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Abstract CMSIMS2 (CC-Ib) from Carica candamarc-
ensis (Vasconcellea cundinamarcensis) is a cysteine pro-
teinase found as a single polypeptide containing 213
residues of 22,991 Da. The enzyme was purified by three
chromatographic steps, two of them involving cationic
exchange. Crystals of CMSIMS2 complexed with E-64
were obtained by the hanging drop vapor-diffusion method
at 291 K using ammonium sulfate and polyethylene glycol
4000/8000 as precipitant. The complex CMSIMS2-E-64
crystallized in the tetragonal space group P4,2,2 with unit-
cell parameters; a = b = 73.64, ¢ = 118.79 A. The
structure was determined by Molecular Replacement and
refined at 1.87 A resolution to a final R factor of 16.2 %
(Rfree = 19.3 %). Based on the model, the structure of
CMSIMS?2 (PDB 3I0Q) ranks as one of the least basic
cysteine isoforms from C. candamarcensis, is structurally
closer to papain, caricain, chymopapain and mexicain than
to the other cysteine proteinases, while its activity is twice
the activity of papain towards BAPNA substrate. Two
differences, one in the S2 subsite and another in the S3
subsite of CMSIMS2 may contribute to the enhanced
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activity relative to papain. In addition, the model provides
a structural basis for the sensitivity of CMSIMS2 to inhi-
bition by cystatin, not shown by other enzymes of the
group, e.g., glycyl endopeptidase and CMS2MS2.
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Introduction

Plants store a variety of fluids, including latexes, resins,
gums and mucilages within secretory cells and canals. In
latex of Carica papaya L. a mixture of cysteine endopep-
tidases including papain (EC 3.4.22.2) (Mitchel et al.
1970), chymopapains A and B and other isoforms
(3.4.22.6) (Watson et al. 1990), glycyl endopeptidase
(3.4.22.25) (Barrett and Buttle 1985; Ritonja et al. 1989)
and endopeptidase omega (caricain) (3.4.22.30) (Dubois
et al. 1988) are transiently released after injury until a
protein clot forms at the wounded site. The coagulation
process is vital as defence ploy against possible pathogen
attack. Earlier, we provided evidence that during latex
coagulation in Caricaceae a number of peptides are pro-
teolytically processed in a non-random manner (Silva et al.
1997; Moutim et al. 1999). These changes are concomitant
with drastic variations in latex proteolytic activity, sug-
gesting the involvement of these enzymes during clot for-
mation. The situation strongly resembles blood coagulation
and clot formation during wounding in mammals (Furie
and Furie 1988). Increased amounts and/or enhanced
activation of these enzymes occurs when the fruit is
repeatedly wounded, suggesting an adaptation in stressed
plants (Azarkan et al. 2006).
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Latex of Carica candamarcensis (Vasconcellea cundi-
namarcensis), a cultivar of Caricaceae family common to
many areas in South America contains cysteine proteinases
involved in clot formation, as well. Interestingly, C. can-
damarcensis proteinases display higher (five to sevenfold)
proteolytic activity compared with enzymes from C.
papaya (Baeza et al. 1990; Bravo et al. 1994). The
occurrence of stronger activities is not unique to this spe-
cies, as elevated activities were reported in other South
American species (V. monoica, V. stipulate, V. heilbornii)
and might represent a regional adaptation of this genus
(Kyndt et al. 2007). Although the latex components of
C. candamarcensis are less studied, some reports describ-
ing their proteolytic constituents are available. CC28
enzyme, the most basic cysteine proteinase from the group
with a relative mass of 28.6 kDa (Gravina de Moraes et al.
1994), five cysteine proteinase isoforms (Gomes et al.
2005), the primary structures of two cysteine proteinases
(CC-I, CC-III), (Walreavens et al. 1993, 1999), the cloning
of a genomic region coding for a cysteine proteinase
(Pereira et al. 2001), the cDNA cloning of CMS2MS2-like
enzyme (Corréa et al. 2011), plus the identification and the
primary structure of a proliferative proteinase (Silva et al.
2003; Gomes et al. 2007), were reported. The isolation of
two cysteine proteinase isoforms displaying proliferative
effects on mammalian systems prompted us to study in
more detail the proteolytic enzymes of C. candamarcensis
(Gomes et al. 2005). This remarkable property had been
anticipated as ethnopharmacological studies suggested that
the plant was indigenously used to treat digestive disorders
(Soplin et al. 1996).

