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Two cysteine proteinase inhibitors, cystatins Sca and Sch, were previously isolated from
sunflower seeds [Kouzuma et al. JJ. Biochem. 119 (1996) 1106-1113]. A ¢cDNA clone encod-
ing a novel phytocystatin with three repetitive cystatin domains was isolated from a
cDNA library of sunflower seeds using the Sca cDNA fragment as a hybridization probe.
The cDNA insert comprises 1,093 bp and encodes 282 amino acid residues. The deduced
amino acid sequences of the domains are highly similar to each other (66-81%), sharing
65-90% identical residues with Sca. The cDNA was expressed in Escherichia coli cells,
and then the recombinant sunflower multicystatin (SMC) was purified and its inhibitory
activity toward papain was examined. SMC exhibited strong inhibitory activity toward
papain, with a stoichiometry of 1:3, indicating that each cystatin domain independently
functions as a potent cysteine proteinase inhibitor. Proteolysis of SMC with Asn-specific
proteinase suggested that post-translational processing by an Asn-specific proteinase

may give rise to mature Sca-like phytocystatins.

Key words: cDNA cloning, cysteine proteinase, overexpression, phytocystatin, sun-

flower.

A large number of cysteine proteinase inhibitors have been
found in various plant organs, and information on their
amino acid sequences has recently been obtained through
either protein or cDNA sequencing. These cysteine protein-
ase inhibitors of plant origin have been grouped into a
fourth cystatin family, the “phytocystatins,” based on the
sequence similarity and absence of disulfide bonds. Phyto-
cystatins have common structural properties as follows: (i)
they are single polypeptide chains with molecular masses
ranging from 10 to 12 kDa, and (ii) they share three con-
served sequence motifs: Gly in the vicinity of the N-termi-
nal region, Gln-Xaa-Val-Xaa-Gly in the first hairpin loop,
and Pro-Trp in the second hairpin loop (I-9). Although
their physiological functions remain obscure, the gene ex-
pression pattern, as well as the properties of the proteins
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suggest that they may play a role in the plant’s defense sys-
tem.

We earlier isolated two distinct phytocystatins, Sca and
Scb, from sunflower seeds and characterized their inhibi-
tory specificities as well as their primary structures (10).
Sca and Scb are single polypeptide chains comprising 83
and 101 amino acid residues, respectively, and share 43%
identical residues. They exhibit inhibitory activity toward
papain with K values of 5.6 X 10™® and 1.7 X 107 M,
respectively, and, in addition, Scb exhibits inhibitory activ-
ity toward cathepsins B, L, and H. Although both phytocys-
tatins in general have structural features in common with
other phytocystating, they have characteristic features as
compared with other phytocystatins. First, Sca lacks about
10-25 amino acid residues at the N-terminus as compared
with other phytocystatins, resulting in the absence of Gly
in the N-terminal region. Furthermore, Scb is a highly
basic protein with a pl value of 9.6, and has an additional
amino acid sequence in the middle of the molecule as com-
pared with those of other phytocystatins.

For a better understanding of the structure-function rela-
tionship of the two phytocystatins from sunflower seeds, we
cloned a ¢cDNA encoding Scb and functionally expressed it
in Escherichia coli cells (11). Furthermore, a mutagenesis
study on Scb demonstrated the importance of the N-termi-
nal Gly residue for the inhibitory activity toward cysteine
proteinases (11). In the present study, we amplified cDNA
fragments encoding Sca and used them as probes for
screening the full length of its cDNA clone. Unexpectedly, a
c¢DNA clone encoding a novel phytocystatin consisting of
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three repetitive cystatin domains was discovered. We report
here the molecular cloning and functional expression of the
c¢DNA encoding the novel sunflower multicystatin (SMC) in
E. coli cells. We also discuss the physiological relationship
between SMC and Sca.

