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Abstract Vasconcellea quercifolia (Caricaceae) latex

contains several cysteine endopeptidases with high prote-

olytic activity. Cysteine endopeptidases are the main active

compounds used by the plant as a defense mechanism.

A proteolytic preparation from V. quercifolia (‘‘oak leaved

papaya’’) latex was purified by cation exchange chroma-

tography. From SDS-PAGE and blotting of the selected

fractions, the N-terminal amino acid sequences of poly-

peptides were determined by Edman’s degradation. The

analysis by peptide mass fingerprinting (PMF) of the

enzymes allowed their characterization and confirmed

the presence of seven different cysteine proteinases in the

latex of V. quercifolia. Moreover, the comparison between

the tryptic maps with those deposited in databases using the

MASCOT tool showed that none of the isolated proteases

matched with another plant protease. Notably, a propepti-

dase was detected in the plant latex, which is being the first

report in this sense. Furthermore, the cDNA of one of

the cysteine proteases that is expressed in the latex of

V. quercifolia was cloned and sequenced. The consensus

sequence was aligned using the ClustalX web server, which

allowed detecting a high degree of identity with cysteine

proteases of the Caricaceae family and establishing the

evolutionary relationship between them. We also observed

a high conservation degree for those amino acid residues

which are essential for the catalytic activity and tridimen-

sional structure of the plant proteases belonging to the

subfamily C1A. The PMF analysis strongly suggests that

the sequence obtained corresponds to the VQ-III peptidase.
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Abbreviations

ACN Acetonitrile

BLAST Basic local alignment search tool

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

MALDI-TOF MS Matrix-assisted laser desorption

ionization time-of-flight mass

spectrometry

PMF Peptide mass fingerprinting

PTH Phenylthiohydantoin

PVDF Polyvinylidene fluoride

RACE Rapid amplification of cDNA ends

TFA Trifuoroacetic acid

VqCP-A Amino acid sequence corresponding

to the cysteine protease deduced from

cDNA

Introduction

Cysteine proteinases are proteolytic enzymes found in all

eukaryotic organisms. The physiological functions attributed
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to plant cysteine proteinases include the buildup and

breakdown of storage proteins during seed germination,

organ senescence, and programmed cell death. Most

important perhaps is their involvement in the proteasome

proteolytic pathway affecting several metabolic processes,

such as hormone signaling, cell cycle, embryogenesis,

morphogenesis, flower development, and oxidative stress

(Salas et al. 2008). Proteases also appear to play key roles

in the recognition of pathogens and pests and in the

induction of effective defense responses (Van der Hoorn

and Jones 2004; Souza et al. 2011).

An important source of plant proteases is latex, an

aqueous suspension or emulsion of various kinds of parti-

cles borne within living cells. Alkaloids, starches, sugars,

oil, tannins, resins, and gums are found in the complex

emulsion/suspension proteins. Laticifers, the latex-bearing

structures, vary in origin, anatomy, and distribution. The

use of this plant product in traditional medicine and industry

is well known (Domsalla and Melzig 2008). When plants

are injured, latex exudates transiently until a protein clot

forms around the wounded area. The coagulation process is

vital in creating a physical barrier against predator attack.

Many of these latex changes take place concomitantly with

drastic variations in proteolytic activity, suggesting the

involvement of proteolytic enzymes during clot formation

(Silva et al. 1997; Moutim et al. 1999).

Articulated laticifers, containing milky latex, are present

in all the organs of members of Caricaceae (Hegnauer 1964;

Badillo 2000, 2001; Van Droogenbroeck et al. 2002, 2004;

Kyndt et al. 2005). The most extensively investigated plant

cysteine protease is papain (EC 3.4.22.2) from the latex of

Carica papaya (Otto and Schirmeister 1997), which also

contains chymopapain (EC 3.4.22.6, the main proteolytic

component), caricain (EC 3.4.22.30), and glycyl endopep-

tidase (EC 3.4.22.25), also named papaya proteinase IV

(Barrett et al. 2004a). Mexicain, the most abundant pepti-

dase from the latex of the fruits of Jacaratia mexicana,

member of the Caricaceae family, has been isolated and

crystallized (Oliver-Salvador et al. 2004; Gavira et al.

2007). Latex from Carica candamarcensis (also known as

Vasconcellea cundinamarcensis), another member of the

Caricaceae family common to many areas of South Amer-

ica, contains cysteine proteinases that participate in clot

formation and display higher (5- to 7-fold) proteolytic

activity than their homologs from C. papaya (Baeza et al.