The study of plant cysteine proteinases attracts academic
interest because of their multiple alleged activities includ-
ing antihelmintic and digestive action against nematode
infection (Stepek et al. 2006), phytobezoar and celiac dis-
ease (Gass et al. 2007; Baker et al. 2007), anti-inflammatory
activity by attenuating T cell response (Mynott et al. 1999),
decreasing levels of prostaglandin (Gaspani et al. 2002),
plasma fibrinogen and bradykinin (Brien et al. 2004). In
addition, gastric ulcer protective and healing effects (Mello
et al. 2006, 2008), burn-healing activity (Gomes et al.
2010a) likely mediated by the proliferative effect of cys-
teine proteinases CMS2MS2 and CMS2MS3, or as wound
debridant (Ayello and Cuddigan 2004; Ford et al. 2002;
Melano et al. 2004), were reported. The antitumoral/anti-
metastatic activity is perhaps one of the most attractive
properties of plant cysteine proteinases, as this effect has
been demonstrated with enzymes from different plant
sources, arguing for a common mechanism (Wald et al.
1998, 2001; Batkin et al. 1988; Grabowska et al. 1997;
Chobotova et al. 2010; Cabral et al. 2006; Baez et al. 2007).

Rawlings and Barrett (1993) used structural and evolu-
tionary criteria to group proteinases in families and clans.
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Most plant cysteine proteinases belong to the papain (C1)
and legumain (C13) families. The three-dimensional
structures of C1 enzymes show the typical papain-like fold
described by Drenth et al. (1968), composed of two
domains, an o-helix-rich (L) domain and a f-barrel-like
(R) domain, separated by a groove containing the active
site formed by residues Cys25 and His159 (papain num-
bering), each one on each domain.

Papain was the first cysteine proteinase to be charac-
terized in latex from Carica papaya and became a protein
model in structural and kinetic studies for cysteine pro-
teinases. The relatively easy to produce milligram amounts
of this enzyme stems from its high concentration in papaya
fruit latex before ripening, thus providing another example
for the regulated expression of these enzymes. Papain is
found in latex along with five isoforms of chymopapain,
proteinase omega, and proteinase IV. It is likely that other
short-lived proteinases also occur in papaya latex, but their
identities were not yet confirmed in latex preparations,
obtained by non-rigorous collection protocols. To date,
none of the enzymes from C. candamarcensis has been
structurally characterized, despite their stronger activity
and potential therapeutic applications.

The enzyme described here (CMS1MS2) is purified by a
combination of chromatographic steps and appears as
highly pure on SDS-PAGE or mass spectrometry (Gomes
et al. 2008). Using BAPNA (Benzoyl-Arg-p-nitroanilide)
as substrate CMS1MS?2 displays 18-fold higher catalytic
efficiency than CMS2MS?2 and its catalytic efficiency is
twice higher than that of papain. In addition, the cleavage
pattern of the f-chain of insulin demonstrates a preference
for hydrophobic residues at P2 and P3 and no preference
for P1 subsite, similar to other papain-like enzymes (Go-
mes et al. 2010b). It is of interest therefore to determine the
structure of CMS1MS2 and to analyze the possible deter-
minants responsible for its high activity. In the present
work CMSIMS2 was crystallized in a different space
group than that we have previously reported (Gomes et al.
2008). The X-ray structure of the enzyme was solved in a
tetragonal space group P4,2,2 at 1.87 A resolution and
contains a single molecule per asymmetric unit. As far as
we know, this is the first crystallographic structure for a
proteinase from C. candamarcensis which exhibits twice
the catalytic efficiency of papain and the closest resem-
blance with that enzyme.

Materials and methods

Protein purification and crystallization

CMS1MS?2 was isolated from Carica candamarcensis latex
by a combination of chromatographic steps involving:
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initial gel filtration followed by two cation-exchange
purification steps (CMS-Sephadex and Mono-S-Sepharose)
and complex formation with E-64, as described previously
(Teixeira et al. 2008; Gomes et al. 2008). Briefly, the
purified enzyme at 1 mg ml~" was activated with 0.9 mM
dithiothreitol (DTT) for 30 min at 277 K. Then, 210 mM
E-64 was added to the solution to attain a 1:5 molar ratio of
enzyme to E-64 and further incubated with agitation for
30 min at 277 K. The sample was then dialyzed against
Milli-Q water and concentrated to 10 mg ml~". No resid-
ual proteolytic activity was observed with casein following
overnight incubation at 310 K. Initially, crystals were
obtained using Hampton Research Crystal Screen kit 1
solutions #30 (0.2 M ammonium sulfate, 30 % w/v PEG
8000) and #31 (0.2 M ammonium sulfate, 30 % w/v PEG
4000). In this study, we used the hanging drop vapor-dif-
fusion method at 291 K and home-prepared solutions with
refined crystallization conditions to obtain suitable crystals
for diffraction. The crystallization drop was prepared by
mixing 1 pL of a 10-mg/ml CMS1MS2-E-64 solution with
an equal volume of the reservoir solution and depositing it
on top of the reservoir cell for diffusion.