MATERIALS AND METHODS

Materials—A sunflower maturing seed ¢cDNA library
was constructed previously (11). The oligonucleotides used
in this study were purchased from Amersham-Pharmacia
Biotech. Tag DNA polymerase, a random primer DNA
labeling kit, a DNA ligation kit, and asparaginylendopepti-
dase were obtained from Takara Shuzo, and used as recom-
mended by the supplier. Restriction endonucleases and
DNA modifying enzymes were purchased from either
Toyobo or MBI Fermentas. The plasmid vectors used in this
work were as follows: pUC18 from MBI Fermentas,
pGEM™.T EASY vector from Promega, and pET-22b ex-
pression vector from Novagen. Papain and pronase were
obtained from Sigma Chemicals. All other chemicals were
of analytical grade for biochemical use.

Preparation of the Sca Gene Fragment by PCR—Four oli-
gonucleotides were synthesized for use as primers corre-
sponding to the amino acid sequence of the Sca protein:
forward primer 1, 5-TTCGCCGTCGACGARCAYAAYAAR-
AARC-3’ (FAVDEHNKK at positions 9-17); back primer 1,
5-TCYTTRAAGCTTYTCCCANGGYTTNACCC-3" (WVKP-
WENFKE at positions 60—69); forward primer 2, 5’-TGGC-
NGAATTCGCNGTNGAYGARCA-3' (LARFAVDEH at posi-
tions 7-15); and back primer 2, 5-GCNGCRTCNACNGG-
YITGAATTCYTG (QEFKPVDAA at positions 72-80),
where R represents A and ; Y, C,and T; N, A, C, G, and T.
PCR was performed with sunflower developing seed
c¢DNAs, as a template, and an automated thermal circular
(ASTEC, Program Temp Control System PC-700). The PCR
products were purified on a gel and then subcloned into the
pGEM™.T EASY vector. After confirmation of its sequence,
the resulting fragment was used as a hybridization probe
to screen the cDNA library.

Screening and Nucleotide Sequencing—The sunflower
developing seed ¢cDNA library was screened by plaque
hybridization utilizing the PCR product labeled by the ran-
dom priming method, as described in Ref 12. Through the
second and third plaque hybridizations, a positive clone
was isolated and phage DNA was prepared from it. The
c¢DNA insert was excised with EcoRI and then subcloned
into plasmid vector pUC18, and then sequencing was per-
formed with a DNA Sequencer DSQ-1000 (Shimadzu)
using a Thermo Sequenase Cycle Sequencing kit (Amer-
sham-Pharmacia Biotech).

Expression of SMC in E. coli Cells—To obtain the SMC
cDNA fragment with restriction sites Ndel and BamHI at
the 5- and 3'- ends, respectively, PCR was performed with
the SMC ¢DNA as a template with forward primer 5-CT-
AACATATGTCACTTGTTGG-3' and back primer 5-GGAT-
TGGATCCTCAATAAAGGTGCTTGAA-3. The PCR prod-
ucts were ligated into the pGEM™.T EASY vector. After
confirmation of the DNA sequence, the DNA fragment en-
coding SMC was excised by digestion with Ndel and
BamHI, and then ligated into expression vector pET-22b,
previously digested with the same enzymes. The resulting
plasmid, pET-SMC, was introduced into E. coli BL21(DE3),
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and then the recombinant protein was induced with 1 mM
IPTG according to the supplier’s instructions.

SDS-Polyacrylamide Gel Electrophoresis—Overproduc-
tion of SMC in E. coli cells was analyzed by SDS-PAGE on
15% acrylamide gels (13).

Purification of the Recombinant SMC—Purification of
the recombinant protein was performed as previously de-
scribed (11). The insoluble inhibitor proteins (inclusion bod-
ies) in E. coli were dissolved in 30 mM Tris-HC1 buffer (pH
7.5) containing 30 mM NaCl and 5 M guanidine hydrochlo-
ride (Gdn-HCI). The Gdn-HCI concentration in the protein
solution was decreased by dialysis and the solution was
finally dialyzed against 30 mM Tris-HCl buffer (pH 7.5)
containing 30 mM NaCl. To avoid precipitation of the pro-
tein, an appropriate concentration (0.1 to 1 M) of arginine
hydrochloride was added to the dialysis buffer. Proteins
were purified by gel filtration on a Sephadex G-75 column,
followed by RP-HPLC on a YMC-GEL C4 (300 A) column
(4.6 X 250 mm). The N-terminal amino acid sequence of
the protein was determined with a gas phase sequencer
PSQ-1 (Shimadzu).

