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Abstract Acid digestive proteinases were studied in the
gastric fluids of two species of clawed lobster (Homarus
americanus and Homarus gammarus). An active protein
was identified in both species as aspartic proteinase by
specific inhibition with pepstatin A. It was confirmed as
cathepsin D by mass mapping, N-terminal, and full-length
cDNA sequencing. Both lobster species transcribed two
cathepsin D mRNAs: cathepsin D1 and cathepsin D2.
Cathepsin D1 mRNA was detected only in the midgut
gland, suggesting its function as a digestive enzyme.
Cathepsin D2 mRNA was found in the midgut gland,
gonads, and muscle. The deduced amino acid sequence of
cathepsin D1 and cathepsin D2 possesses two catalytic DTG
active-site motifs, the hallmark of aspartic proteinases. The
putatively active cathepsin D1 has a molecular mass of
36.4 kDa and a calculated pI of 4.14 and possesses three
potential glycosylation sites. The sequences showed highest
similarities with cathepsin D from insects but also with
another crustacean cathepsin D. Cathepsin D1 transcripts
were quantified during a starvation period using real-time

qPCR. In H. americanus, 15 days of starvation did not cause
significant changes, but subsequent feeding caused a 2.5-fold
increase. In H. gammarus, starvation caused a 40% reduction
in cathepsin D1 mRNA, and no effect was observed with
subsequent feeding.
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Introduction

Decapod crustaceans evolved complex processes to digest
food. After mechanical chopping by the mouth parts,
ingested material enters the stomach and mixes with gastric
fluid and is hydrolyzed by digestive enzymes derived from
the midgut gland (Baker and Gibson 1977). The midgut
gland is the site of enzyme synthesis, nutrient absorption,
and storage of lipids and glycogen (Glass and Stark 1994;
Sánchez-Paz et al. 2007). The digestive enzymes are
synthesized by the so-called F-cells (Hu and Leung 2007).
They develop into B-cells while accumulating secretion
products. The B-cells break down in holocrine fashion and
release enzymes into the lumen of the midgut gland tubules
(Mikami and Takashima 2000). The gastric fluid passes
through the diverticulae into the stomach, where it mixes
with food to form chime (Factor and Naar 1990). The
hydrolyzed food is absorbed in the lumen of the midgut
gland by the R-cells, facilitating assimilation, storage, and
resorption (Mikami and Takashima 2000). The gastric fluid
of most decapods has a pH between 5 and 6. The gastric
fluid of American and European lobsters, however, is
slightly more acidic showing pH 4.7 (Baker and Gibson
1977; Brockerhoff et al. 1970; Navarrete del Toro et al.
2006; Omondi and Stark 2001).
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For catalysis, endopeptidases are classified as serine,
aspartic, metallo, and cysteine proteinases (Barrett et al.
1998). In crustaceans, proteolytic enzymes are of major
importance in food digestion (Muhlia-Almazán and García-
Carreño 2003), breaking down proteins into small peptides
and amino acids that are required to fulfill many physio-
logical processes (Neurath 1984). Decapods form a phylo-
genetically coherent group and possess anatomically similar
digestive organs; they express digestive enzymes belonging
to the four classes.

In the digestive tract of decapods, serine proteinases,
such as trypsin and chymotrypsin (Galgani et al. 1985;
Hernández-Cortés et al. 1999; Hernández-Cortés et al.
1997); cysteine proteinases, such as cathepsin L and
cathepsin B (Aoki et al. 2004; Le Boulay et al. 1998;
Teschke and Saborowski 2005); and metallo-proteinses,
such as astacin (Titani et al. 1987; Zwilling and Stöcker
1997) were studied most intensively, while aspartic protei-
nases remained unnoticed. In clawed lobsters (Homaridae),
digestive proteolytic enzymes have been reported since the
early 1970s (Brockerhoff et al. 1970; Hoyle 1973), and,
unlike other decapods, these proteinases show highest
activity at acid pH (Baker and Gibson 1977; Glass and
Stark 1994). Cysteine proteinases with optimal activity at
acid pH were found in the gastric fluid of American lobster
(Laycock et al. 1989) and verified by three cathepsin L
cDNAs counterparts isolated from the midgut gland
(Laycock et al. 1991). Recently, aspartic proteinases were
suggested by Navarrete del Toro et al. (2006), but a specific
protein or gene transcript has not yet been identified.

Aspartic proteinases (EC 3.4.23.X) have two aspartic
acid residues at the catalytic site. The catalytic apparatus in
all aspartic proteinases is virtually the same (Tang and
Wong 1987), having no stable covalent acyl or amide
intermediate present during catalysis (Davies 1990). Hy-
drolysis of the peptide bonds catalyzed by aspartic
proteases proceeds by general base catalysis, where one
water molecule is hydrogen-bonded to the carboxyl groups
of both aspartate residues; the water molecule is partly
displaced on substrate binding and polarized by one of the
catalytic aspartate residues. It then initiates enzymatic
catalysis by attacking the scissile carbonyl group bond of
the substrate (Coates et al. 2008).

