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Cucumisin is a thermostable alkaline serine protease
that is found in the juice of melon fruits (Cucumis melo
L.). We have determined the complete nucleotide se-
quence of a cucumisin ¢cDNA (2,552 nucleotides) and de-
duced the corresponding amino acid sequence. The
open reading frame of the ¢cDNA consists of 731 codons
and encodes a large precursor (molecular weight,
78,815) relative to the observed size of mature native
cucumisin (67 kDa). Sequence comparisons reveal that
cucumisin has several features in common with the mi-
crobial proteases of the subtilisin family. The highly con-
served sequences to the proximal regions of the cata-
lytic triad amino acids Asp, His, and Ser, together with
the substrate binding site in subtilisin, can be found
within the deduced amino acid sequence of the protease
domain of the cucumisin precursor. Cucumisin is the
first known plant protease with such characteristies.
Examination of the primary structure of cucumisin re-
vealed that it is synthesized as a precursor, consisting of
four functional domains: a possible signal peptide (22
amino acid residues), an NH,-terminal pro-sequence (88
residues), a 54-kDa protease domain (505 residues),
which is the active enzyme domain of the 67-kDa native
cucumisin, and a 14-kDa COOH-terminal polypeptide
(116 residues), which arises by limited autolysis of the
67-kDa native cucumisin. This structure of cucumisin
suggests that it is probably synthesized as an inactive
precursor.

Proteolytic enzymes are ubiquitous in biological systems.
The physiological roles of endopeptidases (proteinases) and ex-
opeptidases range from precise cleavage of protein precursors
in specialized cellular compartments to extensive proteolysis
that results in the degradation of proteins to amino acids (1). In
plants, most endopeptidases appear to be thiol enzymes, and
those within the papain superfamily have been the best char-
acterized (2). In addition to these thiol proteases, an increasing
number of endopeptidases that do not utilize sulfhydryl groups
for catalytic activity are now being reported in plant tissues (3).
However, the serine proteases have been largely overlooked in
plants. This is surprising, since they are the best characterized

* This work was supported by Grant-in-aid for Scientific Research
01560096 from the Ministry of Education, Science and Culture of
Japan. The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

The nucleotide sequence data reported in this paper will appear in the
GSDB, DDBJ, EMBL, and NCBI nucleotide sequence data bases under
the accession number D32206.

$To whom correspondence should be addressed: Laboratory of
Biochemistry, Faculty of Agriculture, Kobe University, Rokkodai-cho 1,
Nada-ku, Kobe 657, Japan. Tel.: 81-78-803-0673; Fax: 81-78-803-1297
or 81-78-803-0995.

endopeptidases in mammals (e.g. the trypsin-chymotrypsin
family) and microorganisms (e.g. the subtilisin family).

The fruits of some Cucurubitaceae contain significant
amounts of serine protease activity. A serine protease isolated
from the fruit of the melon, Cucumis melo L. var. Prince is
called cucumisin (EC 3.4.21.25) and has been well character-
ized (4). Cucumisin-like enzymes are also found in the fruits of
Benincasa cerifera (white gourd) (5) and Trichosanthes cu-
cumeroides (snake gourd) (6). These enzymes have been char-
acterized as nonspecific alkaline serine proteases with pH op-
tima around 10, an optimal temperature of about 70 °C, and a
fairly broad substrate specificity. The amino acid sequence Gly-
Thr-Ser-Met around the reactive serine residue of cucumisin is
identical to that of subtilisin, a Bacillus subtilis serine protease
(7). The molecular mass of all cucumisin-like enzymes has been
reported to be around 50 kDa. Recently, however, we have
isolated a putative native form of cucumisin from the juice of
the central region within developing melons, which has a mo-
lecular mass of 67 kDa (8). This 67-kDa enzyme shows limited
autolysis to produce a 54-kDa protease and a 14-kDa polypep-
tide. This autolysis does not cause the loss of caseinolytic ac-
tivity (8). The 54-kDa protease is resistant to further process-
ing and is therefore thought to be identical to the cucumisin
that has been previously reported. In this report, we refer,
therefore, to the 67-kDa native enzyme as “67-kDa cucumisin”
and the autolyzed form of the native enzyme as “54-kDa
cucumisin.”

Although the differing linear arrangement of the catalytic
triad residues of subtilisin and trypsin-chymotrypsin has at-
tracted much attention as paradigms for a possible convergent
evolution of serine proteases (2), the structure of the plant
serine protease and its evolutionary relationship to mammal
and microbial serine proteases have remained entirely un-
known. We present here the complete nucleotide and deduced
amino acid sequence of cucumisin and compare it with those of
other serine proteases whose sequences are already known. We
have found a high degree of homology of the plant serine pro-
tease to the proteases of the subtilisin family. A pathway for the
processing of the preproenzyme is also proposed.

EXPERIMENTAL PROCEDURES

Plant Material —Musk melons (Cucumis melo L. var. reticulatus cv.
Teresa) were cultivated in the green house at the experimental farm
attached to the Faculty of Agriculture, Kobe University from March to
August. Fruits were tagged upon self-pollination, and developing fruits
were harvested at the 10th day after pollination. The central parts of
the fruits were separated from the sarcocarp and testae and immedi-
ately frozen in liquid nitrogen and stored at —80 °C until use.

Reagents—Oligo(dT)-cellulose (Type II) was obtained from Collabo-
rative Research Co. Ltd. Restriction enzymes and modification enzymes
were obtained from Toyobo Co. Ltd. (Tokyo, Japan). cDNA synthesis and
Megaprime DNA labeling kits were obtained from Pharmacia Biotech
Inc. and Amersham Corp., respectively. Sequenase 2.0 was purchased
from U. S. Biochemical Corp. Gigapack II Gold, Bluescript plasmid, and
an Exo-Mung deletion kit were from Stratagene. Agtll forward and
reverse primers were from Takara Shuze Co. Kyoto, Japan. «-**S-dCTP
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(1,000 Ci/mmol) and [«-**P]dCTP (3,000 Ci/mmol) were from Amersham
Corp. All other commonly available reagents were of analytical grade.

