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Abstract Asclepain f is a papain-like protease previously
isolated and characterized from latex of Asclepias fruticosa.
This enzyme is a member of the C1 family of cysteine pro-
teases that are synthesized as preproenzymes. The enzyme
belongs to the alpha + beta class of proteins, with two
disulfide bridges (Cys22-Cys63 and Cys56-Cys95) in the
alpha domain, and another one (Cys150-Cys201) in the
beta domain, as was determined by molecular modeling. A
full-length 1,152 bp cDNA was cloned by RT-RACE-PCR
from latex mRNA. The sequence was predicted as an open
reading frame of 340 amino acid residues, of which 16 resi-
dues belong to the signal peptide, 113 to the propeptide and
211 to the mature enzyme. The full-length cDNA was
ligated to pPICZox vector and expressed in Pichia pastoris.
Recombinant asclepain f showed endopeptidase activity on
pGlu-Phe-Leu-p-nitroanilide and was identified by PMF-
MALDI-TOF MS. Asclepain f is the first peptidase cloned
and expressed from mRNA isolated from plant latex, con-
firming the presence of the preprocysteine peptidase in the
latex.
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Abbreviations

ACN Acetonitrile

AfCP Amino acid sequence corresponding to the
cysteine protease asclepain f deduced
from cDNA

DMSO  Dimethyl sulfoxide

DTT Dithiothreitol

EDTA  Ethylenediaminetetraacetic acid

PFLNA pGlu-Phe-Leu-p-nitroanilide

PMF Peptide mass fingerprinting

RACE  Rapid amplification of cDNA ends

rAfCP  Recombinant asclepain f cysteine protease

RMSD  Root mean square deviation

TFA Trifluoroacetic acid

Introduction

The enzymes known as cysteine proteases, or cysteine pep-
tidases, are often thought of all being related, and some-
times are even referred to the “cysteine protease family”,
but actually they evolved from a number of quite separate
origins (Barrett and Rawlings 2001). This kind of hydro-
lases has been found in viruses, bacteria, protozoa, fungi,
plants, and mammals (Barrett and Rawlings 2004).
Cysteine peptidases can be classified into 58 families
(MEROPS release 8.1), which can be grouped into nine
clans (CA, CD, CE, CF, CH, CL, CM, CN and CO) and
three clans of mixed (C, S, T) catalytic type (PA, PB, and
PC), according to a recent classification (Rawlings et al.
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2008). The Cl1A subfamily includes papain and other
related plant proteinases, such as chymopapain, caricain,
bromelain, actinidin, ficain, and aleurain (Barrett and
Rawlings 2004). Most of these enzymes are relatively small
proteins with Mr values in the range 20,000-35,000 (Turk
et al. 1997).

The enzymes belonging to the C1A subfamily that enter
the secretory pathway, intended either for secretion or for
the lysosomal (animal) or vacuolar (plant) system, are syn-
thesized as precursors, with N-terminal propeptides as well
as the signal peptides. Most of them have propeptides simi-
lar 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 orientation of a substrate
(Barrett and Rawlings 2004). The propeptides contain some
characteristic elements which are highly conserved in evo-
lution, as the ERFNIN motif, present in the o2 helix of a
great number of cysteine protease propeptides belonging to
the cathepsin L group (Karrer et al. 1993). 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 ff-sheet (Wiederanders 2003).

Plants are equipped with large proteolytic machinery
that irreversibly regulates the fate of proteins. This machin-
ery has generally been viewed in a housekeeping role, serv-
ing to remove non-functional proteins and to release amino
acids for recycling. However, proteases also appear to play
key roles in the regulation of biological processes in plants,
such as the recognition of pathogens and pests and the
induction of effective defense responses. Some proteases,
such as papain in latex, execute the attack on the invading
organism. Other proteases seem to be part of a signaling
cascade, as indicated by protease inhibitor studies (Van der
Hoorn and Jones 2004).

In the present paper, we describe the cloning and expres-
sion of asclepain f, a cysteine protease from Asclepias fruti-
cosa (Trejo et al. 2001), which is, as far as we know, the
first peptidase cloned and expressed from mRNA isolated
from plant latex.

Materials and methods
Plant material

Latex was obtained by superficial incisions of fruits (folli-
cles) of Asclepias fruticosa L.—Apocynaceae—[syn: Gom-
phocarpus fruticosus (L.) W.T. Aiton subsp. fruticosus (L.)
W.T. Aiton]. The species is an erect perennial plant, 1-3 m
in height; flowers (cream-white with green-purple corona)
borne in simple umbels; fruits are inflated bristly green fol-
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licles 5-7.5 cm long, tapering to a beak, containing numer-
ous black seeds bearing long silky hairs. The species is
native to Africa. Material used in the present work was col-
lected in Villa Elisa, Buenos Aires Province, Argentina.