X-ray diffraction data acquisition

Hanging drop plates containing single CMS1MS2-E-64
crystals were surface transported to the Brazilian Syn-
chrotron Light Laboratory (Campinas, Brazil). Prior to data
acquisition crystals were transferred for few seconds from
the crystallization site into a cryogenic solution containing
9 ul of the mother liquor plus 1 pl of ethylene glycol. The
crystals were then flash-cooled to 100 K using a cold
nitrogen stream followed by data collection. Diffraction
data were collected with a rotation range of 1.0° per 30 s
per image on a MarMosaic 225 image-plate detector using
the WO1B-MX2 beamline. The crystal-to-detector distance
was set to 110 mm and a total of 360 images were collected
to a resolution of 1.87 A.

Data processing, structure solution and refinement

Data were indexed, integrated and scaled with the
HKL2000 package (Otwinowski and Minor 1997). Phasing
was performed by Molecular Replacement using AMoRe
(Navaza 1994) from CCP4 (1994). The template used for
Molecular Replacement was generated by the SWISS-
MODEL server at http://swissmodel.expasy.org//SWISS-
MODEL.html (Schwede et al. 2003) based on the primary
structure of CMS1MS2 and available structures of caricain
(PDB 1IMEG), chymopapain (PDB 1YAL) and papain
(PDB 1PPN). Cycles of restrained refinement were per-
formed using REFMAC 5.2.0019 (Murshudov et al. 1997)
concomitantly with ligand identification and manual

rebuilding of the model. Water molecules were added to
the model based on Q@mFg s — DFcqe; Deae) and
(mFops — DF a1c; @care) electron density maps. The pro-
gress in structure refinement was monitored by inspection
of the model on graphics and R-factor/R-free values. The
data on collection and refinement statistics are presented in
Table 1.

Comparative three-dimensional structure studies
and protein presentation

Molecular presentation, superposition and comparison with
homologous tertiary structures of papain-like proteases and

Table 1 Data collection and refinement statistics of CMSIMS2
tetragonal crystal isoform

Beamline MX2-LNLS

Wavelength (1&) 1.458

Temperature (K) 291

Crystal-to-detector distance (mm) 110

Rotation range per image (°) 1.0

Total rotation range (°) 360

Space group P4,2,2

Unit cell parameters (A) a=b="73.639,
c=118.786

Resolution range (A) 1.87-50.00

Total # of observations 782,158

Total # of unique reflections 27,792

# of unique reflections (test set) 1,395

Data completeness (%) 100.0 (100.0)

{Ilo (D) 45.8 (17.0)

Riverge (%) 8.1 (25.1)

Redundancy 28.1 (27.8)

Mathews coefficient (A’Da™") 3.50

Solvent content (%) 64.82

No. of reflections used in refinement 27,714

R-factor® (%) 16.2

Riree (%) 19.3

# protein molecules/a.u. 1

# water molecules/a.u. 216

# E-64 molecules/a.u. 1

Mean B-factor (Az) 22.3

Rmsd bond distances (A) 0.013

Rmsd bond angles (°) 1.3

Statistical values for the highest resolution shell (1.93-1.87 A) are
given in parentheses

* Ruerge = Zpia Zi | 1i(hkl) — (I(hkD)) 2y Z; 1(hkl), where I(hkl) is
the ith intensity measurement of reflection hkl and (I(hkl)) is its
average

P R-factor = S (IFopsl — IFeaie)/S 1Fopsl, Where Fopg and Foye are the
observed and calculated structure factor amplitudes, respectively

¢ Riree Was calculated using 5 % of reflections randomly selected in a
test data set
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B-factor calculation were performed using Pymol Program
v0.99 (DeLano 2002). To model the subsite interaction
(P2-S2) using a putative substrate, the papain structure
complexed with the inhibitor N-benzyloxycarbonyl-leucyl-
phenylalanyl-glycyl-diazomethane (Z-Leu-Phe-Gly-CHN,)
(PDB 1KHQ) was superposed with various cysteine pro-
teinases aligning the tripeptide Leu-Phe-Gly portion at
their active site.

