLSEQELL 54
Liwp 0 —————= LESEVDWRSKGAVHS IKHQHQCGSCHAFSAVAAVESIHHIRTGQLISLSEQELY 54
ERVC = —————- LPEQIDWRKKGAVTPVKHQGSCGSCHAFSTVS TVESIHQIRTGHLISLSEQELY 54
lepo —————= LEENVDWRKEGAVTPVRHQGSCESCHAFSAVATVEGINKIRTGHLVELSEQELY 54
LBCI-& HEDIVHLEEHVDNRKKGAVTPVRHOGSCESCWAFSAVATVEGINKIRTGKLVELSEQELY 60
LGEC-E =~ -———-——— LEESVDWRAKGAVTEPVHHQGYCESCHAFS TVATVEGIUKIKTGULVELSEQELY 54
lepy 0 —————= LEEYVDWRQEGAVTPVKHQGSCESCHAFSAVVTIEGIIKIRTGHLHNEYSEQELL 54
LYaL, ————-- YPQSIDWRAKGAVTPVKHQGACGSXMAFSTIATVEGIUKIVIGHULLELSEQELY 54
*. :**’* e e e . * e . ****:: ::*.* :’* :’*.* . ***:*:
lcgo_g DC--TTAHHGCRGENMIPAE QELVHHGGINSEETYPYRGQDGICHSTVH-ARPVVSIDSYE 113
2ACT DCGRTQUTRECDEEYITOGFQFI IWDGGINTEENYP Y TAQDGDCOVALQDOKYVTIDTYE 114
LIWD DC--DTASHGCDGEMMDODAEF QYL IANGGIOTQSAYP YSAVQGAC——KEYRARVVSIDGEE 110
ERVC DC--DHHHHGCLGBAEVEAYQYI IHHGGIDTQANY P YHAVQGERC——QARA-SKVVSIDGYY 109
LEPO DC--ERRSHGCKGGYPP YALE YVAKIG-IHLESKYP YHAKQGTCRAKOVGGPIVKTSGVG 111
lecr-a DC--ERRSHGCHGBYPP YALE YVAKHG-IHLRSKYP YHAKQGTCRAKQVGEPIVKTSEVGE L17
LGEC-E DC--DLOSYGCURGYQS T SLOYVAQUG-IHLEAKYP Y IAKQOTCRANCQVGGEPEVETHGYG 111
LeEN DC--DRRSYGCHGEYPWSALOLVAQYG-IHYRUTYP YEGVQRYCRSREHGE YAAKTODGVR L1L
LYAL DC--DEHSYGCKGEYQT TSLOYVAUHNG-VHTSKVYP YQREQYHCRATDKPGPEVKITGYK 111
1 . £ * . H . - H EE S N : *
lcgo_B WVE SHHEQS LOKAVAHNQPVSVIMDAAGRDEQLYRSGLE TGSCHISANHALTVVGYGTEND 173
2aCT HVEYHHEWALGTAVT YQPVSVALDARGDAFKQYASGIF TGPCGTAVDHAIVIVGYGTEGG 174
LIWD RVTRHHESALESAVASQPVSVIVEARGAPFEHYSSGIETGPCGTABMHGVVIVGYGTERG 170
ERVC GVEECHEXALHQAVAVOPSTVAL DASSAQFQUYSSGIE SGPCGTHINHGVTIVGY-——Qa— LEE
LPPO RVQPHHEGHLLUAI AKQPVSVVESKGRPEFQLYKGGIFEGPCGTEVMDHAVTAVGYGKSEGE 171
leci-a BVOPHHEGHLLUALARQPVSVIVESKGRPEQLYKGGLEFEGPCGTHMIGAVTAVGYGHSEGE 177
LGEC-E BVQSHHEGSLLUAI AHQPVSVIVESAGRDFQUYKGGIFEGSCGTHVDHAVTAVGYGKSEGE LTL
LePH OVOPYHEGALLYS LAHQPVSVVLEAAGKDEQL YRGGLEVGE CGHEMDHAVAAVGYGPU-—- 169
LYAL RVESHXETSFLGALANQPLSVIVEAGGHPFQLYKSGVEDGPCGTHLOHAVTAVGYETSDG LTL
& e H 1 kk rhk oz . *®r ok  kek & ok H b, kEkk

