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Abstract: This report describes the purification of an aspartic protease (salpichroin) from ripe fruits
of Salpichroa origanifolia (Solanaceae) starting with precipitation using organic solvents and anion-
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exchange chromatography with 32.1% recovery and 13.4-fold purification. SDS-PAGE and zymograms of this enzyme
showed a single band corresponding to an apparent molecular mass of approximately 32 kDa. The biochemical and kinetic
characterization of the pure enzyme showed an acidic behavior with an optimal pH value around 3.0-4.5 with hemoglobin
and 5.5-6.0 with casein. Salpichroin activity was inhibited by pepstatin but not by phenylmethylsulfonyl fluoride, E-64,
EDTA or 1,10-phenanthroline, thus suggesting an aspartic protease behavior. Salpichroin hydrolyzed natural substrates,
such as casein and hemoglobin, with high specific activity. Kinetic studies conducted with the synthetic peptide H-Pro-
Thr-Glu-Phe-p-(NO,)-Phe-Arg-Leu-OH showed lower affinity (K,,, 494 uM) than other representative aspartic proteases.
By investigating the cleavage of oxidized insulin B-chain to establish the hydrolytic specificity of salpichroin, we found
six cleavage sites on the substrate of peptide bonds similar to those of chymosin. MALDI-TOF/TOF-MS of the tryptic in-
gel digest of salpichroin showed that the isolated protease shared homologous sequences with other plant proteases of the
Al aspartic protease family. This is the first report concerning the isolation and biochemical characterization of an aspar-

tic protease isolated from Salpichroa origanifolia fruits.
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INTRODUCTION

Proteases are a multifunctional class of enzymes involved
in multiple physiological reactions, from simple digestion of
food proteins to highly regulated processes, such as activa-
tion of zymogens, blood-clotting cascade, and activation of
the complement, inflammation, and apoptosis. Proteases are
ubiquitous in nature and have commercial importance since
they represent half of the enzymes used in the industry [1, 2].

Aspartic proteases (APs) (EC 3.4.23) belong to one of the
seven catalytic types of proteolytic enzymes widely distrib-
uted in all living organisms [3, 4, 5]. Plant APs have charac-
teristics in common with the aspartic proteinase Al family:
they are active at acidic pH values, specifically inhibited by
pepstatin, and two aspartic acid residues are responsible for
their catalytic activity [1]. APs have been principally found
in seeds but are also present in leaves, tubers, flowers, petals,
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and fruits of many species [6, 7, 8, 9, 10]. A small number of
APs have been isolated and characterized from plant sources
including monocotyledons, e.g. barley, rice, maize, and
wheat [11, 12, 13, 14], and dicotyledons, e.g. tomato, cacao,
and Arabidopsis [15, 16, 17]. Only the cDNAs of APs from
cardoon, potato, Arabidopsis, Brassica, rice, barley, tomato,
and sweet potato have been studied [18, 19, 20]. A character-
istic feature of most typical plant APs is the presence of the
plant specific insert (PSI), which is approximately 100 resi-
dues long and separates the enzyme sequence into two re-
gions [21]. The PSI sequence shows no homology to
mammalian or microbial APs, but is highly similar to that of
saposin-like proteins [22, 23]. Plant APs have different
physiological roles, including protein turnover, germination,
senescence and host pathogen interaction [17, 22, 24]. Be-
sides, the correlation between the different patterns of typical
plant APs and their biological functions is still far from be-
ing deciphered [4]. In preliminary studies, we have reported
that crude extracts from Salpichroa origanifolia fruits have
proteolytic and milk-clotting activities [25]. In addition, we
obtained antimicrobial peptides from milk sources by enzy-
matic hydrolysis [26].
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Salpichroa origanifolia (Lam.) is a perennial herb found
in the north and center of Argentina that belongs to the
Solanaceae family. The ripe fruits are edible and the leaves
are believed to have medical properties [27, 28]. Some com-
pounds present in the leaves have lethal and sub-lethal ef-
fects on species of economic importance such as Musca do-
mestica and Ceratitis capitata [29, 30].

The aim of this work was to identify an AP from ripe
fruits of S. origanifolia using biochemical and proteomic
tools. As the biological role of plant APs is not completely
established, the identification of a plant AP is interesting to
determine the possible biological function as well as its
potential industrial applications.

