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Cathepsin D from the hepatopancreas of cuttlefish (Sepia officinalis) was purified to homogeneity by
precipitation with ammonium sulfate (30—60%, w/v), Sephadex G-100 gel filtration, Mono-S cation-
exchange chromatography, Sephadex G-75 gel filtration, and Mono-S FPLC with a 54-fold increase
in specific activity and 17% recovery. The molecular weight of the purified cathepsin D was
estimated to be 37.5 kDa by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). On the basis of the native-PAGE and hemoglobin zymography, the purified protease
appeared as a single band. The optimum pH and temperature for the cathepsin D activity were pH
3.0 and 50 °C, respectively, using hemoglobin as a substrate. The purified enzyme was completely
inhibited by pepstatin A; however, no inhibition was observed with phenylmethylsulfonyl fluoride and
ethylenediaminetetraacetic acid. Moreover, the activity was strongly inhibited by SDS and molyb-
date and enhanced by ATP. The purified cathepsin D was activated by Mg®*, Ni#*, Zn?*, Cu®",
Cd?*, Sr**, and Co®* ions, whereas it was not affected by Na™, K, and Ca®" ions. The N-terminal
amino acid sequence of the first 13 amino acids of the purified cathepsin D was APTPEPLS-
NYMDA. S. officinalis cathepsin D, which showed high homology with cathepsin D from marine
vertebrates and invertebrates, had a Pro residue at position 6 and a Ser residue at position 8, where
Thr and Lys are common in all marine vertebrates cathepsins D. S. officinalis cathepsin D showed
high efficiency for the hydrolysis of myofibrillar proteins extracted from cuttlefish muscle.
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INTRODUCTION to be particularly elevated in a wide variety of tissues during
remodeling or regression, as well as in apoptotic cells (20).
Although important for the degradation of intracellular proteins,
cathepsin D is implicated in the processing of antigens and
peptide hormones (21, 22), and the overexpression and secretion
of cathepsin D were observed in human breast cancer (23).
Cathepsin D has been thoroughly investigated in mammals, but
a limited number of studies are available on cathepsin D from fish
species (24—27).

In fish, cathepsin D, together with pepsin, has received some
attention because of the potential importance of fish physiology
in relation to aquaculture (28). Indeed, high cathepsin D activity

Aspartic proteinases constitute a widely distributed protein
superfamily, whose members accomplish a variety of functions,
including protein degradation at low pH (/). They share a high
degree of sequence similarity and have a characteristic bilobal
tertiary structure (2, 3). Individual members of the superfamily
differ in the topography of their active sites and in their cellular
localization. These features determine physiological function (4, 5).

On the basis of their different molecular characteristics and
tissue/cellular localization, aspartic proteinases have been classi-
fied into several subgroups, including the cathepsins (6), renins (7),

pepsins (8), and chymosins (9). In addition, other types of aspartic - ! \ ; v .
proteinases have been isolated from invertebrates (10, 11), found in fish tissues, especially during spawning, is considered to

plants (12, 13), retroviruses (14, 15), and a number of microbial be the main factor influencing deterioration of fish products (28).
sources (16, 17). However, most of these studies have been aimed at the identifica-

tion of the enzymatic activity present in various fish tissues and
rarely at elucidating the biochemical properties of invertebrate
cathepsin D. Recently, the catalytic and molecular characteriza-
tion of a cathepsin D from the hepatopancreas of Japanese
common squid (Todarodes pacificus) has been reported (29).

*Corresponding author (phone 216 74-274-088; fax 216 74-275-595; Mammalian cathepsin D has been purified and characterized
e-mail mon_nasri@yahoo.fr or moncef.nasri@enis.rnu.tn). from a variety of sources including human tissues (30, 31),

Among these subgroups, the intracellular aspartic proteinase
cathepsin D (EC 3.4.23.5) is present in most cells in many species
and is probably one of the major factors contributing to lyso-
somal digestive activity (I8, 19). Cathepsin D activity was found
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pig spleen (32), bovine milk (33), and chicken liver (34). The
enzyme has also been purified from some fish species such as
tilapia muscle (35), carp muscle (24), Antarctic icefish liver (27),
and Atlantic cod liver (26).

In Tunisia, cuttlefish (Sepia officinalis) is relatively important
in fish-catches and is utilized for human consumption. During
processing, solid wastes are generated. These wastes, which may
represent approximately 30% of the raw material, constitute an
important source of proteolytic enzyme and proteins. In a previous
work, we have purified and characterized trypsin from the hepa-
topancreas of cuttlefish (S. officinalis). The enzyme showed an
optimum temperature at 70 °C and an optimum pH of 8.0. In
addition, the enzyme was stable at a pH range of 6.0—10.0 and
highly thermostable (36).

In the present study, we describe the purification of
cathepsin D from the hepatopancreas of cuttlefish (S. officinalis)
and provide basic information about its main biochemical
characteristics.