Protein Sequence Determination—The native 67-kDa cucumisin was
purified from the developing melon fruit and inactivated with 1 mum
diisopropyl fluorophosphate (DFP)* at pH 7.2 as described previously
(8). The 14-kDa polypeptide that was an autolytic product of native
67-kDa cucumisin was prepared by incubating 67-kDa cucumisin (10
mg) in 0.1 M sodium phosphate buffer, pH 7.2, at 50 °C for 30 min
followed by preparative SDS-polyacrylamide gel electrophoresis and
electroelution of the protein band from the gel. Both DFP-treated 67-
kDa cucumisin and the 14-kDa polypeptide were dialyzed extensively in
water with three changes. The NH,-terminal sequences of native 67-
kDa cucumisin and the 14-kDa polypeptide were determined by Edman
degradation using a gas-phase sequencer, Applied Biosystems 477A
equipped with phenylthiohydantoin analyzer PTA 120A according to the
manufacturer’s protocols and by the manual DABITC (4-N,N-dimeth-
ylaminoazobenzene-4'-isothiocyanate-2’-sulfonic acid) method as de-
scribed by Chang et al. (14).

Isolation of Poly(A)* RNA—The central parts of the fruits (200 g)
were ground to a fine powder with a mortar and pestle in liquid N,. The
powder was thawed in 40 ml of homogenizing buffer (0.25 m Tris-HC],
pH 7.5, containing 4.5 M guanidium isothiocyanate, 50 mmM EDTA-Na,,
and 5% p-mercaptoethanol) at 65 °C. Subsequently, 85 g of solid gua-
nidium isothiocyanate was added, and the mixture was homogenized
with a Physcotron (Nichion Rika, Tokyo, Type NS-50) for 3 min. After
filtration through sterilized gauze, the filtrate was centrifuged at 8,400
x g for 10 min at 12 °C, and 4 ml of 20% Sarkosyl was added to the 200
ml of supernatant and incubated at 65 °C for 2 min. After CsCl (0.1
g/ml) was added to the supernatant, the mixture was layered on the
cushion of 15 ml of 5.7 M CsCl containing 0.1 mm EDTA-Na,, pH 8.0, and
0.2% diethyl pyrocarbonate, and ultracentrifuged (Hitachi 55P-72) at
36,000 rpm for 20 h at 18 °C using an RP50-2 rotor. The pellet was
resuspended in a solution containing 5 mm EDTA-Na,, 0.5% Sarkosyl,
0.2% diethyl pyrocarbonate, and 5% B-mercaptoethanol, pH 8.0, and
following the addition of 0.25 volume of 1 M potassium acetate to the
suspension, total RNA was precipitated with 2.5 volumes of ethanol at
-20 °C. Poly(A)* RNA was isolated by oligo(dT)-cellulose column chro-
matography (9). Template activities of the poly(A)* RNA were measured
in a protein-synthesizing system in vitro that was prepared from wheat
germ (10).

c¢DNA Cloning—Most of the methods used for molecular cloning were
based on those of Sambrook et al. (9). Complementary DNA with an
EcoRI/Notl linker was synthesized with a ¢cDNA synthesis kit, cloned
into Agtll, and packaged using Gigapack II Gold extracts. The host
strain used for screening plaques was Escherichia coli Y1090r-.

Immunoscreening of the cDNA library was performed using a cu-
cumisin monospecific polyclonal antibody by the method of Mierendorf
et al. (11). Since all five positive clones obtained by immunoscreening
code for only a part of the amino acid sequence of cucumisin, rescreen-
ing by plaque hybridization was done using one of the clones, AMSP30,
as a probe. Insert DNA of the AMSP30 clone was amplified by polym-
erase chain reaction using Agtl1l forward and reverse primers, isolated
by agarose gel electrophoresis, and randomly labeled with [a-*P]dCTP.
This was then used to screen the ¢cDNA library as described by Sam-
brook et al. (9). Positive plaques from the cDNA library were purified,
the insert DNA was amplified by polymerase chain reaction, and their
sizes were determined by agarose gel electrophoresis. Thirty-three posi-
tive clones with inserts ranging from 0.5 to 2.6 kilobases were obtained
after three rounds of plaque purification.

Subcloning, DNA Sequencing, and Sequence Analysis—The insert
c¢DNA in AMSP177 clone was isolated from the purified phage by diges-
tion with NotI and subcloned into the NotI site of plasmid vector pBlue-
script SK*. This plasmid subclone (pMSP177) was further digested with
restriction enzymes and subcloned into the appropriate sites of pBlue-
script SK*. The nucleotide sequence of single- or double-stranded cDNA
inserts was analyzed from both directions by the dideoxynucleotide
chain termination method (12) using a Sequenase Version 2.0 sequenc-
ing kit as described in the manufacturer’s instruction manual. A series
of nested deletions was produced from the 5'- and 3'-ends of pMSP177
clones with exonuclease III and mung bean nuclease using an Exo-
Mung deletion kit according to a protocol from the manufacturer’s in-
struction manual. Also, the sequences of some regions were determined
with specific sequence primers (P1, CGAACTTCATACGACAA; P2,
CCCACAAGGCCTTACTATCT; and P3, GAAGTATCGCATTTCTTCCA)
which were synthesized on an Applied Biosystems 380A oligonucleotide

! The abbreviation used is: DFP, diisopropyl fluorophosphate.
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synthesizer (Foster City, CA). The amino acid sequence was compared
with other serine protease sequences in the Protein Identification
Resource compiled by the National Biomedical Research Foundation
by using the IDEAS program developed by Kanehisa et al. (13) and
the Hitachi Prosis program (Hitachi Software Engineering Co., Ltd.,
Yokohama, Japan).

