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Molecular cloning of three cDNAs that encode cysteine proteinases in the
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Three clones were isolated from a lobster digestive gland cDNA library, using oligonucleotide probes based on the partial amino terminal sequence

of a digestive cysteine proteinase. The cDNAs, LCP1, LCP2 and LCP3 encode preproenzymes of 322, 323 and 321 amino acid residues, and putative

mature enzymes of 217, 216 and 215 residues, respectively. Calculated mature protein molecular masses are 23386 (LCP1), 23093 (LCP2) and 23255

(LCP3) Sequence alignments show that the lobster enzymes are more similar to L (55-62% identity) than H (42-44%) or B (22-24%) cathepsins.
Southern analysis indicated as many as eleven genes related to the three cDNAs.

Cysteine proteinase; cDNA cloning; Amino acid sequence; Lobsier

1. INTRODUCTION

Cysteine proteinases account for 80% of the proteoly-
tic activity in the digestive fluid of the American lobster
and one of these enzymes has been isolated and charac-
terized [1]. This enzyme is surprisingly similar to
papain, a cysteine proteinase of the papaya fruit, not
only in its kinetic properties, but, of the first 29 residues
of the amino-terminal sequence, only 7 are different
from papain. The lobster enzyme, however, was
reported to have a mass of 28 kDa compared to 23 kDa
for papain by denaturing gel electrophoresis, and an
isoelectric point of 4.5, compared to 8.8. Although
papain is the most well-characterized cysteine
proteinase, more than 30 complete and partial se-
quences of this group of enzymes are known. Despite
the wide diversity of sources, amino-terminal sequences,
including the active site with the essential cysteine
residue, all show a high degree of similarity to each
other [2,3]. Digestive cysteine proteinases in the lobster
may be related to cathepsins, the acidic cysteine
proteinases of vertebrate lysosomes. Comparisons of
complete sequences should indicate the evolutionary re-
lationships of the digestive enzymes. The deduced
amino acid sequences will also provide more accurate
molecular weights and show whether or not a pre-
proenzyme is produced, as for many other digestive
proteinases and transported enzymes [4,5]. I this work,
we report on the molecular cloning of three lobster
cysteine proteinase mRNA species, the structure of the
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encoded proteins and an analysis of the lobster cysteine
proteinase gene family.

2. MATERIALS AND METHODS

2.1. Procedures for molecular cloning of lobster cysteine proieinase
cDNA

Routine molecular cloning techniques were used [6]. Lobsters were
obtained locally and killed by severing the cerebral ganglia. The hepa-
topancreas was remaved, frozen in liquid nitrogen and 10 g of tissue
ground thoroughly with a mortar and pestle. RNA was prepared by
the method of Turpen and Griffith [7]) with the modification that the
RNA product from the centrifugation step was extracted with phenol/
chloroform before precipitation with ethanol (to yield 2.7 mg).
Poly(A)* RNA (40 ug) was selected by oligo(dT)-cellulose column
chromatography [6]. cDNA was prepared from 2.5 ug of poly(A)”
RNA (cDNA Synthesis System, Bethesda Research Laboratories),
treated with T4 DNA polymerase (Bethesda Research Laboratories)
and ligated into Agt10 [8]. A library of 5.7 x 10° PFU was generated.
Various oligodcoxynucleotide probes, whose sequences were derived
from the partial amino acid sequence of the mature digestive
proteinase (see LCPI in Fig. 2), were phosphorylated with [y-**P]JATP
(3000 Cy/mmol) and tested for specificity in Northern analyses [6] of
poly (A)" RNA (data not shown). Two oligonucleotide mixtures:

no. 6: (SAALGCCCAGCATSAECCGCATTGLCCTTGGTCLTT;
corresponding to positions 16-27 of the mature protein) and no. 7
(GCLCCITTLGTLCCAGTCLACTTCEGT:

positions 2-11) were chosen to screen the library and to confirm clone
identity. Plaque lifts (C/P Lift, Bio-Rad) were incubated for 16 h at
40°C with probe no. 6 (4 ng/ml) in 3 x SSC, 20 mM NaH,PO,, pH
7.0, 1% SDS, 10 x Denhardt’s solution, 100 ug of sheared and dena-
tured salmon sperm DNA per mil [6]). Before autoradiography,
membranes were washed in 3 x SSC, 0.1% SDS at 40°C. Insert DNAs,
detected in Southern hybridizations by both no. 6 and no. 7 probes,
were subcloned in M13mpl8 and nucleotide sequences were de-
termined by the dideoxy method [6).