1990; Bravo et al. 1994). Several endopeptidases have been

isolated and characterized from the latex of V. cundinam-

arcensis (Walreavens et al. 1993; Walraevens et al. 1999;

Jaziri et al. 1994; Pereira et al. 2001; Teixeira et al. 2008;

Gomes et al. 2008, 2010). At least two of these proteases

also exert proliferative effects when incubated with mam-

malian cells (Gomes et al. 2005, 2009; Corrêa et al. 2011).

Proteolytic activity, measured by BAPNA degradation and

expressed as amounts of nkat per milligram protein is found

to be 1.25–2.0 times higher in the latex of other Vascon-

cellea spp. (V. monoica, V. stipulata and V. 9 heilbornii)

than in latex of C. papaya. Further, cDNA sequences coding

for cysteine proteinases in Vasconcellea 9 heilbornii and

Vasconcellea stipulata have been determined (Kyndt et al.

2007). All enzymes of this group, belonging to the C1A

subfamily, are synthesized as precursors, with N-terminal

propeptides as well as signal peptides. Most of them have

propeptides similar to that of papain, but the propeptide of

cathepsin B is much shorter and very different in sequence.

However, the propeptides of both cathepsin B and papain

are thought to act in the same way in the proenzymes,

blocking the active site by being bound in the reverse ori-

entation of a substrate. The propeptides contain some

characteristic elements which are highly conserved in evo-

lution, as the ERFNIN motif, present in the a2 helix of a

great number of cysteine protease propeptides belonging to

the cathepsin L group. Another highly conserved motif is the

GXNXFXD heptapeptide, which can also be found in most

of the cysteine propeptides, located at the kink of the b-sheet

(Trejo et al. 2009).

Recently, we have reported a high proteolytic activity in

Vasconcellea quercifolia (Caricaceae) latex, in comparison

with the C. papaya latex, its ability to hydrolyze casein and

to clotting milk. In addition, we purified a new cysteine

protease with higher specificity than papain and charac-

terized it (Torres et al. 2010). In the present paper, the

proteolytic system contained in Vasconcellea quercifolia

latex was analyzed and characterized using proteomic and

molecular biology tools. Knowledge of these new proteases

with individual characteristics is important both to learn

about their biological function as well as to infer their

potential pharmacological or industrial applications.

Materials and methods

Plant material

Unripe fruits of Vasconcellea quercifolia A.St. -Hil. (vou-

cher specimen accession code: LPAG 5647) were collected

at the beginning of summer of 2009 in the Guasayán hills,

province of Santiago del Estero, Argentina. This fruit is

native to South America and grows in Argentina, Bolivia,

Brazil, Ecuador, Paraguay, Peru, and Uruguay (Scheldeman

et al. 2007).

V. quercifolia, also called ‘‘ñacaratiá’’, ‘‘mamon of the

mount’’, or ‘‘oak leaved papaya’’ is a dioecious tree growing

to 3–6 m high. Flowers are on axillary inflorescences and

the female flowers are solitary or in sparse racemes. Fruits

are small and ovoid berries, 3–5 cm long, bright orange, and

juicy (Dimitri 1979).
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Partially purified preparation (VQ preparation)

A partially purified preparation, named VQ, was prepared

by centrifugation of latex obtained by superficial incisions

of fruits and collected in buffer (pH 5.6, containing sodium

tetrathionate to avoid autodigestion and EDTA for pheno-

loxidase inactivation) in an ice-water bath, as previously

described (Torres et al. 2010).

Purification of the Vasconcellea quercifolia preparation

The VQ preparation (6 ml) was applied onto a column

(Pharmacia XK 16/40, with AK16 adaptors) packed with

SP-Sepharose High Performance (20 ml) equilibrated with

50 mM Tris–HCl buffer (pH 7.5) containing 1 mM sodium

tetrathionate. Cation exchange chromatography (FPLC

system, Pharmacia Biotech, Uppsala, Sweden) was devel-

oped by adding 20 ml of the starting buffer (50 mM Tris–

HCl, pH 7.5, containing 1 mM sodium tetrathionate and

0.15 M NaCl), followed by 80 ml of a sodium chloride

linear gradient (0.15–0.45 M) and 20 ml of a sodium

chloride linear gradient (0.45–1.0 M), both prepared in the

same buffer. In the chromatographic fractions, proteins

were detected by measuring absorbance of eluates at

280 nm and the caseinolytic activity of all fractions was

measured. In an additional experiment, the fractions were

collected directly from the chromatographic column in

1 mM iodoacetic acid.