Antibody Preparation and Purification—The purified native 67-kDa
cucumisin was inactivated with 1 mm DFP, mixed with Freund’s com-
plete adjuvant, and used to immunize Japanese white rabbits. To purify
the anti-cucumisin antibody, DFP-treated 67-kDa cucumisin was first
coupled to CNBr-activated Sepharose 4B. Then, crude immunoglobulin
was prepared by fractionation with 30-60% saturated (NH,),SO,, de-
salted by dialysis against phosphate-buffered saline, and applied to the
above column. After the column was washed with 5 volumes of coupling
buffer (0.1 m NaHCO, containing 0.5 M NaCl), bound antibody was
eluted with 1 volume of 0.2 m glycine HC) (pH 2.3). Fractions from the
column were neutralized with 0.4 M potassium phosphate buffer (pH
8.0), pooled, dialyzed against phosphate-buffered saline, concentrated
by reverse dialysis against a saturated solution of (NH,),SO,, and then
again dialyzed against phosphate-buffered saline. The antibody ob-
tained was tested for specificity by Western blot analysis (15) and used
for the immunoscreening of the cDNA library.

Analyses of RNA Gel Blots and Genomic DNA Gel Blots—Poly(A)*
RNA (10 pg) was separated in a 1.0% agarose gel containing 0.66 M
formaldehyde (9), transferred onto Hybond-N nylon membranes
(Amersham Corp.) and UV cross-linked for 3 min. The AMSP30 ¢cDNA
was labeled with [a-**P]dCTP by random labeling and used as a probe.
After the RNA gel blots were prehybridized in a solution containing 6 x
SSC, 5 x Denhardt’s solution, 50% formamide, 0.1% SDS, and 0.1 mg/ml
denatured salmon sperm DNA for 1 h at 50 °C, the blots were hybrid-
ized with approximately 107 cpm labeled probe in 10 ml of prehybrid-
ization solution overnight at 50 °C. Blots were washed twice with 2 x
SSC containing 0.1% SDS at 25 °C for 5 min, then three times with 1 x
SSC containing 0.1% SDS at 50 °C for 30 min and exposed to New RX
50 film (Fuji) with an intensifying screen at —-80 °C for 1 or 2 days.

For genomic DNA gel blot analysis, 15 pg of musk melon genomic
DNA, which was prepared from 10 g of young leaves using cetyltri-
methylammonium bromide as described by Rogers and Bendich (16),
was digested with each restriction enzyme. The DNA fragments were
electrophoresed on 0.8% agarose gels, transferred onto a Hybond-N
nylon filter, and UV cross-linked. As a quantitative control, AMSP30
c¢DNA of severalfold equivalents to that in 15 pg of melon genomic DNA
was electrophoresed in parallel. Amounts were calculated from an esti-
mated weight of the haploid genome of melon of 1.0 pg (16). Hybridiza-
tion, using AMSP30 ¢DNA as a probe which was labeled by random
priming, was carried out overnight at 42 °C in 6 x SSC containing 50%
formamide, 0.5% SDS and 0.1 mg/ml denatured salmon sperm DNA.
The filters were washed twice for 5 min with 2 x SSC, 0.1% SDS at
25 °C, for 30 min with 0.1 x SSC, 0.5% SDS at 37 °C, and for 30 min at
68 °C with the same solution. The filters were exposed as described
above for approximately 1 day.

RESULTS

Amino Acid Sequencing—The sequences of the first 13 amino
acid residues from the NH, terminus of the native 67-kDa
cucumisin and the first 7 amino acid residues from the 14-kDa
polypeptide that is an autolytic product of native 67-kDa cu-
cumisin were determined by Edman degradation as Thr-Thr-
Arg-Ser-Trp-Asp-Phe-Lys-Gly-Phe-Pro-Leu-Thr and Gly-Asp-
Tyr-Ser-Ala-Cys-Thr, respectively.

Molecular Cloning of Cucumisin cDNA—When the original
¢DNA library (1 x 10° clones) was screened, 5 clones (\MSP7,
11, 20, 28, and 30), which reacted with the monospecific anti-
body against 67-kDa cucumisin (see “Experimental Proce-
dures”) were identified. Restriction endonuclease mapping and
sequencing of these 5 clones indicated that all these clones are
likely to represent the transcripts from the same gene and that
each contained the coding region for only a part of the cucumi-
sin precursor. Using AMSP30 (1,860 nucleotides, the clone con-
taining the most 5’ sequence) as a probe, the cDNA library (3 x
10° clones) was rescreened by plaque hybridization, and a fur-
ther 33 clones were obtained. One of the longest clones,
AMSP177 was subcloned into the NotI site of pBluescript SK*,
and this pMSP177 clone was subsequently analyzed.
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The complete nucleotide sequences of both strands of the
pMSP177 ¢cDNA clone were determined, and all restriction
sites were bridged by separate sequencing reactions with dif-
ferent deletion clones and by using specific synthetic sequence
primers. The nucleotide sequence and the sequence of the pro-
tein predicted from the only long open reading frame are pre-
sented in Fig. 1A. The insert contains 2,552 base pairs includ-
ing the poly(A) tail. The nucleotide sequence of AMSP30 cDNA
was identical to the sequence from C* to A*% in pMSP177
¢DNA. RNA gel blots using the AMSP30 ¢DNA as a probe gave
one band of about 2.7 kilobases in size (data not shown) sug-
gesting that the AMSP177 ¢cDNA is an almost full-length clone,
taking into consideration the fact that plant mRNAs can con-
tain poly(A) tails up to 200 nucleotides long (17).