MATERIALS AND METHODS

Reagents

Hemoglobin, Coomassie Brilliant Blue R-250, E-64,
phenylmethylsulfonyl fluoride (PMSF), pepstatin, Tris base,
and glycine were either of analytical grade or purchased
from Sigma Chemical Company (St. Louis, MO, USA).
Acrylamide, bisacrylamide, and low-range molecular weight
standards were obtained from Bio-Rad (Hercules, CA,
USA). The synthetic peptide H-Pro-Thr-Glu-Phe-p-(NO2)-
Phe-Arg-Leu:OH was purchased from Bachem A.G.,
Bubendorf, Switzerland. All other chemicals were obtained
from commercial sources and were of analytical grade.

Plant Material

Ripe fruits from S. origanifolia were collected from
plants grown near Lujan city (Buenos Aires, Argentina). The
mature fruits are about 2 cm long and look like small white
eggs. After collection, fruits were washed thoroughly with
distilled water and then stored at 4°C until they were used.

Crude Extract

Fresh and mature fruits were ground in 50 mmol L™ po-
tassium phosphate buffer pH 7.0, filtered through cheese
cloth, and centrifuged at 20,000 g for 20 min at 4°C (SS-34
Sorvall rotor). The supernatant was diluted with two volumes
of cold ethanol at -20°C and kept for 2 h for complete pre-
cipitation with gentle stirring, before vacuum filtration. The
precipitate was dissolved in the same buffer and then centri-
fuged at 26,000 g for 20 min at 4°C. The supernatant called
crude extract was stored at -20°C for further analysis.

Aspartic Protease Purification

The AP was purified by anion exchange chromatography
on a Mono Q column (FPLC system, Pharmacia Biotech,
Uppsala, Sweden) equilibrated with 50 mmol L™ potassium
phosphate buffer (pH 7.0). Proteins were eluted with a linear
gradient of NaCl (0.15-0.5 mol L™ at a flow rate of 0.6 mL
min”. The active fraction was desalted by size exclusion
chromatography on Sephadex G-10, and the purified protein
showing proteolytic activity was stored at -20°C for further
characterization.
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Activity Assays

The proteolytic activity of the AP against hemoglobin as
a natural substrate was determined according to Anson [31]
with slight modifications. Enzyme solution (200 pL) was
incubated for 10 min (40°C) with 200 pL of 1.0% (w/v) acid-
denatured bovine hemoglobin in 100 mmol L™ citrate buffer
pH 4.0. The reaction was stopped by adding 1 mL of 5%
(w/v) trichloroacetic acid (TCA). The reaction mixture was
settled for 20 min and then centrifuged at 13,800 g for 15
min (Eppendorf Centrifuge 5415 C) to remove the precipi-
tate. The acid soluble material QSOO pL) was added to Folin
reagent (300 pL) in 0.5 mol L™ sodium hydroxide, and the
absorbance recorded at 750 nm. One unit of proteolytic ac-
tivity with hemoglobin as protein substrate (UHem) was de-
fined as the amount of enzyme required to cause a unit in-
crease in absorbance per minute at 750 nm across a 1-cm
path length, under the assay conditions.

The caseinolytic activity of AP was measured with o-
casein as protein substrate as performed previously [32].
Enzyme solution (100 pL) in acetate buffer (pH 6.0) was
added on 900 pL of 0.5% (w/v) o-casein. After 30 min incu-
bation at 40°C, the reaction was stopped with the addition of
1 mL of 5% (w/v) TCA. Acid soluble products were deter-
mined in 1 mL of the supernatant by measuring the absor-
bance at 280 nm. One unit of caseinolytic activity with a-
casein as protein substrate (Ucas) was defined as the amount
of enzyme required to cause a unit increase in absorbance
per minute at 280 nm across a 1-cm path length, under the
assay conditions.

The protease activity against the synthetic peptide H-Pro-
Thr-Glu-Phe-p-(NO,)-Phe-Arg-Leu-OH (PNPE) was also
determined. Enzyme solution (100 pl) was incubated at 25°C
with 0.2 mmol L™ substrate (ImL) in 50 mmol L™ sodium
citrate buffer (pH 3.5) and the hydrolysis rate of the nitrosyl
product was monitored at 310 nm in a GeneQuant 1300
UV/visible spectrophotometer (GE, USA). A molar absorp-
tion coefficient of 1,800 L mol” cm™ at 310 nm was used in
the calculations [33]. One unit of proteolytic enzyme was
defined as the amount of enzyme that hydrolyzed 1 mol
min™ of PNPE at 25°C under the assay conditions.