115



Volume 292, number 1.2

The truncated nature of the initially identified cDNAs (sec Results
and Discussion) required re-screening of the library. A 0.9 kb insert
was purified by electrophoresis through low melting temperature aga-
rose and radiolabelled with [a-**P]dCTP (3000 Ci/mmol) by the
random priming method [6]. Hybridization conditions were as de-
scribed above, except that 6x replaced 3x SSC, the incubation tempe-
rature was 68°C, and the final washes were in 0.2 x SSC. The comple-
tion of the LCP! sequence required direct sequencing of poly(A)*
RNA (9,10) with an LCPl-specific primer (see Fig. 2).

v

2.2. Isolation of DNA and Southern analysis

Genomic DNA was prepared from the CsCl gradient that was used
to purify RNA (sec above). A viscous fraction located at the top of
the high density cushion was removed. dialyzed and concentrated by
butanol extractions. DNA was precipitated from 2.5 M ammonijum
acetate with cthanol, redissolved in 10 mM Tris-HCI, pH 8.0, I mM
EDTA and stored at 2°C over chloroform. DNA was dialyzed on
floating Millipore (0.025 #m) membranes, digested with the restriction
enzyme Psel (25 units per pg, 16 k), electrophoresed through a 0.8%
agarose gel and transferred to a Zeta-Probe (Bio-Rad) membrane
according to the manufacturer's alkaline blotting protocol. Prepara-
tion of probe DNAs and hybridization conditions were described
above for library re-screening. Membrane washing conditions are
described in the legend to Fig. 4.

3. RESULTS AND DISCUSSION

3.1. Isolation and identification of cDNA clones

The majority of the bacteriophage clones isolated by
the screening of the cDNA library with oligonucleotides
no. 6 and no. 7 carried insert DNAs of 0.9 kb. When
sequenced. one of these was found to encode the entire
mature digestive enzyme sequence from the carboxy-
terminus to 25 amino acids beyond the amino-terminus
of the mature protein. Partial sequences of several other
0.9 kb inserts were identical to the one taken to comple-
tion. An EcoRI* site was found at the §' end of this
cDNA (see LCPI in Fig. 1). The deduced amino acid
sequence matched that of the purified enzyme obtained

FEBS LETTERS

November 1991

by the Edman method, except at residue 9, where lysine
was predicted instead of glutamate as in the published
sequence [1].

Rescreening the library with the 0.9 kb insert yielded
67 clones with inserts of 0.9 kb, four of 1.1 kb and two
of 1.2 kb. Sequencing a 1.1 kb cDNA showed it to be
identical to the 0.9 kb cDNA, but extending 171 bases
beyond the EcoRI* site to a natural EcoRI site that had
escaped methylation during the preparation of the
library (see LCPI in Fig. 1). The remainder of the
upstream sequence of LCP1 was obtained by direct se-
quencing of mRNA. A different sequence from that of
LCP!l was obtained from one of the 1.2 kb ¢cDNAs
(L.CP2). No internal EcoRI sites were encountered, al-
lowing sequencing beyond an initiation codon, A third
cDNA (LCP3), with a sequence distinct from both
LCPI and LCP2, was found among the 1.1 kb inserts.
This also lacked any internal EcoRI sites and was se-
quenced up to & presumptive initiation codon, as shown
in Fig. 2. Restriction maps of the three cDNAs are
presented in Fig. 1.