MATERIALS AND METHODS

Reagents. Hemoglobin, pepstatin A, ethylenediaminetetraacetic acid
(EDTA), phenylmethanesulfonyl fluoride (PMSF), benzamidine, tosyl-
L-phenylalanine chloromethyl ketone (TPCK), soybean trypsin inhibitor
(SBTI), -trans-epoxysuccinyl-leucylamido-(4-guanido)butane (E-64),
iodoacetic acid (IAA), trichloroacetic acid, glycine, ammonium sulfate,
and bovine serum albumin (BSA) were purchased from Sigma Chemical
Co. (St. Louis, MO). Sodium dodecyl sulfate (SDS), acrylamide, ammo-
nium persulfate, N,N,N',N'-tetramethylethylenediamine (TEMED), and
Coomassie Brilliant Blue R-250 were from Bio-Rad Laboratories
(Mexico). Sephadex G-100, Sephadex G-75, and Mono-S Sepharose were
from Pharmacia Biotech (Uppsala, Sweden). PVDF membrane was
purchased from Applied Biosystems (Roissy, France). Tris(hydroxymethyl)-
aminomethane was procured from Panreac Quimica SA (Barcelona,
Spain). All other reagents were of analytical grade.

Cuttlefish Viscera. Cuttlefish (S. officinalis), in the size range of 6—8
cuttlefish/kg and dorsal length 20—25 cm, were purchased from the fish
market of Sfax City, Tunisia. After capture, the cuttlefish were chilled in
ice and off-loaded approximately 10 h thereafter. The samples were packed
in polyethylene bags, placed in ice with a sample/ice ratio of approximately
1:3 (w/w), and transported to the research laboratory within 30 min. The
internal organs were separated, and only the hepatopancreas was collected
and then stored in sealed plastic bags at —20 °C until used for enzyme
extraction.

Preparation of Crude Enzyme Extract. Defatted powder of the
hepatopancreas of cuttlefish was prepared according to the method of
Baltiet al. (36). Protease was extracted from defatted powder by stirring in
10 volumes buffer A (10 mM glycine—HCI, pH 3.0) for 2 h at 4 °C. The
homogenate was centrifuged at 8500g for 30 min at 4 °C. The pellet was
discarded, and the supernatant obtained was collected and used as crude
acidic protease extract.

Cathepsin D Purification. Ammonium Sulfate Precipitation. The
crude acidic protease extract was first subjected to ammonium sulfate
fractionation 0—30, 30—60, and 60—80% (w/v). The precipitate obtained
in each fraction after centrifugation at 13000g for 30 min was suspended in
buffer A and dialyzed for 24 h at 4 °C against repeated changes in the same
buffer (after 8 and 16 h).

Sephadex G-100 Gel Filtration. The 30—60% (w/v) ammonium sulfate
fraction was subjected to gel filtration on a Sephadex G-100 column
(2.6 cm x 165 cm) equilibrated with buffer B (25 mM sodium acetate,
pH 4.0, containing 0.5%o Triton X-100). Fractions of 5 mL were eluted at a
flow rate of 28 mL/h with the same buffer. Protein content (Abs 280 nm)
and proteolytic activity were determined. Fractions showing protease
activity were pooled.

Mono-S Cation-Exchange Chromatography. The active fractions from
Sephadex G-100 were applied to a Mono-S column (2.6 cm x 20 cm)
previously equilibrated with buffer C (25 mM sodium acetate, pH 4.0).
After being washed with the same buffer, bound proteins were eluted with
a linear gradient of sodium chloride (NaCl) in the range of 0—0.5 M in the
equilibrating buffer. Fractions of 5 mL were collected at a flow rate of
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60 mL/h and analyzed for protease activity and protein concentration. The
fractions with high proteolytic activities were pooled.

Sephadex G-75 Gel Filtration. The active fractions from Mono-S were
concentrated by ultrafiltration using a 10 kDa membrane and then applied
to gel filtration on a Sephadex G-75 column (2.5 cm x 100 cm) pre-
equilibrated with buffer B and eluted at a flow rate of 30 mL/h with the
same buffer. Protein content (Abs 280 nm) and proteolytic activity were
measured.

Mono-S FPLC Cation Exchange Chromatography. The pooled Sephadex
G-75 fractions containing protease activity were concentrated by ultra-
filtration using a 10 kDa membrane and further purified by cation-
exchange chromatography on a Mono-S FPLC column (2.6 cm X
30 cm) equilibrated with buffer C. Nonadsorbed proteins were washed
out with the same buffer containing 100 mM NaCl. The enzyme was eluted
with a linear gradient of NaCl (100—250 mM). Fractions (3 mL) showing
protease activities were collected at a flow rate of 120 mL/h. The enzyme-
containing fractions were pooled, dialyzed, concentrated by lyophiliza-
tion, and stored at —20 °C for further analyses. All of the purification steps
were conducted at temperatures not exceeding 4 °C.