Protein Content

The protein content was quantified in a Bradford assay
[34] using bovine serum albumin (BSA) as standard. Along
the enzyme purification, the protein content was also esti-
mated by measuring the absorbance at 280 nm.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electropho-
resis (SDS-PAGE)

SDS-PAGE under reducing and non-reducing conditions
was carried out in 5 and 14% polyacrylamide gels [35]. The
gels were stained with Coomassie Brilliant Blue R-250 or
silver nitrate [36]. Low Molecular Weight Range Markers
(Sigma Aldrich) were used as molecular mass standards.

Zymography was performed on native-PAGE with 0.1%
w/v gelatin included in the gel mixture [37]. After electro-
phoresis, the gel was incubated overnight in sodium citrate
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buffer (pH 4.0) with 20 mmol L' CaCl, at 40°C overnight.
The development of a clear band on the blue background of
the gel indicated the presence of protease activity.

Biochemical Characterization
Effect of pH on Proteolytic Activity

The proteolytic activity of the purified enzyme was
measured on a-casein and hemoglobin at different pH val-
ues. The pH of the reaction mixture was adjusted with the
following buffers: 50 mmol L™ glycine—HCI buffer (pH 2.0~
2.5), 50 mmol L' sodium citrate buffer (pH 3.0-6.0) and 50
mmol L™ phosphate buffer (pH 6.5-8.0).

Stability Assays

The thermal stability of the purified enzyme was meas-
ured by incubating the enzymatic preparation with 100 mmol
L' sodium citrate buffer (pH 4.0) without a substrate at dif-
ferent temperatures (40-55°C) for 120 min. The standard
protease assay with hemoglobin was performed to determine
its residual activity. Besides, the self-processing of the acti-
vated enzyme at low temperatures (-20°C) was evaluated for
a period of 30 days. Native-PAGE was performed to visual-
ize the degradation pattern. The gels were stained with silver
and Coomassie Brilliant Blue R-250, as previously de-
scribed.

Effect of Inhibitors on the Enzymatic Activity

Inhibition assays were performed using pepstatin, PMSF,
E-64, and 1,10-phenanthroline to determine class and en-
zyme specificity [38]. The purified enzyme was incubated
for 30 min at 30°C with the inhibitor solutions and the resid-
ual activity was measured. The control without inhibitors
was taken as 100%. Residual activity was measured with the
hemoglobin method [39].

Kinetic Characterization

The effect of substrate concentration on the reaction rate
of enzyme hydrolysis was studied using synthetic and natural
substrates [25]. Kinetic studies were performed using sub-
strate concentrations between 100 and 1000 pumol L™ for
hemoglobin (pH 4.0), 30 and 225 umol L™ for casein (pH
6.0), and 20 and 700 pmol L' for PNPE (pH 3.7). Blank
samples were carried out simultaneously at the specific sub-
strate concentrations without the enzyme. In each case,
Lineweaver-Burk plots were obtained and Michaelis-Menten
constants (K, and V,,x) were calculated [33, 40]

Enzyme concentration was determined by active site ti-
tration with pepstatin, as described by Barrett and Kirschke
[41] using PNPE substrate. To express the Vi« values as Ky,
we used a molecular weight of 32 kDa.

Specific Cleavage on Oxidized Insulin B-Chain

Oxidized insulin B-chain (1 g/L) was incubated with the
purified enzyme (substrate:enzyme mass ratio of 100:1) in
0.1 mol L™ sodium acetate buffer (pH 4.0). After 12 h incu-
bation at 40°C, the reaction mixture was centrifuged at
16,000 g for 6 min (Eppendorf Centrifuge 5415 C) and the
insulin-digested fragments were separated by reversed phase
high-pressure liquid chromatography (RP-HPLC) using a
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Brownlee Cg-column. The chromatography was carried out
at room temperature and the column was equilibrated with
0.1 % (v/v) aqueous trifluoroacetic acid (TFA). The peptides
were eluted with a linear gradient of acetonitrile (0-80 %) at
a flow rate of 0.2 mL/min.

Protein Sequencing

The N-terminal sequence of the protein was determined
on a 477a protein sequencer (Applied Biosystems; LANAIS
PRO, Universidad de Buenos Aires, Buenos Aires, Argen-
tina).