3.2. Sequence alignments and possible relationships of
the lobster enzymes

The complete amino acid sequences for the three
lobster cysteine proteinases were aligned with published
sequences of papain [11] and rat cathepsins L, H and B
[12] as shown in Fig. 3. Each of the lobster polypeptides
has a signal peptide consisting of a consecutive sequence
of 14 hydrophobic amino acids near the amino-
terminus, immediately preceded by lysine and followed
by a region with both positive and negative charges,
characteristic of secreted proteins. The leader sequences
of the lobster enzymes show considerable similarity to
papain and the cathepsins between amino acid positions

LCP1 EcoRI# Xbal
Aval EcoRr “~Apal bdel  Sail BooRv Pvull PstI  EcoRI
b

0.5 1.0
5' proba 3'probo
1LCP2 EcoRI Ddel  Salr DdeI  EeoRI
IWWWW‘
kb 0.5 1.0

LCP3  Ddel Ddal DdeI HindIIT
EcoRI
kb 0.5 1.0

Fig. 1. Maps of the lobster cysteine proteinase cDNAs. Restriction enzyme recognition sites are those predicted by the nucleotide sequences of
Fig. 2. Only the EcoRI* site found at the terminus of the 0.9 kb cDNA is indicated (see Results and Discussion). The 5' termini of the sense strands
are at the left. Open and shaded bars represent non-coding and coding regions. respectively. The solid bars indicate restriction fragments used as
probes in the Southern hybridization analysis (Fig. 4), Completion of the LCP1 sequence (narrow bar) required direct sequencing of poly (A)* RNA.
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Fig. 2. Nucleotide and deduced amino acid sequences of cDNAs that encode lobster cysteine proteinases. The sense strand sequences are numbered
from their 5' termini. The amino acid sequences, shown under the nucleotide sequences (completely for LCP1 and only where they differ for LCP2
and LCP3). are numbered from the putative initiating methionine residues. LCP1 nucleotide sequence 5' to the EcoRI site at position 92 was
determined by sequencing poly(A)” RNA with a primer complementary to positions 128-145. The amino-terminus of the mature digestive proteinase
is indicated by the letter M. Probes no. 6 and no. 7 (see Materials and Methods) were based on the mature enzyme amino acid sequence
corresponding to the bracketed positions of LCPL.

—-24 and —86. Ishidoh et al. have suggested that posi-
tions —35 to — 55 of cysteine proteinase propeptides may
play a role in their processing [12]. The lobster mature
protein amino acid sequences retain most of the primary
structural features characteristic of other cysteine
proteinases, including the highly conserved region
surrounding the active site cysteine residue (at position

25 in Fig, 3). However, the proline residue next to the
mature amino-terminus of all other known cysteine
proteinases is absent from the lobster sequences. al-
though proline does occur at the —2 position of all three
lobster polypeptides. The lobster mature proteins have
more sequence identity with the L cathepsin sequence
than with either H or B cathepsins from rat (Fig. 3). If
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the digestive enzymes evolved from a cathepsin it is
more likely to have been from an L type rather than an

H or B.
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Fig. 3. Comparison of amino acid sequences of the three lobster cysteine proteinases LCP1, LCP2 and LCP3, with papain (PAP) and rat cathepsins
L, H and B (RCL, RCH and RCB. respectively). The numbers refer to positions in the papain sequence. Position 1 refers to the mature protein
amino-terminus and the negative numbers identify positions in the propeptide and signal peptide. Sequences are aligned using gaps to achicve
maximal position identity. Residues conserved in all sequences are in bold. Numbers of position identities between pairs of mature protein sequences

\

v

VN

PQV
PRTQQYWGRF

GP-C--~-GNKVDHA
EPSC--SSSQLDHA
EPSC--SPSYLDBA
EQNC-~-SPTFLDHG
EPNC--SSKDLDRG
SNSCHKTPDKVNHA
HEA-~--GDVMGGHA

VAAVGYG-~~PN-—-—-- Y
VLAVGYG---SECGQD~-F
VLAVGYG—-~-SEGGQD-F
VLAVGYG---TESTKD-Y
VLVVGYGYEGTDSNKDKY
VIAVGYG---EQNGLL-Y
IRILGWG—---IENGVP-Y

ILIKNSWGTG
WLVKNSWATS
WLVKNSWATS
WLVKNSWGSS
WLVKNSWGKE
WIVKNSWGSN
WLVANSWNVD

WGENGYIRIK
WGESGY IKMA
WGDAGY IKMS
WGDAGY IKMS
WGMDGY IKIA
WGNNGYFLIE
WGDNGFFKIL

NUMBERS OF IDENTICAL POSITIONS (MATURE PROTEIN)

crel
94
217

PAP
2l2

LCP3
83
136
151
215

LCP2
88
166
216

RCL
95
127
128
138
218

are shown at the end of the aligned sequences.