Protease Inhibition Assay—The papain inhibition assay
was performed as described in Ref 10 using Pyr-Phe-Leu-
p-nitroanilide. The concentrations of the recombinant pro-
teins were determined by amino acid analysis. Active site
titration of papain was performed using E-64 (14).

Proteolysis of SMC—Digestion of the recombinant SMC
protein was performed using asparaginylendopeptidase at
an enzyme-substrate ratio of 1:400 to 1,000 at 25°C for 24
h in 50 mM acetate buffer, pH 5.0, containing 10 mM DTT
and 1 mM EDTA.

RESULTS

Cloning and Nucleotide Sequencing—To obtain a hybrid-
ization probe for the screening of a ¢DNA clone encoding
Sca, we amplified cDNA fragments with two sets of degen-
erated primers based on the amino acid sequences of Sca,
as described under “MATERIALS AND METHODS.” Amplifica-
tion with 1 and 2 sets of primers produced 180 and 200 bp
cDNA fragments, respectively. These were the expected
sizes based on the positions of primers in the amino acid
sequence in Sca. Nucleotide sequence analysis of the PCR
products revealed that the deduced amino acid sequence of
the 180 bp fragment was in perfect agreement with the
protein sequence of Sca, while that of the 200 bp fragment
exhibited high, but not perfect, sequence identity with that
of Sca, suggesting the presence of isophytocystatins of Sca.
Each fragment was used to screen Sca cDNA clones.
Screening of approximately 2.4 X 10® independent recombi-
nant clones from a Agtll ¢cDNA library using the 180 or
200 bp fragment gave an identical positive clone. The insert
of the positive clones was subcloned into the pUC 18 vector
and sequenced using a DNA sequencer DSQ-1000.

The nucleotide sequence of the ¢cDNA and its deduced
amino acid sequence are shown in Fig. 1. The ¢cDNA clone
comprises 1,093 bp with an open reading frame of 849 nu-
cleotides, this being extremely longer than that predicted
from the Sca protein sequence. Comparison of the amino
acid sequence deduced from the cDNA sequence with that
of Sca revealed that this cDNA encodes a novel phytocysta-
tin with three repetitive cystatin domains per molecule.
The deduced amino acid sequences of the three domains as
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ATT CGC GGC CGC TAA AAG ATG TCA CTT GTT GGA GGA TTT ACA GAA GTA AAG GAC TTT GCA 60

M S L v G G F T E \'4 K D F A 14
AAC AGC ATT GTG ATC GAC GAT CTC GCT CGA TTC GCC GIC GAT GAA TAC AAC AAG ARG CAG 120
N s I v I D D L A R F A V D E Y N K K Q 34
AAT ACC CTG CTG GAA TTT AGG AAG GTG CTG AAT GCA AAG GAG CAG ATA GTT TCT GGT ACA 180
N T L L E F R K V L N A K E Q I V S G T 54
TTG TAT TAT ATC ACA CTT GAT GCA GCT AAT GGT GGT ATC ATA AAG ACT TAT GAA GCC AAG 240
L Y Y I T L D A A N G G I I K T Y E A K 74
GTT TGG GTT AAG AAA TGG GAA AAC TTA AAA GAA TTG CAA GAG TTC AAG CCT GTT GAT GCT 300
Vv W V K K W E N L K E L Q E F K P V D A 94
GCC ACC TCA GTT ATT GGA GGA ATT ACA GAA GTA AAG GAC TPT GCA AAC AGC CTT GAG ATC 360
A T s Vv I 6 G I T E V K D F A N S L E I 114
GAA GAT CTC GCT CGA TTC GCC GTA GAT GAA CAC AAC AAG AAG CAG AAT ACC CTG CTG GAA 420
E D L A R F A V D E H N K K Q N T L L E 134
TTT GGG AAA GTA CTG AAT GCA AAG GAG CAG ATA GTT GCT GGT AAA TTG TGT TAT ATC ACA 480
F ¢ K vV L N A K E Q I V A G XK L C Y I T 154
CTT GAA GCA ACT GAT GGT GGT GTC AAA AAG ACT TAT GAA GCC AAG GTT TGG GTT AAG CCA 540
L E A T D G G V K K T Y E A K V W V K P 174
TGG GAA AAC TTC AAA GAA TTG CAG GAG TTC AAG CCT GTT GAT GCT GCC ACC CCA GTC ATT 600
W E N F K E L Q E F K P V D A A T P V I 194
GGA GGA ATT ACA GAA GTA AAG GAC TTT GCA AAC AGC CTT GTG ATC GAC GAT CTC GCT CGA 660
6 6 I T E V K D F A N S L V I D D L A R 214
TTC GCC GTC GAT GAA TAC AGC AAG AAG CAG AAT ACC CTG CTG GAA TTT GAG AGG GTA CTG 720
F A v D E Y S K K @ N T L L E F E R V L 234
GAT GCA AAG CAG CAG ATA GTT GCT GGT ACA ATG TAT TAT TTC ATA CTT GAA GCA ACT GTT 780
D A K Q Q I V A G T M Y Y F I L E A T V 254
GGT GGT GTC AAA AAC ACT TAC GTA GCC AAG GTT TTG CTT AAG CCG GAC AAC TCC AAA GAA 840
G 6 V K N T Y V A K V L L K P D N § K E 274
TTG AAG GAA TTC AAG CAC CTT TAT TGA AGC AGT AAT GGT GTA TGT TCT ATG ATG CAG GCG 900
L XK E F X H L Yy * 282
AGA GTG CCA GGA GAC CGC TAC CAG GGT GTG AAC CTT AAT CTT ATA AAT AAT ATC GTT TTG 960
GTT AAT[AAT AAA|CGG TTC TTG CAT TAC ATT GCA AGT TTG TGC CGC TGC TTA TGT TTG CTT 1020
AAA TAA TTT CGT TTG GTT AGT[AAT AAAJCGG TTC TTG CAT TAC ATT CAA GTT AAA AAA AAA 1080
AAA AAA ARA AMA A 1093