MALDI-TOF/TOF Mass Spectrometry

In-gel protein digestion was carried out using the In-Gel
Digestzp Kit (Millipore, Billerica, MA, USA). Protein bands
of SDS-PAGE corresponding to the active fraction eluted
from the chromatographic column were excised with a scal-
pel and stored in Eppendorff tubes at -20°C until processed.
The protein samples were reduced and carbamidomethylated
with 10 mmol L™ dithiothreitol (DTT) and 50 mmol L™ io-
doacetamide in 25 mmol L NH4HCO; for 1 h at 37°C and
then digested with 0.3 pg of trypsin on 100 mmol L
NH4HCO; pH 8.5 for 12 h at 37°C. The resulting peptides
were recovered by extraction with 50% (v/v) aqueous aceto-
nitrile, dried in a SpeedVac vacuum centrifuge and dissolved
in 0.1% (v/v) aqueous TFA. Tryptic digestion products were
placed in an MP 384 ground steel plate using a-cyano-4-
hydroxycinnamic acid as matrix, and then analyzed by ma-
trix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF-MS) using a m/z-range from
800 to 4,000. External calibration was performed with pep-
tide calibration standards. Comprehensive peak assignments
were accomplished using the BioTools software package
(Bruker Daltonics). The MASCOT search tool URL
http://www.matrixscience.com) was used to identify the re-
lated tryptic maps. Peptides of the tryptic digest were se-
quence “de novo” on a MALDI-TOF/TOF-MS (Ultraflex
Extreme, Bruker Daltonics, Germany) as reported [42, 43].

Phylogenetic Tree Construction

The evolutionary history was inferred using the Maxi-
mum Parsimony (MP) 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 ran-
dom addition of sequences (10 replicates). The analysis in-
volved 20 amino acid sequences. The final data set had a
total of 229 positions. Evolutionary analyses were conducted
in MEGAS [44].

Statistical Analysis
Results are means of at least two independent experi-
ments carried out in triplicate.

RESULTS AND DISCUSSION

Purification and Characterization of the Aspartic Prote-
ase (AP) from Salpichroa origanifolia Fruits

Partially purified crude extracts derived from ripe fruits
of S. origanifolia were obtained by precipitation with cold
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ethanol (-20°C). This procedure was used to eliminate solu-
ble carbohydrates and phenolic compounds which could oxi-
dize and react irreversibly with the proteins present in the
fruits. The ethanolic precipitate was then homogenized in
phosphate buffer and centrifuged. The enzymatic preparation
(called crude extract) had a protein content of 2.5 mg and a
caseinolytic activity of 598.33 Units min™.

It was not possible to purify the crude extract by affinity
chromatography on a pepstatin-agarose column, because we
could not elute the enzyme from the column. Therefore, an
anion exchange chromatography on DEAE-Sepharose Fast
Flow was performed. In SDS-PAGE a band at an apparent
molecular mass of around 29 kDa and two faster migrating
bands corresponding to about 17 and 9 kDa were stained,
suggesting a typical self-degradation process [25]. In recent
experiments, a simple chromatographic scheme consisting of
anion-exchange chromatography on a Mono Q column
(FPLC) was used to purify the AP present in the crude ex-
tract. The eluate was collected directly in tubes containing
pepstatin (1 pmol L™ in fraction) to prevent autolysis. The
elution profile indicated several protein peaks of which one
contained most of the caseinolytic activity (Fig. 1).
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Figure 1. Anion-exchange chromatography on a Mono Q column
equilibrated in 50 mmol L™ phosphate buffer (pH 7.0) and eluted in
the same buffer using a linear gradient from 0.15 to 0.5 mol L™
NaCl. Fractions of 2 mL per tube were collected.

The active fraction was desalted by size-exclusion chro-
matography on a Sephadex G-10 column. After the purifica-
tion step, the AP was purified 13.4-fold with a recovery of
32.1% and a specific activity of 3203.3 Ucas mg” from the
starting material using casein as protein substrate (Table 1).
This protease previously named SoAP was renamed sal-
pichroin according to Kervinen [45].
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SDS-PAGE of the purified enzyme showed a single pro-
tein band of ca. 32 kDa (Fig. 2a) under denaturing and re-
ducing conditions. The purity of salpichroin was also evalu-
ated by native PAGE and only one band was observed (Fig.
2b, lane 1). The proteolytic activity of the enzyme was also
investigated in 0.1% gelatin copolymerized gels (zy-
mogram), where lane 2 indicated substrate digestion in the
gel with a mobility similar to that of the native gel confirm-
ing the homogeneity of the purified enzyme (Fig. 2b). The
native molecular mass of salpichroin estimated by the size
exclusion method was consistent with the SDS-PAGE (data
not shown).
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Figure 2. (a) SDS-PAGE using a 15% gel. Lane 1: low molecular
weight markers, lane 2: fraction eluted from the Mono Q column,
lane 3: zymogram of salpichroin. (b) 10% Native-PAGE. Lane 1:
purified fraction and lane 2: zymogram of the purified fraction. Left
scale shows the molecular masses of marker proteins. The position
of the AP is indicated by the arrow on the right.