lLcQoD_B KOFWLVEHSWGKHIWGESGYIRAERWIEHPDGHCGI TREAS YPVKKGTH 221

2ACT VOYWIVENSNDTTWGEEGYMRILRNVGG-AGTCGIATHE S YEVE Y- 220

LIWD KHYWIVRHSHEOUWEHKEY INMERUVASSAGLCGIAQLPSYPTKA——- 215

ERVC —HYWIVRHSWERYWEEKGY IRMLE——VGGECGLCGIARLEY YETHA——— 208

LEePO KEYILIKHSWGTAWGEKGYIRIKRAPGHUSPGVCGLYKSSYYPTKH——- 216

leCi-a KGYILIKHSWGTAWGEKGY IRIKRAPGHUSFPGVCGLYESSYYPTHE-——- 222

LGEC-E KEYILIKHSWGPGWEENGYIRIRRASGHUSEGVCEGVYRSSYYPIKN-——- 216

LEPH -—YILIKHSWGTGWGENGYIRIKRGTGHS YGVCGLYTESEYPVKHE--— 212

LYAL KHYIIIKHSWGPUWGEKG YMRLKRQSGHUSQGTCEVYHSSYYPEHGEA- 218

Ficure 3: A multiple-sequence alignment of ervatamin C (ERVC) and other members of the papain family of plant cysteine proteases.

Residues forming S2 and S3 subsites are shaded. The sequences listed (identified by PDB code) are of ginger protease Il (1CQD_B),

actinidin (2ACT), ervatamin B (1IWD), papaya proteas€¢1PPO), procaricain (1PCI_A), glycyl endopeptidase (1GEC_E), papain (1PPN),

and chymopapain (1YAL).

2. The deletion of amino acid residues in these three surfaceby CLUSTALW (http://www.ebi.ac.uk/clustalw/) with the

loops reduces the flexibility of the enzyme, which in turn  known amino acid sequences of eight other plant cysteine

makes it more compact compared to the others. proteases of the papain family (Figure 3). The sequence
The Primary StructureFrom the good quality electron identity of ervatamin C is 66% with ervatamin B, 50% with

density map (Figure 1), a total of 208 amino acid residues papain, 57% with actinidin, and 57% with GPII.

could be traced for both chains A and B, only the side chain ~ Structural Basis of the StabilityUnlike the other plant

of residue 117 of which could not be identified unambigu- cysteine proteases of the papain family, ervatamin C is able

ously. The molecular weight of ervatamin C calculated from to retain its activity over a wide pH range<{22), at high

208 deduced amino acid residues is 22500 Da, which is intemperatures (up to 7€C), and at high concentration of

agreement with the molecular weight (23000 Da) determined chemical denaturants without any major changes in secondary

by the matrix-assisted laser desorption time-of-flight (MALDI- and tertiary structuredlg, 25). All these features indicate a

TOF) mass spectrometry method. The theoretically calculatedhigh rigidity of the protease. The CD spectrum of ervatamin

pl value from the amino acid sequence is 8.8, which is close C (190-250 nm) was monitored over a range of temperature

to the experimentally determined pl value of 9.5. The primary in our laboratory, and the secondary structure of the protein

structure of ervatamin C determined in this way was aligned was found to remain stable up to 8G.
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The improved stability of a protein is due to a concerted
effort of several local adjustments on the sequence and
structure of the enzyme, and the origins of stability differ-
ences are subtle and come from many factors. A comparative
study of thermophilic proteins with their mesophilic counter-
parts suggested that increased hydrogen bonding and sal
bridge formation might provide the most general explanation
for thermal stability of a protein 26—31). Though in
ervatamin C the number of salt bridges are comparable to
those in other plant cysteine proteases of the family, there
are some natural substitutions of amino acid residues,
conserved in the others, at both the left and the right domains
and at the region of the interdomain cleft, which has resulted
in an increase in the number of intra- and interdomain
hydrogen-bonding interactions.