This class of endopeptidases is active at acid pH
(Yonezawa et al. 1988). Four major groups of aspartic
proteinases have been identified in vertebrates, namely
pepsins, cathepsin Ds, cathepsin Es, and renins (Barrett
1979). Mammalian cathepsin D (EC 3.4.23.5) is convention-
ally regarded as a lysosomal proteinase that acts in intracel-
lular protein turnover. To our knowledge, neither pepsin nor
chymosin or cathepsin E activity has been demonstrated in
any arthropod species. However, research on cathepsin D
proteinases in helminthes, mites, and ticks reveal an extracel-

lular function for this enzyme (Becker et al. 1995; Tang and
Wong 1987). Based on our research (Navarrete del Toro et al.
2006), we hypothesized that cathepsin D might be responsible
for the extracellular proteinase activity at acid pH in the
gastric fluid of clawed lobsters.

In this study, an aspartic proteinase from the gastric fluid
of American and European lobsters was partly purified and
identified by mass spectrometry as the active form of
cathepsin D1. Then, we detected and amplified the mRNAs
of cathepsin D from three tissues and sequenced two
cDNAs encoding for two putative isoforms, cathepsin D1,
and cathepsin D2. Finally, we assayed the biological
function of cathepsin D1 by RT-PCR tissue-specific gene
expression and quantitatively evaluated changes in the
concentration of cathepsin D1 mRNAs during starvation
and feeding episodes.

Materials and Methods

Specimens

Live adult American lobsters (Homarus americanus) and
European lobsters (Homarus gammarus) were purchased in
Cuxhaven, Germany. The lobsters ranged from 250 to
550 g. In the laboratory, the animals were maintained in
aquariums with continuously flowing filtered seawater. The
temperature of the water was maintained at 13±0.5°C and
fed ad libitum with fish or small crustaceans before they
were subjected to starvation experiments.

Gastric fluid was withdrawn from lobsters with a dispos-
able 10-ml syringe with the needle replaced by a flexible
plastic probe (5 cm long, 3 mm dia). The probe was inserted
through the oral cavity into the gastric chamber of lobsters to
withdraw at least 1 ml gastric fluid, which was transferred to a
1.5-ml microtube. The gastric fluid was centrifuged for 10min
at 4°C and 10,000×g to separate solids. The supernatant was
removed, freeze-dried, and stored at −20°C until used.
Further assays were carried out with solutions of the freeze-
dried gastric fluid (50 mg ml−1).

Purification and Identification of Aspartic Proteinases
from the American and European Lobsters

An aspartic proteinase from the gastric fluid of both species
was purified, based on the affinity of these enzymes for the
highly specific aspartic proteinase inhibitor pepstatin A. The
gastric fluid was loaded onto an affinity chromatography
column containing pepstatin A-agarose (P2032, Sigma-
Aldrich Chemical). Briefly, 1 ml of matrix was equilibrated
in 50 mM citrate buffer at pH 4.0. Then, 1 ml gastric fluid was
loaded onto the column and washed with 5 ml of the same
buffer. The enzyme was eluted with 0.5 M Tris–HCl at pH 8.0
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containing 1 M NaCl. Then, 0.5-ml fractions were collected,
and the protein composition of each fraction was assessed on
12% SDS-PAGE. Proteolytic activity at acid pH was
monitored by substrate SDS-PAGE, as described by García-
Carreño in 1993 (García-Carreño et al. 1993). Hemoglobin
(0.25%) dissolved in glycine–HCl buffer (100 mM, pH 3.0)
was used as the substrate. All pH values for buffers were
measured at room temperature (25°C).

Mass Spectrometry Analyses and N-terminal Sequencing

To identify the mass spectrometric profiles, 20 µg of the
protein was first separated by 12% SDS-PAGE. After
electrophoresis, gels were stained with Coomassie Blue R-
250. Bands matching the size of those showing proteinase
activity at low pH were manually cut from the gels. After
tryptic digestion, the resulting peptides were subjected to
tandem-time of flight (MS/MS-TOF) mass spectrometry.

Additionally, SDS-separated proteins were electroblotted
onto polyvinylidene difluoride (PVDF) membranes and used
for N-terminal sequencing. N-Terminal sequencing and mass
spectrometry were performed at the Stanford Protein Facility,
California. The resulting data were compared with the
deduced amino acid sequence from cDNA of cathepsin D1
from American and European lobsters.

Cathepsin D mRNA Detection in Lobster Tissues

Cathepsin D mRNA was detected by RT-PCR. Muscle,
gonad, and midgut gland tissues were dissected from
lobsters, and the total RNA was isolated using TRIzol®
reagent (15596-026, Invitrogen, Carlsbad, CA, USA). Total
RNA concentration was determined spectrophotometrically
at 260 nm, and DNA was removed from each sample with
DNase I (AMPD-1, Sigma-Aldrich Chemical) following the
manufacturer’s instructions. One microgram total RNA was
reverse-transcribed using a reverse transcription system
(A3500, Promega, Madison, WI, USA) using oligo-dT as
an anchor primer; cDNA samples from each tissue were
used as templates for the following PCR reactions.