The biochemical characterization of the pure enzyme
showed an acidic behavior with an optimal pH value around
3.0 -4.5 with hemoglobin and 5.5-6.0 with casein (Fig. 3).
These results are consistent with those reported for other
typical plant APs [8, 46,47, 48, 49].

The thermal stability of the enzyme was examined by
measuring the residual activity at different temperatures. The
enzyme showed low stability at moderate temperatures
(45°C) compared with the crude extract and after 30 min it
retained less than 20% of the initial activity (Fig. 4a). Immo-
bilization techniques are now under development to increase
the stability of the pure enzyme.

Table 1.  Purification chart of the aspartic protease from Salpichroa origanifolia fruits.
Purification step Total activity (Ucas.min™) Total protein (mg) Specific activity (Ucas .mg™ ) Recovery (%) Purification fold
Crude extract 598.33 2.50 239.33 100 1
Mono Q 192.21 0.06 3203.33 32.1 134
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Figure 3. Effect of pH on activity of the purified protease.

Auto-digestion of the enzyme at low temperature was
also evaluated because proteases are generally prone to un-
dergo autolysis. Fig. (4b) shows the native PAGE of the en-
zyme stored for 30 days at -20°C. As expected, the prote-
olytic cleavage increased with storage time, and salpichroin
was highly processed after 30 days. We next studied the be-
havior of class-specific inhibitors on salpichroin activity.
The enzymatic activity was completely inhibited by pep-
statin, a well-known inhibitor that binds the active site cleft
of the enzyme, indicating that the protease belongs to the
catalytic group of aspartic proteases [50]. E-64 as well as
PMSF and 1,10-phenantroline did not affect protease activity
(Table 2).

Pepstatin, a tight binding inhibitor specific for APs [51],
inhibited salpichroin at relatively low concentrations. Titra-
tion of the active sites of salpichroin using pepstatin showed
an effective concentration for the active enzyme of 0.88
umol L™ (Fig. 5).
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Table2. Effect of protease inhibitors on enzyme activity.
Modulator Concentration (mM) Activity (%)
None - 100+ 3
1,10-phenanthroline 10.000 90+3
PMSF 1.000 84 +2
E64 0.010 95+1
Pepstatin 0.001 7+2

A complete steady-state kinetic analysis revealed that the
tight binding inhibition constant (K;) of salpichroin for pep-
statin was 500 nmol L. This value was higher than that of
pepsin and chymosin, under the same assay conditions (Ta-
ble 3).

Natural substrates, such as a-casein and hemoglobin, and
the synthetic peptide PNPE were used for kinetic analysis.
Salpichroin followed a Michaelis-Menten kinetics. The K,
values, obtained from the Lineweaver-Burk plots (Table 3),
were 164 umol L™ for o-casein and 378 umol L™ for hemo-
globin. The K, for a-casein was in the same order as that
determined for bovine chymosin (370 pumol L™). Further-
more, the K, for hemoglobin was similar to that of an AP
from the insect Plutella xylostella (538 pmol L") and higher
than that of an AP from Sardinella aurita (73 umol L™). The
K., value for PNPE was 494 uM, which is similar to earlier
reports for other milk-clotting enzymes [33], such as bovine
chymosin (460 pmol L'l) and human pepsin (170 wmol L'l),
but higher than that of Cynarase A, an AP from Cynara car-
dunculus (58 umol L™).

Residual activity (%)
R=1)
(=]

40 o
— Crude exiract
20 %
: s ST

0 20 40 80 80 100 120 140
Time (min)

(b) .
-
1) A=
< -
1 2 3 4 L] [i] T ]

Figure 4. (a) Thermal stability at 45°C of the crude extract and the purified protease. Activity was assayed using hemoglobin as a substrate.
(b) Native-PAGE (10%) of the self-processed salpichroin stored at -20°C. Lane 1: purified fraction, lane 2: day 7, lane 3: day 14, lane 4: day
30 and lane 5: zymogram of the purified fraction. Silver staining of the Native gels. Lanes 6, 7 and 8: days 7, 14 and 30 respectively. The
position of the AP and the corresponding fragment are indicated by arrows.
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Figure 5. Active site titration of the aspartic protease from Sal-
pichroa origanifolia fruits with pepstatin. The residual enzymatic
activity was measured with the synthetic substrate PNPE.

The k., values calculated from the effective concentra-
tion of the active enzyme (0.88 pmol L'l) and the Kk ./Kn
ratio of salpichroin were similar to APs of Cynarase A (Ta-
ble 3). On the other hand, salpichroin showed lower affinity
for the synthetic substrate than the other proteases evaluated.