Circular dichroism spectra

The data of the secondary structure for papain, chymopa-
pain and caricain were reported early (Solis-Mendiola et al.
1992; Arroyo-Reyna et al. 1994). Purified CMS1MS2 or
CMS2MS2 at 0.1 mg/mL in 10 mM phosphate buffer was
scanned using far-UV CD spectra between 190 and 260 nm
at 18 °C. A Jasco J-810 spectropolarimeter was employed
for circular dichroism (CD) measurements, using a 2-mm
path-length cell. The CD intensities were expressed as Ae
(mdeg M~ cm™!). Percent distributions of different sec-
ondary structural elements (o-helix, f-sheet, f-turn and
random coil) were estimated using the CDNN program
(Sreerama and Woody 1993).

Results and discussion
CMS1MS?2 crystal structure

The purification, characterization and initial crystallization
attempts of CMS1MS?2 of C. candamarcensis were repor-
ted earlier (Gomes et al. 2008). CMS1MS2 crystals suitable
for diffraction have been obtained in two isoforms. Plate-
like crystals belonging to the monoclinic space group P2,
with two CMS1MS2 molecules per asymmetric unit were
initially reported (Gomes et al. 2008). A new tetragonal
crystal form of CMS1MS2 was unexpectedly obtained after
recrystallization of dissolved monoclinic crystals during
transport to the synchrotron. The new crystal isoform
belonged to the tetragonal system (space group P4,2,2)
with unit-cell parameters: a = b = 73.64, ¢ = 118.79 A
and diffracted beyond 1.87 A resolution, as reported in
Table 1.

Both crystals isoforms were subjected to phase deter-
mination by Molecular Replacement with success. Since
the latter tetragonal crystal exhibited better isotropic dif-
fraction, data completeness and refinement statistics, its
structure determination was conducted to a final R factor of
16.2 % (Rfee = 19.3 %). The model contains a single
CMS1MS2 molecule in the asymmetric unit with a solvent
content of 64.8 %.

The asymmetric unit of the tetragonal isoform includes
one CMSIMS2 molecule with 213 amino acid residues,

@ Springer

216 water molecules, 10 ethylene glycol molecules, 8
sulfate ions, plus one E-64 molecule covalently bound to
the nucleophilic Cys25 residue. The net charge for
CMSIMS2 is 49 (R + K) — (D + E) compared to +16
for CMS2MS2 (another isoform from C. candamarcensis),
similar to mexicain (+8) (Jacaratia mexicana), halfway
between papain (46) and chymopapain (412) from
C. papaya.

The stereo chemical quality of the model was analyzed
with PROCHECK V 3.4.4 Program (Morris et al. 1992).
The protein model places 207 residues corresponding to
97.3 % of the entire protein within the allowed regions of
the Ramachandran plot, while six glycine residues are out
of the boundary regions (data not shown). In addition, 11
residues (Ser30, Serd7, Argb4, Asn77, Glu89, Arg96,
GIn99, GIn123, Ser156, GIn197 and Arg213) exhibit two
possible conformations. The overall three-dimensional
structure of CMS1MS?2 is similar to other proteinases from
the papain family (family ClA) (Drenth et al. 1968;
Grzonka et al. 2001); it contains two domains (L and R)
separated by a groove encompassing the active site formed
by residues Cys25 and His159, each one located on each
domain (Fig. la, b). Structurally, the model predicts a
hydrogen bond interaction between the side-chain O atom
of Asnl75 and the imidazole ring from His159 (2.67 A),
providing proper positioning of Hisl159 relative to the
nucleophilic Cys25, as observed in similar reported cases
(Fig. 1b).

The L domain is composed of three «-helixes: the R
domain contains a twisted S-sheet and two a-helixes. The
C- and N-termini of the R and L domains, respectively,
establish interactions to stabilize the substrate-binding
region. CMS1IMS?2 contains seven cysteine residues like
other members of papain family, six forming disulfide
bonds (Cys22-Cys63, Cys56—Cys95 and Cys153—Cys200),
plus the catalytically active Cys25.