A search for sequences encoding cathepsin D proteinases
from lobsters available at GenBank yielded nine ESTs fromH.
americanus cathepsin D mRNAs. A comparison among the
nine EST outcomes on two discrete sequences corresponded
to two aspartic proteinase putative isoenzymes: the cathepsin
D isozyme 1(CatD1) (GenBank: CN852987) and cathepsin D
isozyme 2 (CatD2) (GenBank: FD483089.1). The two EST
sequences share 70% identity in their deduced amino acid
sequences (Fig. 1). Based on these sequences, specific
primers were designed to amplify short segments of each
transcript (CatD1 and CatD2 in Table 1). Using the RT-PCR
technique, we analyzed the presence of CatD1 and CatD2
transcripts in different tissues of both species. PCR amplifi-
cation of cDNA fragments encoding cathepsin Ds was done
in a final volume of 25 µl containing 20 pmol of each forward
and reverse primer, 1 µl cDNA, 20 nmol dNTPs mixture,
2.5 µl 10× Taq buffer, and 1 U Taq DNA polymerase (18067-
017, Invitrogen). PCR products were analyzed on 1.5%
agarose gels and displayed under UV light after staining with
SYBR®Safe DNA gel stain (S33102, Invitrogen).

Cathepsin D1 and Cathepsin D2 cDNA Sequence

To amplify the full length of the cDNA of cathepsin D1 and
cathepsin D2 gene transcript from American and European
lobsters, the 5′/3′ rapid amplification of cDNA ends method
was used (GeneRacer™ Kit, L1500, Invitrogen). The
cDNA was prepared from 1 µg of total RNA isolated from
the midgut gland; oligo nucleotide primers were designed
to specifically anneal cathepsin D1 and cathepsin D2
(designated in Table 1 as Cat D1F, CatD1R, CatD 2 Race
F, and CatD 2 NesRace F, respectively) and used as the
internal gene-specific primers; 3′ and 5′ nested primers
included in the kit were used to anchor the cDNA ends.
PCR amplifications were carried out for 2 min at 94°C,
followed by 30 cycles consisting of 30 s at 94°C, 30 s at 57
to 66°C (depending on primer set used), and 2 min at 68°C.
In the last cycle, the extension step at 68°C lasted 10 min.
PCR products were cloned using the TOPO-TA cloning kit
(K4500-01, Invitrogen) and sequenced for both strands.

Fig. 1 Comparison of deduced
amino acid sequences of two
isoforms from American clawed
lobster Homarus americanus
cathepsin D. Cathepsin D1
(GenBank: CN852987),
cathepsin D2 (GenBank:
FD483089.1). Asterisks show
identical or conserved residues
in all sequences in the
alignment; colons are
conservative substitutions;
periods are semi-conservative
substitutions
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The BLAST program (Altschul et al. 1997) was used to
identify the resulting sequences by comparison and search
for similarities in sequences. The deduced amino acid
sequences were aligned for comparison using the Clustal
X v. 1.81 software (Thompson et al. 1994). A prediction of
the entire amino acid sequences was made using Predict-
Protein software (Rost et al. 2004) and the SignalP 3.0
Server (Nielsen et al. 1997). This procedure identified both
lobster proteins as cathepsin D proteinases and allowed us
to infer some of their properties, such as the theoretical
isoelectric point, molecular weight, signal peptide cleavage
sites, and N-glycosylation sites.

Starvation and Re-feeding Experiment

Lobsters were acclimated to the experimental conditions for
7 days. After acclimation, 15 lobsters of each species were
starved for 15 days and then fed with fish and small
crustaceans to apparent satiety. Three lobsters were sampled
at the following times: before starvation (day 1, control
group); days 5, 10, and 15 during the starvation period; and
1 day after re-feeding. gonad, muscle, and digestive gland
tissue samples were individually dissected from all these
specimens. The tissues were preserved in RNAlater
solution (AM7024, Ambion, Austin, TX, USA) and stored
at −80°C until used.

Quantification of Cathepsin D1 mRNA by qRT-PCR

Changes of cathepsin D1 mRNAs in the midgut gland
during starvation and re-feeding were quantified by real-
time PCR. The L38 ribosomal protein gene was used as a
reference gene. Specific primers were designed to amplify
both L38 and CatD1 genes (Table 1). For each tissue, we
isolated total RNA, removed genomic DNA, and synthe-

sized cDNA as described in previous sections. Each cDNA
sample was diluted 1:2 in sterile, distilled water and used as
the template in PCR reactions.

