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Two proteinaceous cysteine proteinase inhibitors (cystatins) referred to as Sea and Scb
were purified to homogeneity from the seeds of sunflower (Heliantas annuus) by gel
filtration on Sephadex G-75 followed by a series of ion-exchange column ehromatographies
and reverse-phase HPLC (RP-HPLC). The isoelectric points (pi) of Sea and Scb were
estimated to be 5.6 and 9.6, respectively. The inhibitory potencies of these two cystatins
were examined with cysteine proteinases from various sources, such as plants, mammals,
and bacteria. Papain was strongly inhibited by both Sea and Scb with K, values of 5.6 X10"'
and 1.7 X 10~10 M, respectively. Sea and Scb were also found to be potent inhibitors of ficin
(Kt values of 1.9X10"8 and 2.8xlO"6M, respectively). Rat cathepsin H was inhibited
strongly by Scb and slightly by Sea. Although rat cathepsins B and L were significantly
inhibited by Scb, they were scarcely affected by Sea. Neither Sea nor Scb inhibited
Arg-gingipain, an arginine-specific cysteine proteinase of Porphyromonas gingivalis. The
complete amino acid sequences of the two inhibitors were determined by protein chemical
methods. The proteins Sea and Scb consist of 83 and 101 amino acid residues with Mr of
9,330 and 11,187, respectively, and there are identical residues at 34 positions in the two
sequences, that is at 42% of the residues compared. Comparison of their sequences with
those of other cystatins revealed that Sea shares 59-73% identical residues with other
phytocystatins, while Scb shows less identity to other phytocystatins, sharing only 28-38%
identical residues. Furthermore, only 20-27% of the residues of both cystatins, Sea and Scb,
are identical to those of the animal cystatins.

Key words: amino acid sequence, cysteine proteinase inhibitor, Helianthus annuus,
phytocystatin, sunflower.

Proteinaceous cysteine proteinase inhibitors have been cowpea cystatin (6), corn cystatin (7), and avocado cystatin
found in various animal tissues and fluids, and many of (8) has become available either by deduction from cDNA
them have been isolated and characterized in terms of sequences or by direct sequencing of the protein. Compari-
protein structure and inhibitory activity. These studies son of the amino acid sequences of plant cystatins with
revealed that, despite the great diversity of protein struc- those of animal cystatins showed that although plant
tures, cysteine proteinase inhibitors have many properties proteins are homologous to family 1 cystatins with respect
in common and they comprise the cystatin superfamily, to lack of disulfide bonds, their sequences are more homol-
which can be derived into three families (family 1-family ogous to those of family 2 cystatins than those of family 1
3) (for a review see Ref. 1). In addition to animal cystatins, cystatins. Thus, it has been generally accepted that plant
oryzacystatin I, which is the best characterized cysteine cystatins should be classified into a fourth cystatin family,
proteinase inhibitor from a plant, was first isolated from "phytocystatin" (5).
rice seeds, and its inhibitory activity and cDNA structure In addition to phytocystatins, three cysteine proteinase
were investigated (2-4). Subsequently, information on the inhibitors, whose amino acid sequences are similar to those
amino acid sequences of some other cysteine proteinase of the Kunitz family proteinase inhibitors, were isolated
inhibitors from plants, including oryzacystatin II (5), from potato tubers (9, 10), and it was reported that they

strongly inhibited cathepsin L, but exhibited only weak
1 To whom correspondence should be addressed. E-mail: mkimura inhibitory activity toward papain (9).
©agr.kyushu-u.ac.jp Previously, we found inhibitory activity toward papain in
Abbreviations: CNBr cyanogen bromide; cystatin, cysteine protein- t h e p r o t e m e x t r a c t from sunflower seeds. To get more
ase inhibitor: DMSU, dimethyl sulfoxide; 1BA: o-iodosobenzmc acid: , , , . c_ .. i • J- >_• i_ A A •
PI, isoelectric point; PITC, phenyl isotkocyknate; RP-HPLC, re' structural and functional information about cysteine pro-
verse-phase high-performance liquid chromatography; SDS-PAGE, temase inhibitors of plant origin, we attempted to purify
sodium dodecyl sulfate polyacrylamide gel electrophoresis; TFA, cystatin from sunflower seeds. In this paper, we report on
trifluoroacetic acid. the purification of two cysteine proteinase inhibitors (des-
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ignated as Sea and Scb), and characterization of their
inhibitory activities toward cysteine proteinases. Further-
more, we describe the complete amino acid sequences of
Sea and Scb, and discuss their structural relationship to
other phytocystatins as well as to animal cystatins.