Chemicals

Bovine serum albumin was purchased from Sigma-Aldrich
Inc. (St. Louis, MO, USA). pGlu-Phe-Leu-p-nitroanilide
(PFLNA) was a product of Bachem AG (Torrance, CA,
USA). Coomassie Brilliant Blue R-250, acrylamide, and
bisacrylamide were obtained from Bio-Rad (Hercules, CA,
USA). EcoTaq DNA polymerase was obtained from ECO-
GEN Barcelona (Barcelona, Spain). Lys-C protease was
purchased from Boehringer Ingelheim GmbH Corporate
(Ingelheim, Germany). Trypsin Gold and pGEM-T Easy
vector were products from Promega Corporation (Madi-
son, WI, USA). BstXI, Notl, and Xhol restriction enzymes
were obtained from Roche (Roche Diagnostics-Roche
Applied Science, Indianapolis, IN, U.S.A.). pPICZux
expression vector, Pichia pastoris KM71H and GS115,
and Escherichia coli TOP 10F’ cells were purchased from
Invitrogen Corporation (Carlsbad, CA, USA). Peptide cal-
ibrants and o-cyano-4-hydroxycinnamic acid were pur-
chased from Bruker Daltonics (Bremen, Germany).
Escherichia coli XL1-Blue was purchased from Stratagene
(La Jolla, CA, USA). Pre-stained broad molecular mass
standard was purchased from Invitrogen Corporation
(Carlsbad, CA, USA). Other reagents used were of the
highest grade available.

Protein determination

Protein content was determined by measuring the absor-
bance at 280 nm of the sample solution, according to the
extinction coefficient of asclepain f, or by the Bradford’s
method (1976) using bovine serum albumin as standard.

Determination of enzyme activity

pGlu-Phe-Leu-p-nitroanilide (PFLNA) was the substrate
used to determine enzyme activity (Filippova et al. 1984).
The reaction mixture contained 1.75 ml of 0.1 M phosphate
buffer (pH 6.5) containing 0.1 M KCI, 0.1 mM EDTA and
3 mM DTT, 0.20 ml of substrate solution (2 mM PFLNA in
DMSO) and 50 pl of enzyme extract. The reaction rate was
determined by measuring the absorbance at 420 nm for
3 min, using an Agilent 8453E UV-visible spectrophotome-
ter (Agilent Technologies, Inc., Santa Clara, CA, USA). An
arbitrary enzyme unit (“PFLNA unit”, Upgna), Was defi-
ned as the amount of enzyme that produces an increase of
0.001 absorbance unit (1 cm light-path) per minute in the
assay conditions.
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SDS-PAGE

SDS-polyacrylamide gel electrophoresis was performed in
a Miniprotean III Cell (Bio-Rad, Hercules, CA, USA)
according to Laemmli (1970). Current was kept constant at
40 mA during stacking and then increased to 60 mA and
kept constant for 40 min. Gels (12.5% polyacrylamide)
were stained by Coomassie Brilliant Blue R-250. The
molecular mass markers used were myosin (250 kDa),
phosphorylase (148 kDa), bovine serum albumin (98 kDa),
glutamic dehydrogenase (64 kDa), alcohol dehydrogenase
(50 kDa), carbonic anhydrase (36 kDa), myoglobin red
(22 kDa), lysozyme (16 kDa), aprotinin (6 kDa), and insu-
lin, B chain (4 kDa).

Determination of the partial internal amino acid sequences

The enzyme (ca. 50 pg) was inactived in guanidine chloride
6 M at 100°C, treated with 10 mM DTT in 25 mM ammo-
nium bicarbonate for 1 h at room temperature to make sure
that all the cysteine residues were reduced and then alkyl-
ated by 50 mM iodoacetamide in 25 mM ammonium bicar-
bonate for 1h at 37°C in the dark. The sample was then
digested at 37°C with Lys-C protease (from Lysobacter
enzymogenes) overnight in 0.1 M ammonium bicarbonate
(pH 8.0) using a 1:60 enzyme—protein ratio (w/w). The
resulting peptides were separated by reverse-phase HPLC
using a Vydac C18 column (5 pm, 300 A, 4.6 mmID x
250 mm L) of Grace (Deerfield, IL, USA) and a linear gra-
dient of acetonitrile (5-50%) in 0.1% trifluoroacetic acid
(TFA) at 0.5 ml/min. Every fraction was analyzed by mass
spectrometry (UltraFlex MALDI-TOF mass spectrometer,
Bruker Daltonics, Bremen, Germany) and pure samples of
peptides were sequenced by Edman’s automated degrada-
tion using a Beckman LF3000 protein sequencer equipped
with a PTH-amino acid analyzer System Gold (Beckman
Instruments, Fullerton, CA, USA).