Real-time PCR reaction mixtures contained the same
components for both amplified genes; each reaction con-
taining a total volume of 20 μl included 1 µl cDNA
(approximately 25 ng of total RNA), 10 μl 2× iQ SYBR
Green Super Mix, 50 nM of each Q-CatD forward and Q-
CatD reverse primers for the cathepsin D1 gene reaction,
and L38 forward and L38 reverse for the L38 gene
(Table 1), as well as 7 µl sterile, distilled water. Real-time
PCR was performed in duplicate for each cDNA sample.
Controls without template were included to ensure absence
of contaminating DNA. An iQ5 cycler, real-time PCR
detection system (170-9750, BioRad) was used with the
following procedure: 1 cycle at 95°C for 5 min, 40 cycles at
95°C for 30 s each, 61°C for 65 s, and 68°C for 55 s. The
specificity of each primer set was validated by the
construction of a melt curve. Melt curves were constructed
after the PCR by increasing the temperature from 60°C to
94.5°C at a rate of 0.3°C every 20 s.

PCR efficiency was validated by the construction of a
standard curve for each primer pair. The amplification
products of each gene were purified with the Illustra™
GFX™ PCR DNA and Gel Band Purification Kit (28-
9034-70, GE Healthcare, Buckinghamshire, UK). The
purified PCR products of cathepsin D1 and L38 mRNAs
were spectrophotometrically quantified, and known con-
centrations were serially diluted 10-fold in sterile water, and
the dilutions were used to generate standard curves for each
gene by plotting the average CT versus the related log
dilutions (ng). Standard curves included data of four
serially diluted PCR product samples, from 25×10−3 to
250×10−6ng, and they were run at the same time as the
experimental samples.

Table 1 Sequences of primers used for RT-PCR expression analyses, real-time PCR, and cDNA cloning and sequencing of cathepsin D1 and
cathepsin D2

Primer Sequence (5′→3′) Target Location

PCR primers CatD 1 Forward 5′ CTCAGTACTACGGCCCCATC 3′ Cathepsin D1 223–243

CatD 1 Reverse 5′ CCSAGGATGCCGTCYAACTT 3′ Cathepsin D1 499–519

CatD 2 Forward 5′ AAAATGGGGAAATCGAGGAC 3′ Cathepsin D2 168–188

CatD 2 Reverse 5′ TGGATGGCAAAATCAGTTCC 3′ Cathepsin D2 399–414

CatD 2 Race F 5′ CATTGGCACTCCCCCACAATCCTT 3′ Cathepsin D2 242–265

CatD 2 NesRace F 5′ GGTTCTTTGGCTGTGAGGCAACAGA 3′ Cathepsin D2 463–487

qPCR primers L38 Forward 5′ ATTGAACGGGTGAGGTGAAC 3′ L38 ND

L38 Reverse 5′ ATCTGGAGCATCGAACCTTG 3′ L38 ND

Q-CatD Forward 5′ TGGATTCCCTCAGAGAAGTG 3′ Cathepsin D1 301–320

Q-CatD Reverse 5′ TAGAGAGGAAGCCGTGAAGG 3′ Cathepsin D1 429–449

Location is indicated by nucleotide numbers from the 5′-end of the American lobster cathepsin D1 cDNA. S and Y indicate degenerate sites (S=C
or G. Y=C or T)
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The 2(−ΔΔCT) method was used for the relative quanti-
fication of mRNA concentrations of each gene evaluated
and the threshold cycle value (CT); PCR amplification
efficiencies were directly calculated from the standard
curves with the formula, E=10(−1/slope).

For a given sample, average CT values of L38 were
subtracted from the average CT values of the cathepsin D1
reactions (ΔCT value). The mean ΔCT of the control group
reactions (not starved or day 1) was then subtracted from
the ΔCT of each starvation time and re-feeding group
(ΔΔCT.). The relative mRNA concentrations were calculat-
ed by the 2(−ΔΔCT) formula (Livak and Schmittgen 2001).

Statistical Analysis

To determine the effects of starvation, the data were
logarithmically transformed and analyzed by one-way
ANOVA followed by Bonferroni multiple comparison test to
determine differences among groups (Zar 1984). Statistical
significance was set at P<0.05, using statistical software
(Statgraphics Plus v. 5.1, StatPoint, Herndon, VA, USA).

Results

Purification and Identification of Aspartic Proteinases
from the American and European Lobster

After affinity chromatography, fractions with activity
showed two protein bands by SDS-PAGE of ∼32 and
∼45 kDa; however, the zymography at pH 3.0, with
hemoglobin as the substrate, yielded only one band with
proteinase activity. The apparent molecular mass of the
band with activity was 32 kDa (Fig. 2). The results of MS/
MS-TOF mass spectrometry results and the N-terminal
sequence of this band matched the deduced amino acid
sequence of American and European lobsters cathepsin D1,
as described below (Fig. 3), and allowed us to identify it as
a cathepsin D and named it cathepsin D1.