Proteolytic activity on casein

The reaction mixture contained 1.1 ml of 1 % casein

solution and 0.1 ml of enzyme solution, both in 0.1 M

Tris–HCl buffer (pH 8.5) containing 20 mM cysteine. The

reaction was carried out at 37 �C and stopped by the

addition of 5 % trichloroacetic acid (1.8 ml). Then, each

test tube was centrifuged at 4,0009g for 20 min and

the absorbance of the supernatant was read at 280 nm

(Natalucci et al. 1996).

Proenzyme activation

In order to obtain the active protease from the putative

proenzyme, different treatments were tested. Fraction III

was incubated at 60 �C for 10 min in buffer pH 4.0 either

with or without 20 mM cysteine, with 100 lM pepsin or in

buffer Tris–HCl pH 8.0. Then, each sample was analyzed

by sodium dodecyl sulfate polyacrylamide gel electropho-

resis (SDS-PAGE) and its caseinolytic activity was deter-

mined. For this treatment the fraction III was selected

because of its evidently shown 31 kDa band by SDS-

PAGE.

SDS-PAGE

SDS–polyacrylamide gel electrophoresis was performed in

a Miniprotean III Cell (Bio-Rad, Hercules, CA, USA)

according to Laemmli (1970). Iodoacetic acid (1 mM) was

added to sample buffer to avoid autodigestion of the pro-

tease. The current was kept constant at 40 mA during

stacking and then increased to 60 mA, and kept constant

for 45 min. Gels (12.5 % polyacrylamide) were stained

with colloidal Coomassie (17 % w/v ammonium sulfate,

34 % methanol, 0.5 % acetic acid, and 0.1 % w/v Coo-

massie G-25) and then destained using distilled water.

N-terminal sequence

Samples were subjected to SDS-PAGE and transferred to a

PVDF membrane. The sample bands, corresponding to an

approximate weight of 26 kDa, were cut and subjected to a

decoloration process. Then, the Cys sulphydryls were

reduced with 10 mM DTT in NH4HCO3 buffer (50 mM,

pH 8.0) for 30 min at 37 �C and carbamidomethylated with

20 mM iodoacetamide in 50 mM NH4HCO3 pH 8.0 for

30 min at 37 �C.

Each sample was introduced into the reaction chamber

of the sequencer and the N-terminal sequence was deter-

mined by Edman’s automated degradation using an Procise

492 (Applied Biosystems, Carlsbad, CA, USA) peptide

sequencer equipped with a 140C Microgradient System

HPLC (Applied Biosystems), a Series 200 UV/VIS detec-

tor (PerkinElmer, Waltham, MA, USA) and a Spheri5-PTH

column (Applied Biosystems) for the amino acid analysis.

Protein homology searches were performed using the

BLAST network service (Altschul et al. 1997).

Peptide mass fingerprinting (PMF)

Tryptic digestion

In-gel protein digestion was carried out using the In-Gel

DigestZP Kit (Millipore, Billerica, MA, USA). Protein

bands of SDS-PAGE, corresponding to an approximate

weight of 26 kDa, were excised with a scalpel, diced into

1-mm3 pieces and introduced into the wells, treated with

25 mM NH4HCO3/5 % acetonitrile (ACN) and then with

25 mM NH4HCO3/50 % ACN (washing/destaining solu-

tions), and finally dehydrated with pure ACN. Proteins

were then reduced with 10 mM DTT in buffer 25 mM

NH4HCO3/5 % ACN for 1 h at room temperature. Cys

sulphydryls were alkylated with 50 mM iodoacetamide in

25 mM NH4HCO3/5 % ACN for 1 h at 37 �C. Washing/

destaining solutions were used for additional washing and

finally the gel pieces were dehydrated with pure ACN, and

dried. Trypsin (0.02 lg) in 25 mM NH4HCO3/5 % ACN
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was added to rehydrate the gel pieces in each well and the

digestion was carried out for 3 h at 37 �C. The tryptic

peptides obtained were extracted from the gel with 0.2 %

TFA and captured on the C18 resin by applying vacuum.

Finally, the tryptic peptides were eluted with 50 % ACN/

0.1 % TFA.

Mass spectrometry

MALDI-TOF MS was used for protein identification

by peptide mass fingerprinting (PMF). Analysis was

performed using an UltrafleXtreme MALDI-TOF mass

spectrometer (Bruker Daltonics, Bremen, Germany). The

sample was spotted on a GroundSteel 160 and mixed with

freshly prepared matrix solution (10 mg/ml of a-cyano-4-

hydroxycinnamic acid in aqueous solution containing 30 %

ACN and 0.1 % TFA). External calibration was performed

using peptide calibrants. Peptide masses were acquired

with a range of ca. 800–4,000 m/z. The PMF spectra of the

samples analyzed were acquired and compared. Compre-

hensive peak assignments were accomplished using the

BioTools software package (Bruker Daltonics). MASCOT

search tool (URL ‘‘http://www.matrixscience.com’’) was

used for the identification of tryptic maps.