Cleavage specificity of oxidized insulin B-chain

The proteolytic specificity of salpichroin was investi-
gated for oxidized insulin B-chain, which was cleaved at six
sites between residues Phe;-Phe,, Leu;;-Valy,, Leus-Tyre,
Tyr16-Leu17, Ph324-Phez5, and Ph325-Tyr26 (Table 4) These
cleave sites are similar to those of chymosin including one
common cleavage site between Leu;s and Tyr¢. This peptide
bond is also cleaved by other plant APs, such as cardosins A,
B, E, F, G, and H [55, 56], procirsin [4], phytepsin-Barley
[57], StAP1, and StAP3 [58]. The fact that salpichroin
cleaves the peptide bond Phe;-Phe, suggests that this enzyme
does not only have endoproteolytic activity but also exopro-
teolytic activity [58].
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Sequence Analysis of Salpichroin

The 32 kDa band was excised from SDS-PAGE, digested
with trypsin, and analyzed by MALDI-TOF-MS. The peptide
mass fingerprint (PMF) was submitted to MASCOT
(http://www.matrixscience.com) using the National Center
for Biotechnology Information database (Fig. 6). Consider-
ing at least a score of 54 and four peptide masses matched, it
was not possible to identify a protease in the database.

Tandem mass spectra were recorded for the five most
prominent peaks at m/z 1294.6 (P1), 1743.7 (P2), 1970.9
(P3), 2317.1 (P4), and 2611.2 (P5) (Fig. 6). The tandem
mass spectra recorded for P1 and P2 matched well (signifi-
cant threshold P < 0.05) with the theoretical ion values of
tryptic peptides from an AP of Nepenthes alata (called
NaAP3) and from a predicted Al-like AP of Solanum Iy-
copersicum (called SIAP1-like; GenBank acc. number:
XP 004231616.1).

Peptides P3 and P4 did not provide reliable MASCOT
score. However, “de novo” sequencing provided the partial
sequences FTVVFDTGSSNLWVPSSK and NTEEEQGG
EIIFGGVDPNHFK, respectively. These sequences corre-
spond to two tryptic peptides of SIAPI-like, i.e. FTVIFDT
GSSNLWVPSSK and NTEEEQGGEIVFGGVDPNHFK,
respectively, showing substitutions V—I and [—V, respec-
tively (Table 5). The tandem mass spectrum of P5 indicated
the sequence FSEDNVKVGDLVVTDQEFIEATR, which
contains one missed lysine cleavage site.

The deduced sequences clearly show that the enzyme
under consideration belongs to the A1 AP family, with high
similarity to SI4API-like. This uncharacterized enzyme is
predicted from a genomic sequence (NW_004194303.1, Bio-
Project: PRINA66163). The open reading frame of the
enzyme consists of a 65-amino acid preprosequence and a
441-residue-long mature protein, about the same size as that
revealed for rice and cardoon enzymes [61].

In general, plant APs are expressed in their zymogen
form, undergo N-terminal processing during activation, and
then some of them undergo further internal processing until
they reach the mature form. The presence of a 100-residue

Table3. Kinetic parameters of salpichroin with a-casein, hemoglobin, and PNPE as substrates
Substrate Enzyme Kn (uM) Kea (57) Ko/ K (s mM™) K; (mM) References

a-casein Salpichroin 164 11.9 72.0 - -
Bovine chymosin 370 0.7 1.9 - [52]

Hemoglobin Salpichroin 378 1.4 3.6 - -
AP Sardinella aurita 73 - - - [53]
AP Plutella xylostella 538 - - - [54]

PNPE Salpichroin 494 10.3 20.9 500.0 -
Human pepsin 170 72.0 425.0 57.2 [33]
Bovine chymosin 460 51.0 110.0 10.5 [47]
Cynarase A 58 2.6 453 30.0 [47]
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Table 4. Comparison of proteolytic cleavages of salpichroin a related APs for the f chain of insulin. Shown is the sequence of insulin
P chain with cleavage sites of each protease highlighted in gray .