Cathepsin D mRNA Detection in Lobster Tissues

Cathepsin D2 mRNA was detected in all the analyzed
tissues from American and European lobster, whereas
cathepsin D1 transcripts were found only in their midgut
gland (Fig 4).

cDNA Encoding Cathepsin D1 and Cathepsin D2
in American and European Lobsters

We sequenced the full cDNA encoding cathepsin D1 and
cathepsin D2 from the midgut gland of the American
lobster and 90% of the cDNA of cathepsin D1 from the

midgut gland of the European lobster. The sequences were
submitted to GenBank (accession numbers EU687261 for
the American and EU822806 for the European lobster
cathepsin D1 mRNA sequences; accession number
FJ943775 for American lobster cathepsin D2). Nucleotides
and deduced amino acid sequences of American lobster
digestive cathepsin D1 are shown in Fig. 3. The cDNA of
cathepsin D1 was 1,292 bp. The translation start codon
ATG is located at position 40, whereas the stop codon is
located at position 1195. Cathepsin D1 cDNA has an ORF
extending from position 40 to 1197 that codes for 386
amino acid residues with a predicted molecular mass of
42.6 kDa. The untranslated 3′-region contains 95 bp, which
includes an AATAAA polyadenylation signal and a 25-bp
polyadenylation (A) tail. A putative signal peptide was
identified in the deduced amino acid sequence between
residues 1 and 16. N-Terminal sequencing suggests that the
active protein starts at amino acid residue 50; this outcome
is based on a hypothetical activation peptide cleavage site
between residues 17 and 50. Elimination of the activation
peptide yielded a mature protein of 336 amino acid residues
with a theoretical isoelectric point (pI) of 4.14 and a
molecular mass of 36.4 kDa.

Fig. 2 SDS/PAGE and zymogram at pH 3 of the protease fraction
purified by pepstatin affinity chromatography from gastric fluid of
American lobster. Purified cathepsin D1 (32 kDa) is indicated by
arrows. Lane 1 crude extract, lane 2 eluted fraction, lane 3 activity
bands of crude extract, lane 4 activity band of eluted fraction
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Cathepsin D1 and Cathepsin D2 Deduced Protein Sequence
Analysis

The amino acid sequences from American and European
lobster cathepsin D1 showed that they are 98% identical. At
least three peptide sequences obtained by mass spectrom-
etry matched both sequences (Table 2).

BLASTX analysis of the deduced amino acid sequence
(Altschul et al. 1997) revealed that American and European
lobster cathepsin D1 and cathepsin D2 share high sequence
similarity with arthropod aspartic proteinases. Amino acid
residues at homologous positions, in the neighborhood of
the active site, were used to identify both enzymes as

aspartic proteinase, specifically, a cathepsin D proteinase.
BLASTX analysis demonstrated that 50% of the se-
quence of American lobster cathepsin D1 is identical to
the amino acid sequence of Apis mellifera cathepsin D
and Tribolium castaneum lysosomal aspartic proteinase,
48% of Haemaphysalis longicornis aspartic proteinase,
and 49% of Penaeus monodon cathepsin D (Fig. 5).
Remarkably, only 43% of the deduced amino acid
sequence of American lobster cathepsin D2 is identical
to American lobster cathepsin D1, whereas cathepsin D2
is 83% identical to P. monodon cathepsin D, 69% of T.
castaneum cathepsin D isoform 1, and 64% of Bombyx
mori cathepsin D (Gui et al. 2006).

Fig. 3 Nucleotide and deduced
amino acid sequence in
Homarus americanus cathepsin
D1 cDNA (GenBank:
EU687261). The putative signal
peptide is indicated in bold
letters. A potential asparagine
glycosylation residue (designat-
ed as N) is marked by square
shapes. The putative polyade-
nylation signal (AATAAA) is
underlined. Aspartic amino acid
residues (D) of the catalytic sites
are marked by diamond shapes.
The peptide sequences of the
acid enzymatically active band
obtained by mass spectrometry
analyses are boxed. The
N-terminal sequence is
underlined with a dashed line
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Effect of Starvation on the Concentration of American
and European Lobster Cathepsin D1 mRNA

Examination of the real-time PCR melt curves indicated that
each PCR reaction produced a specific product. The efficiency
of amplification was >94% for each primer set (results not
shown). Starvation did not affect the concentration ofmRNAof
cathepsin D1 in the American lobster midgut gland, but feeding
after starvation caused a 2.5-fold increase after 24 h (Fig. 6).
Unexpectedly, the concentration of cathepsin D1 mRNA in
the European lobster responded in a different manner to
starvation, where after 15 days of starvation caused a
significant reduction in the amount of cathepsin D1 mRNA
to <40% of the control group and did not change with
subsequent feeding.

Discussion

The exclusive occurrence of mRNA encoding for a cathepsin
D1 in the midgut gland and the presence of its codified active

enzyme in the gastric fluid suggest that the enzyme is secreted
by the midgut gland, the principal digestive organ in
crustaceans, and that it moves to the gastric chamber, where it
mixes with food. Because the pH of the gastric fluid is close to
the optimum for cathepsin D1 activity, we assume that it must
be involved in food protein hydrolysis.