MATERIALS AND METHODS

Materials—Sunflower (Helianthus annuus) seeds were
purchased from Takii Seed (Kyoto). Trypsin, chymotryp-
sin, papain, ficin, and bromelain were obtained from Sigma
Chemical (St. Louis). Lysylendopeptidase, Staphylococcus
aureus V8 protease, and reagents for protein sequencing
were purchased from Wako Pure Chemicals (Osaka). L-
Pyroglutamyl-L-phenylalanyl-L-leucine p-nitroanilide (Pyr-
Leu-Phe-pNA), carbobenzoxy-L-phenylalanyl-L-arginiiie 4-
methyl-7-coumarylamide (Z-Phe-Arg-MCA), f-butyloxycar-
bonyl-L-phenylalanyl-L-seryl-L-arginine4-methyl-7-coumaryl-
amide (Boc-Phe-Ser-Arg-MCA), and L-arginine 4-methyl-
7-coumarylamide (Arg-MCA) were obtained from Peptide
Institute (Minoh). Cathepsins B and H were purified from
rat spleen as described previously (11, 12), with a slight
modification (13). Rat kidney cathepsin L was purified to
homogeneity essentially as described by Bando et al. (14).
The purification of Arg-gingipain from Porphyromonas
gingivalis was performed as described previously (15).
Sephadex G-75, S-Sepharose, and Q-Sepharose were from
Pharmacia Biotech (Uppsala, Sweden), and ampholine (pH
3.5-10.0) was from LKB (Bromma, Sweden). DEAE-cel-
lulose (DE52) and CM-cellulose (CM52) were from
Whatman BioSystems (Maidstone, Kent, England). All
other chemicals were of analytical grade for biochemical
use.

Purification of Sunflower Cystatins—Sunflower cystatins
Sea and Scb were purified as follows. Husked sunflower
seeds (400 g) were ground and defatted with petroleum
ether. The defatted meal (200 g) was suspended in 500 ml
of 10 mM phosphate buffer saline, pH 7.2, and stirred at
4'C for 2 h. After centrifugation, the extract was salted out
by saturation with ammonium sulfate. The precipitate was
recovered, dissolved, and dialyzed against 10 mM phos-
phate buffer, pH 7.2. The crude inhibitor thus obtained was
chromatographed on Sephadex G-75 (2.8x150 cm) with
the same buffer. The fraction exhibiting the inhibitory
activity toward papain was then applied to a DEAE cellu-
lose column (2.8x35 cm) equilibrated with 50 mM Tris-
HC1 buffer, pH 8.5, and the protein was eluted with a linear
gradient of increasing NaCl concentration from 0 to 0.3 M
in the buffer.

The protein (designated as Sea) adsorbed on DEAE
cellulose was applied to a Q-Sepharose column (1.5x15
cm) equilibrated with 50 mM Tris-HCl buffer, pH 8.7, and
the protein was eluted with a linear gradient of increasing
NaCl concentration from 0 to 0.3 M. The protein (designat-
ed as Scb) unadsorbed on DEAE cellulose was applied to a
CM-cellulose column (2 X 35 cm) equilibrated with 10 mM
phosphate buffer, pH 7.2 and eluted with a linear gradient
of increasing NaCl concentration from 0 to 0.2 M. The
protein Scb was further purified on S-Sepharose (1.5 X15
cm) with the same buffer as that for CM-cellulose column
chromatography.

Both cystatins were finally purified by RP-HPLC on a
YMC GEL C4 column (4.6x250 mm) equilibrated with

0.1% trifluoroacetic acid (TFA) and chromatographed using
a linear gradient from 0 to 56% acetonitrile in 0.1% TFA
over 30min at flow rate of l.Oml/min. The elute was
monitored by measuring the absorbance at 220 ran, and
each peak was collected manually.

The purity of a protein was judged by tricine SDS-PAGE,
which was carried out on a 15% polyacrylamide gel, as
described by Schagger and Jagow (16). The isoelectric
point of a protein was measured by electrofocusing on a 5%
polyacrylamide gel (0.5x9 cm) containing 2% carrier
ampholyte with a pH range from 3.5 to 10.0 by the method
of Svensson (17).