Assay for Protease Activity. Proteolytic activity was assayed accord-
ing to the method of Anson (37) with slight modifications, using hemo-
globin as a substrate, as described by Bougatef et al. (38). Enzyme (50 uL)
was mixed with 100 uL of solution consisting of 2.0% acid-denatured
bovine hemoglobin and 350 L of 100 mM glycine—HCI buffer (pH 3.0).
After incubation of the mixture at 37 °C for 30 min, the reaction was
immediately stopped by the addition of 500 uL of 8.0% trichloroacetic
acid (TCA). The mixture was centrifuged at 10000g for 15 min, and the
absorbance of the supernatant at 280 nm was measured. One unit of
enzymatic activity against hemoglobin was defined as the amount of
enzyme that catalyzed an increase of 1.0 in the absorbance at 280 nm per
minute under the assay conditions. Values are the means of three
independent experiments.

Polyacrylamide Gel Electrophoresis and Hemoglobin Zymography.
SDS-PAGE was carried out for the control of the purity and determina-
tion of molecular weight of the purified enzyme as described by Laemmli
(39), using 5% (w/v) stacking and 15% (w/v) separating gels. The
molecular weight of the enzyme was estimated using a low molecular
weight calibration kit as markers (Sigma), consisting of rabbit muscle
phosphorylase b (97000 Da), bovine serum albumin (66000 Da), egg white
ovalbumin (45000 Da), human carbonic anhydrase (31000 Da), soybean
trypsin inhibitor (20100 Da), and o-lactalbumin (14200 Da).

Native-PAGE was performed according to the procedure of Laemmli
(39) except that the sample was not heated and SDS and reducing agent
were left out.

Hemoglobin zymography was performed on native-PAGE according
to the method of Garcia-Carreno et al. (40).

Determination of the N-Terminal Amino Acid Sequence of
S. officinalis Cathepsin D. The purified enzyme, from Mono-S FPLC,
was applied to SDS-PAGE and electrophoretically transferred to a
polyvinylidene difluoride (PVDF) membrane. After brief staining with
Coomassie Brilliant Blue R-250, the PVDF band corresponding to the
cathepsin D was excised and the N-terminal amino acid sequence was
determined by using the Edman degradation method on an Applied
Biosystems Protein Sequencer Procise 492 equipped with 140 C HPLC
systems (417).

Protein Determination. Protein concentration was determined
according to the method of Bradford (42) using BSA as a standard and
during the course of enzyme purification by measuring the absorbance
at 280 nm.

Molecular Weight. To determine the molecular mass of the native
enzyme, the freeze-dried proteins were resuspended in phosphate buffer,
pH 7.0. Two hundred micrograms of the pure enzyme was loaded on a
size exclusion HPLC column Protein Bio. Sil SEC. 125 (300 x 7.8 cm)
equilibrated in phosphate buffer. Elution was performed with phosphate
buffer at 0.5 mL/min.

Biochemical Properties. Effect of pH on Activity and Stability of
Cathepsin D. The effect of pH was determined with hemoglobin as a
substrate. Cathepsin D activity was studied over the pH range of 1.0—7.0
at 37 °C for 30 min. For the measurement of pH stability, the enzyme was
incubated at 25 °C for 60 min in different buffers, and then the residual
proteolytic activity was determined under standard assay conditions.
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The following buffer systems were used: 100 mM glycine—HCI buffer, pH
1.0—3.0; 100 mM sodium acetate buffer, pH 4.0—6.0; 100 mM Tris-HCI
buffer, pH 7.0—8.0.

Effect of Temperature on Activity and Stability of Cathepsin D. The
effect of temperature on cathepsin D activity was studied from 20 to 70 °C
for 30 min at pH 3.0. For thermal stability, cathepsin D isolated from
cuttlefish hepatopancreas was pre-incubated in 100 mM glycine—HCI, pH
3.0, at temperatures ranging from 5 to 70 °C for 30 min and immediately
cooled on ice. Thereafter, the residual activity was determined at 37 °C for
30 min at pH 3.0.

Effects of Enzyme Inhibitors, SDS, and Some Chemicals. The effects of
enzyme inhibitors, SDS, and some chemicals on cathepsin D activity were
studied using PMSF, SBTI, benzamidine, pepstatin A, TPCK, E-64, [AA,
EDTA, ATP, molybdate, and various concentrations of SDS. The purified
enzyme was pre-incubated with each inhibitor or additive for 30 min at
25 °C, and then the remaining enzyme activity was tested using hemoglo-
bin as a substrate. The activity of the enzyme assayed in the absence of any
inhibitor or additive was taken as control.

Effect of Metal Ions. The effects of various metal ions (5 mM) on
cathepsin D activity were investigated by adding the monovalent (Na™ or
K™, divalent (Ca*", Mn*>", Zn**, Co*", Cu**, Ba>", Sr*", Fe*", Hg*",
Cd>*, Ni**, and Mg>"), or trivalent (Fe**) metal ions to the reaction
mixture. The activity of the enzyme in the absence of any metal ions was
taken as control.