General Features of Cathepsins

The historically derived collective name “cathepsins”
comprises a set of structurally and functionally incoherent
enzymes that facilitate intracellular digestion of protein
(Barrett 1998). Cathepsins belong to the aspartic (cathepsin
D), serine (cathepsin G), or cysteine (cathepsin L and B)
proteinase families and are mostly located in the lysosomes.

In crustaceans, cathepsin activity occurs in the midgut gland
of clawed lobsters, shrimp, and crabs (Glass and Stark 1994;
Laycock et al. 1989; Navarrete del Toro et al. 2006; Omondi
and Stark 2001). Most information about food digestion and
cathepsin enzyme activity in crustaceans is available for
cysteine proteinases, such as cathepsin L, found in the midgut
gland of Metapenaeus ensis that performs extracellular food
digestion (Hu 2003) and in the European brown shrimp
Crangon crangon, where a substantial share of the proteo-
lytic activity is caused by cysteine cathepsin L-like protei-
nases (Teschke and Saborowski 2005). Aoki et al. (2003)
found that the mRNA of cathepsin B in the northern shrimp
Pandalus borealis was almost exclusively found in the
midgut gland, which also suggests that the enzyme is secreted
to function as a digestive proteinase. In some crustaceans, the
digestive vacuoles and lysosome-like vesicles contain cathep-
sin L, implying extracellular function (Hu and Leung 2007;
Lehnert and Johnson 2002) and indicating different ways to
hydrolyze food among crustaceans.

In contrast to cysteine proteinases, scarce information is
available about the role of aspartic proteinases in extracellular
digestive processes in crustaceans. Aspartic proteinases, such
as cathepsin D, have been implicated in bloodmeal digestion of
ectoparasitic mites and ticks (Boldbaatar et al. 2006; Hamilton
et al. 2003). A first indication for the presence of aspartic
proteinases in the gastric fluid of European lobsters was
provided by Navarrete del Toro et al. (2006). We followed this
lead and proved that lobsters express the cathepsin D1 mRNA

Fig. 4 Expression analyses of cathepsin D1 (a) and cathepsin D2 (b)
genes in different tissues of Homarus gammarus (H.g.) and Homarus
americanus (H.a.), using RT-PCR. Total RNA from gonad (G), muscle
(M), and midgut gland (MG) tissues were used to generate first-strand
cDNA. Expression of L38 rRNA (c) is shown as an internal control

Table 2 Aspartic protease short amino acid sequences matching with
mass spectrometry and deduced amino acid sequences from the
cathepsin D1 gene

Peptide Calculated mass (Da) Observed mass (Da)

CFILNLACR 1,109.55 1,109.53

LHNRYDSTK 1,133.56 1,133.54

VGYWQVTAEAIK 1,364.72 1,364.68
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in their midgut glands and secrete the enzyme into the tubule
lumen. It finally appears as an extracellular digestive enzyme
in the gastric fluid of the gastric chamber.

The mechanism of cathepsin D1 secretion in lobsters is
unknown. We think that the model proposed by Hu and
Leung (2007) for secretion of cathepsin L in shrimp applies
to cathepsin D1 in lobsters. They demonstrate the presence
of some small cathepsin L vesicles in the midgut gland
lumen by using RNA and protein probes and suggest that

enzyme vesicles result from apocrine (in addition to
holocrine) secretion. They suggest that F-cells are the site
of enzyme transcription and B-cells are responsible for
enzyme secretion. In lobsters, final confirmation can only
be provided by detailed histological studies.

There are at least two cathepsin D mRNAs transcribed in
clawed lobsters. The D2 form was expressed in three
tissues examined in this study. We suggest that it covers a
lysosomal function similar to its mammalian counterpart.

Fig. 5 Sequence comparing
deduced amino acids of
cathepsin D1 with several
known aspartic proteases based
on primary structure.
Alignments were made with
Clustal X (Version 1.81).
Penaeus monodon cathepsin D
(GenBank: ABQ10738.1),
Tribolium castaneum aspartic
protease (GenBank:
XP_966517.1), Apis mellifera
similar to cathepsin D
(GenBank: XP_392857.2),
Haemaphysalis longicornis
aspartic proteinase (GenBank:
BAE53722.1). Asterisks
represent identical or conserved
residues in all sequences in the
alignment; colons are conserva-
tive substitutions; periods are
semi-conservative substitutions.
The region surrounding the
active site is boxed
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The D1 form was restricted to the midgut gland. The ability
of midgut gland cells to secrete cathepsin D1 suggests that
clawed lobsters follow a strategy to attain extracellular
enzymes with originally intracellular enzymes and, thus, to
digest food efficiently under conditions found in their
habitats, as observed by Mukhin et al. (2007).