Salpichroin F N Q H L C G S H R G F T P K A
Chymosin F N Q H L C€C G S H R G F T P K A [59]
Procisim F V. N Q H L C€C G S H R G F F Y T P K A [4]
Cardosin

F V N Q H L C G S H R G F F Y T P K A [56]
E.F,G,H
CardosnB F V N Q H L C G S H R G F Y T P K A [56]
Phytepsi
yiepsin V N Q H L C G s H R G F T P K A [57]
(barley)

SAPI F V N Q H L C G S H R G F F T P K A [58]
SSAP3 F V N Q H L C G S H R G F Y T P K A [58]
100] = ions selected
> 90 § for (MSIMS)

£ :
c 80 1294.6
£ T0. 17437
2 60 1970.9
o | g EW
40 ~E E '
- o -
30 ~ o 2 -
20 37 z &g
10° 9] IR
L l A A
799.0 22438 3688.6
mass (mfz)

Figure 6. Mass spectrum of the purified protease digested with trypsin. Dominant signals assumed to represent tryptic peptides were selected

to record tandem mass spectra (insert in the graph).

long sequence known as PSI is a unique feature of plant
APs [62]. The PSI is an independent subunit of five amphi-
pathic o-helices linked by three disulfide bridges inserted
into the C-terminal domain. The PSI shares a high sequence
homology with mammalian saposins, which are lysosomal,
sphingolipid-activating proteins involved in membrane deg-
radation [19], and can exhibit antimicrobial activity by in-
ducing membrane leakage [63, 64]. It has also been sug-
gested that the PSI is involved in vacuolar targeting of APs
and excised during activation, which results in the formation
of a two-chain enzyme [65, 21]. However, the reason why
some plant APs exist as monomers and others as dimers is
not known. Both autocatalytic and heterocatalytic steps are
needed to activate the enzyme. This mechanism presumably
depends both on the prevailing pH and on the presence of
processing proteases within the particular intracellular com-
partment traversed by the enzyme precursor [45]. Thus, the
activation process in vitro is not always complete under this
condition [65].

Additionally, HPLC analysis of the pure enzyme showed
two peaks corresponding to salpichroin and another peptide
of 9 kDa, probably a autolytic product of the enzyme. The
aminoterminal sequence of the protein was not available
since the N-terminus was blocked. The N-terminal sequence
of the 9-kDa fragment, SAVDCGKLSSMPTCXF, matched
with the C-terminal domain of S/AP1-like and may be in-
serted into the PSI present in the monomeric APs. The pep-
tide fragments with 95% of sequence identity with S/AP1-
like are shown in Fig. 7.

The relationship between the salpichroin fragment and
other plant APs containing the PSI domain was evaluated by
phylogenetic analyses using the Neighbor-Joining method of
MEGA 5 program [44]. The resulting tree splits into two
major groups (I and II; Fig. 8). Group I splits further into two
sub-groups, where group Ia includes the salpichroin frag-
ments and contains the proteases from Arabidopsis thaliana
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Table5. Identification of salpichroin by mass spectrometry.

Observed Mass Predicted Mass Mascot Ion .
Peptide Secuence Match to
(kDa) (kDa) Score

1294.6417 1293.6506 K.EPVFSFWLNR K AP 3 Nepenthes alata

126 AP Al-like Sol I} 1
1743.7896 1742.7974 K.GYWQFDMGDVLIDGK.A -like Solanum lycopersicum
1743.7896 1742.7974 94 K.GYWQFDMGDVIIDGK.S AP-like isoform X1 de Cicer arietinum
1294.6417 1293.6506 K.EPVFSFWLNR.N AP Brassica olearacea

85 AP Brassica napus
1970.9624 1969.9786 KFTVVFDTGSSNLWVPSSK.C AP Arabidopsis thaliana
1743.7896 1742.7974 82 K.GYWQFDMGDVLIGDK.T AP Helianthus annuus

Salpichroin -
S1AP1-like 65
Salpichroin 20
S1APl-like 130
Salpichroin 43
S1APl-like 195
200 250
Salpichroin 75
S1AP1-1like 260
300
Salpichroin 93
S1AP1-like 325
350
Ssalpichroin : -----—-——--—---"-"-"-""-""--0——---- 5 =
S1AP1-like : IQQYGQTIMDLLLAEAHPKKVCSQVGVCTFDGTHGVSMGIESVVNEKAGRSAGLHDGMCSACEMA : 350
PSI domain
400 450
Salpichroin : ———=——=———————— S C 108
S1AP1-like : VVWMENQLRQNQTQDRILDYLNELCERLPSPMG 455

Salpichroin : ——==——=———— e : =
S1AP1-like : LRKVGEGDQAQCISGFIGLDVPPPRGPLWILGDIFMGRYHTVFDYGKLRVGFAEAA : 510