Comparative analysis with related structures

The crystal unit falls into a single assymmetric unit, con-
firming data that the protein exhibits monomeric state in
solution (Teixeira et al. 2008). Analogous situation was
found in other plant cysteine proteinases; however, the
mexicain crystal contained four slightly dissimilar units
(Gavira et al. 2007). The modeled molecule created by the
electron density map of the main chain and lateral residues
allows a precise representation of the structure. The aver-
age B-factor for the model is 19.7 A? (18.4 A? main chain,
21.1 A? side chain); the lower B-factors localize on resi-
dues Gly11-Vall6, the o-helix containing residues Trp26—
I1e40 within the active site and residues GIln128-Ile132,
opposite to the a-helix Trp26-Ile40. The higher B-factors
locate on Ala97-Lys101 corresponding to a single
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Fig. 1 The tridimensional structure of CMSIMS2. a Cartoon-like
structure of CMS1MS2-E-64 complex: The model includes sulfate
ions, ethylene glycol and water molecules. b Active site cleft of
CMSIMS2. Residues forming the catalytic triad and the E-64
molecule are labeled. ¢ The electron density around E-64 inhibitor.

turn-helix and in a coiled domain covering residues
Gly192-Pro196, both located on the surface (Fig. 1d). A
similar distribution of B-factors occurs in another model
for cysteine proteinase (Gavira et al. 2007).

Circular Dichroism spectra from CMS1MS2 suggests a
secondary structure composed by 33 % o-helix, 22.6 %
p-sheet, 18.6 % f-turn and 25.8 % random coil (Table 2),
similar to CMS2MS2 from the same species. The major
difference observed when compared with C. papaya
enzymes is the lower content of random coil in C. can-
damarcensis proteinase (25.8 vs. 45-47 %). The secondary
structure composition of the modeled molecule obtained
applying the Stride package (Heinig and Frishman 2004) is
similar to the distribution determined in CD experiments
(data not shown).

The primary structure alignment of CMS1MS2 with plant
cysteine proteinases demonstrates, as expected, a high sim-
ilarity to other enzymes from the Caricaceae (Gomes et al.
2010b). The proteinase CMS1MS2 contains the conserved
regions 10-KGAVTPVK-17, 22-CGSCWAFS-29 based on
papain notation. The residues 168-TSDG-171 found in
chymopapain, glycyl endopeptidase and proteinase omega
are absent in CMSIMS2, CMS2MS2 and papain. Other
primary structure differences, namely in loops 191-196 and
99-105 were observed (Gomes et al. 2010b). These regions
display large B-factors, suggesting that their structural

thylene
lycol

) |

¥ water

An OMIT electron density map (mFops — DFcqc; @care) around the
E-64 inhibitor contoured at 3 ¢ is depicted in blue. d The B-factor
distribution is shown as color gradient (red, larger stick diameter)
indicating high B values, (yellow, green) intermediate values, (blue,
violet) low values

differences arise from intrinsic flexibility of residues in these
loops (Fig. 1d).

Table 3 shows the computed data following 3D struc-
tural comparison of various cysteine proteinase models.
We used the Protein Model Comparator server (http://pm-
cmp.appspot.com/) to determine Q-score, rmsd (root mean
square deviation) GDT_TS and TM-score. The highest
Q-score, GDT_TS and TM-S were found with papain,
mexicain, proteinase omega and chymopapain, while gly-
cyl endopeptidase exhibited intermediate scores followed
by cathepsin K and actinidin displaying lower scores.
CMSI1MS?2 shares 69 % amino acid identity with protein-
ase omega, 67 % with papain and 64 % with mexic-
ain (Table 3). The rmsd confirms that CMSIMS2
resembles more Caricaceae enzymes than others cysteine
proteinases.

Detailed inspection of structural deviations between Co
carbons from CMS1MS2 and other plant cysteine enzymes
is shown in Fig. 2. Major deviations occur at the N-ter-
minal residues (1-4), in residues 17-22, before the active
site, residues 57-61, residues 97—106, in residues 165-171,
and near the C-terminal region encompassing residues
191-204, the latter heterogeneity probably explained by
structural flexibility and sequence differences within this
region. A comparison of papain and CMS1MS2 which are
structurally closer shows Cu clear divergences at residues
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Table 2 Secondary structures of plant cysteine proteinases