Fig. 1. Nucleotide and deduced amino acid sequences of the cDNA clone. The predicted amino acid sequence is shown below the nu-
cleotide sequence. The termination codon is indicated by an asterisk. The conservative GIn-Xaa-Val-Xaa-Gly sequences are underlined. The

putative poly (A) signals are enclosed in boxes.

well as that of Sca are aligned so as to give maximum
homology in Fig. 2. The three repetitive domains are homo-
logous to each other, having 66-81% identical residues;
domains 1 and 2 exhibit the highest homology (81%), while
domains 1 and 3 exhibit the lowest homology (66%), and
also share 65-90% identical residues with Sca. The second
domain is the most homologous to Sca: there are identical
72 residues in the two sequences, that i, 90% of the resi-
dues compared. In contrast, the third domain is the most
divergent from Sca (65%). Essential structural motifs in
cystatin families: Gly in the N-terminal region, Gln-Xaa-
Val-Xaa-Gly in the middle region, and the Trp residue in
the C-terminal region, are conserved in all three domains
except for the third one, the conserved Trp being absent in
the third domain. It should also be noted that a single Cys
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(Cys-151) is present in the second cystatin domain. We
refer to this novel cystatin as sunflower multicystatin,
SMC.

Expression and Inhibitory Activity of the Recombinant
Protein—To characterize the properties of SMC, we at-
tempted the expression of SMC in E. coli. Expression plas-
mid pET-SMC was introduced into E. coli strain BL21-
(DE3) and then expression of the protein was induced by
adding IPTG to the culture medium. Subsequently, an ex-
tract of E. coli expressing SMC was prepared by sonication,
and the soluble and insoluble fractions were analyzed by
SDS-PAGE. This analysis showed that the recombinant
SMC (rSMC) predominantly occurred in the form of indu-
sion bodies (Fig. 3).