Figure 7. Sequence alignment of salpichroin and SIAP1-like. Sequences were automatically aligned using the CLUSTAL W algorithm. Iden-
tical residues are highlighted in black, similar residues are highlighted in gray and gaps are indicated by dashes.
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Figure 8. Unrooted Neighbor-Joining tree of plant aspartic protease sequences containing PSI domains. Sequences retrieved from databases
were aligned using the CLUSTAL W algorithm [72] and protein sequence similarity searches were performed by using GeneDoc alignment
editor version 2.6.002 [73]. Phylogenetic analysis was conducted using MEGA version 5 [44]. The phylogenetic tree was inferred using the
Neighbor-Joining method [74] and the robustness of each node was assessed by bootstrap resampling (1000 replicates) [75]. The AP amino
acid sequences were either obtained from previously reported sequences or translated from the reported cDNA sequences at the NCBI: StAsp
(S. tuberosum, AY672651); SIAsp (S. lycopersicum, AAB18280); IbAsp (I. batatas, DQ903691); NaAspl to NaAsp4 (N. alata, AB045894,
AB045891, AB045892, AB045893); GmAspl and GmAsp2 (G. max, AB070857, AB069959); ZmAsp (Z. mays, EU960771); CaAsp (C.
arietinum, AB024999); OsAspl to OsAsp3 (O. sativa, D32144, NP_001042785, AAS98423); TaAspl and TaAsp2 (T. aestivum, AB219968,
AB219969); HvAsp (H. vulgare, X56136); FeAspl and FeAsp2 (F. esculentum, AY826351, AAV84086); TcAspl and TcAsp2 (T. cacao,
AJ313384, AJ313385); VvAsp (V. vinifera, EF123256); AtAspl to AtAsp3 (A. thaliana, U51036, AAL49856, NP_192355); CcAsp (C. calci-
trapa, Y09123); BoAsp (B. oleracea, X77260); BnAsp (B. napus, AAB03108); HaAsp (H. annuus, AB025359); NtAsp (N. tabacum,
DQ648018); CpAsp (C. pepo, AB002695); VuAsp (V. unguiculata, U61396); and CysAspl to CysAsp5 (C. cardunculus, CAA57510,
CAL07969, CAA48939, AJ132884, AJ237674).

(AtAspl, AtAsp2, AtAsp3), Brassica oleracea (BoAsp) and
Brassica napus (BnAsp), for which no specific function has
yet been attributed, the protease from cucumber (CpAsp),
which is related to protein maturation [67], FeAspl and
FeAsp2 from buckwheat, which are involved in seed germi-
nation and protein maturation [68], NaAsp4, which has been
identified in the flower pit of the carnivorous plant Nepen-

thes alata [69], soy GmAsp2, which has been suggested to
be involved in programmed cell death [70], cowpea VuAsp,
which is up-regulated in senescing leaves [7], and Vitis vi-
nifera VvAsp, which is related to abiotic stress responses
[71]. Overall, the phylogenetic analysis did not allow us to
assess the biological function of the protein that corresponds
with the fragment identified from salpichroin.
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CONCLUSIONS

In this study, we carried out a biochemical and proteomic
characterization of the aspartic protease isolated from ripe
fruits of Salpichroa origanifolia. Salpichroin hydrolyzes
natural substrates such as hemoglobin and casein with high
specificity, is active in acid pH range, but shows a low ther-
mal stability at moderate temperatures. However, immobili-
zation techniques are now in process to improve an increase
in the stability of salpichroin.

SDS-PAGE, MALDI-TOF/TOF-MS, inhibition assays,
kinetic parameters, and substrate specificity demonstrate that
salpichroin is an enzyme belonging to the A1 family of APs.
This enzyme showed high similarity to SIAP1-like, although
the phylogenetic analysis did not allow us to assess its bio-
logical function. Additional studies are needed to evaluate
the physiological role of the enzyme in the plant and its po-
tential application in biotechnological processes.

ABBREVIATIONS

AP = Aspartic protease

BSA = Bovine serum albumin
DTT = Dithiothreitol

Eo64 = Trans-epoxysuccinyl-L-

leucylamido-(4-guanidino)-butane
MALDI-TOF/MS

Matrix-assisted laser desorp-
tion/ionization time of flight mass

spectrometry

PMF = Peptide mass fingerprinting

PMSF = phenylmethylsulfonyl fluoride

PNPE = H-Pro-Thr-Glu-Phe-p-(NO;)-Phe-
Arg-Leu:OH

PSI = Plant-specific insert

RP-HPLC = Reversed phase high-pressure
liquid chromatography

SDS-PAGE = Sodium dodecyl sulfate-
polyacrylamide gel electrophore-
sis

TCA = Trichloroacetic acid

TFA = Trifluoroacetic acid
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