Assuming the most 5'-Met codon to be the correct starting
point for translation, the ATG at pesition 22-24 has been ten-
tatively designated the initiation codon on the basis of the
mRNA size (Fig. 1A). In this case, the NH,-terminal amino acid
sequence has features of typical eukaryotic signal sequences in
that it contains a long stretch of hydrophobic amino acid resi-
dues (Fig. 1A4). This is not surprising, since cucumisin is likely
to be a secreted protein that accumulates in the juice of the
central part of melons (8) and probably passes first through the
endoplasmic reticulum. There are four other Met codons fur-
ther downstream that are in frame with the coding sequence,
nucleotides 133-135, 184-186, 304-306, and 337-339 (Fig.
1A). However, if any of them was the initiation codon, the
resulting NH,-terminal sequence would not have the charac-
teristic features of a signal peptide. The hydropathy profile of
the amino acid sequence of the precursor, obtained according to
Kyte and Doolittle (18) with a span of 8 amino acid residues,
showed that the hydropathy of the NH, terminus (from Met! to
Phe’® in Fig. 14) was high enough for it to function as a signal
sequence translocating the protein across the membrane, and
such a hydrophobic segment was not observed in the following
sequence (data not shown). We therefore feel that the ATG at
nucleotides 22-24 is likely to be the initiation codon. The en-
coded protein has a predicted molecular weight of 78,815 and a
total of 731 amino acids, which is much larger than the isolated
native cucumisin (67 kDa) (8). Based on the role and structural
considerations described by Von Heijne (19), we predict that the
signal peptidase processing occurs after Ser?? as shown in Fig.
1A. The predicted signal peptide is followed by 88 amino acids
of pro-sequence since the sequence that is identical to the 13
NH,-terminal amino acid residues of the purified 67-kDa cu-
cumisin appears from Thr'! in the deduced amino acid se-
quence (Fig. 1, A and B). Therefore, cucumisin is probably
synthesized as a prepro-enzyme with a 110-amino acid NH,-
terminal region that is not part of the active enzyme. The
mature cucumisin protein contains 621 amino acids, and its
predicted molecular weight is 66,267, which is consistent with
the relative molecular weight of the purified native cucumisin
(67,000) as determined by SDS-polyacrylamide gel electro-
phoresis, bearing in mind also that cucumisin contains 2% car-
bohydrate (4). The amino acid composition predicted for the
mature cucumisin protein is very consistent with that of the
purified 67-kDa native cucumisin (8).

Since the 8 amino acid residues from Asn®'® were identical
with the reported amino acid sequence around the reactive
serine residue (7), Ser®® could be the reactive serine residue in
the prepro-cucumisin. The amino acid sequence from Gly**® was
identical to the NH,-terminal amino acid sequence of the puri-
fied 14-kDa polypeptide that is the autolyzed product derived
from 67-kDa native cucumisin (8) as shown in Fig. 14. The
molecular weights of the polypeptides from Thr''* to Thrf'® and
that from Gly®'® to the COOH-terminal Val?™! were calculated

32727

as 53,827 and 12,458, respectively, which are similar to those of
54-kDa cucumisin and a 14-kDa polypeptide determined by
SDS-polyacrylamide gel electrophoresis (8). Also, the amino
acid composition predicted for the former polypeptide is very
similar to that of the purified 54-kDa cucumisin (8). These facts
indicate that limited autolysis occurs at the COOH terminus of
the 67-kDa cucumisin and that the COOH-terminal 116 amino
acid residues are not essential for protease activity.

The predicted polypeptide contains four potential acceptor
sites for Asn-linked glycosylation, three of which occur in the
54-kDa cucumisin and one in the 14-kDa fragment. Two have
the sequence Asn-X-Ser at Asn*®* and Asn®*®, and two have the
sequence Asn-X-Thr at Asn®? and Asn®2 The sequences of
Asn*®-Ala*®"-Ser*®® and Asn®2-Arg®-Thr®* are identical to
those of the glycopeptide isolated from the purified enzyme
(20).

The coding sequence ends with a double stop codon, and the
proximal region can form two sequential stem and loop struc-
tures (nucleotides 2,205-2,249) as shown in Fig. 1A. In contrast
to most mammalian and plant mRNAs, no polyadenylation
signals were present within 30 base pairs upstream of the
poly(A) tail; however, three AATAAA and one AATAAG se-
quences were identified further upstream of the poly(A) se-
quence. It is not certain which sequence facilitates polyadenyl-
ation of this mRNA.

The complete sequence of the precursor indicated that auto-
lyzed 54-kDa cucumisin is located in the central part of the
primary structure of the precursor. Thus, it was clear that the
precursor consists of four portions: the possible NH,-terminal
signal peptide (22 amino acid residues), the pro-sequence (88
residues), the active 54-kDa protease (505 residues), and a
COOH-terminal polypeptide with unknown function (116 resi-
dues) (Fig. 1B).

Cucumisin Belongs to the Subtilisin Family—Since initial
searches of the protein sequence data base identified similarity
with several microbial serine proteases of the subtilisin family,
the amino acid sequences of these proteins were compared with
that of the protein predicted from the pMSP177 ¢DNA. The
similarity is particularly evident within the proposed catalytic
domains (Fig. 2). While Ser®® of the catalytic triad of cucumisin
could be identified as described above, two catalytic residues,
Asp'® and His?®, can be deduced by sequence similarities to
subtilisin. The asparagine residue at position 262 in subtilisin
is believed to stabilize the tetrahedral transition state (21). In
the predicted amino acid sequence of cucumisin, there was a
sequence highly homologous to this region (Fig. 2). Cucumisin
also shows some similarities to Kex2 (22) and furin (23), which
are proprotein and prohormone processing proteases, and tri-
peptidyl-peptidase II (24), a human subtilisin-like exopepti-
dase. However, the similarity to the microbial subtilisin family
is greater than it is to these Kex2-like proteins and tripeptidyl-
peptidase I1, i.e. the sequence identities between cucumisin and
subtilisin BPN' are 58, 60, and 57% in the D, H, and S region,
respectively, while those between cucumisin and Kex2 are 25,
33, and 36%, and those between cucumisin and tripeptidyl-
peptidase II are 8, 60, and 50%, respectively (Fig. 2). These
facts may explain the broad substrate specificity observed for
cucumisin (4). The most striking characteristic of the cucumi-
sin sequence, when compared with all the other microbial and
mammalian members of the subtilisin family, is the insertion of
a long sequence (216 residues) between the stabilizing Asn®%®
and the reactive Ser®® in the cucumisin relative to all the other
proteases, e.g. subtilisin BPN’ contains only 65 residues in the
corresponding region (25). In contrast to its homology with the
subtilisin family, cucumisin has no structural relation to the
trypsin-chymotrypsin family.