Cloning of asclepain f cDNA

Total RNA was isolated from Asclepias fruticosa latex. Ten
drops of latex (70 mg) were collected on 350 pl of buffer of
the kit (NucleoSpin® RNA Plant Kit, BD Biosciences Clon-
Tech, Palo Alto, CA, USA) containing 3.5 pl of f-mercap-
toethanol. Total RNA was extracted as recommended by
the manufacturers employing spin columns that traps
nucleic acids. RNA was eluted with RNase-free water with
RNase inhibitor and was concentrated by a Savant Speed-
Vac system (TeleChem International, Inc. Sunnyvale, CA,
USA).

Single-stranded cDNA was prepared by 3'-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)R R, primer (5'-CCGGAATTCACTGCAGGGT
ACCCAATACGACTCACTATAGGGCTTTTTTTTTTT
TTTTTT-3’; Ry=5"-CCGGAATTCACTGCAG-3" and
R, = GGTACCCAATACGACTCACTATAGGGC-3).

Degenerate oligonucleotide primers were synthesized
(Table 1) on the basis of the partial amino acid sequences
determined at the protein level (N-terminal: LPDSVD-
WREKGVVFPIRNQGK and one of the internal peptide:
SYEGHCSIAMQ). These oligos were used together with
oligo(dT)R;R,, complementary primers to obtain the com-
plete cDNA. PCR was performed using EcoTaq DNA poly-
merase and a thermal cycler EZ Cycler (Ericomp Inc., San
Diego, CA, USA). Amplification was carried out by a first
cycle of 95°C for 5 min and 72°C for 15 min, 30 cycles of
94°C for 1 min, 50°C for 1 min, and 72°C for 1 min and
completed by a 15-min extension at 72°C; finally the block
temperature was held at 8°C.

The single-stranded cDNA was used as a template for
PCR amplification of cDNAs using primers Nf, 3 and R,
The amplified fragments were further subjected to Nested
PCR in two different reactions using primers Nf;_;; and R,
and Nf;_;, and Pr;_,,, respectively.

Amplified products were gel-purified (QIAEX II Aga-
rose Gel Extraction Kit, QIAGEN GmbH, Hilden, Ger-
many), ligated into the pGEM-T Easy (Promega
Corporation, Madison, WI, USA) vector and transformed
into competent E. coli XL1-Blue cells. The cloning prod-
ucts 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
analyzed with the Translate Tool program (http://www.exp-
asy.ch/tools/dna.html) and CLUSTAL W (Thompson et al.
1994), a multiple alignment program. Deduced amino acid
sequences were used as inputs for database searching using
the BLAST algorithm (Altschul et al. 1997).

Prepropeptide sequence determination
5'-RACE was performed using BD SMART™ RACE

cDNA Amplification Kit (BD Biosciences, San Jose, CA,
USA) according to the manufacturer’s instructions. PCR

Table 1 Primers used for cDNA cloning of AfCP protease

Primer Orientation Sequence (5" — 3')

Nf, Forward yTkCCAdGATTCCGATGTTTGGmG

Nf, ;,  Forward GATTCnGTwGATTGGmGrGAAAAAGG
Prs 4, Reverse CATTGCwATnGAACAATGnCCTTC

Primers were designed on the basis of the partial amino acid sequences
determined at the protein level. Letters n, y, k, d, m, w, and r indicate
degenerate sites (n = A/T/CorG;y=CorT;k=GorT;d=A/GorT;
m=AorC,w=AorT,andr=AorG
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was performed with a reverse primer (5'-CCGCAAGCTC
CACTAAATATACCCC-3') corresponding to 422-446
location of AfCP cDNA, and as forward primers those sup-
plied by the kit. The obtained 5’'-end cDNA was sequenced
and then was analyzed as explained before.

Molecular modeling

The tertiary structure of AfCP (amino acid sequence corre-
sponding to the cysteine protease asclepain f deduced from
cDNA) was predicted by the homology modeling method
described by Nufez et al. (2002) with the program MOD-
ELLER (Sali and Blundell 1993), using the crystal struc-
tures of papain, caricain, actinidain, zingipain, and
chymopapain as templates. The alignment of the amino
acid sequence of the target enzyme (AfCP) and the tem-
plates was performed by the programs ClustalW and SEA-
VIEW (Galtier et al. 1996).