Glycoprotein detection

ECLTM Glycoprotein Detection Module (Amersham, GE

Healthcare Biosciences, Uppsala, Sweden) was used to

determine if the proteins were glycosylated. Samples were

separated by SDS-PAGE and the bands were transferred to

a nitrocellulose membrane. The carbohydrate portions of

a target protein are oxidized with sodium metaperiodate

to form aldehydes which can spontaneously react with

hydrazides. Biotin-X-hydrazide is used to attach biotin

onto the oxidized carbohydrates, and biotinylated proteins

are detected by addition of streptavidin conjugated to

horseradish peroxidase for luminol-based detection using

electrochemiluminescence (ECL) reagents.

Cloning of a cysteine protease cDNA

Total RNA was isolated from V. quercifolia latex. Drops of

latex (100 mg) were collected on 350 ll of buffer of the kit

(Cytoplasmic RNA Reagent, Invitrogen, Carlsbad, CA,

USA), containing 3.5 ll of b-mercaptoethanol and 1 ll of

RNase inhibitor. Total RNA was extracted as recom-

mended by the manufacturers, using spin columns that trap

nucleic acids, contaminating DNA was removed by a

DNase solution, and RNA was eluted with 20 ll of RNase-

free water with RNase inhibitor.

Single-stranded cDNA was prepared by 30-RACE (rapid

amplification of cDNA ends) using the First Strand cDNA

Synthesis Kit for RT-PCR, AMV (Roche Diagnostics,

Roche Applied Science, Indianapolis, IN, USA) and an

oligo(dT)R1R0 primer (50-CCGGAATTCACTGCAGGG

TACCCAATACGACTCACTATAGGGCTTTTTTTTTTT

TTTTTT-30).
A degenerate oligonucleotide primer Nt3-11Af (50-GA

TTCnGTwGATTGGmGrGAAAAAGG-30) for cysteine

protease of latex (Trejo et al. 2009) was used together with

oligo(dT)R1 (50-GGTACCCAATACGACTCACTATAGG

GC-30) to obtain the complete cDNA. PCR was performed

using Eco Taq DNA polymerase and a thermal cycler EZ

Cycler (Ericomp Inc., San Diego, CA, USA). Amplifica-

tion was carried out by a first cycle of 95 �C for 5 min and

72 �C for 15 min, 25 cycles of 94 �C for 30 s, 44–56 �C

for 30 s, and 72 �C for 1 min and completed by a 10-min

extension at 72 �C; finally the block temperature was held

at 8 �C.

The amplified products were gel-purified (QIAEX II

Agarose Gel Extraction Kit, Qiagen GmbH, Hilden,

Germany), ligated into the pGEM-T Easy (Promega,

Madison, WI, USA) vector and transformed into competent

Escherichia coli XL1-Blue cells. The cloning products

were checked by PCR followed by gel electrophoresis,

selected and sequenced in both directions (Sambrook et al.

1989). Nucleotide and deduced amino acid sequences were

obtained with the ExPASy Translate tool program (‘‘http://

www.expasy.ch/tools/dna.html’’). Deduced amino acid

sequences were used as input for database searching using

the BLAST (basic local alignment search tool) algorithm

(Altschul et al. 1997) and analyzed by ClustalX (Thompson

et al. 1997).

Phylogenetic tree construction

The evolutionary history was inferred using the Maximum

Parsimony method. The MP tree was obtained using the

Close-Neighbor-Interchange algorithm with search level 1

in which the initial trees were obtained with the random

addition of sequences (10 replicates). The analysis

involved 20 amino acid sequences. There were a total of

229 positions in the final dataset. Evolutionary analyses

were conducted in MEGA5 (Tamura et al. 2011).

Theoretical properties and molecular modeling

The theoretical physicochemical properties (pI, Mw and

molar extinction coefficient) of the amino acid sequence

corresponding to the putative cysteine protease deduced

from cDNA were predicted using the software available on

the ExPASy (ProtParam and ScanSite). Tryptic digestion

in silico was performed using the Sequence Editor 3.1

(Bruker Daltonics) to obtain the theoretical PMF.
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The tertiary structure of the putative protease was

predicted using the 3D-JIGSAW network service (‘‘http://

bmm.cancerresearchuk.org/*3djigsaw/’’), a homology

modeling program (Bates and Sternberg 1999; Bates

et al. 2001; Contreras-Moreira and Bates 2002), using

papain (PDB ID: 1PPN) of latex from Carica papaya

as a suitable template. The graphic image was produced

by PyMOL (DeLano Scientific LLC, Palo Alto, CA,

USA).