32728 The Primary Structure of Cucumisin

CTGATAGCAAAAAGCACTACTATGTCTTCTTCTCTAATCTTCAAGCTTTTCTTTTTTAGTCTTTTCTTCAGTAATCGACTCGCTTCTAGATTGGATTCTGACGATGATGGAAAAAACATT 120
LIAKSTTMSSSLIFKLFFFSLFFSNRLAS‘RLDSDDDGKNI
1
TATATTGTATACATGGGGAGGAAGCTAGAGGATCCTGATTCTGCTCATTTACATCATAGGGCAATGTTGGAACAAGTTGTTGGCAGCAC GCTCCAGAATCTGTGCTCCACACTTAC 240
34 Y I VYMGREKTLESDTPDSAHTLHHRAMLEQ QVYV GSTFAPESVILHTY

AAGAGAAGTTTCAACGGATTCGCAGT GAAACTTACT GAAGAAGAAGCT GAAAAGATTGCCAGTATGGAGGGTGTGGTGTCTGTGTTTTTAAAT GAAATGAACGAACTTCATACGACAAGA 360
74 KRS FNGF AV KLTETETEAEIKTIASMETGVVSVFLNEWMNETLHLTR

TCATGGGATTTTCTGGGTTTTCCACTAACTGTTCCTCGTCGAAGT CAAGTGGAAAGCAACATAGTTGTTGGAGTTTTGGACACCGGAATCTGGCCGGAATCTCCCAGTTTCGACGATGAA 480
114 S ¥ D F L G F P LTVPRRSQVESNIVYGVLDTGTIWPESZPSFDTDE
.

GGGTTCAGTCCTCCACCACCCAAATGGAAGGGCACTTGTGAAACCTCCAACAACTTTCGTTGCAACAGAAAAATTATTGGAGCTCGATCATATCACATAGGCCGTCCCATTTCACCCGRT 600
154 G F S PPPPKNWIKSGTTC CETS SNNFRICNRIKITIGARSYHTIGRTZPTISEPG

GATGTGAATGGTCCAAGAGACACAAATGGACACGGGACGCACACTGCATCAACAGCGGCTGGTGGTCTAGTTAGCCAGGCAAATCTATACGGTCTCGGGCTCGGGACGGCAAGAGGAGGA 720

194 0 VN G P RDTNGHGTHTASTAAGGLVYSQANLYGLGLGTARSGEGSESG
»

GTTCCCTTAGCGCGAATCGCTGCATACAAGGTATGCTGGAATGATGGTTGCTCTGATACAGACATTCTTGCAGCATATGACGATGCCATTGCGGATGGAGTCGATATTATATCTCTTTCA 840
234 V P L ARIAAYKVUOCNNDSGCSDTOTILAAYDDATIADGVYDTTISILS

GTGGGTGGGGCTAATCCACGACATTATTTCGTTGATGCCATTGCCATCGGATCTTTCCATGCAGTAGAGAGAGGAATATTAACATCCAATTCTGCTGGGAATGGAGGCCCTAATTTCTTC 960
274 V G 6 A NP RHYF VDAIAIGSTFHAVYERGIULTSNSAGNGS GPNTFTF

ACCACCGCAAGCCTGTCTCCGTGGCTTCTGTCTGTTGCTGCAAGCACCATGGACAGAAAGTTTGTCACACAAGTACAGATTGGTAATGGACAGAGCTTTCAGGGAGTTTCAATTAACACA 10680
334 T T A S L SPW®LLSV AASTMDRIEKTPFVTQQVQIGNGQQSFQGVSTINT

TTTGATAATCAATACTATCCCCTTGTTAGTGGGCGTGATATACCCAATACTGGTTTCGATAAGT CCACCTCAAGGTTCTGCACGGACAAGTCAGTGAATCCCAATTTGTTAAAGGGAAAA 1200
3% F DNQY YP LY S GRDTIPNTGFUDIKSTS SRFICTDXKSVNPNLILKGHK

ATTGTTGTTTGTGAAGCGAGT TTCGGTCCTCATGAATTCTTTAAGT CCTTGGATGGTGCAGCGGGTGTCCTCATGACATCAAATACGAGGGATTATGCAGACTCCTATCCCTTGCCTTCT 1320
394 I V V CE AS F GPHETFFIKSLDGAAGY LMTSNTRDYADSYUPLPS

TCCGTTCTCGACCCAAATGATCTCCTTGCCACTTTGCGTTATATTTATTCAATTCGCTCTCCTGGTGCAACCATTTTCAAGAGTACCACAATCCTCAATGCATCTGCACCTGTTGTTGTT 1440
434SVLDPNDLLATLRYIYSIRSPGATIFKSTTILNA=§_APVVV

TCCTTCTCATCCAGGGGTCCTAATCGTGCAACTAAAGATGTTATTAAGCCAGACATAAGTGGTCCAGGAGT CGAAATTCTAGCAGCATGGCCTTCTGTTGCACCAGTTGGTGGAATCCGT 1560
474 S F S S RGPNRATIKDVYIKPDTISGPGVETIILAAWPSVYAPYVYVGGIR

AGAAACACACTTTTTAATATAATCTCAGGAACATCAATGTCTTGTCCACATATCACTGGAATTGCAACCTACGTTAAAACATACAATCCTACTTGGTCTCCTGCTGCCATCAAGTCAGCA 1680
544 R N T L F NI I S GT SMSCPHITGIATYVYKTYNPTWSPAATILIKS SA