RCH
83
91
95
91
101
219

253

3.3. Structural features of the mature enzymes
The cysteine residues that form disulfide bonds in
papain between positions 22-63, 56-95 and 153-200
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Fig. 4. Southern analysis of lobster cysteine proteinase genes. Pstl-

digested DNA was hybridized to 5' (lane 1) and 3' (lane 2) coding

region probes derived from LCPI (see Fig. 1), and to the entire 0.9 kb

LCPI ¢DNA (lane 5), LCP2 (lanes 3 and 6) and LCP3 (lanes 4 and

7) cDNAs, Post-hybridization washes were at 68°C in 4 x §8C. 0.1%

SDS (lanes 1-4) or 0.5 x SSC. 0.1% SDS (lanes 5-7). Lane M indicates
the size (in kb) of DNA markers.

[13] are conserved in other cysteine proteinases and are
also present in the lobster sequences (Fig. 3). LCP1 has
two additional cysteine residues at positions 106 and
207. Assuming the tertiary structure of LCP! is similar
to that of papain, it is unlikely that a disulfide bridge
could be formed between these additional cysteine
residues because they would be too far apart [13]. It is
expected, therefore, that the mature enzymic product of
LCP1! has three free sulfhydryl groups, including that
in the active site, and LCP2 and LCP3 mature enzymes
will have two free sulfhydryl groups cach,

Earlier experiments on denaturing gels indicated a
molecular mass of about 28 kDa for a purified cysteine
proteinase preparation from lobster digestive juice [1].
From the data presented here, the calculated molecular
masses of LCP]1 mature protein is 23 386 Da. If we
assume that the LCP2 and LCP3 polypeptides are
processed at the same site as LCPI, then the molecular
masses of the LCP2 and LCP3 mature enzymes would
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be 23 093 and 23 255 Da, respectively. Confirmation of
these molecular masses for LCP1 and LCP2 has been
obtained by ion-spray mass spectrometric analysis of
purified enzyme [14]. The mass spectral evidence indi-
cates that the enzymes corresponding to LCP1 and
LCP2 are secreted into the digestive fluid and the ma-
ture polypeptides undergo no post-translational mo-
difications other than the formation of disulfide bridges.

3.4. Analysis of cysteine proteinase gene family

The results of Southern hybridization experiments
suggest that an extensive family of genes encode cys-
teine proteinases in the lobster (Fig. 4). At least seven
Pstl-generated DNA fragments are detected by the
LCP1 5' coding region probe (lane 1) and four of these
are also detected by the LCP1 3' coding region probe
(lane 2). Three of these common bands hybridize quite
strongly, indicating three distinct LCP1-related genes.
In contrast, cach of the probes prepared from the entire
LCP2 and LCP3 cDNAs detects a single strongly hy-
bridizing fragment, probably their respective genes (see
the 20 kb band in lanes 3 and 6, and the 3.6 kb band
in lanes 4 and 7), as well as other less strongly hybridiz-
ing fragments. These results demonstrate at least eight
and as many as eleven distinct genomic elements related
to the LCPI, LCP2 and LCP3 cDNAs. As noted above,
each of the proteins encoded by these cDNAs is related
to the L cathepsins of vertebrates. If crustaceans possess
cysteine proteinases of the H or B types (and they may,
given the presence of cathepsin B-related proteinases in
more primitive animals, i.e. the nematode Haemonchus
contortus [14] and the trematode Schistosoma mansoni
[15]), then genes that encode these proteins may not
have been detected in this analysis and the size of the
lobster cysteine proteinase gene family may be even
larger than estimated here.
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