Assay of Proteinase Inhibitory Activity—The inhibitory
activity toward papain and ficin activity was measured by
the method of Filippova et al. (18). Briefly, papain was
dissolved at 0.1 mg/ml in 100 mM phosphate buffer, pH
6.5, containing 0.3 M KC1, 0.1 mM EDTA and 1 mM DTT.
One hundred microliters of enzyme solution was prein-
cubated at 37°C for 10 min with 100 i*\ of various concen-
trations of the inhibitor solution. One milliliter of substrate
solution (Pyr-Phe-Leu-pNA dissolved in the same buffer in
10% DMSO) was added at a final concentration of 420 /JM
and incubated at 37'C for 10 min. After incubation, 150/^1
of 30% acetic acid was added and the absorbance was
measured at 420 nm. Inhibitory activity was defined as the
percentage inhibition of Pyr-Phe-Leu-pNA hydrolyzing
activity of papain in the assay mixture. Purified cathepsins
B, H, and L samples in 20 mM sodium phosphate buffer, pH
6.0, containing 10 mM dithiothreitol and 1 mM EDTA (0.5
ml) were preincubated at 37'C for 10 min with or without
the proteinase inhibitors, before addition of 0.5 ml of the
respective substrate solutions (Z-Phe-Arg-MCA for
cathepsins B and L; Arg-MCA for cathepsin H) to start the
reaction. The reaction was carried out at 40'C for 10 min
and stopped by addition of 1 ml of 100 mM sodium acetate
buffer, pH 5.0, containing 10 mM iodoacetic acid. The
liberated product, 7-amino-4-methylcoumarin, was esti-
mated by measurement of the fluorescence intensity at 460
nm using a Hitachi fluorescence spectrophotometer, model
F-3010. The excitation wavelength was 380 nm. The inhib-
itory effects of Sea and Scb on Arg-gingipain were tested by
preincubation at 37'C for 5 min followed by assay under the
standard conditions with Boc-Phe-Ser-Arg-MCA as a sub-
strate (15).

Sequence Determinations of Sea and Scb—Tryptic and
lysylendopeptidase digestions were performed in 0.2 M
JV-methylmorpholine acetate buffer, pH 8.1, at 37'C for 6
h using an enzyme-to-substrate ratio of 1 : 50. S. aureusVQ
protease digestion was done in 0.1 M ammonium acetate
buffer, pH 4.0, using an enzyme/substrate ratio of 1 : 50.
Cyanogen bromide (CNBr) (19) and o-iodosobenzoic acid
(IBA) (20) cleavages were carried out in 70% formic acid
and 80% acetic acid containing 8 M guanidine-HCl, p-
cresol, and 1 mM EDTA, respectively. Peptide mixture
obtained by enzymatic and chemical cleavages were separ-
ated by RP-HPLC on a YMC-GEL C4 or Wakosil d 8

column equilibrated with 0.1% TFA and eluted with a
linear gradient of 80% acetonitrile in 0.1% TFA (flow rate:
0.6 ml/min). Peptides were hydrolyzed in the vapor of 5.7
N HC1 containing 0.02% 2-mercaptoethanol at 110'C for 24
h in evacuated sealed tubes. Amino acid composition of each
peptide was analyzed on a Shimadzu LC-6A system amino
acid analyzer after derivatization of amino acids with PITC,
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as described by Heinrikson and Meredith (21). Cysteine
residues were evaluated as a carboxymethylated cysteine
(CM-cystein) after reduction and carboxymethylation of
the protein (22). Amino acids were sequenced by a gas-
phase sequencer PSQ-1 (Shimadzu).

RESULTS

Purification of Sea and Scb—The crude sunflower cysta-
tin obtained by saturation with ammonium sulf ate was first
chromatographed on Sephadex G-75. The fractions con-
taining the inhibitory activity toward papain were pooled
and concentrated by salting out with ammonium sulfate,
and dialyzed against 50 mM Tris-HCl, pH 8.5. The protein
solution was then applied to a column of DEAE-cellulose
equilibrated with 50 mM Tris-HCl, pH 8.5, and eluted with
a linear gradient of NaCl. As shown in Fig. 1, there were
two main peaks with inhibitory activity toward papain. The
protein eluted in the unadsorbed fractions (designated as
Scb) was further purified by ion-exchange column chro-
matography on CM-cellulose followed by S-Sepharose in 10
mM phosphate buffer, pH 7.2 (Fig. 2), while the protein in
the adsorbed fraction (designated as Sea) was further
purified by ion-exchange column chromatography on Q-Se-
pharose in 50 mM Tris-HCl, pH 8.5, (Fig. 3). The final step
in the purifications of Sea and Scb was performed by
RP-HPLC on a YMC-GEL C< column in 0.1% TFA, as
described in "MATERIALS AND METHODS" (Fig. 4). The
yields of Sea and Scb were calculated to be about 0.3 and 0.5
mg, respectively, from 100 g of the seeds.