*

CTCATGACAACCGCTTCACCCATGAATGCTAGGTTCAATCCACAGGCAGAGTTTGCATATGGTTCAGGCCATGTTAACCCGCTAAAAGCAGTAAGACCTGGGTTGGTTTATGATGCAAAT 1800
S54 L MT T A SPMNARTFNPQAETFAYGSGHVY NPLKAVYRPGLVYDAN

GAAAGCGACTACGTTAAATTCTTGTGTGGTCAAGGTTACAACACCCAGGCGGTTCGACGTATCACCGGAGACTATAGTGCTTGTACTTCTGGTAATACTGGTAGAGTATGGGATTTAAAC 1920
594 E S DYV KF L CGQGYNTOQAVRRTIT,GDYSACTSGNTGRYVWDLN

TATCCTTCTTTTGGACTTTCAGTATCTCCTTCACAGACTTTCAATCAATACTTCAACAGAACTCTCACGAGTGTCGCCCCTCAAGCATCAACATATAGAGCTATGATCTCTGCCCCACAA 2040
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Fic. 1. Nueleotide and deduced amino acid sequence of the pMSP177 ¢cDNA clone and structure of prepro-cucumisin. A, the possible
initiation Met of the deduced amino acid sequence is indicated by the number 1. Arrows indicate the possible cleavage site of the signal peptide
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D region
*
1) Cucumisin 132 SNIVVGVLDTGTI 143
2) Subtilisin BPN' 131 SNVKVAVIDSGI 142
3) Bacillopeptidase F 219 TGTVVASIDTGYV 230
4) Aqualysin I 158 RGVNVYVIDTGTI 169
5) Proteinase K 136 QGSsSCVYVIDTGT 147
6) Protease B 317 RGVTSYVIDTGYV 328
7) Kex2 167 AGVVAAIVDDGL 178
8) Furin 145 HGIVVSILDDGTI 156
9) TPPII 150 GEVWRACIDSNE 161
H region
*
1) Cucumisin 200 DTNGHGTHTASTAAG 214
2) Subtilisin BPN' 167 DNNSHGTHVAGTVAA 181
3) Bacillopeptidase F 270 DDLAHGTHVTGTMVG 284
4) Aqualysin I 193 DCNGHGTHVAGTIGG 207
5) Proteinase K 170 DGNGHGTHCAGTVGS 184
6) Protease B 353 DGNGHGTHCAGTTIAS 367
7) Kex2 209 SDDYHGTRCAGETIAA 223
8) Furin 190 NDNRHGTRCAGEVAA 204
9) TPPII 207 SGGAHGTHVASIAAG 231
S region
*
1) Cucumisin 522 SGTSMSCPHITGTIA 535
2) Subtilisin BPN' 325 NGTSMASPHVAGAA 338
3) Bacillopeptidase F 448 DGTSMAGPHVSAVA 461
4) Aqualysin I 346 NGTSMATPHVAGUVA 359
5) Proteinase K 326 SGTSMATPHVAGLA 339
6) Protease B 516 SGTSMASPHVAGLL 529
7) Kex2 382 GGTSAAAPLAAGVY 395
8) Furin 365 TGTSASAPLAAGTII 378
9) TPPII 393 NGTSMSSPNACGGI 406
Substrate binding site
#

1) Cucumisin 295 AVERGILTSNSAGNGG 310
2) Subtilisin BPN' 249 AVASGVVVVAAAGNEG 264
3) Bacillopeptidase F 364 WRAADIFPEFSAGNTD 379
4) Aqualysin I 271 SIAAGVVYAVAAGNDN 286
5) Proteinase K 253 LQSSGVMVAVAAGNNN 268
6) Protease B 441 AVEVGIHFAVAAGNEN 456
7) Kex2 301 RDSKGAIYVFASGNGG 316
8) Furin 282 RGGLGSIFVWASGNGG 297
9) TPPII 296 VWKHNIIYVSSAGNNG 311

Fic. 2. Alignment of cucumisin with other serine proteases. D,
H, and S regions represent sequences around the catalytic Asp, His, and
Ser residues for the serine proteases. The catalytic residues are labeled
by an asterisk. # indicates the stabilizing Asn. Subtilisin BPN’ (25) and
Bacillopeptidase F (42) are from Bacillus subtilis. Aqualysin I is from
Thermus aquaticus YT-1 (41). Proteinase K is from Triticum album (43).
Protease B (44) and Kex2 (22) are from Sacharomyces cerevisiae. Furin
(23) and TPPII (24) are from human. Amino acids that are identical to
cucumisin are shown in boldface. Amino acid residues of each protease
are numbered from the precursor sequence.

Sequence similarities between the deduced amino acid se-
quence of cucumisin and other plant proteins currently within
sequence data bases (Swiss protein, release 27.0; Genpept, re-
lease 79.0; PIR, release 38.0) were also examined. One plant
protein from Lilium longiflorum with GenBank accession num-
ber D21815, showing overall similarity to cucumisin (28% iden-
tity at amino acid level) could be found. Also, two short polypep-
tides encoded by the ¢cDNAs from Arabidopsis thaliana, with
GenBank T04180 and Z18093, have high homology to the cor-
responding region of cucumisin. There was also significant sim-
ilarity between the pro-sequence of the cucumisin precursor
and a polypeptide encoded by rice cDNA (GenBank D23159).
These plant sequences have not been characterized yet, but, if
nothing else, this information seems to confirm that cucumisin-
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Fic. 3. Hybridization of cucumisin ¢cDNA to restriction endo-
nuclease digested melon leaf DNA. DNA (15 pg) from melon leaves
was digested with BamHI (lane 4), Sacl (lane 5), or Xbal (lane 6),
subjected to agarose gel electrophoresis, blotted to Hybond-N nylon
membranes and probed with [a-*P]dCTP-labeled AMSP30 cDNA.
AMSP30 ¢cDNA was also electrophoresed on the gel. Each amount of
loaded AMSP30 corresponds to twice (lane 1), equal (lane 2), and a half
(lane 3) equivalent to the 15 pg of genomic DNA of melon, which was
calculated from the weight of the haploid genome to be 1.0 pg (16). The
sizes of DNA fragments were determined by DNA standards run in
parallel (not shown).

like proteases are widely distributed in several plant species
other than Cucurubitaceae.