Effect of the Cathepsin D on Food Proteins. Proteolytic activity was
examined against natural food proteins that are commonly hydrolyzed or
used in protease assay. The different substrates used were hemoglobin,
casein, ovalbumin, y-globulin, BSA, and gelatin. Substrate concentration
of 2% (w/v) was prepared in glycine—HCI buffer, pH 3.0. The protease
activity toward hemoglobin was taken as a control.

Preparation of Myofibrillar Proteins from Cuttlefish Muscle.
Myofibrillar proteins were prepared according to the method of Hashimoto
et al. (¢3). All steps were performed at 4 °C to minimize proteolysis and
protein denaturation. Twenty grams of cuttlefish muscle was homogenized
with 10 volumes of phosphate buffer (ionic strength, / = 0.05, pH 7.5) for
1 min using a Wiset Stir HS-100 homogenizer (DAIHAN Scientific, Korea).
The homogenate was centrifuged at 5000g for 15 min at 4 °C using a Hermele
Z36HK refrigerated centrifuge (Hermle Labortechnik GmbH, Wehingen,
Germany). The supernatant was discarded and the procedure repeated three
times. The residue from the above was homogenized with 10 volumes of
KCl—phosphate buffer (I = 0.5, pH 7.5) in a Waring blender (Moulinex,
Paris, France) and centrifuged. The residue was similarly homogenized and
centrifuged again. Both supernatants were combined and used as the myo-
fibrillar proteins fraction. Two phosphate buffers were used for extracting
myofibrillar proteins: 15.6 mM Na,HPO,—3.5 mM KH,POj (ionic strength,
1= 0.05pH 7.5) and 0.45 M KCI—15.6 mM Na,HPO,—3.5 mM KH,PO,
(I = 0.5, pH 7.5), respectively. All extracts were supplemented by 0.1 mM
PMSF, 10 mM EDTA, and 0.01 (w/v) sodium azide to inhibit endogenous
proteases and microbial growth.

Hydrolysis of Myofibrillar Proteins by Purified Cathepsin D. To
hydrolyze muscle proteins, purified cathepsin D (1.5 U) was added to 2 mL of
reaction mixture, containing 3 mg of protein substrate in 100 mM glycine—
HCI buffer, pH 3.0. The hydrolysis was conducted by incubating the
reaction mixture at 50 °C for 0, 5, 10, 20, and 30 min. The control was
performed by incubating the reaction mixture at 50 °C for 30 min without the
addition of cuttlefish cathepsin D. The reaction was terminated by adding
100 uL of 1 N NaOH containing 1% (w/v) SDS. The mixture was further
mixed with SDS-PAGE sample buffer and boiled for 1 min. The mixture was
centrifuged at 8500 rpm for 10 min at room temperature (Hettich zentrifugen,
Berlin, Germany) to remove debris. The protein hydrolysate was analyzed by
SDS-PAGE using 12% separating and 5% staking gels.

Statistical Analysis. All experiments were run in triplicate. Data were
subjected to analysis of variance (ANOVA), and mean comparisons were
carried out using Duncan’s multiple-range test. The SPSS statistic pro-
gram (SPSS 10.0 for Windows, SPSS Inc., Chicago, IL) was used for data
analysis.

RESULTS AND DISCUSSION

Cathepsin D Purification. Cathepsin D from the hepatopan-
creas of S. officinalis was purified successively by the five-step
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Table 1. Summary of the Purification of Cathepsin D from Cuttlefish
(8. officinalis)?

total total  specific purifi-
activity protein  activity  recovery cation
purification step ) (mg)  (U/mg) (%) fold
crude extract 4528  682.15 6.63 100 1

ammonium sulfate precipitation 3758  184.8 20.33 82.99 3.06
(30—60% w/v)

Sephadex G-100 2856  57.0 50.10 63.07 755
Mono-S Sepharose 2084 12.75 163.45 46.02 24.65
Sephadex G-75 1258 513 245.22 27.78  36.98
Mono-S FPLC 780 217  359.44 1722  54.21

2 All operations were carried out at 4 °C. Only the precipitate formed between
30 and 60% saturation with ammonium sulfate was subjected to gel filtration on
Sephadex G-100.
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Figure 1. SDS-PAGE of the purified cathepsin D from S. officinalis
hepatopancreas. Lanes: 1, molecular weight markers; 2, purified cathepsin
D from S. officinalis hepatopancreas.

procedure described under Materials and Methods. In the first
step, the crude enzyme extract was fractionated with ammonium
sulfate. Fraction F2 (30—60% w/v saturation) showed higher
specific activity (20.33 U/mg of protein) than fraction F1 (0—
30%; 0.577 U/mg). No activity was detected in F3 (60—80%) and
in the final supernatant. The 30—60% ammonium sulfate pre-
cipitate, which gave the highest specific activity, was then succes-
sively subjected to Sephadex G-100 gel filtration, Mono-S
Sepharose cation-exchange chromatography, Sephadex G-75 gel
filtration, and finally Mono-S FPLC (results not shown).