Results and discussion

A partially purified preparation, named VQ devoid of gums

and other insoluble materials, was obtained from latex of

unripe fruits of Vasconcellea quercifolia. VQ showed

several active fractions, all of which were basic proteins,

when a sample of this preparation was submitted to iso-

electrofocusing–zymogram (3–10 pH gradient) and 2D-

PAGE using immobiline 7–11, as previously reported

(Torres et al. 2010). The presence of several basic cysteine

proteases in the lattice of one plant species is a frequent

event (Dubey and Jagannadham 2003; Domsalla and

Melzig 2008), which has also been found in other species

belonging to the Caricaceae family (Carica papaya, Vas-

concellea cundinamarcensis, Vasconcellea 9 heilbornii

and Vasconcellea stipulata).

Purification of the VQ preparation proteases

According to the basic pI values of the proteolytic com-

ponents, the VQ preparation was purified by cation

exchange chromatography (SP-Sepharose High Perfor-

mance). The main achievement in the chromatographic

procedure was to separate all fractions in a single chro-

matographic step. The elution profile revealed the presence

of seven caseinolytic active fractions (VQ-I, VQ-II, VQ-

III, VQ-IV, VQ-V, VQ-VI and VQ-VII) which represented

about 30 % of total protein, while no proteolytic activity

(Fig. 1) was detected in the unretained fraction (NR). The

SDS-PAGE analysis of the active fractions (Fig. 2a)

Fig. 1 Cation exchange

chromatography of VQ

preparation. Column: SP-

Sepharose HP; starting buffer:

Tris–HCl pH 7.5 containing

1 mM sodium tetrathionate and

0.15 M NaCl; linear gradients:

0.15–0.45 M NaCl (80 ml) and

0.45–1.0 M NaCl (20 ml); flow

rate: 1 ml/min

Fig. 2 SDS-PAGE of the fractions obtained from cation exchange

chromatography. a Lane 1 VQ-I fraction, lane 2 VQ-II fraction, lane
3 VQ-III fraction, lane 4 molecular weight markers, lane 5 VQ-IV

fraction, lane 6 VQ-V fraction, lane 7 VQ-VI fraction, lane 8 VQ-VII

fraction. b Lane 1 inhibited VQ-II fraction, lane 2 molecular weight

markers

Planta (2012) 236:1471–1484 1475

123

http://bmm.cancerresearchuk.org/~3djigsaw/
http://bmm.cancerresearchuk.org/~3djigsaw/


showed in all cases the presence of a band with molecular

weight ca. 26 kDa, characteristic of plant cysteine proteases

(Sequeiros et al. 2005). As shown in Fig. 2a, the most active

fraction (II) presented an inconspicuous band of ca. 26 kDa

and multiple bands with smaller molecular mass, suggesting

a typical self-degradation process; this behavior could be

due to the highest activity of this fraction compared with the

other fractions, as could be seen in the chromatographic

profile (Fig. 1). In a subsequent experiment, fraction II was

collected directly from the chromatographic column in

1 mM iodoacetic acid. This treatment allowed the inhibition

of its autodigestion (Fig. 2b).

Structural characterization of the proteases

N-terminal sequence

The N-terminal sequence of each protease was determined

by Edman’s automated degradation and the sequences

obtained were compared among them (Table 1). These

results indicate that at least five out of the seven peptides

isolated from V. quercifolia latex are structurally different,

because the eight residues determined for the VQ-II

sequence matched with the first eight residues of the VQ-I

sequence and the 15 residues of the VQ-VI N-terminal

sequence matched with the first 15 residues of VQ-VII.

The seven sequences showed the presence of highly

conserved residues and motifs of ‘‘papain-like’’ cysteine

proteases: the Pro2 residue and the DWR and GAV motifs.

Additionally, the Ser4 residue (position 5 for VQ-V)

characteristic of cysteine proteases of the Caricaceae

family was conserved. The Gln9 residue (Q) and a basic

amino acid located at position 10 (R or K) appeared in all

sequences (except for VQ-II, which is shorter).

We also determined the degree of identity of the

N-terminal sequence of each protease of V. quercifolia with

all the reported cysteine proteases of the Caricaceae family;

a high degree of identity was found with those present in

the latex from other species of the genera Vasconcellea,

Jacaratia and Carica (Table 2).