One of the strategies exhibited by poikilothermic animals
living at low temperatures to achieve a normal level of
proteolysis at temperatures well below that of homeothermic
species (Carginale et al. 2004; Smalås et al. 1994) involve
their digestive enzymes, which show higher catalytic
efficiencies at low temperatures and can be inactivated at
relatively low temperatures and mild pH changes (Gerday et
al. 2000; Gudmundsdóttir and Pálsdóttir 2005; Leiros et al.
2000; Smalås et al. 1994), and those features make them
attractive for their applications in the food, cosmetic,
pharmaceutical, and domestic industries (Debashish et al.
2005; Gerday et al. 2000; Haard 1991; Kirk et al. 2002;
Schäfer et al. 2005; Shahidi and Janak Kamil 2001).
Considering that American and European lobsters live in
marine environments where the temperature varies from 0°C
to 25°C, depending on season, winds, and tides (Cobb and
Phillips 1980); they are by definition, cold-tolerant animals
(Crossin et al. 1998; Feller and Gerday 1997; Feller and
Gerday 2003), and it is expected that their digestive enzymes
will exhibit adaptations similar to other poikylothermic
species as described above; however, an extensive study of
its biochemical characteristics must be performed to validate
our assumption and therefore its applicability.

Structural Properties of Lobster Cathepsin D1

Structurally, cathepsinsD1 in American and European lobsters
are similar to other aspartic proteinases from the pepsin family.
Mammalian cathepsin D is glycosylated in Asn residues at
positions 67 and 182 (Faust et al. 1985; Nakao et al. 1984).

This carbohydrate portion of cathepsin D seems to play a
functional role in lysosomal transportation. It is mediated by
the mannose-6-phosphate receptor that recognizes phosphor-
ylated asparagine-linked oligosaccharides of lysosomal cath-
epsins during biosynthesis (Towatari et al. 1998). According
to the deduced primary structure of American lobster
cathepsin D1, the molecule contains three potential glyco-
sylation sites located at positions Asn-118, Asn-214, and
Asn-258. Two of the glycosylation sites (Asn-118 and
Asn-258) are conserved and homologous to positions Asn-
70 and Asn-199 of human cathepsin D (Faust et al. 1985) and
to positions Asn-67 and Asn-182 of porcine cathepsin D
(Shewale and Tang 1984; Takahashi et al. 1983). However,
the nature of the carbohydrate side chain and the exact sites
remain to be investigated, so the signaling for transportation
to lysosomes via glycosylation and, therefore, its intracellular
function is yet conjectural.

In mammals, cathepsin D is synthesized as a pre-
pro-enzyme. In the first proteolytic post-translational modi-
fication, the “pre”-peptide is cleaved off. The signal sequence
is usually 20 amino acids long and is removed within the
rough endoplasmic reticulum. According to PredictProtein
software (Rost et al. 2004), the sequence of American lobster
cathepsin D1 shows a well-defined signal peptide, a feature
of lysosomal aspartic proteases, such as cathepsins D. In
eukaryotes, signal sequences are essential for the efficient
and selective targeting of nascent protein chains to the
endoplasmic reticulum (Gierasch 1989; von Heijne 1990).
Since clawed lobster cathepsin D1 bears a signal peptide, this
indicates that the molecule is tagged for translocation across
membranes for effective intracellular flow.

Zymogen—Activation

Zymogens formed by the first post-translational modifica-
tion migrate to the lysosomes and undergo further proteo-

Fig. 6 Changes in cathepsin D1 gene expression in the midgut gland
during starvation and feeding as measured by real-time PCR in
American lobster (a) and European lobster (b). Cathepsin D1 mRNA
concentrations were normalized with the mRNA concentrations of
L38 rRNA from control group (no starved lobster). Lobsters were
sampled before starvation (day 1); during starvation on days 5, 10, and

15 (end of starvation); and 1 day following re-feeding. The mean of
three animals in each group and test are shown. Bars indicate SE of
the mean. Differences were determined by one-way ANOVA after
logarithmic transformation. Different letters indicate significantly
different means from controls for each sample time tested (P<0.05)
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lytic modification in the acid lysosomal milieu. The
activation peptide (40–60 amino acids) is cleaved off by
both auto-proteolysis and proteolysis by other, mainly
cysteine lysosomal peptidases that yield active cathepsin D
(Fusek and Větvička 2005).

Our sequence analyses showed that similar to the mamma-
lian lysosomal counterpart, lobster cathepsin D1 also carries an
activation peptide of 34 amino acid residues (Fig. 3). This
activation peptide is shorter than in mammalian cathepsin D
(44 residues), but similar in size to the digestive aspartic
proteinase (36 to 38 residues) in the mosquito (Cho and
Raikhel 1992). In mammals, activation of the aspartic
proteinase zymogens occurs auto-catalytically at acid pH,
and the process may be similar to the activation of
pepsinogen. At acid pH, most carboxyl groups of pepsinogens
are protonated, which weakens the electrostatic interactions
and causes strong conformational changes in the activation
peptide. The active site is then exposed, and the enzyme
cleaves off its own activation peptide (Kageyama 2002).