Secondary structure Papain® Caricain® Chymopapain® CMS2MS2 CMS1IMS2
o-Helix 24.1 24.5 28.7 28.5 33.0
p-Sheet antiparallel 10.7 12.7 6.5 14.7 15.4
p-Sheet parallel 4.5 1.8 8.3 8.8 7.2
p-Turn 13.4 15.5 12.0 17.6 18.6
Random coil 47.3 45.5 44.5 30.4 25.8

The numbers represent the percent distribution of secondary structure for each protein. Purified CMSIMS2 or CMS2MS2 at 0.1 mg/mL in
10 mM phosphate buffer was scanned using far-UV CD spectra between 190 and 260 nm at 18 °C. A Jasco J-810 spectropolarimeter was

employed for CD measurements, using a 2-mm path-length cell
* Solis-Mendiola et al. (1992)

Table 3 Structural comparison between CMSIMS?2 and plant proteases

PDB code rmsd (A) Q-score GDT_TS TM-score Length (aligned) Match Identity Ligand

1KHP* 0.535 0.978 0.989 0.985 212 (208) 139 0.668 Diazomethylketone
2BDZ" 0.586 0.966 0.978 0.976 212 (209) 133 0.636 E-64

1PPO° 0.558 0.948 0.973 0.969 216 (209) 144 0.689 Hg

1YAL? 0.585 0.943 0.969 0.963 218 (209) 126 0.603 Thiomethyl group
1GEC*® 0.672 0.917 0.953 0.943 216 (210) 138 0.657 Diazomethyl group
IATK® 0.985 0.746 0.851 0.806 215 (205) 94 0.459 E-64

1AEC® 0.697 0.655 0.781 0.701 218 (206) 104 0.505 E-64

rmsd root mean square deviation (/3;), Q-score fraction of target contacts, GDT_TS global distance test (total score), TM-score template modelling
score: the structural similarity score is normalized within the range [0—1], Match identical residues between proteins compared, Identity ratio

between matching and aligned residues

# Papain, Janowski et al. (2004)

® Mexicain, Gavira et al. (2007)

¢ Proteinase Omega, Pickersgill et al. (1990)
d Chymopapain, Maes et al. (1996)

¢ Glycyl endopeptidase, O’Hara et al. (1995)
f Cathepsin K, Zhao et al. (1997)

€ Actinidin, Varughese et al. (1992)

2,78, 99, 100, 104, 144, 198. The deviation at position 104
is caused by a Tyr residue in papain which is absent in
CMS1MS2, CMS2MS2 and remaining enzymes from C.
papaya. The missing residue places instead of Tyr104 a
basic Lys residue at the equivalent position of CMS1MS2.

Kinetic studies of cysteine proteinases from Caricaceae
suggest that CMSIMS2 displays the highest catalytic
efficiency (kcat/Km) of these enzymes (288.7 M~'s™h
with BAPNA substrate, followed by papain that attains
1450 M~' s7!. The catalytic efficiency of chymopapain
(4.1 M 's7h, CMS2MS2 (162 M~! s and other pro-
teolytic enzymes is well below these figures (Gomes et al.
2010b). The specific activity of CMSIMS2 using BAPNA
was 7.13 nM pg s~' compared with 0.49 nM pg s~ for
CMS2MS?2 (Teixeira et al. 2008).

The higher kcat/Km of papain compared with chymo-
papain has been explained by papain preference at P2
subsite for an aromatic (Phe or Tyr) residue. The substi-
tutions of Vall33 and Vall57 at S2 in papain for the larger
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residues Leul33 and Leul57 in chymopapain explain this
catalytic difference (Watson et al. 1990). These replace-
ments restrict the accessibility of the Phe residue from
peptide substrates to the S2 pocket (Fig. 3), decreasing the
reactivity of chymopapain. Interestingly, CMSIMS2 with
its kcat/Km superior to papain contains Vall33 and Ile157
at these positions, the second one (Ile157) more volumi-
nous than Vall57 in papain, arguing for the relevance of
Vall33 and against the importance of Vall57.