The purities of the proteins Sea and Scb thus obtained
were analyzed by tricine SDS-PAGE. The analysis showed
that each peak contained a pure protein, and that the
molecular weights of Sea and Scb were 8.6 and 10.7 kDa,
respectively (Fig. 4C). Furthermore, the pi values of Sea
and Scb were estimated to be 5.6 and 9.6 by means of
electrofocusing on a 5% polyacrylamide gel column contain-
ing 2% carrier ampholyte of pH 3.0-10.5 (data not shown).

Table I shows the amino acid compositions of the two
sunflower cystatins, calculated on the basis of their molecu-
lar weights. Sea and Scb were composed of about 80 and 100

1

200

Fraction No. (3ml/tube)

300

Fig. 1. Ion-exchange column chromatography of the cysteine
proteinase inhibitors on a DEAE cellulose column (2.8 X 35 cm).
Total proteins obtained from the sunflower seeds were first applied to
a Sephadex G-75 column (2.0X150 cm) equilibrated with 10 mM
Na-phosphate buffer, pH 7.2. Fractions containing the inhibitory
activity against papain were concentrated by salting out and dialyzed
against 50 mM Tris-HCl buffer, pH 8.5, and then applied to a DEAE
cellulose column previously equilibrated with the same buffer. After
the column was washed, the bound proteins were eluted with a linear
gradient of NaCl from 0 to 0.3 M in the same buffer. Every second
fraction was assayed for inhibitory activity against papain, as
described in "MATERIALS AND METHODS." The active fractions
(designated as Sea and Scb) were pooled as indicated by the horizontal
bars.
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Fig. 2. Purification of the sunflower cysteine proteinase inhibitor Scb by ion-exchange column chromatographies. A: The
unadsorbed fractions on the DEAE cellulose column were salted out, dialyzed against 10 mM Na-phosphate buffer, pH 7.2, and then purified
on a CM-cellulose column (2 x 35 cm) as described in "MATERIALS AND METHODS." B: The fractions exhibiting the inhibitory activity were
further purified on an S-Sepharose column (1.5x 15 cm) in 10 mM phosphate buffer, pH 7.2.
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amino acid residues, respectively. The analysis showed that
cysteine residue was absent in both proteins. Sea and Scb
include similar numbers of aspartic acid and glutamic acid
residues, while Scb contains more arginine and lysine
residues than Sea, in accordance with the estimated pi
values of the two proteins.

Inhibitory Activities of Cystatins Sea and Scb—The

Fraction No. (3mlAube)

Fig. 3. Purification of the sunflower cysteine proteinase in-
hibitor Sea on a Q-Sepharose column (1.5X 15 cm). The protein
adsorbed on the DEAE-cellulose column was concentrated by salting
out, dialyzed against 50 mM Tris-HCl buffer, pH 8.7, and then
further purified on a Q-Sepharose column, as described in "MATE-
RIALS AND METHODS."

inhibitory activities of two cystatins Sea and Scb were first
investigated using papain and ficin: cysteine proteinases of
plant origin. Figure 5 shows the titration patterns of papain
with both sunflower cystatins at 10~7 M enzyme concentra-
tion. Although Sea and Scb could inhibit papain with 1 : 1
stoichiometry, their inhibitory activities were quite differ-
ent: Scb inhibits papain more strongly than Sea in terms of
the inhibitory constants. From this titration, the inhibitory
constants (Kt values) for Sea and Scb for papain were
calculated to be 5.6x 10"9 and 1.7x 10~10 M, respectively.
Similarly, the inhibitory constants for Sea and Scb toward

TABLE I. Amino acid compositions of Sea and Scb.
Amino acid Sea Scb

Cysa

Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Met
He
Leu
Tyr
Phe
Lys
His
Arg

0.00 ( 0)
7.15 ( 7)
4.22 ( 4)
3.90 ( 4)

11.53 (12)
4.35 ( 4)
6.74 ( 7)
7.00 ( 7)
5.27 ( 5)
0.79 (
1.90 (
5.39 ( 5)
2.72 ( 3)
3.41 (
7.54 (
1.00 (
2.10 (

1)
2)

3)
8)
1)
2)

0.00 ( 0)
7.16 ( 7)
6.76 ( 7)
3.58 ( 4)

12.57 (13)
5.01 ( 5)
9.44 ( 9)
7.12 ( 7)

10.03 (10)
0.69 ( 1)
4.09 ( 4)
5.92 ( 6)
3.67 ( 4)
2.90 ( 3)

14.25 (14)
1.27 ( 1)
3.05 ( 3)

Trpb

Total
MW

2.03 ( 2)
77

8,610

1.00 ( 1)
98

10,822
"Determined as S-carboxymethylated cysteine. "Estimated spectro-
photometrically.