All preliminary models were evaluated by VERIFY3D
(Bowie etal. 1991; Liithy et al. 1992) and PROCHECK
(Laskowski etal. 1993) programs to identify well- and
poorly folded fragments. Preliminary models with similar
3D folds were superimposed, poorly scoring regions were
edited and the “average model” structure was created by
merging the remaining segments with the programs COM-
PARER (Sali and Blundell 1990) and JOY (Mizuguchi
et al. 1998).

Additional information, such as secondary structure,
placement of insertions and deletions in loops, conservation
of putative catalytic residues and the disulphide bonds were
taken into account to obtain a compact and well-folded
structure. For each alternative alignment, new models were
built and evaluated.

The graphic image was produced by PyYMOL™ (DeLano
Scientific LLC, Palo Alto, CA, USA). The obtained model
for AfCP was compared with the selected templates by
overlapping them, using the COMPARER program. At the
same time, the root mean square deviation (RMSD) was
determined.

Expression of proasclepain f

To obtain the expression construct for the production of
recombinant asclepain f cysteine protease (rAfCP) in
Pichia pastoris the cDNA of pro AfCP from RNA latex
was synthesized by RT-PCR. A forward (Ex1) and a
reverse (Ex2) primer were used: Ex1 (5'-TCTCTCGAGA
AAAGAATCACTTGTATTAGTACCAATTGGCG-3')

contains Xhol cleavage site (underlined) as well as Kex2
signal cleavage (bold) and Ex2 (5'-CCTTCGCGGCCGCT-
CAAACAGGATAAGAGGGCTGCATGG-3")  contains
Notl cleavage site (underlined). The PCR products were
purified, ligated into the pGEM-T Easy vector and trans-
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formed into a competent E. coli XL1-Blue strain. The
resulting DNA plasmid, previously checked by sequencing,
was digested with Xhol and Notl restriction enzymes and
ligated to pPICZo expression vector, which was previously
digested with the same enzymes. Competent E. coli
TOP10F’ cells were transformed with the ligation products.
Correct insertion and sequence was confirmed by sequenc-
ing. The constructed vector was linearized with BstXI
restriction enzyme and then 3 pg of this construct was used
to obtain transformed Pichia pastoris KM71H cells. The
positive clones were selected from a solid medium YPDS
[2% (w/v) peptone, 1% (w/v) yeast extract, 18.2% (w/v)
sorbitol, and 2% (w/v) agar] containing 100 pg/ml Zeo-
cin™, after growing 3 days at 30°C, and transferred to a
liquid medium YPD [2% (w/v) peptone, 1% (w/v) yeast
extract, and 2% (w/v) glucose] for its conservation.

Selected transformed clones and a control clone (Pichia
pastoris GS115 Albumin, phenotype Mut®) were grown at
30°C and 250 rpm to a final density of 4 ODy, in 50 ml
tubes containing 15 ml of liquid medium BMGY [2% (w/v)
peptone, 1% (w/v) yeast extract, 1.34% (w/v) yeast nitro-
gen base, 1% (w/v) glycerol, 4 x 107% (w/v) biotin, and
100 mM potassium phosphate, pH 6.0]. Cells were har-
vested by centrifugation at 3,000g for 5 min at room tem-
perature and resuspended in BMMY medium (similar to
BMGY but with 0.5% methanol instead of glycerol) in 1/15
of the original volume. To maintain induction, cultures
were supplemented every 24 h with methanol to a final con-
centration of 0.5% (v/v) and continued for 3 days. Culture
supernatants were sampled at different times to monitor the
rAfCP production. The supernatants of each sample were
dialysed (cut off 6,000-8,000 Da) overnight against dis-
tilled water at 4°C. The proenzyme autocatalytic activation
was assayed in 0.1 M acetic/sodium acetate buffer (pH 4.0)
containing 20 mM cysteine at different temperatures (20,
37, 45 and 60°C) and incubation times (10, 30 and 60 min).
The expression of the active enzyme was quantified by
determination of specific activity on PFLNA and evaluated
by SDS-PAGE.

Peptide mass fingerprinting (PMF)

In-gel protein digestion was realized using the In-Gel
Digest,p Kit (MILLIPORE, Billerica, MA, USA). Protein
bands were excised with a scalpel, diced into 1-mm? pieces
and introduced into the wells, treated with 25 mM
NH,HCO;/5% acetonitrile (ACN) and then with 25 mM
NH,HCO;/50% ACN (washing/destaining solutions) and
finally dehydrated with pure ACN. Proteins were then
reduced with 10 mM DTT in buffer 25 mM NH,HCO,/5%
ACN for 1h at room temperature. Cys sulphydrils were
alkylated with 50 mM iodoacetamide in 25 mM NH,HCO,/
5% ACN for 1h at 37°C. Washing/destaining solutions
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were used for additional washing and finally the gel pieces
were dehydrated with pure ACN, and then dried. Trypsin
(0.02 pg) in 25 mM NHHCO;/5% ACN 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 applying vacuum. Finally, the tryptic pep-
tides were eluted with 50% ACN/0.1% TFA.