After the final purification step, the cathepsin D was purified
54.2-fold with a recovery of 17.2% and a specific activity of
359.4 U/mg of protein, using hemoglobin as a substrate. The
results of the purification procedure are summarized in Table 1.
The obtained total recovery of enzyme activity in the purified
fractions (17.22%) is relatively high compared to other published
purifications of cathepsin D from other fish species (24—26, 35, 44).

Purity and Molecular Weight. Analysis by SDS-PAGE of the
purified enzyme showed a single band of about 37.5 kDa
(Figure 1) corresponding to that determined by gel filtration (data
not shown), indicating that the active enzyme is a single-chain
monomer. Cathepsin D of common carp muscle, Atlantic cod,
and Japanese common squid hepatopancreas also are single-
chain enzymes (24, 26, 29).

The molecular weight of the S. officinalis cathepsin D was close
to those from other fish species, such as white Japanese common
squid (7. pacificus) (36.5 kDa) (29), carp (Cyprinus carpio)
(36 kDa) (24), and herring (Clupea harengus) (38 kDa) (25).
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Figure 2. Native-PAGE (lane 1) and zymogram detection of proteolytic
activity (lane 2) of the purified cathepsin D from S. officinalis hepatopancreas.

It was lower than those of cathepsins from Atlantic cod (Gadus
morhua) (40 kDa) (26), Antarctic icefish (Chionodraco hamatus)
(40 kDa) (27), mackerel (Scomber australasicus) (51 kDa), milkfish
(Chanos chanos) (54 kDa) (45), banded shrimp (Penaeus japonicus)
(61 kDa) and grass shrimp (Penaeus monodon) (61 kDa) (46).

The purity of the purified cathepsin D was also evaluated
by using native-PAGE. As reported in Figure 2, S. officinalis
cathepsin D migrated as a single protein band in the native-
PAGE, confirming the homogeneity of the enzyme. The proteo-
Iytic activity of this protein band was confirmed by zymogram
activity staining. A unique clear band of hemoglobin hydrolysis
was observed in the gel, indicating the homogeneity of the
purified cathepsin D (Figure 2).

N-Terminal Amino Acid Sequence of S. officinalis Cathepsin D.
The N-terminal amino acid sequence of the purified cathepsin D
determined by automated Edman degradation was found to be
APTPEPLSNYMDA. The N-terminal amino acid sequence of
S. officinalis cathepsin D showed uniformity, indicating that it
was isolated in a pure form and, if other isoforms were present,
their amounts must be small.

The N-terminal amino acid sequence of S. officinalis cathepsin
D was aligned with the sequences of cathepsin D from other
species and other known aspartic proteases (Figure 3). The
sequence of S. officinalis showed high homology with cathepsins D
from marine invertebrates. The cathepsin D from S. officinalis
differs from that of Japanese flying squid (7. pacificus) cathepsin D
by only one residue in the first 13 amino acids (29). The Leu,;
in Japanese flying squid cathepsin D was replaced by Met;; in
S. officinalis cathepsin D. However, there are two amino acid
residues in the 13-terminal sequence that differ from cathepsins D
of black tiger shrimp (P. monodon) (47) and American lobster
(Homarus americanus) (48).

S. officinalis cathepsin D, which showed high homology with
cathepsin D from marine vertebrates, had a Pro residue at posi-
tion 6 and a Ser residue at position 8, whereas Thr and Lys are
common in all marine vertebrate cathepsins D (25, 49). Com-
pared with the N-terminal amino acids of herring (C. harengus)
cathepsin D, cuttlefish cathepsin differed only at residues 6 and 8.

The N-terminal amino acid sequence was also compared with
those of other cathepsins and aspartic proteinases. The sequence
showed high homology with cathepsin from lizard. Both sequences
differed by only two amino acids. Compared with those from
chicken and human, there are three and four amino acid residues in
the 13-terminal sequence that differed from cuttlefish cathepsin D.