The proteases VQ-I, VQ-II, and VQ-V presented a very

similar N-terminal sequence, particulary characterized by

the Tyr residue at the N-terminus (Table 1). We named this

set of proteases as ‘‘group A’’. When the N-terminals of

this group were compared with those of other proteases of

the same family (Caricaceae), VQ-I had the highest iden-

tity with VS-B (V. stipulata) and VXH-C (V. 9 heilbornii),

while VQ-II showed the highest identity with VXH-C, and

VQ-V showed the highest identity with VS-B. On the other

hand, the proteases VQ-III, VQ-IV, VQ-VI, and VQ-VII

(‘‘group B’’) had Ile as the N-terminal amino acid (Table 1)

and presented a high degree of identity between them as

well as with VS-A (V. stipulata), VXH-A, and VXH-B

(V. 9 heilbornii).

Peptide mass fingerprinting (PMF)

Using a useful proteomic tool (PMF), adequate to differ-

entiate isoenzymes present in latex (Obregón et al. 2009),

we were able to differentiate all the proteases isolated from

the latex of V. quercifolia, including those with sequences

N-terminal partially matching (VQ-I/VQ-II and VQ-VI/

VQ-VII). Electrophoretic spots ca. 26 kDa (SDS-PAGE,

Fig. 2) were selected to perform tryptic digestion and the

peptides were analyzed by MALDI-TOF MS (Fig. 3). The

comparison of the peptide maps revealed the presence of

seven different proteases. Furthermore, comparison of the

tryptic maps with those deposited in databases by using the

Table 1 Comparison of N-terminal sequences of the proteases present in V. quercifolia latex

The conserved residues are shaded. The identity % was calculated between pairs of sequences according to the sequence with the lowest number

of residues determined in each case. Numbers in bold correspond to the enzyme sequences with percent of identity higher than 80 %
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MASCOT tool (‘‘http://www.matrixscience.com’’) showed

that none of the isolated proteases matched with other plant

protease. It is worth mentioning that we have previously

purified and characterized a protease named quercifoliain I

from V. quercifolia latex; we can infer that this enzyme

could correspond to VQ-II according to some experimental

data: the ionic strength which is eluted using cation

exchange chromatography (SP-Sepharose), the N-terminal

sequence, the high caseinolytic activity, and the compari-

son of PMFs (Torres et al. 2010).

Additionally, we determined that the proteases present

in the latex of V. quercifolia are not glycoproteins like

those of Carica papaya endopeptidases, CC III (Carica

candamarcensis) being the only glycosylated peptidase

reported from latex of Caricaceae family up to date (Jaziri

et al. 1994).

Proenzyme detection

Since endopeptidases constitute a potential danger for the

plant, they are stored in the laticifers as inactive proforms

that rapidly convert into active mature enzymes after the

release of latex from the plant. This explains why these

proforms have never been isolated from papaya latex (Az-

arkan et al. 2003). To generate the proteolytically active

endopeptidases, the region of the propeptide must be

cleaved through an enzymatic digestion process (Brömme

et al. 2004). In the case of V. quercifolia latex, fraction III

obtained from the chromatography of VQ preparation

(Fig. 1) when analyzed by SDS-PAGE (Fig. 4, lane 1)

revealed that it was composed of two polypeptides (26 and

31 kDa). The treatment of fraction III with pepsin increased

its caseinolytic activity (40 %) and the band of 26 kDa was

intensified (Fig. 4, lane 2), suggesting the release of the

Fig. 3 Mass spectra

corresponding to the PMF

of the proteases isolated

by SP-Sepharose HR

chromatography

Fig. 4 SDS-PAGE of proenzyme activation. Lane 1 fraction III, lane
2 fraction III after incubation at 60 �C for 10 min with 100 lM

pepsin in buffer pH 4.0, lane 3 molecular weight markers
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mature enzyme from its proenzyme. PMF analysis from the

SDS-PAGE band allowed strengthening the idea that the

31-kDa polypeptide corresponds to the proenzyme. When

comparing the PMF of the band of 31 kDa with the PMF

obtained by tryptic in silico digestion of the propapain,

the presence of a peptide (2,492 Da) corresponding to

the papain propeptide (KNNSYWLGLNVFADMSNDEFK)

was identified. This peptide includes the highly conserved

heptapeptide GxNxFxD (GNFD in short form) character-

istic of the subfamily C1A proenzymes. Further, the poly-

peptide with an m/z value of 2,508 was identified as the

same sequence, but with the methionine oxided (MSO).