The rSMC was solubilized, refolded as described under
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Fig. 2. Comparison between the deduced
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Fig. 3. Overproduction of the recombinant SMC in E. coli. (A) < 3
Total protein of E. coli harbouring pET-SMC. Lane 1, without induc- ®
tion; lane 2, induction by IPTG. (B) Soluble or insoluble fraction of E. iy
coli after sonication. Lane 1, insoluble fraction; lane 2, soluble frac- E
tion. M, molecular weight markers: Bovine serum albumin (67 kDa), E
ovalbumin (45 kDa), a-chymotrypsinogen (25 kDa), and lysozyme 8
(14 kDa). Arrows indicate the position of the expressed SMC protein. <
1 1 1 1 ]

“MATERIALS AND METHODS,” and then purified by RP-
HPLC on a YMC-GEL C4 column (Fig. 4). The major peak
material exhibited a strong papain-inhibitory activity and
the molecular mass was estimated to be 32 kDa on SDS-
PAGE. This value was in agreement with the calculated
molecular mass of SMC (31,831 Da). The yields were about
20 mg/liter of induced culture. Sequence analysis of the
rSMC gave the N-terminal sequence: Phe-Thr-Glu-Val-Lys-
Asp, indicating that rSMC was processed at the C-terminal
side of a conserved glycine (Gly-6) by endogenous protein-
ases in E. coli.

The inhibitory activity of rSMC toward papain is shown
in Fig. 5. The SMC could inhibit papain with a stoichiome-
try of 1:3, suggesting that each of the three phytocystatin
domains in the SMC molecule independently functions as a
cysteine proteinase inhibitor. The inhibition constant, K, of
SMC for papain was calculated to be 4.0 X 1078 M, assum-
ing that SMC has three equivalent reactive sites for papa-
in. This K, value was almost the same as that of Sca (5.6 X
107° M). The reduction of the affinity may be caused by the
steric hindrance between SMC and the papain molecule.

Characterization of the Recombinant SMC—Comparison
of the deduced amino acid sequence of SMC with that of
Sca suggested that mature Sca-like phytocystatins could be
produced through cleavage at the conserved Asn-Ser sites
in the N-terminal regions of each of the three cystatin do-

0 10 20 30 40 50

Retention time ( min. )
Fig. 4. Reverse-phase HPLC of the purified recombinant
SMC. Proteins obtained on gel filtration column chromatography
were subjected to RP-HPLC on a Wakosil 5C,, column (4 X 250 mm)
with 0.1% TFA at the flow rate of 1 ml/min. The protein was eluted
with a linear gradient of 0 to 64% acetonitrile in 0.1% TFA. The
eluted protein fraction (black bar) was recovered and subjected to
SDS-PAGE. The arrow indicates the position of the recombinant
SMC protein.

mains in SMC. Since the proteinases responsible for cleav-
age at an Asn-Xaa linkage in plants are well known (15),
this finding suggested that post-translational processing of
a large protein like SMC by an Asn-specific proteinase may
give rise to Sca-like phytocystatin molecules. This assump-
tion was addressed to see whether or not treatment of the
recombinant SMC with a proteinase would result in frag-
mentation of the SMC into about 10 kDa polypeptides simi-
lar to the Sca protein. When SMC was digested with an
Asn-gpecific proteinase with various SMC/enzyme ratios at
37°C, increases of polypeptides estimated on a gel to be 20
and 10 kDa in size were observed (Fig. 6). Thus, the recom-
binant SMC was digested and the resulting peptides, which
were separated by SDS-PAGE and blotted onto PVDF
membranes, were sequenced using a gas-phase sequencer.

J. Biochemn.
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Residual enzyme activity (%)

0.0 0.5 1.0 1.5
Molar ratio (SMC/papain)
Fig. 5. Inhibition of papain by increasing amounts of the re-
combinant SMC. A fixed amount of papain was mixed with in-

creasing amounts of the inhibitors, and then residual enzyme ac-
tivities were assayed.

The N-terminal sequences of polypeptides (~10 kDa) were
found to be Ser-Ile-Val-Tle and Ser-Leu-Val-Ile, which were
similar to that of Sca. A similar result was obtained on pro-
nase digestion of the SMC molecule (data not shown).
These results suggested that linker regions between the
individual Sca-like domains within the SMC molecule may
form surface-exposed loops, and that Sca-like proteins may
be produced through post-translational processing of a
large precursor, the SMC molecule.

Next, we examined whether or not the SMC molecule is
present in mature seeds by immunoblot analysis with poly-
clonal anti-SMC antibodies. The results showed that there
were no bands corresponding to approximately 32 kDa
were recognized on immunoblots of the seed extracts (data
not shown).