MALDI-TOF-MS was used for protein identification by
peptide mass fingerprint (PMF). Analysis was performed
using an UltraFlex MALDI-TOF mass spectrometer (Bru-
ker Daltonics, Bremen, Germany). The sample was spotted
on an AnchorChip target 160 and mixed with freshly pre-
pared matrix solution (10 mg/ml of a-cyano-4-hydroxycin-
namic acid in aqueous solution containing 30% ACN and
0.1% TFA). External calibration was performed using pep-
tide calibrants. Peptide masses were acquired with a range
of ca. 800—4,000 m/z. PMF spectra of samples analyzed
were acquired and compared. Comprehensive peak assign-
ments were accomplished using the BioTools software
package (Bruker Daltonics).

Results and discussion

Partial amino acid sequences

Asclepain f was isolated and purified from latex of Ascle-
pias  fruticosa following the procedure previously
described. After digestion of the enzyme with Lys-C prote-

ase several peptides could be isolated by HPLC and

Fig. 1 Nucleotide and deduced

amino acid sequences of AfCP. 1
Coincident amino acid sequenc- 23
es with those determined at the 61
protein level are underlined. In 43 G H M I A L
the nucleotidic sequence the stop 121
signal (tga) and the polyadenyla- 63
tion signal sequence (aataaa) are 181
also underlined. White on a 83

sequenced: YEGHCGIAMQ (P1), LPDSVDWREK (P2),
and YPYIFRQGQCYQP (P3), according to HPLC elution
order. P2 peptide corresponds to the N-terminus of the
mature protein that had been previously reported (Trejo
et al. 2001).

Cloning and sequence analysis of asclepain f

Total RNA was extracted from Asclepias fruticosa latex
and used to synthesize the cDNA encoding asclepain f by
RT-PCR. The N-terminal and the P1 peptide sequences
were used to design degenerate oligonucleotide primers
(Table 1), on the basis of a previous analysis of the codon
usage (Countcodon program, version 4 http://www kazusa.
or.jp/codon/countcodon.html) in proteins from species
belonging to the Asclepiadeae tribe (Apocynaceae).

The consensus sequence was obtained from four selected
clones by using the CLUSTAL W multiple sequence align-
ment program. The sequence was composed of 759 nucleo-
tides, the former 627 ones encoding for the asclepain f
sequence (excluded the first two amino acids, as it comes
from a Nested-PCR using the Nf;_;; primer), followed by
the tga stop codon, the polyadenylation signal (aataaa) and
the polyadenine tail composed of 24 residues. The proposed
sequence for the mature enzyme, shown in Fig. 1, contains
211 amino acids, included Leu and Pro residues coming
from the N-terminus sequence. Correspondence of the
asclepain f deduced sequence (AfCP) with amino acid
sequences determined at the protein level is underlined.

The calculated molecular mass, monoisotopic mass, and
molar extinction coefficient were 23,406, 23,391 Da, and

1 L P D 8§ V D WPREK GV V F P I R N Q G K C
CEAA Lo e Ela e e s EEEEELicgt tgt ttEt oot atcagaaatcaaggaaaatgt
G 5§ C W T F S A V A 8
gggagttgetggacatteteggeagttgettecaatagaaaccttaaatggaattaaaaaa

I E T L N G I K K

S E Q E L L D CE T I 5 Q@ G

ggccatatgattgeattateccgagecaagagetettggactgegaaacaataagteagggg
C K G G H Y N N AU FAY V A K©NGTIT S8
tgtaaaggaggtcactataataatgecattecgecatatgtagoccaagaacggtattacctet
E E K Y P Y I F R O G 0 C ¥ O K E K V V

241
103
301
123
361
143
421
163
481
183
541
203
601

black background sequence cor-
responds to Nf;_,, primer

661

721

gaggaaaaatatccatatattttteogacaaggacaatgttatcaaaaggaaaaagtggtt
K I 8§ G ¥Y KRV P RWNWDNGGOTULOQ S A V
aaaatttetggttataagagagtaccgagaaataacggaggacaacttcaaagtgetgta
A Q Q VV 8§ V AV K CE
gcacaacaagtagtcagtgttgetgtaaaatgtgaaageaaagatttecaattttacgat
R G I F 8 G A C G P I L. DDH AV NI V G
aggggtatatttagtggagecttgeggtocaatattagatcatgoagtgaatattgttgga
Y G §S K G G AN Y WIMUPBRNSWGTNW
tatggtteotaaaggtggagoctaattattggatcatgagaaactettggggtacaaattgg
G E N G Y M R I OQ KN S KHYE G HC G
ggagagaatggatatatgaggattcaaaagaattcaaaacactatgaaggtcattgtgga