Effects of Enzyme Inhibitors, SDS, and Some Chemicals on
Cathepsin D Activity. Proteases can be classified by their sensi-
tivity to various inhibitors (50). To determine the nature of the
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Invertebrate
Cuttlefish (S. officinalis) cat D APTPEPLSNYMDA A
Japanese flying squid (. pacificus) cat D APTPEPLSNYLDA
Black tiger shrimp (. monodon) cat D GPMPEPLSNYMDA
American lobster (H. americanus) GPMPEPLSNYMDA
Vertebrate
Herring (C. harengus) cat D APTPETLENTYMDA
Antarctic icefish (C. hamatus) cat D APTPETLENYLDA A
Pufferfish (7. rubripes) cat D APTPETLENYLDA
Atlantic salmon (8. salar) cat D GPTPETLENFMDA
Rainbow trout (). mvkiss) cat D GPTPETLKNFMDA
Japanese flounder (P. olivaceus) cat D GPTPETLEKNYLDA
Zebrafish (D. rerio) cat D DPTPETLENYLDA
Turbot (8. maximus) cat D GPTPEMLENTFLDA
Others animals
Chickencat D EPTPEILEKNYMDA
Human cat D GPIPEVLENYMDA
Lizard cat D APTPEALKNTYMDA
Pig cat D GPIPEVLENYMDA
Rat cat D EPVSELLKNYLDA
Nematode aspartic protease GETDEVLENYMDA
Hurian eonin TTSSVILTNYMDT

RTSPVVLTNYLDT

Sheep renin

Figure 3. Alignment of the N-terminal amino acid sequence of the purified
cathepsin D from cuttlefish (S. officinalis) with the sequences of other
aspartic proteinases. Residues identical with S. officinalis cathepsin D are
shaded. Cuttlefish, S. officinalis cathepsin D (cat D) (this work); Japanese
flying squid ( T. pacificus) cat D (29); black tiger shrimp (Penaeus monodon)
cat D (47); American lobster (Homarus americanus) cat D (48); herring
(Clupea harengus) cat D (25); Antarctic icefish (Chionodraco hamatus) cat
D (27); pufferfish (Takifugu rubripes) cat D (71); Atlantic salmon (Salmo
salar) cat D (49); rainbow trout (Oncorhynchus mykiss) cat D (72); Japanese
flounder (Paralichthys olivaceus) cat D (73); zebrafish (Danio rerio) cat
D (74); turbot (Scophthalmus maximus) cat D (75); chicken cat D (76);
human cat D (77); lizard (Podarcis siculus) cat D (78); pig cat D (79); rat cat
D (80); nematode aspartic proteinase (87); human renin (82); sheep
renin (83).

Table 2. Effects of Various Enzyme Inhibitors, SDS, and Some Chemicals on
the Activity of the Purified Cathepsin D from Hepatopancreas of Cuttlefish
(S. officinalis)?

inhibitor concentration remaining activityb (%)

control 100

pepstatin A 1.5 uM 0*

PMSF 5mM 100

benzamidine 5mM 100

SBTI 1 mM 100

TPCK 1 mM 100

E-64 1 mM 83.0+ 1.1

iodoacetic acid (IAA) 1mM 76.0 4+ 0.5

EDTA 5mM 97.0+1.8

ATP 1 mM 385.5+1.4*

molybdate 1 mM 23+04*
0.05 (wiv) 529+2.1*

SDS 0.1 (whv) 434+ 25"
0.2 (wiv) 28.0+0.3

2 Purified enzyme was pre-incubated with various enzyme inhibitors or additives
for 30 min at 25 °C, and the remaining activity was determined at pH 3.0 and 37 °C,
using haemoglobin as a substrate. Enzyme activity measured in the absence of any
inhibitor or additive was taken as 100%. “Mean + SD from triplicate determinations.
*, Significantly different from control at p < 0.05.

purified protease, the effects of a variety of enzyme inhibitors,
such as chelating agent and specific group reagents, on the
cathepsin D activity were investigated (Table 2).

Purified cathepsin D from S. officinalis was strongly inhibited
by pepstatin A, which inhibits only aspartyl proteases (57),
indicating that the enzyme belonged to the aspartic acid pro-
teases. Furthermore, E-64 and iodoacetic acid (IAA), which are
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Figure 4. pH profile (a) and pH stability (b) of the purified cathepsin D
from cuttlefish (S. officinalis) hepatopancreas. Results are mean + SD of
triplicates.

specific for cysteine proteases (52), partially inhibited the activity
of the enzyme. The enzyme retained 83 and 76% of its initial
activity, after 30 min of incubation at 25 °C, in the presence of
E-64 and iodoacetamide, respectively. However, PMSF, a serine
protease inhibitor, SBTI, a trypsin specific inhibitor, and EDTA,
a metalloprotease inhibitor, did not affect the enzyme activity.

The hemoglobin activity of the purified cathepsin D was
strongly inhibited by the strong anionic surfactant (SDS)
(Table 2). The enzyme retained 43.2 and 28% of its activity after
30 min of incubation at 25 °C in the presence of 0.1 and 0.2%
SDS, respectively. Watabe et al. (53) and Jiang et al. (45) showed
that 0.057 and 0.1% SDS completely inactivated the cathepsin D
from porcine adrenal cortex and milkfish (C. chanos) muscle,
respectively.

Because SDS would bear a net negative charge at pH 3.0, this
compound would distort the conformation of cathepsin D and
consequently inhibit activity of this proteinase.