0.4

0.2

B
Scb

J

0 20
Retention time (min)

4.5

70

30

20 40
Retention time (min)

M Sea Scb

Fig. 4. Purification of two sunflower cystatins, Sea and Scb, by
RP-HPLC on a YMC GEL C4 column (4.6 X 250 mm). The fractions
exhibiting the inhibitory activities in Figs. 2B and 3 were lyophilized,
dissolved in 0.1% TFA, and subjected to RP-HPLC. The proteins were
eluted with increasing concentrations of the solvent B (80% aceto-
nitrile in 0.1% TFA) at the flow rate of 1.0 ml/min. A and B indicate

RP-HPLC patterns of Sea and Scb, respectively. C shows tricine
SDS-PAGE of the purified Sea and Scb. The standard proteins used
were BSA (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (29
kDa), chymotrypsinogen (25.6 kDa), STI (20 kDa), lysozyme (14.3
kDa), and insulin (5.8 kDa).
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ficin were estimated to be 1.9x10"' and 2.8xlO- eM,
respectively. This result showed that Scb has 30- and
700-fold higher affinities for papain and ficin, respectively,
as compared to Sea.

Next, the effects of Sea and Scb on the activities of
cathepsins B, H, and L purified from rats, as well as
Arg-gingipain, an arginine-specific cysteine proteinase of P.
gingivalis, were examined (Table H). Cathepsin H was
strongly inhibited by Scb at a molar ratio of 1 : 1. Despite
its weaker inhibitory potency, Sea exhibited significant
inhibition of cathepsin H at an inhibitor/enzyme molar
ratio of 10 : 1. Scb was significantly inhibitory for cathep-
sins B and L, whereas Sea had no inhibitory activity on
these two enzymes. Arg-gingipain showed no inhibition by
either Sea or Scb. In addition, neither Sea nor Scb inhibited
bromelain, trypsin, or chymotrypsin (data not shown).

Amino Acid Sequence of Sea— Sea was first subjected to
the N-terminal amino acid sequence analysis. This analysis
determined the amino acid sequence up to the 24th residue,
as shown in Fig. 6. Then, on the basis of the finding that Sea
has one methionine residue, Sea was cleaved with CNBr
and the resulting peptides were separated by RP-HPLC. As
expected, two peptides CBl and CB2 were isolated and they
were directly sequenced (Fig. 6). Since sequence analyses

of CB peptides were incomplete, Sea was cleaved by IB A at
tryptophan residues, and two peptides (Wl and W2) were
isolated and sequenced (Fig. 6). The sequence of peptide

TABLE II. Effects of Sea and Scb on the activities of cathepsins
B, L, H, Arg-gingipain, and papain.

Inhibitor

Sea I/E = 1.0
= 10.0
= 100.0

Scb I/E = 1.0
= 10.0
= 100.0

Cathepsin
B

100
94.0

100
89.0
35.5

1.9

Residual
Cathepsin

L
100
100
100
64.5
77.5

3.7

activity (%)
Cathepsin

H
100
73.1
19.1
14.1

2.7
0.1

•

Arg-
gingipain

100
100
100
100
100
100

Papain

25.3
1.0
0.1
4.0
0.1
0.1

•Each purified enzyme was preincubated at 37'C for 10 min (cathep-
sins and papain) or 5 min (Arg-gingipain) with Sea and Scb at the
indicated molar ratios, before 10 min incubation with the respective
synthetic substrates (Z-Phe-Arg-MCA for cathepsins B and L, Arg-
MCA for cathepsin H, Boc-Phe-Ser-Arg-MCA for Arg-gingipain, and
Pyr-Phe-Leu-pNA for papain). The values are expressed as percent-
ages of the activity determined in the absence of each inhibitor. The
values determined for interaction with papain are also included for
comparison.

1001

Molar ratio (Inhibilor/Enzymc)

Fig. 5. Inhibitory activities of Sea and Scb toward papain. A
fixed amount of enzyme was mixed with increasing amounts of the
inhibitors, and the residua] enzyme activities were assayed using
Pyr-Phe-Leu-pNA as a substrate.