I A M O

attgececatgcagcootettatoctgtttgagagtcataaaaacttatgtaattegtgaag

S KD F Q F ¥ D

P S Y P V stop

acaacatatataatatatatatgttogtocgtatgaagtgatttcotatatgatttaaata

aaactttttttatataaaaaaaaaaaaaaaaaaaaaaaa
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Fig. 2 Sequence alignment of

AfCP with plant proteases AfCP 1 T
belonging to the subfamily C1A. 1PPO 1 TEeKLVE
AfCP sequence was aligned with 2ACT 1 IS
the sequences of caricain
(1 PPC()]), actinidain (2ACT), 1 gﬁ i ti:
zingipain (1CQD), chymopa-
pain (1YAL), and papain 1PPN 1 TENLNE
(IPPN). Active-site residues are
black on a gray background.
Conserved motifs and conserved AfCP 51
amino acid residues are white on 1PPO 50
a black background. Cysteines 2ACT 51
involved in disulfide bridges are
underlined (1-1', 2—2'andg3—3'). 100 2d
Dashes represent gaps intro- 1YAL S1
duced to maximize alignment. 1PPN 51
a indicate the amino acids
involved in the hydrophobic a
pocket AfCP 97 QK---ERVVKISGY 1"PRN'!#IGGQI.-QS.I\VJ\ Qe VVEAYAVKCESKD R
1PPO 96 AKQVGGPIVKTSGVG PNNEGNLLNAIAF G
2ACT 100 LDLONEKYVTIDTYENYPYNNEWALQTAVTYSP GD Ss
1CQD 98 ST-VNAPVVSIDSYENYPSHNEQSLQKA' [DAAGRD
1YAL 97 ATDKPGPKVKITGYKF*PSNCETSFL ALANS PLAYLVEAGGK S
1PPN 97 SREKGPYAAKTDGVROUOPYNEGALLYSIZ2 AAGKD G
a
AfCP 144 SKGGANYWI
1PPO 146 SGGKGYILI
2ACT 150 EGGIDYWI
1CQD 147 ENDKDFWI
1YAL 147 SDGKNYIII
1PPN 147 P----NYILI
Identity
AfCP 194 100.0%-—--———--
1PPO 196 52.1%--——-———~
2ACT 200 51.0%--------
1cQD 197 49, 3%---=-----
1YAL 197 49, 1%======a=
1PPN 193 46.2Fswnnacaa

44290 M~ ' em™!, respectively, when the AfCP sequence
was analyzed by GPMAW v6.0 (Lighthouse data, DK-5230
Odense M, Denmark). The calculated pl value was 9.7, in
agreement with the experimental value, higher than 9.3
(Trejo et al. 2001).

The deduced sequence was analyzed by BLAST, finding
46-52% identity with 13 cysteine peptidases belonging to
the C1A family, with several of them with high-resolution
crystal structure already deposited at PDB.

The alignments of AfCP with the four plant peptidases
with higher identity values are shown in Fig. 2. Caricain
(Pickersgill et al. 1991) and actinidain (Baker and Dodson
1980) are the most similar peptidases, followed by zingi-
pain (Choi etal. 1999) and chymopapain (Maes et al.
1996): 52.1, 51.0, 49.3, and 49.1% identity, respectively.
Papain (Pickersgill et al. 1992), the “canonical” member
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belonging to the subfamily C1A type peptidase, was also
included for comparative purposes.

As could be expected, a high conservation degree was
observed particularly for those amino acid residues which
are essential for catalytic activity and tridimensional struc-
ture: Cys25 and His159 (papain numbering), which consti-
tute the catalytic dyad in all cysteine peptidases, as well as
active site residues GIn19 and Asn175 (papain numbering),
characteristic of Clan CA (Barrett and Rawlings 2004).
Also, Phel41, Trpl77 and Trpl81 (papain numbering),
involved in the hydrophobic pocket of the catalytic site, are
also conserved in AfCP. In addition to the Cys25 residue of
the active site, seven Cys residues are located in AfCP:
Cys22, Cys56, Cys63, Cys95, Cysl50, and Cys201,
probably involved in disulfide bridges (as suggested by
modeling), as well as a free thiol group provided by Cys
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Fig. 3 Tertiary structure of AfCP predicted by molecular modeling. a
Ribbon model of AfCP; catalytic site residues (orange) and disulfide
bridges (yellow) are represented with sticks. b Backbone overlapped

133. A free thiol group is also present in chymopapain,
Carica candamarcensis endopeptidase, and ficain, but is
absent in papain (Barrett and Rawlings 2004). On the basis
of the above information, asclepain f should be included in
the cysteine peptidase subfamily C1A.