Different chemicals were also used to elucidate their impact on
the activity of cathepsin D (Table 2). ATP, an activator of
cathepsin D (54), enhances the activity by 385%, whereas
molybdate inhibitor of cathepsin D affects considerably the
activity of the enzyme. Pillai and Zull (54) had also reported
that cathepsin D was generally activated by ATP when BSA,
hemoglobin, and parathyroid hormone were used as sub-
strates. However, the enzyme was fully inhibited by molyb-
date, a cathepsin D inhibitor.

Effect of pH on the Activity and Stability of Cuttlefish Cathepsin
D. The pH activity profile of the purified cuttlefish cathepsin D is
shown in Figure 4a. The purified enzyme was active between pH
1.5 and 5.0, with an optimum around pH 3.0. The relative
activities at pH 2.0, 4.0, and 5.0 were about 57, 65.7, and 23%,
respectively, of that at pH 3.0. However, cathepsin D activity
decreased significantly above pH 5.0 and was only 2% at pH 6.0.
The optimum pH of S. officinalis cathepsin D was similar to those
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Figure 5. Temperature profile (a) and thermal stability (b) of the purified
cathepsin D from the hepatopancreas of the cuttlefish (S. officinalis).
Results are mean + SD of triplicates.

from Japanese flying squid (7. pacificus) (29), Atlantic cod
(G. morhua L.) (26), and Antarctic icefish (C. hamatus) (27).
However, the pH optimum may vary in the acidic range depend-
ing on the protein substrate (55, 56).

It is recognized that most cathepsins D from different sources
have an optimum between pH 3.0 and 5.0 (57—60). However,
some cathepsins D had two optimum pH values (6/ —63). The pH
curves for cathepsin D obtained from different sources were
slightly different. This suggested that the pK, values for the
carboxyl groups were slightly different. Accordingly, the catalytic
groups in the active site of the corresponding proteinases from
different sources might be aspartate residues, but the environment
around this residue was not similar.

The pH stability of cuttlefish cathepsin D is shown in Figure 4b.
Cathepsin D was highly stable in a broad pH range, maintaining
100% of its original activity at pH 3.0 and 4.0 after 60 min of
incubation at 25 °C. At pH 2.0 and 5.0, the enzyme retained
41.0 and 97.3% of its initial activity, respectively.

The pH stability results showed that S. officinalis cathepsin D
has lower pH stability than those from banded shrimp ( P. japonicus)
and grass shrimp (P. monodon) cathepsin D, which were stable in the
pH ranges of 5.0—7.0 and 4.0—8.0, respectively (46).

Effect of Temperature on the Activity and Stability of Cuttlefish
Cathepsin D. The cathepsin D from cuttlefish was active at
temperatures from 20 to 70 °C with an optimum around 50 °C.
At temperatures above the optimum, activity quickly decreases
(Figure 5a). The relative activities at 55, 60, and 65 °C were about
81.7, 55.1, and 32%, respectively, of that at 50 °C. The optimum
temperature for S. officinalis cathepsin D was similar to those
from porcine spleen (64), rat spleen (65), carp muscle (62), and
banded shrimp (P. japonicus) muscle (46) and higher than those
of cathepsins D from grass shrimp (P. mondon) and tilapia
(Tilapia nilotica x Tilapia aurea) muscle, which had optimal
temperatures at 45 and 37 °C, respectively (35, 46).

The thermal stability profile of the purified cathepsin D
showed that the enzyme is highly stable at temperatures below
45 °C but declined rapidly at temperatures exceeding 50 °C (Figure 5b).
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Table 3. Effects of Metal lons (5 mM) on Cathepsin D Activity?

Balti et al.
Table 4. Hydrolysis of Food Protein Substrates by Purified Cathepsins D

ion relative activity® (%)

control 100

Na* 100

K+ 100

Mg?* 137.6+1.2*
Mn2* 3254 0.4
NiZ+ 176.0 £2.5*
n?t 123.7 £1.2*
Cu* 157.0 £ 1.1
Cd** 191.3+1.4*
Hg?* 26.2+1.2*
Fe?* 68.0 +0.3*
Ca®* 103.1 £0.1
St 2125+ 1.5*
Ba?* 54.0+1.1*
Co?* 239.4+2.8*
Fe3* 124405

@The activity of the cathepsin D was determined by incubatin%the enzymein the
presence of various metal ions for 30 min at 37 °C and pH 3.0. “Mean + SD from
triplicate determinations. *, significantly different from control at p < 0.05.

The enzyme retained more than 75.2 and 49% of its initial
activity after 30 min of incubation at 50 and 55 °C, respectively.
Although the optimal temperature for the cathepsin D from
cuttlefish was 50 °C, 25% of the activity of this protease was lost
after 30 min of incubation at 50 °C (Figure 5b). These results
indicated that cathepsin D from S. officinalis was most likely
stabilized against thermal inactivation by its substrate during
incubation. The enzyme is labile at relatively high temperatures
(>55°C) and retained only 20.5% after incubation for 30 min at
60 °C, whereas no activity was detected after incubation at
65 °C. Thermostability of the isolated cathepsin D was similar to
those from porcine spleen, rat spleen, and bovine spleen, which
retained about 60—70% of the hemoglobin hydrolytic activity
after incubation for 30 min at 50 °C (64—67).