Nter
Try
CNBr
IBA

Try
CNBr
IBA

Try
CNBr
IBA

10 20 30
S L E I D E L A R F A V D E H N K K Q N A L L E F G K V V N

T1 "
CBl

40 50 60
T K E Q V V A G K M Y Y I T L E A T N G G V K K T Y E A K V

•T3 •

70 80
H V K P W E N F K E L Q E F K P V D A A T

Fig. 6. Amino acid sequence of the cysteine proteinase in-
hibitor Sea from sunflower seeds. Try, CNBr, and IBA indicate
peptides derived from tryptic, CNBr, and IBA cleavages, respective-
ly. Nter indicates the amino acid residues determined by direct
sequencing with a gas-phase sequencer, PSQ-1 (Shimadzu). — ,
indicates the amino acid residues identified by sequencing; and --,
shows the residues not identified by sequencing.

10 20 30

I P G G R T K V K N V K T D T E I Q Q L G S Y S V D E Y N R L Q R T K

Nter I-
CNBr t-
Y8 I-
LYS

CB1-
V I - V 2 - • V 3 -

L1

40 50 60 70
K T G A G D L K F S Q V I A A E T Q V V A G T K Y Y L K I E A I T K G

CNBr
V8
LYS I L2

- - - - - H I -
L3 -

• V4-

80 90 100

G K M K V F D A E V V V Q S W K H S K K L L G F K P A P V D K

CNBr - - H I

V8 V5

CB2
V6-

Fig. 7. Amino acid sequence of the cysteine pro-
teinase inhibitor Scb from sunflower seeds. CNBr,
V8, and LYS indicate the peptides derived from CNBr,
S. aureus V8 proteinase, and lysylendopeptidase cleav-
ages, respectively. Nter, — , and -— indicate amino acid
residues, as described in Fig. 6.
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Wl could align the CB peptides, and information obtained
from the CB and W peptides afforded almost the entire
amino acid sequence of Sea. A few amino acids, however,
remained undetermined. To establish the complete amino
acid sequence of Sea, Sea was digested with trypsin and five
peptides (T1-T5) were isolated by RP-HPLC, and sequenc-
ed. The amino acid sequence of the peptide T5 could align
CB2 and W2, and in this way, the complete amino acid
sequence of Sea was determined, as shown in Fig. 6. Sea
consists of 83 amino acid residues and its molecular weight
was calculated to be 9,330 Da.

Amino Acid Sequence of Scb—The amino acid sequence
of Scb was established by procedures similar to those
described above for Sea. The N-terminal sequence analysis
of Scb using a gas phase sequencer could determine 20
amino acid residues (Fig. 7). Since Scb, like Sea, has one
methionine residue, Scb was first cleaved with CNBr. The
resulting peptides (CB1 and CB2) were separated by
RP-HPLC and sequenced directly by a gas-phase sequencer
(Fig. 7). This analysis gave the complete amino acid
sequence of the C-terminal peptide CB2. To get sequence
information of the middle region, Scb was digested with S.
aureus V8 protease. The resulting peptides (V1-V6) were
separated and sequenced (Fig. 7). Two peptides, V4 and
V5, gave new sequence information; in particular, V5
contained the methionine residue, indicating that it might
align the CB peptides. Since a few amino acids were still
unidentified, Scb was further digested with lysylendopep-
tidase and four peptides (L1-L4), which were separated by
RP-HPLC, were sequenced. The peptides L3 and L4
provided the overlaps of peptides V3-V4-V5, and could
complete the amino acid sequence of Scb, as shown in Fig.
7. Scb consists of 101 amino acid residues and its molecular
weight was calculated to be 11,187 Da from its sequence.

Sequence Comparison—The complete amino acid se-
quences of the two sunflower cystatins Sea and Scb are
compared, as shown in Fig. 8. This comparison shows that
Scb has 13 extra residues at the N-terminus, 7 insertions in
the middle of the molecule, and lacks the C-terminal one
residue when the residues of two proteins are aligned so as
to optimize the similarity. The proteins Sea and Scb share

34 identical residues, that is, 42% of the residues compar-
ed. The two molecules have short runs of conserved
sequences: Val26-Asn", Gln"-Tyr91, and Phe'4-ProM in
Scb, at the N-terminal, middle, and C-terminal regions,
respectively.

Next, the amino acid sequences of Sea and Scb were
aligned with those of various phytocystatins sequenced
thus far (Fig. 9). In this comparison, Sea appears to lack
about 10-25 amino acid residues at the N-terminus, as
compared with other phytocystatins, even though it shows
high homologies with other phytocystatins: oryzacystatin I
(65%), oryzacystatin II (59%), avocado cystatin (72%),
cowpea cystatin (73%), and corn cystatin (67%) (Fig. 9).
These degrees of homology are comparable with those
among other phytocystatins. By contrast, Scb shows rela-
tively low similarities to phytocystatins: oryzacystatin I
(28%), oryzacystatin II (33%), avocado cystatin (38%),
cowpea cystatin (37%), and corn cystatin (37%). It also has
a five amino acid insertion compared with Sea. Further-
more, the conserved residues among other phytocystatin
molecules including Sea are often replaced with other
amino acids in Scb, indicating a distinct structural charac-
ter of Scb. Despite these alterations, there is a highly
conserved sequence, Gln-Val-Val-Ala-Gly, in the middle
region of all the molecules; this is thought to be one of the
reactive sites for papain {23).