DISCUSSION

Cystatins inactivate their target proteinases by trapping
them in a reversible, tight equimolar complex. The crystal
structures of chicken cystatin, and of a complex between
cystatin B and papain have provided considerable informa-
tion on the nature of these interactions. A crystallographic
study of chicken cystatin suggested that the proteinase
binding site comprises three regions, the N-terminal region
around Gly-9, the Gln-Leu-Val-Ser-Gly sequence at resi-
dues 53-57, and the region around Trp-104 (16). This pro-
posal was confirmed by a crystallographic study on a com-
plex composed of cystatin B and papain, in which cystatin
B interacts with papain to form a wedge composed of three
motifs corresponding to those found in the structure of
chicken cystatin (17). Site-directed mutagenesis of cystatin
C further showed that Trp-106 is involved in the binding to
proteinases and its substitution by Gly reduced the affinity
for papain by 900-fold (I18). In the present study, we iso-
lated a cDNA clone encoding the novel phytocystatin SMC
from developing sunflower seeds. SMC possesses three
repetitive cystatin domains per molecule. Comparison of
the deduced amino acid sequences of the three repetitive
cystatin domains in SMC revealed the absence of the con-
served Trp residue in the third domain. The lack of this Trp
residue has little effect on its papain-inhibitory activity,
because the three cystatin domains in the recombinant
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Fig. 6. Production of Sca-like cystatins on proteolytic diges-
tion of SMC. The recombinant SMC protein (lane 1, 3.4 pg; lane 2,
8.5 pg; lanes 3-5; 17 pg) was digested with asparaginylendopepti-
dase (lanes 1-3, 0.5 pU; lane 4, 1 pU; lane 5, 2 wU) at 25°C for 24 h.
The arrows indicate Sca-like cystatins.

SMC protein can each independently function as a potent
cysteine proteinase inhibitor (Fig. 5), and the K, value (4.0
X 1078 M) of SMC toward papain is relatively the same as
that (5.6 X 107® M) of Sca. This finding indicated that the
Trp plays no essential role in the inhibitory activity of the
Sca-like phytocystatin toward papain. This result is consis-
tent with the result we obtained on recent mutagenesis of
Scb: the replacement of Trp-85 in Scb had a little influence
on the inhibitory activity toward papain (Doi-Kawano et al.,
unpublished results).

Cysteine proteinase inhibitors with tandem repeats of
the cystatin domains in their molecules are known as kini-
nogens, members of the animal cystatin family (19). Kini-
nogens, which are glycoproteins with molecular masses of
50-114 kDa, comprise three cystatin domains in the N-ter-
minal region and an additional extension in the C-terminal
region, from which a peptide kinin is derived. In contrast,
SMC found in sunflower seeds has no additional sequence
in the molecule, indicating that it plays no role aside from
its function as a cysteine proteinase inhibitor. In the phyto-
cystatin family, a potato multicystatin (PMC) was reported
(20-22). This PMC is a phytocystatin found in potato tubers
in the form of proteinaceous crystals. It consists of a poly-
peptide of about 85 kDa and inhibits eight papain mole-
cules simultaneously. Genomic DNA sequence analysis in-
dicated that PMC has eight repeats of cystatin domains
and no extra sequences in the molecule. Immuno blot anal-
ysis of potato tubers revealed a group of protein bands cor-
responding to approximately 85 kDa, but no evidence for
major accumulation of smaller M, fragments was obtained.
These findings suggested that PMS is dominantly present
in potato tubers. A similar observation was reported for the
serine proteinase inhibitors (PIs) in Nicotiana alata stig-
mas (23). It was described that a long precursor (42 kDa)
containing five tandem repeats of the PI unit is translated
and, unlike PMC, processed in the tissue, resulting in five
homologous PIs with a M, of 6 kDa. Since the intact SMC
or smaller SMC fragments were not detected for the
mature sunflower seeds, it could not be concluded that
SMC was a long precursor for Sca-like phytocystatins. It
was, however, found that SMC was readily processed into
phytocystatin molecules, similar to Sca, through proteoly-
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sis. The present study thus suggested that post-transla-
tional processing may be a potential mechanism for the
production of proteinase inhibitors with diverse proteinase
specificities in the plant kingdom.

10.

11.
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