(i) Intradomain InteractionsResidue 39 in the left domain
is a conserved lysine in the family, which is replaced by a
glutamine in ervatamin C. The OE1 atom of GIn39 makes
two hydrogen bonds with the backbone nitrogen atom of |
lle40 and water molecule 167. This water molecule in turn Ficure 4: Interdomain interactions in ervatamin C. Left and right
forms a hydrogen bond with the main chain oxygen atom of domains are indicated by purple and yellow ribbons, respectigely.
Lys10. The NE2 atom of GIn39 is hydrogen bonded to the stjcks represent the main chain atoms, and side chain atoms are
main chain oxygen of Gly43 and water molecule 30 via the shown as ball-and-stick models. The figure was generated by
water molecule 165. Other members of the family, having Insightll (MSI, Inc.).
lysine at this position, are able to make only one hydrogen
bond through their only polar NZ atom with the main chain Vvariants in three different proteins and showed by actual
oxygen of conserved Gly43. There are three substitutions €xamination of tertiary structures that enhanced hydrogen-
of residues in the right domain of ervatamin C, 114, 128, bonding and electrostatic interactions are likely to be
and 136. Residue 114 is replaced by a cysteine in ervataminresponsible for the observed increased stability in the Arg-
C and forms a disulfide bond with the Cys193 of the same containing mutants. In ervatamin C, Ser32, Ser36, and
domain. The presence of this unique fourth disulfide bond Arg172 together constitute an intricate network of hydrogen-
in ervatamin C is one of the important contributing factors bonding interactions between the two domains (Figure 4).
responsible for the higher stability of the protein. Residues They are involved in both proteirprotein and water-
128 and 136 are conserved valine and glycine, respectively, mediated interdomain contacts. The NH2, NH1, and NE
in the family, and both of them are replaced by serine in atoms of Arg172 interact directly with residues Thr14, Pro15,
ervatamin C. Ser128 OG forms a hydrogen bond with the and Ser32 of the left domain. Apart from that, these three
main chain oxygen of GIn126, whereas Ser136 OG hydrogenside chain nitrogen atoms of Arg172 also interact, through
bonds with Phe139 N, water molecule 140, GIn138 OE1, water molecules 1, 9, 14, 22, and 148, with residues of the
and the main chain oxygen of Pro150. Water molecule 140 left domain such as Lys17, Phe28, Ser32, Glu35, Ser36, and
also forms three main chain hydrogen bonds with residuesGIu50. The NH1 atom of Argl72, in addition, forms a
Asp133, Ser135, and Ser136. Substitution of the valine andhydrogen bond with Tyrl84 of the same domain. Ser32
g|ycine residues by serine in ervatamin C, however, does interacts with both Ser36 (through W148) of the left domain

not destabilize the hydrophobic core of the protein, as theseand Arg172 of the right domain and plays the role of a
residues are present near the surface. bridging residue in the interdomain interactions. This is
(ii) Interdomain InteractionsSer32 and Ser36 from the llustrated in Figure 4. Other cysteine proteases having
left domain and Arg172 from the right domain of ervatamin 9lycine, glycine, and lysine at respective positions on
C are situated on opposite sides of the interdomain cleft, OPPosite sides of the interdomain cleft cannot have such
and they correspond to conserved glycine, glycine, and Interactions.
lysine, respectively, in the other members of the papain (iii) Additional Factors Increased compactness would lead
family of plant cysteine proteases (Figure 3). On the other to an increase in van der Waals interactions and higher
hand, in ervatamin B, an enzyme from the same source, thereprotein stability 85). A possible measure of compactness is
are substitutions of residues at positions 36 and 177 (172 inthe reduction in the number and volume of cavities within
ervatamin C) by serine and arginine and an increase in thethe protein 86). Calculation of the total gap volum8&7) of
stability of the protein has been proposéd)( The substitu- some plant cysteine proteases of the papain family using the
tion of lysine by arginine needs special mention. A detailed program SURFNET37) shows (Table 2) that ervatamin C
study by Argos et al.32) and Menendez and Argo83) possesses the lowest gap volume and is much more compact
established that Lys> Arg is the most preferred substitution  with respect to the others. We also compared the amino acid
in thermophilic proteins. The Lys> Arg mutation is also composition of these proteases by using the Protparameter
consistent with the decrease in solvation energy of thermo-tool of the Expasy server (http://us.expasy.org/tools/prot-
philes because Arg has three polar side chain nitrogen atomgaram.html) to analyze primary sequence parameters such
to contribute to the protein surface compared with only one as the aliphatic index3@), the instability index 89), etc.
for Lys. Mrabet et al. 84) studied engineered Lys- Arg which are related to the stability of a protein. Table 2
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Table 2: Comparison of Some Factors Affecting the Stability of Plant Cysteine Proteases of the Papain Family

PDB no. of total gap instability aliphatic no. of S-S
protease code residues vol (A3) vol (A3) index index bridges
actinidin 2ACT 218 19781.32 3822.09 27.42 74.91 3
papain 1PPN 212 19932.28 4264.96 26.02 73.54 3
ginger protease Il 1CQD 218 19565.38 4317.68 32.2 68.78 3
(one chain)
chymopapain 1YAL 218 20113.94 4943.36 18.0 63.49 3
ervatamin B 1IwD 215 19477.87 3988.47 28.33 71.21 3
ervatamin C 100E 208 18971.27 3462.13 16.67 76.87 4
(one chain)

Ficure 5: Superposition of the last 10 ps average structure of ervatamieupeptin (blue-green) complex and crystal structure of
papain-leupeptin (magentaorange) complex. P2 and P3 positions of the leupeptin molecule are indicated.