We further compared the sequences of Sea and Scb with

I P G G R T K V K N V K T D T

Sea
Scb

Sea
Scb

Sea
Scb
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Y E
F DS K|V1W[V1K P[W1E N F[K]E[L1

E[V) V[V|Q S[WJK H S[K|K[L)
Q E IF K Pi V D A A T S
L G F K PI A P V

Fig. 8. Sequence comparison of two sunflower cystatins Sea
and Scb. Identical residues are boxed.
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Sea
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Fig. 9. Sequence comparisons of the
two sunflower cystatins with other
phytocystatins. The sequences of two
sunflower cystatins were compared with
those of oryzacystatins I (Oc I) and II (Oc
II), avocado cystatin (Ac), cowpea cystatin
(Vc), and corn cystatin (Cc). The residues
identical to those in Sea are boxed. Dots
indicate the conserved residues in all
phytocystatins except for Scb.

Vol. 119, No. 6, 1996

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


1112 Y. Kouzuma et al.

those of animal cystatins, taking stefin B, chicken cystatin,
and kininogen fragment as representative proteins of the
three families. This comparison reveals that both sunflower
cystatins, like other phytocy statins, show only low homol-
ogies to animal cystatins, sharing about 25% identical
residues with chicken cystatin and kininogen fragment
(families 2 and 3), and show even lower homology (20%
identical residues) with stefin B (family 1) (data not
shown). The result further shows that the degree of
homology between Scb and animal cystatins is lower than
those between Scb and phytocy statins. Thus, the sunflower
cystatin Scb should be, in spite of its distinct structural
features, a member of the phytocystatin family.

DISCUSSION

The protein structures of cysteine proteinase inhibitors
from animal origin have been extensively investigated.
These inhibitors have been classified into three families on
the basis of sequence homology and the presence and
position of intramolecular disulfide bonds: the stefins
(family 1), which have MT values of 11,000, lack disulfide
bonds and carbohydrate; the cystatins (family 2), which
have Mr values of 13,000, contain two intramolecular
disulfide bonds, but lack any carbohydrate; and the kinino-
gens (family 3), single-chain plasma proteins, whose
N-terminal heavy chains are constructed of three glycosyl-
ated cy8tatin-like domains with inhibitory activity. In
addition, Kondo et al. proposed, on the basis of sequence
comparison of oryzacystatins I and II with animal cystatins,
that plant cystatins should be classified into a fourth
cystatin family "phytocystatin" (5). The structural prop-
erties common to phytocystatins were as follows: (1) the
molecular weights are 10-12 kDa, (2) the disulfide bond is
absent, and (3) the proteins are acidic or neutral proteins.
The two cystatins, Sea and Scb, isolated from sunflower
seeds have some characteristics different from other
phytocystatins. First, Sea has a lower molecular weight (9.3
kDa) than other phytocystatins. Comparison of the se-
quence of Sea with those of other phytocystatins allowed
assignment of the conserved Asn residue which precedes
the N-terminal Ser residue in Sea (Fig. 9). Since an
asparagine-specific post-translational processing enzyme
occurs in plants (24), it is likely that the post-translation
action of this processing enzyme between asparagine and
serine residues would generate the mature Sea molecule,
giving rise to the N-terminal sequence Ser-Leu-.

Recently, Bode et al. proposed the docking model in
which papain interacted with cystatin forming the wedge
composed by the residue Gly in the N-terminus as well as
the amino acids Gln-Xaa-Val-Xaa-Gly in the middle of
molecule and two amino acids Pro-Trp in the C-terminus
(23). The inhibitory activity of rat cystatin a, lacking 6
residues from the N-terminus was one-eighth of that of the
intact form and removal of the N-terminal 15 residues
caused complete loss of the inhibitory activity (25). Similar
observations concerning implication of the N-terminal
region in the inhibitory activity were reported for both
cystatin C and chicken cystatin (26). Furthermore, site-
directed mutagenesis of cystatin A demonstrated the
significance of the Gly residue at position 4, and it was
concluded that the 4th residue must be small, like Gly, for
interaction with the papain molecule (27). In contrast, it