A comparison at the active sites from CMSIMS2 and
papain, the enzymes with best enzymatic performance
within the group shows the following differences: Gly21,
Phe67, Leu69, Ile132, Ilel57, Val207 are found in
CMS1MS2 while the corresponding residues in papain are
Ser21, Tyr67, Trp69, Vall32, Vall57 and Phe207
(Table 4). While most of these changes are conservative,
the substitution of Trp69 in papain by Leu69 in CMS1MS2
results in a less voluminous residue in S2, which may
facilitate substrate entry. Besides, the presence in
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Fig. 2 Structural comparison of cysteine proteases from Caricaceae.
The rmsd (A) between various cysteine proteinases and CMS1IMS?2 is
represented by the graph. The distances were calculated for each
residue based on the superimposed model of CMS1MS?2 and each of

CMSI1IMS?2 of Phe instead of the more polar Tyr67 residue
in the equivalent position of papain at S3 could favor the
interaction with the substrate. An additional difference is
the presence of Gly2lin CMSIMS2 S1’ site instead of
Ser21 in S1’ from papain; however, it is unclear how this
change could favor the higher activity of CMS1MS2.

The structural comparison between CMS1MS2 derived
by X-ray crystallography and the structural model proposed
for CMS2MS2 (Gomes et al. 2007) supports the rationale
for sensitivity of CMS1MS2 to cystatin, unlike the resis-
tance of CMS2MS2 (Gomes et al. 2010b). At least two
possible changes justify this difference. While CMS2MS?2
has a Serl36 like glycyl endopeptidase which is also
insensitive to cystatin, CMS1MS2 has the usual Alal36
found in most papain-like enzymes sensitive to cystatin.
The presence of Alal36 is suggested as required for
interaction with hydrophobic residues Leu54 and Val55
located within the first flexible loop of cystatin (Bode et al.
1988). Moreover, it is proposed that Trpl177 and Trp181
are essential for protein binding to cystatin. Then, the non-
bulky Gly180 in CMS1MS2 would not interfere during this
hydrophobic interaction. Interestingly, the presence of the

the molecules. Below is shown the structure alignment using the Co
backbones of proteinase omega (PPO), chymopapain (1YAL),
mexicain (2BDZ), papain (1KHP) and CMS2MS2. * and # indicate
regions showing large variations among proteins

long and basic amino acid Argl80 between Trpl77 and
Trpl81 in CMS2MS?2 imposes a restriction on the inhibi-
tor-enzyme interaction that can be crucial for cystatin
resistance (Gomes et al. 2010b).

The active site interaction with the inhibitor

The electron density observed around E-64 in the
CMSIMS2 complex is well defined; the inhibitor is posi-
tioned at the enzyme cleft entrance, between the L and R
domains, within binding distance to Cys25 (Fig. 1b, c¢) as
in similar structures determined earlier (Varughese et al.
1992; Zhao et al. 1997; Gavira et al. 2007).

The distance between C2 from E-64 and the SG atom
from Cys25 is 2.08 A, somewhat higher than the values for
caricain, actinidin, cathepsin K and papain complexes
(=~ 1.80 10%), the latter crystallized with the E-64c¢ analogue,
but shorter than the distance for mexicain (2.33 IOA) (data
not shown). However, while the reactive side of E-64 is
positioned relatively constantly among complexes, the
guanidine tail shows different positioning depending on the
complex. The conformation of the CMSIMS2-E-64

@ Springer



M. T. R. Gomes et al.

Chymopapain

Fig. 3 Comparison of subsite structure at the active site cleft in
proteases from Caricaceae. a View of the P2 side chain residue (Phe,
shown in green) of a putative substrate located in S2 pocket in the
indicated proteases. The residues forming the S2 pocket are indicated
and colored according to atom’s identity (carbon in gray, nitrogen in

B
CMS1MS2

blue and oxygen in red). b Overall view of a putative substrate
composed by Leu-Phe-Gly colored as described above inserted in the
active site cleft (leff). A detailed view (right) shows the protuberance
due the presence of Leul33 (shown in red) in chymopapain instead a
Vall33 in CMS1MS2

Table 4 Subsite residues at the

L . o Residue®
active site cleft in papain-like

Subsite Papain

CMSIMS2

Chymopapain CMS2MS2  Caricain ~ Glycyl endopep.

proteases s3

61
66
67
68
69
132
133
157
158
207
23
25
65
20
21
22
142
177
181

S2

S1

St

S2'
S3

£E00POQNQTU<C<<ET QK

# Papain numbering

£ 20000000 <T "<~ 3T

H Y

£200TZ000<KU0UCC<H0<QEC

£200>0000<00CC <30 <A
£ 2000 NAQA<KTU << <TI0
£ 200<XKO0FAM<KU << <LO =D

complex is similar to the positioning observed in the
actinidin-E-64 complex. The E-64 tail lies straight over the
L domain, while in the cathepsin complex the inhibitor is
bent towards the loop 181-186 and in the proteinase omega
D158E complex the E-64 tail points away from the protein
structure. On the other hand, the positioning of E-64 in
papain is somewhat different, with the guanidine residue
leaning towards the R domain, although this difference
could be due to the modified character of E-64 used in the