Tertiary structure of AfCP predicted by molecular
modeling

The predicted molecular model (Fig. 3a), analyzed with the
VERIFY3D program, revealed that more than the 84% of
the residues showed a score greater than 0.2 (1D-3D com-
patibility), with no negative values in any case. On the
other hand, the PROCHEK program showed that 99.3% of
the binding distances and 93.3% of the binding angles are
within the allowed limits and that all the residues fall into
the stable conformational areas of the Ramachandran plot.

Since the RMSD of a-carbons is approximately 1 A for
proteins with 50% of identity, the proposed model for
AfCP (Fig. 3b) agrees with the crystal structures used as
templates (caricain, actinidain, zingipain, chymopapain and
papain). Moreover, the overlapping of the catalytic center
residues shows a particular disposition highly concordant
with those of the templates (Fig. 3c).

The enzyme structure shows the typical papain-like fold
composed of two domains separated by a groove containing
the active site. The a-helix-rich (L) domain contains the
catalytic residues GIn19 and Cys25 and it is stabilized by
two disulfide bridges (Cys22-Cys63 and Cys56-Cys95).
The f-barrel-like (R) domain contains the catalytic residues
His156 and Asn176 and it is stabilized by another disulfide
bridge (Cys150-Cys201).

The substrate preferences shown by the members of the
papain family are generally believed to be dictated by the
S2 subsite (Drenth et al. 1976). In papain, the S2 subsite is
essentially composed of residues Tyr67, Pro68, Trp69,
Vall33, Vall57, and Phe207 (Maes et al. 1996), while in
asclepain f the S2 pocket (based on a model in which the
Cu trace of asclepain f was superimposed on that of papain)

Asn176

Cys25

structure of AfCP with papain, caricain, actinidain, zingipain, and chy-
mopapain. ¢ Overlapped stick structure of catalytic site residues of
AfCP with papain, caricain, actinidain, zingipain, and chymopapain

is composed by His67, Tyr68, Asn69, Alal30, Leul54, and
Ser208. The comparison of S2 subsites for papain and
asclepain f revealed important differences in molecular
geometry and in polarity, specially notable in the 68, 69,
and 207 residues (papain numbering), from which substrate
specificity differences can be inferred (in fact, benzoyl-bL-
arginine p-nitroanilide is hydrolyzed by papain but not by
asclepain f, data not shown). Asclepain f should be consid-
ered as a distinct enzyme entity on the basis of these con-
siderations, as well as on the basis of low-percentage
identity to papain and other members of the papain family
(Fig. 2).

Cloning and sequence analysis of asclepain f prepropeptide

Proteases are synthesized as inactive or less-active precur-
sor molecules in order to prevent inappropriate proteolysis;
then they are activated by limited intra- or intermolecular
proteolysis cleaving off an inhibitory peptide. In the case of
papain family cysteine peptidases, proforms are also
involved in other important functions, such as the participa-
tion in correct intracellular targeting and assistance in fold-
ing of the mature enzyme (Wiederanders 2003).

With the purpose of finding out the complete sequence
of asclepain f, total RNA was extracted from latex and used
for obtaining the corresponding cDNA by RT-5'RACE.
The consensus sequence, obtained from four selected
clones, was composed of 839 nucleotides, of which the
former 48 ones encode the signal sequence (16 amino
acids) as predicted using the SignalP 3.0 algorithm (http://
www.cbs.dtu.dk/services/SignalP/) (Nielsen etal. 1997),
the following 339 ones for the propeptide (113 amino
acids), and the remaining nucleotides matched with part of
AfCP cDNA previously obtained.

Asclepain f prepropeptide (pAfCP) sequence contained
the ERFNIN and GNFD motifs, highly conserved in cys-
teine protease propeptides. The presence of the ERFNIN
motif in the o2 helix allows its inclusion in the cathepsin L
group (Karrer et al. 1993). Both motifs are also conserved
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Fig. 4 Sequence alignment of asclepain f prepropeptide with those of
some plant proteases belonging to the subfamily C1A. Asclepain f
prepropeptide sequence was aligned with those corresponding to actin-
idain (pACT), papain (pPPN), caricain (pPPO), and chymopapain (pY-
AL). Conserved amino acid residues are white on a black background.

in papain (Cohen et al. 1986), caricain (Taylor et al. 1995),
and chymopapain (Maes etal. 1996) prepropeptide
sequences (Fig. 4), which show the higher identity degree
with pAfCP. In the case of actinidain (Baker and Dodson
1980), the ERFNIN motif is only partially conserved (the
former N is replaced by T).