was reported that oryzacystatin I (28) and cystatin B (29)
derivatives in which the N-terminal 21 and 6 amino acid
residues, respectively, including the Gly residue, are
missing, showed inhibitory activity toward papain. Hence,
it was proposed, on the basis of these observations, that
cystatins may be divided into two categories as to inhibi-
tory activity; one group requires the N-terminal region and
the other does not. Our sunflower cystatin Sea, which has no
amino acid corresponding to Gly in the N-tenninus, effi-
ciently inhibits papain with a Kt value of 5.6xlO~9M,
which is comparable to those determined for the interac-
tions of oryzacystatins with papain (5). In this context, the
sunflower cystatin Sea may be classified into the same
category as oryzacystatin I and cystatin B.

An additional characteristic of the sunflower cystatins is
that Scb is a highly basic protein with the pi value of 9.6,
containing more basic residues (Lyst3 and Arg3) than other
phytocystatins: other phytocystatins including Sea are
acidic or neutral proteins, and the amino acid residues in
Scb are often exchanged, compared to other phytocystatins.
That is, the conserved amino acids in most phytocystatins,
such as Ala8, Arg9, Phe10, Ala11, His12, Asn17, Leu20, Glu21,
Val26, Thr41, Tyr53, Glu", Lys", Trp58, Phe65, Gin88 in Sea,
are replaced with different amino acids in Scb. In addition,
six amino acid residues (Arg^-Thr34, Thr37) are inserted in
the middle of the Scb sequence as compared with other
phytocystatins. The significance of these residues will be
better understood when the three-dimensional structure of
the phytocystatin molecule is known.

The inhibition spectra of phytocystatins against mam-
malian cysteine proteinases have been so far reported only
for oryzacystatins (5), corn cystatin (30), and potato
cysteine proteinase inhibitors (9). Oryzacystatins have the
ability to inhibit only cathepsin H, while corn cystatin can
inhibit cathepsins H and B with Kt values of 2.3 X 10~8 and
1.6 X 10"6 M, respectively. By contrast, the potato cysteine
proteinase inhibitors strongly inhibited cathepsin L, and
weakly inhibited cathepsins B and H. The inhibition profile
of phytocystatin appears to be (from the highest affinity to
the lowest) cathepsin H>cathepsin B> cathepsin L, while
those of the potato cysteine proteinase inhibitors are
cathepsin L>cathepsin B> cathepsin H, in general. In the
present study, we investigated the interactions of the
sunflower cystatins with the mammalian cysteine protein-
ases, cathepsins B, H, and L, as well as with plant cysteine
proteinases, papain and ficin. The analysis of their inhibi-
tory properties showed that although Sea inhibit plant
cysteine proteinases, it has poor, if any, ability to inhibit
the mammalian cysteine proteinases. In contrast to Sea,
which has a narrow inhibitory spectrum against cysteine
proteinases, Scb displays strong inhibition of the mam-
malian cysteine proteinases, and also inhibits plant cys-
teine proteinases, showing the inhibition profile of cathep-
sin H>cathepsin B > cathepsin L, which is similar to that of
other phytocystatins.

Oryzacystatins I and II in the rice seeds are known as
isocystatins. It has been reported that two oryzacystatins
have complementary inhibitory activities toward papain
and cathepsin H, although they are highly homologous with
each other, showing a high sequence similarity (55% iden-
tity). Namely, oryzacystatin I strongly inhibits papain
showing a Kt value of 3.0 X10~8 M, while it weakly inhibits
cathepsin H with a K, value of 0.8xl0~"M, whereas
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oryzacystatin II inhibits cathepsin H more strongly (1.0 X
10~8M) than papain (0.8xl0"6M) (5). Thus, the two
oryzacystatins are believed to be involved in the regulation
of proteolysis caused by different proteinases. In addition,
oryzacystatins I and II are thought to have a role as defense
proteins by inhibiting cysteine proteinases derived from
pathogens and/or insects. Sea and Scb in sunflower seeds
are distinct in protein structure and inhibitory spectrum.
The inhibitory properties displayed by Sea and Scb suggest
that Sea may have a function in the sunflower seed as a
regulator of an endogenous papain-like enzyme, and that
Scb might be involved in protection against exogenous
enzymes resembling cathepsins produced by insects and
pathogens. Whichever functions they have, it seems likely
that the difference in affinity for cysteine proteinases of Sea
and Scb found in sunflower seeds is the result of an
evolutionary process, broadening the total inhibitory capac-
ity in the seeds.
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