Animals expressing digestive aspartic proteinases usually
express cysteine proteinases, suggesting a multi-enzyme
network and cascade-like digestion of food (Boldbaatar et al.
2006; Delcroix et al. 2006). Cysteine proteinase activity was
already reported in the midgut gland of the American lobster
(Laycock et al. 1989). The aspartic proteinase cathepsin D1
described in this study and cysteine proteinases seem to
contribute to the pool of acid proteinases previously reported
by Baker and Gibson (1977), playing an important role in
protein digestion in clawed lobsters. The activation mecha-
nism of aspartic proteinases in the gastric fluid of clawed
lobsters is still unknown, but given that gastric fluids of
lobsters are acid, pH ∼4.7 and also contain cysteine
proteinases, it may undergo auto-proteolysis along with
assisted activation, similar to pepsinogen and lysosomal
procathepsin D of mammals (Tang and Wong 1987). Both
aspartic and cysteine proteinases may form a multi-enzyme
network comparable to that described for platyhelminths and
ticks (Delcroix et al. 2006; Sojka et al. 2008).

Cathepsin D in vertebrates can undergo further cleavage
to generate an active enzyme. Cleavage at the so-called β-
hairpin loop forms a two-polypeptide chain with a N-
terminal, 15-kDa light chain and a C-terminal, 30-kDa
heavy chain (Yonezawa et al. 1988). In humans, the two
chains emerge by cleaving off a small peptide of 7 amino
acids between positions 98 through 105 (Fusek and
Větvička 2005). Those chains are linked by hydrophobic
bonds (Minarowska et al. 2008). Clawed lobster cathepsin
D1 has the pro-enzyme sequence (Fig. 3), but lacks a
sequence indicating the presence of the β-hairpin loop; this
seems to be a common feature of invertebrate cathepsins D
(Boldbaatar et al. 2006; Cho and Raikhel 1992; Harrop et
al. 1996) and suggests an alternative activation mechanism,
yet to be investigated.

Regulation—Starvation

Starvation can cause acute biological responses in crusta-
ceans, including changes in the composition of digestive
enzymes (Sánchez-Paz et al. 2006; Sánchez-Paz et al. 2003).
Samples obtained in the bioassay were analyzed to determine
if starvation and subsequent feeding can cause significant
changes in the concentration of cathepsin D1 mRNAs in the
midgut gland of the lobsters. We found that, for both species,
expression of cathepsin D1 mRNA is regulated, although the
pattern in each species is not the same.

For specimens of American lobster, the concentration of
cathepsin D1 mRNA did not vary during starvation;
however, feeding after starvation led to a remarkable 2.5-
fold increase in the concentration of cathepsin D1 mRNA
(Fig. 6). This increase may reflect the physiological
demand to digest protein on the first day after feeding,
similar to aspartic proteinase genes in sea bass and rainbow
trout (Salem et al. 2007; Terova et al. 2007). Regulation of
digestive proteinases activity is achieved via transcriptional,
post-transcriptional, and/or post-translational control.
Changes in the quantity of mRNAs encoding digestive
cathepsin D1 in American lobster during starvation and
subsequent feeding suggests that regulation of cathepsin D1
could happen during transcription by increasing mRNA
synthesis to enhance digestion.

Cathepsin D1 mRNA in European lobster showed a
different course with continuous decline in mRNA concen-
trations during 15 days of starvation. This agrees with
observation of trypsin mRNAs, the main digestive enzyme
of whiteleg shrimp, where Sánchez-Paz et al. (2003) reported
that the amount of trypsin mRNA dropped significantly after
5 days of starvation. Additionally, unlike American lobster,
European lobster does not increase the quantity of cathepsin
D1 mRNA in re-fed animals; this difference between the two
species could be a sampling time artifact in which diagnosis
after 1 day of feeding was not enough to detect any change
for European lobster. Overall, the different trends in
cathepsin D mRNA during the starvation period between
the ecologically equivalent species may be caused by a
feature of biochemical adaptation to accomplish efficient
food digestion in its particular environment and challenges,
but the biological implications remain to be assessed.

Studies of the midgut gland ultrastructure in Penaeus
semisulcatus revealed that waves of E-cell mitoses and F-,
R-, and B-cell differentiation were induced after feeding (Al-
Mohanna and Nott 1987). The observed changes in cathepsin
D1 mRNAs concentration in American lobster after feeding
might also be caused by a wave of F/B-cell differentiation
induced by feeding, which would result in an increase in
cathepsin D1 mRNA. This reflects a larger number of F/B-
cells expressing cathepsin D1 mRNA, rather than an increase
in the concentration of cathepsin D1 in individual cells.
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However, changes in the concentration of mRNA might not
necessarily result in physiologically relevant changes in the
concentration of the enzyme (Sánchez-Paz et al. 2003).

In summary, this study confirmed the presence of aspartic
proteinases in extracellular gastric juice of clawed lobsters and
addressed important questions about the site of synthesis and
the evolution of proteolytic digestive enzymes in crustaceans.
This contributed to understanding of group-specific prefer-
ences among decapod crustaceans in expressing different
proteinase classes (Navarrete del Toro et al. 2006; Teschke
and Saborowski 2005). These results are important in
understanding the adaptive options of species from an
ecological as well as economic perspective.
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