Genomic DNA Gel Blot Analysis—Genomic DNA gel blot
analysis, shown in Fig. 3, was performed to determine the
complexity of cucumisin-encoding genes. A blot containing
musk melon genomic DNA digested with several restriction
enzymes was probed with AMSP30 ¢cDNA. DNA digested with
each of the enzymes BamHI, Sacl, and Xbal gave rise to only a
single band at 15.0, 4.4, and 6.6 kilobase pairs, respectively,
which hybridized to AMSP30 ¢cDNA. Although the AMSP30
¢DNA probe has a Sacl site near the 5’ terminus, we could not
detect any other bands in the Sacl fragment of the genomic
DNA that hybridized to the probe. The most likely explanation
for this is that the Sacl fragment of the probe is too small (155
base pairs) to detect the hybridization. All of the fragments
appeared to hybridize with equal intensity as the single copy
reconstructions (Fig. 3). These results indicate that a single
gene encoding cucumisin is present per haploid genome in
Cucumis melo L.

DISCUSSION

Sequence Similarity between Cucumisin and Subtilisins—
The COOH-terminal 621 amino acids deduced from the nucle-
otide sequence of A\MSP177 define the protease domain of cu-
cumisin, which is very closely related to the proteases of the
subtilisin family but not to those of the mammalian trypsin-
chymotrypsin family. Cucumisin is the first plant protease of
the subtilisin family for which the complete primary structure
has been clarified. Serine proteases of the subtilisin family
have traditionally been thought to be restricted to prokaryotes.
Recently, however, subtilisin-like proteases have been found in

(small arrowhead), the processing site of the pro-sequence (vertical arrow) and the autocleavage site of native 67-kDa cucumisin (large arrowhead).
The amino acid sequences underlined by a straight line and a double straight line correspond to the NH,-terminal sequences determined by amino
acid sequencing of 67-kDa native cucumisin and the 14-kDa polypeptide that was generated by the autolysis of the 67-kDa native cucumisin,
respectively. Amino acid sequences underlined by a dotted line and two double dotted lines correspond to the reported proximal sequences around
the reactive serine residue (7) and two glycopeptides (20), respectively. Asterisks identify the Asp, His, and Ser residues corresponding to the
catalytic triad in the homologous subtilisins. Underlined nucleotide sequences indicate the putative polyadenylation sequences. Horizontal arrows
over the nucleotide sequence indicate possible stem and loop structures. Diamonds indicate the double termination codons. B, diagram of the
four-domain structure of prepro-cucumisin, from NH, to the COOH terminus; a possible signal peptide (22 amino acid residues), NH,-terminal
pro-sequence (88 residues), mature autolyzed 54-kDa cucumisin (505 residues), and COOH-terminal 14-kDa fragment (116 residues).
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low. S, signal sequence; N, NH,-terminal
pro-sequence; P, protease domain; C,
COOH-terminal fragment. A, prepro-cu-
cumisin; B, pro-cucumisin with NH,-ter-
minal prosequence and COOH-terminal
segment; C, 67-kDa native cucumisin; D,
54-kDa autolyzed cucumisin.
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lower eukaryotes such as fungi and yeast. Furthermore, it was
reported that mammalian endoproteases that have structural
identity to yeast Kex2 protease are responsible for cleavage of
some biochemically and biomedically important proproteins
and prohormones (26). However, cucumisin has a higher simi-
larity with prokaryotic subtilisin type enzymes than any of the
mammalian Kex2-like enzymes and tripeptidyl-peptidase II
(Fig. 2), possibly reflecting the broader substrate specificity of
cucumisin in similarity to the bacterial enzymes. The discovery
of cucumisin as a new member of the subtilisin family raises
intriguing questions regarding the evolutionary descent of the
plant subtilisin-like serine protease. Furthermore the identifi-
cation of several other proteins in plants that have similarity to
cucumisin suggests its widespread occurrence in plants. Since
a plant polypeptide hormone has recently been found to be
derived from a prohormone precursor in a similar way to ani-
mal polypeptide hormones (27), some of the subtilisin-type ser-
ine proteases may function in its processing, in a similar fash-
ion as occurs with proproteins and prohormones in mammals
(26).

The Structure of Prepro-cucumisin—We found that the pre-
cursor of cucumisin comprises four functional domains (Fig. 1):
the possible signal peptide (22 amino acid residues), the NH,-
terminal pro-sequence (88 residues), mature autolyzed 54-kDa
cucumisin (505 residues), and the COOH-terminal polypeptide
(116 residues), which is released from the 67-kDa native cu-
cumisin by autolysis during fruit development.

Since cucumisin is likely to be a secreted protein, we would
expect to find a secretory peptide region that is cleaved from
the mature protein. The NH,-terminal amino acid sequence
indeed has the general characteristics of signal sequences that
direct cotranslational delivery to the lumen of the endoplasmic
reticulum. The presumed cleavage site of the signal peptide
would be predicted to follow Ser??. Although our knowledge of
the molecular mechanisms of compartmentalization and secre-
tion of plant secretory proteins is poor, protein secretion is
thought to occur by a default mechanism in plant cells as in
mammalian and yeast cells, i.e. secretory proteins do not re-
quire positive targeting signals to proceed along the secretion
pathway (28). We could not detect any homology in prepro-
cucumisin with known targeting signals or transit peptides
necessary for protein transport to specific organelles such as
vacuoles, nuclei, mitochondria, or chloroplasts. This also sup-
ports the idea that cucumisin is a secreted protein. Plant thiol
proteases also have the signal peptide, for example, the papain
precursor of Carica papaya has a signal peptide of 26 amino
acid residues and is secreted into the latex (29, 30), and en-
dopeptidase B and aleurain of barley seed have 21 and 22
residues of signal peptide, respectively (31).