Besides, when the PMF of the 31-kDa polypeptide was

compared with the PMFs corresponding to all the isolated

peptidases, six peptides matched with VQ-III (Table 1,

Supplementary material). The results obtained constitute

the first report of a propeptidase isolated from plant latex.

Molecular cloning of a putative protease

cDNA encoding cysteine proteases was synthesized by

RT-PCR from total RNA extracted from Vasconcellea

quercifolia latex and cloned in E. coli. A degenerate oli-

gonucleotide primer Nt3-11Af (50-GATTCnGTwGATTG

GmGrGAAAAAGG-30) for cysteine protease of latex

(Trejo et al. 2009) was used. This primer contains the

sequence coding for the DWR motif, characteristic of

papain-like cysteine proteases. The sequences obtained

from the selected clones were analyzed and the consensus

sequence was obtained using the CLUSTAL X multiple

sequence alignment program (Fig. 5). This sequence was

composed of 819 nucleotides, of which the former 633

(including 26 nucleotides corresponding to the used pri-

mer) encoded for a putative cysteine protease sequence,

followed by the ‘‘TAA’’ stop codon, the polyadenylation

signal ‘‘aataaa’’, and the polyadenine tail composed of 40

residues.

The corresponding polypeptide sequence contains seven

cysteine residues characteristic of cysteine phytopeptidases

(Napper et al. 1994). The amino acid residues characteristic

of the active site of this type of enzymes: Cys25, His159,

Asn175, and Gln 19 (papain numbering) can be observed in

the sequence (Fig. 5). The amino acid sequence deduced

for the putative protease was subjected to tryptic digestion

Fig. 5 Putative cysteine

protease consensus sequence.

The nucleotide sequence shaded

in gray corresponds to the

sequence of Nt3-11Af forward

primer used. In the nucleotide

sequence highlighted the triplet

‘‘taa’’ corresponded to the stop

signal for protein synthesis and

the sequence ‘‘AATAAA’’

corresponded to the

polyadenylation signal

sequence. The amino acid

residues of catalytic site and the

cysteines are shaded in gray
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(‘‘in silico’’) and the masses of the peptides obtained were

compared with those observed in the PMF of each of the

proteases isolated chromatographically. The VQ-III pepti-

dase showed 11 peptides matching with the cloned protease

(tolerance 0.085 Da), representing 56 % of the enzyme

sequence and covering 72 % of the total intensity of the

mass spectrum. These results strongly suggest that the

sequence obtained corresponds to the VQ-III peptidase.

Further, this analysis allowed determining that the

sequence of a peptide (mass 2,101 Da, GGFPPYALQY-

VAQNGIHLR) was highly conserved in most Vasconcel-

lea quercifolia peptidases (VQ-II, VQ-III, VQ-IV, VQ-V

and VQ-VI), as well as in the detected proenzyme and

VXH-B protease. The sequence proposed for the mature

enzyme was built replacing the amino acids corresponding

to the primer for the first ten residues coming from the

N-terminus sequence of VQ-III and was named VqCP-A.

The VqCP-A sequence is composed of 213 amino acids

(from amino acid 11 to 213 derived from the cDNA

sequence).

The physicochemical properties calculated for VqCP-A

were molecular mass (23,449 Da), pI (9.43) and molar

extinction coefficient at 280 nm (49,390 M-1 cm-1). The

calculated pI value agrees with the results from isoelectric

focusing of the VQ preparation, where the alkaline bands

(pI [ 9.3) show proteolytic activity (Torres et al. 2010).

The analysis of the VqCP-A sequence by the BLAST

algorithm revealed high degree of identity (54–88 %) with

13 cysteine proteases of the C1A family, including papain.

The alignments of VqCP-A with the complete sequences

of other cysteine proteases belonging to species of the

Caricaceae family are shown in Fig. 6. VXH-B showed the

highest identity (88 %), followed by VXH-D (86 %), and

VXH-A, VS-A and CMS1MS2 with 85 % of identity

(Kyndt et al. 2007; Gomes et al. 2008).

The amino acid sequence of VqCP-A contained the

characteristic features of all ‘‘papain-like’’ cysteine pro-

teinases (Fig. 6). A high conservation degree was observed

particularly for those amino acid residues essential for

catalytic activity and tridimensional structure: Cys25 and

His159 (papain numbering), which constitute the catalytic

dyad in all cysteine peptidases, as well as active site resi-

dues Gln19 and Asn 175, characteristic of Clan CA.