summarizes the parameters and shows that the aliphatic indexyapain the S3 subsite of ervatamin C, formed by His 61 and
of ervatamin C is the highest and it also possesses the lowesAla67, can also be assigned to a similar region of the cleft.
instability index, both of which indicate higher stability for But it is to be noted that Tyr67Ala is an important
the protein. substitution at the active site cleft of ervatamin C, since it
Thus, it can be concluded that ervatamin C owes its alters the nature of its S3 subsite and hence the S3 specificity.
stability to a repertoire of factors such as an increase inintra- The binding mode of a substrate or a substrate analogue
and interdomain hydrogen-bonding interactions, increasedinhibitor to ervatamin C has been analyzed from the modeled
compactness, and the presence of a unique fourth disulfidestructure of ervatamin €leupeptin complex and compared
bond. with our model of ervatamin Bleupeptin complex and the
Substrate SpecificityBiochemical studies on ervatamin crystal structure of the papaiieupeptin complex (PDB code
C have shownX3) that it has insignificant activity toward  1POP). It is seen that residues such as Phe68, Alal3l,
some small synthetic substrates and the enzyme is not fullyLeul55, and Leu201 at the S2 pocket of ervatamin C provide
inhibited by leupeptin, retaining 25% of its enzymatic sufficient hydrophobic contacts for the leucine at the P2
activity. However, the enzyme hydrolyses denatured natural position of the leupeptin molecule. The gap volume (191
protein substrates such as casein, hemoglobin, azoalbuminA3), calculated by SURFNET3(), beyond the Leu side chain
and azocasein with high specific activity. of leupeptin at the S2 groove of ervatamin C is comparable
Even though the lysosomal cysteine proteases of the papairto that of papain (218 A. Practically no such gap beyond
family utilize both unprimed and primed subsites to bind a leucine is observed in the ervatamir-Bupeptin complex.
substrate/inhibitor 40), the specificity and activity of the = So the S2 subsite pockets of ervatamin C and papain not
plant cysteine proteases of this family are mainly determined only are similar in nature but also have enough space to bind
by Sh_Pn interactions withn < 3 (41). The structure of  bulkier hydrophobic side chains such as phenylalanine at the
ervatamin C shows that its S1 pocket resembles that of papainP2 position of the inhibitor. This is in accordance with the
and its S2 pocket, comprising residues Ala67, Phe68, Alal31,biochemical observation that ervatamin C (large S2 pocket)
Leul55, and Leu201, is a hydrophobic one also similar to has no significant activity toward the small synthetic
that of papain. The S3 subsite in papain too is a hydrophobic substrates having a residue with a small side chain such as
region at the middle of the left wall of the interdomain cleft Ala at the P2 position 13). This also explains another
formed by Tyr61 and Tyr67. The residue at the equivalent biochemical observation that ervatamin C can hydrolyze
position 67, contributing to both the S2 and S3 subsites, is benzoylarginings-nitroanilide (BAPA) (L3), a potent sub-
in general an aromatic residue in the plant cysteine proteasestrate of papain, with a Phe at the P2 position, whereas
(Figure 3), and together with residue 61, it provides necessaryervatamin B (small S2 pocket) is inert against BAPKR)
hydrophobic interactions to bind a substrate/inhibitor having It has further been found that the leucine residue at the P3
a hydrophobic residue at the P3 position. By analogy with position of the inhibitor rests against the two phenyl rings
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of Tyr61 and Tyr67 in papain and the imidazole ring of His61 9.

and the indole ring of Trp67 in ervatamin B and is stabilized
by a number of hydrophobic interactions involving both
residues of the corresponding enzymes. But, as mentioned 14
before, in ervatamin C the hydrophobic nature of the S3
subsite is altered due to substitution at residue 67 by alanine.
Leucine at the P3 position of the inhibitor therefore interacts
with His61, which is the only available residue in the vicinity
to make hydrophobic contacts (Figure 5), resulting in weaker
S3-P3 interactions compared to those of ervatamin B and
papain. This corroborates the observation that ervatamin C
is partially inhibited by leupeptinl3) compared to ervatamin

B (12) and papain42).

As is evident from the papairstefin B complex structure
(43), the binding of a protein substrate/inhibitor to cysteine
proteases is mediated by a number of interactions, in addition
to the $i—Pn interactions at the active site cleft. Our docking
studies of stefin B at ervatamin C also suggest that the two
hairpin loops of the inhibitor make extensive interactions
with the surface residues near the active site cleft of the
enzyme while the N-terminal trunk residuesy®lock the
Sn subsites in a manner similar to that of papain. Though
the number of 8—Pn contacts in ervatamin C is found to
be less compared to that of papain due to the Tyr67Ala
substitution at the S3 subsite, it is compensated by the
interactions between the enzyme and the two hairpin loops
of the inhibitor. So the Ala67 substitution in ervatamin C
does not affect the hydrolysis of denatured protein substrates
significantly.
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