The possibility of an 88-residue propeptide in the cucumisin

621aa 66,267

505aa 53,827

precursor raises questions as to its biological function and the
cellular site and mechanisms of its proteolytic processing. In
maturing melons the main site of synthesis of protease appears
to be in locular tissue just around the seeds,? but most of the
protease activity is located in the juice of the central part of the
fruits from a very early stage of fruit development onward (8),
suggesting that the newly synthesized enzyme is immediately
secreted into the juice. The most obvious possibility regarding
the pro-peptide function is that it keeps the enzyme inactive
and thus protects proteins involved in the secretory pathway
from nonspecific proteolytic degradation. If this were the case,
one would also expect the final removal of the pro-peptide to
occur in the juice following the secretion of the proprotease
zymogen from the cells around the seeds. All other precursors
of plant proteases so far reported have a pro-sequence; for
example, papain precursor has a pro-sequence of 107 amino
acid residues (30), and endopeptidase B and aleurain have 111
and 119 residues of pro-sequence, respectively (31).

Another possible function of the propeptide is that it is re-
quired for correct folding of the catalytic domain. This has been
shown for the pro-sequences of subtilisin (32) and for the a-lytic
protease of Lysobacter enzymogenes 495 (33). In the subtilisins
secreted by the Bacillus species, the inactive precursor of each
subtilisin has a signal peptide and an NH,-terminal pro-se-
quence (25, 34—-36). For example, subtilisin E has a 29-residue
signal sequence and a 77-residue prosegment (34), and the
mature active protein is formed after self-cleavage of the
propeptide (37). The pro-sequence of subtilisin E is essential for
guiding the appropriate folding of the active conformation of
the enzyme (38), and this function of the pro-sequence can be
effective even intermolecularly in vitro (32). Random mutagen-
esis experiments have shown that the pro-peptide consists of a
few functional regions that interact with specific regions of
mature subtilisin during the folding process (39). Since the
pro-peptide is not a part of the final mature subtilisin, it is
proposed to function as a built-in intramolecular chaperone for
production of an active enzyme (40). Also, the pro-peptide can
inhibit the mature enzyme specifically and competitively in
vitro (40). The NH,-terminal pro-sequences of several sub-
tilisins contain a common sequence, Tyr-Ile-Val-Gly-Phe-Lys,
in the NH,-terminal region (36). Comparison of the NH,-termi-
nal pro-sequence of cucumisin and subtilisins reveals only one
short homologous sequence, Tyr-Ile-Val (residues 34-36 in cu-
cumisin shown in Fig. 1A). Thus, although the pro-sequence of
the cucumisin precursor has no notable structural homology to
that of subtilisin, it is probably essential for the production of
active cucumisin, and the processing of the pro-peptide may in

2H. Yamagata, K. Hanamori, and T. Iwasaki, unpublished

observations.
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fact occur by an autocatalytic mechanism as was found for
subtilisin.

The four-domain structure of prepro-cucumisin is more sim-
ilar to the precursors of aqualysin I from Thermus aquaticus
YT-1 and bacillopeptidase F from Bacillus subtilis than it is to
the other subtilisins, which do not have a COOH-terminal pro-
sequence. Indeed the amino acid sequence of the COOH-termi-
nal 14-kDa polypeptide of the 67-kDa native cucumisin has
partial homology to those of aqualysin I and bacillopeptidase F.
However, in contrast to the aqualysin I and bacillopeptidase F
COOH-terminal sequences, which are cleaved soon after the
pro-proteases are secreted to the extra cellular medium (41,
42), the COOH-terminal 14-kDa polypeptide of cucumisin is
not released immediately after secretion; while in the fruits at
the 10th day after pollination almost all the cucumisin is in the
67-kDa form (8), the 54-kDa form becomes much greater than
the 67-kDa form in ripened fruits at the 50th day after polli-
nation.? Since 54-kDa cucumisin is as active as 67-kDa cucumi-
sin, the 14-kDa peptide is not required for the protease activity
of cucumisin (8). However, it is not known whether the COOH-
terminal sequence is important for secretion of the protein into
the extracellular juice from the cells in which the precursor of
cucumisin is synthesized. In this regard, it is known that the
COOH-terminal 290 amino acids of bacillopeptidase F are not
required for either catalytic activity or secretion (42), while the
COOH-terminal pro-sequence (105 residues) of Aqualysin 1 is
thought to function in T. aquaticus for secretion through the
outer membrane of the cell (41).

The processing of prepro-cucumisin can be summarized as
shown in Fig. 4. First, prepro-cucumisin (the 79-kDa polypep-
tide) produced in the cells of locular tissue around the seeds is
translocated to the lumen of the endoplasmic reticulum with
the aid of the signal peptide. Second, the pro-cucumisin (76
kDa) is probably secreted to the juice of the central part of the
fruit. Third, the NH,-terminal pro-sequence is removed, and
mature active 67-kDa cucumisin is produced. In the later
stages of fruit development, the 14-kDa fragment localized in
the COOH terminus of the 67-kDa cucumisin is released by the
proteolytic activity of cucumisin itself, and the 54-kDa auto-
lyzed form of cucumisin is produced in the juice.

The accumulation of the large amount of cucumisin protein
in melons (more than 10% of total fruit protein (8)) and the
single copy character of the corresponding gene (Fig. 3) sug-
gests that the cucumisin gene contains a strong promoter,
which also controls the fruit-specific expression of cucumisin.
In addition to being of fundamental interest, these facts sug-
gest that the cucumisin promoter may be potentially useful for
genetic engineering of fruits in the future.
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