Phe141, Trp177 and Trp 181, involved in the hydrophobic

pocket of the catalytic site (Barrett et al. 2004a), are also

preserved. On the basis of the aforementioned information,

VqCP-A should be included in the cysteine peptidase

subfamily C1A. The partial sequence of this enzyme was

submitted to the EMBL nucleotide sequence database

(Accession Number HE613670).

Fig. 7 Phylogenetic tree of cysteine protease sequences present in

species of the Caricaceae family. Tree 1 out of four most parsimo-

nious trees (length = 476) is shown. The consistency index is

(0.743073), the retention index is (0.798419), and the composite

index is 0.627329 (0.593284) for all sites and parsimony-informative

sites (in parentheses) The percentage of replicate trees in which the

associated taxa clustered together in the bootstrap test (1,000

replicates) are shown next to the branches

Fig. 8 Predicted molecular model of VqCP-A. Antiparallel b-sheet

structures are represented in yellow, the a helices in red, the catalytic

site residues in blue and the cysteines that form disulfide bridges

in orange. http://bmm.cancerresearchuk.org/*3djigsaw/job-ref is 573

73092

Fig. 6 Alignment of the VqCP-A sequence with those of a group of

plant proteases belonging to the subfamily C1A. The VqCP-A

sequence was aligned with the sequences of Vasconcellea 9

heilbornii (VXH A, VXH B, VXH C, VXH D), Vasconcellea
stipulata (VS-A, VS-B), Carica candamarcensis (Cms1ms2, CC-III),

Jacaratia mexicana (MEX1, MEX2), and Carica papaya: chymopa-

pain (1YAL), caricain (1PPO), glycyl endopeptidase (1GEC) and

papain (1PPN)

b
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Molecular phylogeny

The evolutionary relationships between VqCP-A and other

cysteine proteases present in the species of the family

Caricaceae were derived using the maximum parsimony

method (Fig. 7). The amino acid sequence of VqCP-A

along with the proteases VXK-B, VXH-A, VXH-D (V. 9

heilbornii), VS-A (V. stipulata), and Cms1ms2 (V. cundi-

namarcensis), form a group with a high bootstrap value,

revealing a close phylogenetic relationship. This group is

closer to papain, suggesting them to be papain homologues,

while in other cluster are the chymopapain (1 YAL) and its

isoforms, in accordance to the report of Kyndt et al. (2007).

Stem bromelain was chosen as the outgroup because of its

low degree of similarity with the other sequences.

Tertiary structure of VqCP-A predicted by molecular

modeling

The predicted molecular model of VqCP-A is shown in

Fig. 8. The enzyme structure shows the typical papain-like

fold composed of two domains separated by a groove

containing the active site. The L domain (a-helix-rich)

contains the catalytic residues Gln19 and Cys25 and it is

stabilized by two disulfide bridges (Cys22–Cys63 and

Cys56–Cys95), and the R domain (b-barrel-like) contains

the catalytic residues His159 and Asn175 and it is stabi-

lized by another disulfide bridge (Cys153–Cys200).

The specificity subsite that is dominant in most pepti-

dases of subfamily C1A is the S2 subsite, which commonly

displays a preference for occupation by a bulky hydro-

phobic side chain and not a charged one (Barrett et al.

2004b). In papain, the S2 subsite is essentially composed of

residues Tyr67, Pro68, Trp69, Val133, Val157, Ser205,

and Phe207 (Maes et al. 1996), while in VqCP-A the S2

pocket (based on a model in which VqCP-A was super-

imposed on that of papain) is composed of Phe67, Pro68,

Pro69, Val133, Thr157, Asp205, and Val207 (papain

numbering). The comparison of S2 subsites revealed that

the residues involved in the S2 pocket of VqCP-A are

mainly hydrophobic, as papain, but, unusually, in VqCP-A

there is an acidic residue (Asp) instead of the hydrophilic

residue (Ser) of papain. This replacement also occurs in

Entamoeba sp., stem bromelain, and lobster digestive

endopeptidase, while in cathepsin B and other enzymes this

Ser is replaced by Glu. These changes can be explained by

a distinctive specificity (Barrett et al. 2004b).

The data obtained provide an important contribution to

the biochemical and structural knowledge of the proteolytic

system present in the latex of a species belonging to the

family Caricaceae. Additionally, the presence of a pro-

peptidase in plant latex was detected for the first time. The

isolated enzymes are similar to those obtained from related

species, but at the same time showed specific characteris-

tics that allowed their identification as individual chemical

entities. Finally, the use of proteomics tools allowed to

correlate the sequence of the cloned enzyme (VqCP-A)

with one of the proteases (VQ-III peptidase) purified from

latex.
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