On the basis of the sequences determined for the prepro-
peptide region and the mature enzyme, the full sequence of
the preproenzyme was derived and, subsequently, submit-
ted and deposited in EMBL nucleotide sequence database
(accession number FM201283).

Heterologous expression of proasclepain f

Pichia pastoris based expression system was used for the
production of recombinant asclepain f cysteine protease
(rAfCP). This system allows post-translational modifica-
tions such as disulfide bond formation and proteolytic pro-
cessing (Bromme et al. 2004).

A construct encoding the prodomain and the mature
domain of AfCP was amplified by RACE-PCR using the
Ex1 and Ex2 primers to express the recombinant proen-
zyme. In this construct different sequence elements were
included, from 5’ to 3’ ends: the yeast a-factor secretion
signal sequence, the Xhol cleavage site, the Kex2 signal
cleavage and the full-length proasclepain f. The NorI cleav-
age site was placed at this end, preceding the rest of the
vector sequence (pPICZo).

Escherichia coli TOP10F clones containing the correct
in-frame sequence were selected for transformation into
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Asterisks (*) and numerals (#) indicate the ERFNIN and GNFD motifs,
which characterize the prepropeptide sequences of plant proteases
belonging to the subfamily C1A. Dashes represent gaps introduced to
maximize alignment. Signal peptide sequences are underlined

P. pastoris strain KM71H. From more than 30 transformed
zeocin-resistant clones three (A, B and C) were selected
among the most productive regarding the expression level
of the recombinant enzyme during the induction period,
using an albumin expressing clone as control. Most heterol-
ogous expression systems for cysteine proteases produce
proteolytically inactive proenzymes which are stable at
slightly acid to slightly alkaline pH values, but the prore-
gion can be removed autocatalytically by incubating the
precursor proteins in acetate buffer at pH 4-4.5 (Bromme
et al. 2004). In order to obtain rAfCP in its active form, the
best results were obtained incubating at pH 4.0 for 60 min
at 60°C the culture supernatants of the selected clones. As
can be seen in Fig. 5, the highest specific activity in acti-
vated culture supernatants was detected for clone B after
3 days induction, while protein content is almost equal in
the three clones (about 220 pg/ml, day 3).

Figure 6 shows the corresponding SDS-PAGE, where a
band that could be ascribed to the mature enzyme was
detected. The identity of this band was confirmed by trypsin
digestion and PMF-MALDI-TOF-MS comparisons with
the mature enzyme isolated from plant latex (75.2 and
71.6% intensity coverage and 45.5 and 45.0% sequence
coverage, respectively). Additionally, the detection of cys-
teine peptidase activity on the PFLNA substrate confirmed
the expression of the functional enzyme.

It is known that about 110 latex-containing plant fami-
lies contain at least one proteolytic enzyme (Domsalla and
Melzig 2008). Most of them are cysteine or serine endopep-
tidases. Proteolytic enzymes of Carica papaya (papain,
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Fig. 5 Specific activity on PFLNA of different Pichia pastoris clones.
Samples were previously activated in 0.1 M acetic/sodium acetate
buffer (pH 4.0) containing 20 mM cysteine for 60 min at 60°C. Data
represent the mean value of five determinations and each experiment

was repeated twice
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Fig. 6 SDS-PAGE (12.5%) of culture supernatant of clone B after
3 days of induction. Molecular mass standards (Lane 1); culture super-
natant of control clone: Pichia pastoris GS115 Albumin, phenotype
Mut® (Lane 2); culture supernatant of clone B after 3 days of induction
(Lane 3). Supernatants of control clone and clone B were previously
activated in 0.1 M acetic/sodium acetate buffer (pH 4.0) containing
20 mM cysteine for 60 min at 60°C

chymopapain, caricain, and glycyl endopeptidase) have
been the most extensively studied latex peptidases.
Although proforms (proenzymes) of proteinases have not
been isolated from papaya latex, they have been success-

fully expressed in heterologous hosts: the proform of
papain has been expressed in insect cells, E. coli and Sac-
charomyces cerevisiae, and the proforms of the other three
related proteinases have also been produced by E. coli cells
(El Moussaoui etal. 2001). No information has been
reported about the expression of other latex peptidases.
Hence, asclepain f, the cysteine protease from Asclepias
fruticosa here characterized is, as far as we know, the first
peptidase cloned and expressed from mRNA isolated from
plant latex, confirming the presence of the preproenzyme
mRNA in it.
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