Interestingly, the thermal stability of S. officinalis cathepsin D
was higher than those from other marine vertebrate and inverte-
brate cathepsins D. Cathepsin D from the liver of Atlantic cod
(G. morhua L.) (26) was completely inactivated after 15 min at 40 °C.
Mackerel (Scomber australasicus) cathepsin D retained < 50% of
its original activity after 20 min of incubation at 50 °C (45).

Effects of Metal Ions. The effects of some metal ions, at a
concentration of 5 mM on the activity of S. officinalis cathepsin D
were studied at pH 3.0 and 37 °C (Table 3) by the addition of
metal ions to the reaction mixture. The hemoglobin hydrolytic
activity of the purified cathepsin D was activated by Mg”*, Ni*",
Zn?t, Cu*t, Cd**, Sr**, and Co”* ions, whereas it was not
affected by Na™, K™, and Ca*" ions. However, the addition of
Ba’t, Mn’", Hg’*, and Fe*t decreased the activity by 46, 67.5,
73.8, and 87.6%, respectively. Cathepsins D from tilapia muscle,
rat spleen, and human erythrocyte membrane acid proteinase
(EMAP) were also inhibited by Hg** and Fe** (35,65,68). Hg*"
has been reported to bind to SH groups of the target enzyme and
subsequently inhibit the enzymatic activity (69). Inhibition of
cuttlefish cathepsin D by IAA and Hg>" suggests that the active
site of these proteases might also contain cysteine.

Effect of Cathepsin D on Food Proteins. To study the possible
food applications of the cathepsin D of S. officinalis, the activity
of the protease using different protein substrates was studied.
Among all proteins, hemoglobin was the most susceptible to
hydrolysis, followed by casein, BSA, and then gelatin (Table 4),
whereas ovalbumin and y-globulin were resistant to hydrolysis by
cathepsin D.

substrate relative activity? (%)
hemoglobin 100
casein 46.3+1.15*
BSA 21.44+2.83"
ovalbumin 0?
gelatin 12.9+1.66"
y-globulin 2.6+0.04

@Mean = SD from triplicate determinations. *, significantly different from hemoglobin
at p < 0.05.
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Figure 6. Hydrolysis of myofibrillar protein by purified cathepsin D from the
hepatopancreas of cuttlefish at 50 °C. Lanes 1,2, 3, 4, and 5 were 0, 5, 10,
20, and 30 min, respectively. H, high molecular weight standard; L, low
molecular weight standard; C, control (incubated without enzyme addition
for 30 min at 50 °C); MHC, myosin heavy chain.

Hydrolysis of Myofibrillar Proteins from Cuttlefish Muscle by
the Purified Cathepsin D from Hepatopancreas of Cuttlefish. The
myofibrillar proteins fraction, extracted from cuttlefish muscle,
contained three major protein bands, corresponding to myosin
heavy chain (MHC), actin, and paramyosin (Figure 6). The
molecular mass of paramyosin from different species ranges from
95 to 125 kDa (70).

The digestion of myofibrillar protein from cuttlefish muscle by
the purified cathepsin D at 50 °C was investigated by SDS-PAGE.
Figure 6 shows the degradation of the MHC, paramyosin, and
actin. Among all proteins, MHC was the most susceptible to
hydrolysis, followed by paramyosin. MHC was degraded rapidly
within 5 min by the purified cathepsin D (Figure 6). Total
disappearance of MHC was observed after 10 min of incubation
at 50 °C. For actin and paramyosin, the degradation increased
during the incubation time. However, the degradation rate was
lower than that of MHC. On the other hand, paramyosin was
completely hydrolyzed by cathepsin D after 20 min of incubation,
whereas actin was more resistant to hydrolysis by cathepsin D.
Actin was retained to some extent after 30 min of incubation at
50 °C. From the result, cathepsin D from cuttlefish hepatopan-
creas hydrolyzed myofibrillar proteins effectively, particularly
MHC, which is the dominant protein in fish muscle. Therefore,
cathepsin D can be used for further application, especially for the
production of protein hydrolysates.

Conclusion. In the present study, a new cathepsin D from
S. officinalis was purified and characterized. The purified cathepsin D
was homogeneous on SDS-PAGE, and its molecular mass was
estimated to be 37.5 kDa. The enzyme showed an optimum
temperature at 50 °C and an optimum pH of 3.0. The N-terminal
sequence of cathepsin D showed high homology with vertebrate
and invertebrate cathepsins D.

Further work is needed to isolate and sequence analyze the
c¢DNA encoding cuttlefish cathepsin D and to determine the
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properties of this protease as a possible biotechnological tool in
the fish-processing and food industries.
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