@ Springer

papain complex (data not shown). The distances between
0O1-05 atoms from E-64 and GInl19, Ser24, Cys25, Gly66
and His159 from CMSIMS?2, respectively, are similar to
those observed in the protein-E-64 models compared in
Table 5. Particularly, the hydrogen bond between E-64-O1
and His159-ND1 results stronger (2.73 A) if compared
with similar structures (2.80-3.29 A), as it is the interac-
tion between E-64-02 and GIn19-NE2 (2.77 A) matched in
the complex caricain-E-64.
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Table 5 Hydrogen bonding interactions of E-64 with cysteine proteinases

Ligand atom Protein atom# 1AEC 2BDZ IMEG 1ATK 310Q

(A) Distances in A between the ligand and atoms in proteins
E-64-0O1 159-His-ND1 2.80 3.29 2.88 2.95 2.73
E-64-02 25-Cys-N 2.94 3.13 3.01 3.06 2.98
E-64-02 25-Cys-SG 3.24 3.18 3.36 3.24 3.41
E-64-02 19-GIn-NE2 291 2.92 2.74 2.95 2.77
E-64-02 24-Ser-N 3.38 3.44 3.32 3.31 3.21
E-64-04 66-Gly-N 292 2.85 2.78 3.07 2.97
E-64-04 25-Cys-SG 3.51 3.30 3.41 3.38 3.42
E-64-N1 158-Asp-O 3.15 3.17 3.27 3.29 3.48
E-64-N2 66-Gly-O 291 2.65 2.94 2.83 3.00
E-64-N5 64-Arg-O 3.41 2.71 - - 3.04

(B) It shows the distance between the ligand and H,O
E-64-0O1 HOH 2.81 2.61 2.98 - 2.63
E-64-01 HOH 3.13 - - 2.66 -
E-64-03 HOH" 2.69 243 - 291 2.58
E-64-03 HOH* - 2.82 - - 3.22
E-64-N1 HOH* - 3.28 - - 3.18
E-64-05 HOH* - 2.77 - - 3.15
E-64-05 HOH - - - - 2.76
E-64-N3 HOH 3.02 - - - -
E-64-N4 HOH 3.23 - - - 3.76
E-64-N4 HOH - - - - 293
E-64-C10 HOH 3.08 - - - -
E-64-C3 HOH 3.52 3.16 - 3.77 342

Cysteine proteinases whose models were built with E-64 as ligand are included. A dash means an interaction >3.8 A (cut-off)
IAEC actinidin, 2BDZ mexicain, IMEG chymopapain, /ATK cathepsin K, 3/0Q CMS1MS2

? HOH: same water molecule
® HOH: the same water molecule

Besides the protein-inhibitor contacts, solvent-inhibitor
interactions account for stabilization of the ligand into the
protein cleft. It is possible to see in Table 5 that five well-
defined water molecules locate within hydrogen bond dis-
tances (<3.3 A) from oxygen or nitrogen atoms from E-64
molecule. Interestingly, one of these water molecules
(HOH?) is responsible for mediating three hydrogen bonds
to O3, N1 and OS5 E-64 atoms, a pattern observed only in
mexicain.

Conclusions

The cysteine proteinase described in this study belongs to
the papain family and represents the first solved structure
from C. candamarcensis, a species native and maintained
in South America. The net charge of CMSIMS2 (49)
explains its early elution with the cationic exchanger used
for purification. The enzyme displays the highest

proteolytic activity if compared with the homologues from
the same species and is twice the activity of papain towards
BAPNA substrate, the most active enzyme from C. papaya.
The increased activity of CMSIMS?2 is shared by other
proteolytic enzymes identified in species autochthonous to
the continent suggesting an adaptive process.

The structural analysis demonstrates similarities between
CMSIMS2 and papain; however, minor differences are
observed, some of them within the Ca backbone, others at the
active site, e.g., Leu69 in CMS1MS?2 instead of Trp69 in
papain. The availability of the recombinant form of
CMS2MS2, an isoform of CMS1MS?2 allows the design of
site-directed mutants to probe the effect of such changes.
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