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Abstract

Several fractions demonstrating trypsin inhibitory activity were isolated from the seeds of the paprika plant (Capsicum
annuum). One of the inhibitors, PSI-1.1, was purified to homogeneity and characterised. The mature form of PSI-1.1 has a
molecular mass of 6053 Da and consists of 55 amino acids in a sequence showing over 80% identity with members of the
inhibitors of potato-2 family. PSI-1.1 is a potent inhibitor of trypsin (K, =4.8 - 10~'" M) and a somewhat weaker inhibitor
of chymotrypsin (K;=4.7-107% M) and pronase E (K, = 5.9 - 107* M). PSI-1.1 is resistant to heat up to 85°C, to acidic
conditions (down to pH 2.0) and to pepsin digestion, presumably due to its four disulfide bridges.
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1. Introduction

Enzyme inhibitors are important tools of nature for
regulating the activity of enzymes in cases of emer-
gency, like pathogenic attack or germination. Plant
seeds are known to produce a variety of proteinase
inhibitors that are thought to protect the seed against
insects and microbial pathogens. Inhibitors of serine
proteinases are the best studied of this group [1,2].
Expression of inhibitor genes in transgenic plants
seems (o provide protection against pathogens [for a
review see Ryan [3]].

The first member of the potato-2 inhibitor family
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to have its amino acid sequence determined was the
small trypsin inhibitor from aubergine (Solanum mel-
ongena) [4]. Homologous pancreatic serine protease
inhibitors were isolated from potato tubers [5,6].
Wounded tomato leaves [7] and potato tubers [8,9]
were found to contain the so-called inhibitor II
molecules that contain domains homologous to the
potato-2 proteinase inhibitors.

It is interesting to note that although the members
of the potato-2 inhibitor family and the related car-
boxypeptidase inhibitors are believed to have a stor-
age role [2], no examples have been found so far in
seeds.

Here we report on the purification, characterisation
and the primary sequence of PSI-1.1, a trypsin/
chymotrypsin inhibitor isolated from the seeds of the
paprika plant (Capsicum annuum), a member of the
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Solanaceae family. The fruits of the paprika plants
had been part of the traditional diet in many cultures,
yet apparently no proteinase inhibitor was ever iso-
lated from this genus [2].

2. Materials and methods
2.1. Materials

Seeds of Capsicum annuum, kindly provided by
Canning Factory, Pazardjik town, Bulgaria, were air-
dried at 40-50°C. Sephadex G-10, G-25 and G-50
and CNBr-activated Sepharose 4B were obtained from
Pharmacia, Sweden. CM 23-Cellulose Servacel® was
a product of Serva, Germany. The enzymes trypsin
(TPCK-treated), a-chymotrypsin (Sigma, USA),
pronase E from Streptomyces griseus (Serva), pepsin
(Merck, Germany) and subtilisin DY, isolated accord-
ing to Nedkov et al. [10], were used for the assays.
Casein Hammarsten Servabacter (Serva), N-acetyl-L-
tyrosine ethyl ester monohydrate (ATEE), N-ben-
zoyl-L-arginine ethyl ester hydrochloride (BAEE) and
N-benzoyl-D,L-arginine 4-nitro-anilide hydrochloride
(DL-BANA) were from Fluka (Switzerland), p-

nitrophenyl-p’-guanidino-benzoate hydrochloride (p-
NPGB) and N-trans-cinnamoyl-imidazole (NTCI)
were from Sigma (USA). All other chemicals used
were of analytical or sequencing grade and were
obtained from Aldrich (The Netherlands).

2.2. Purification of the serine proteinase inhibitor

2.0 kg of finely ground paprika seeds were defat-
ted with petroleum ether and subjected to extraction
with 10 litres of 0.01 M phosphate buffer (pH 7.4)
containing 0.1 M NaCl at room temperature for 3 h.
The solution phase was separated by filtration and the
extraction was repeated with 10 litres of the same
buffer at +4°C for 16 h. The solution phases were
combined, acidified to pH 4.6 with phosphoric acid,
heat treated at 85°C for 10 min, cooled to room
temperature and the precipitate formed was cen-
trifuged at 480 X g for 15 min. The supernatant was
subjected to ultrafiltration on an Amicon PM 10
membrane of 10 kDa cut-off (Amicon, The Nether-
lands), the permeate was concentrated to 1 litre on a
rotary evaporator at 50°C, desalted on a Sephadex
G-25 column (5.0 X 52 em) and lyophilised (Table
D).

Table |

Purification steps and yields of PSI-1.1

Procedure Weight Amount of trypsin Yield of
(mg) inhibited 50% (mg /ml) activity (%)

Seeds of Capsicum annuum 10°

Petroleum ether extraction; 10* 500-700

phosphate buffer (pH 7.4)

extraction; heating at 85°C.

ultrafiltration (10 kDa cutoft);

Sephadex G-25 gel filtration

Cation exchange chromatography 107 400 100

on CM-23 cellulose

PSI-1 500 300 75

PSI-2 and PSI-3 500 100 25

a-Chymotrypsin Sepharose 4B 30 180-200 50

affinity chromatography of PSI-1

Sephadex G-50 gel filtration 20 160 40

RP HPLC chromatography:

PSI-1.1 5 40 13

PSI-1.2 14 110 20

Results representative of three independent experiments; deviations dependent on seed quality: columns 1 and 2 15%, column 3 +5%.
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This material was applied on a CM 23-Cellulose
Servacel (5.0 X 32 c¢m) pre-equilibrated with 0.01 M
sodium acetate (pH 4.6). After eluting the unbound
proteins, the chromatography was carried out with a
linear gradient of sodium chloride (0.0 to 0.6 M in
the same buffer) at a flow rate of 50 ml/h. Three
fractions inhibiting trypsin were identified (Fig. 1),
pooled, desalted and lyophilised (crude preparations
of PSI-1, PSI-2, PSI-3).

Crude PSI-1 (100.0 mg) was redissolved in 2 ml of
0.05 M phosphate buffer (pH 7.4) and purified by
chromatography on a 1.6 X 24 cm a-chymotrypsin-
Sepharose 4B affinity column, prepared as recom-
mended by Pharmacia. Pre-equilibration of the col-
umn and elution of the unbound proteins were carried
out with the same buffer. The bound fraction was
eluted with a 0.1 M Glycine-HCI buffer containing
0.2 M KCl (pH 2.0), and was immediately neu-
tralised and further desalted on a Sephadex G-25
column. These procedures were repeated several
times. This material was repurified on a Sephadex
G-50 (1.7 X 56 cm) column and the fraction inhibit-
ing trypsin was pooled, lyophilised and subjected to
reverse phase HPLC on a semipreparative Delta Pak
300 15RP18 column (7.8 X 300 mm) using a Milli-
pore Waters HPLC system. The two solvents used
were 0.1% (v /v) TFA in water (solvent A) and 0.1%
(v/v) TFA in acetonitrile (solvent B). A linear gradi-
ent was used for elution (flow rate 4.0 ml/min) in
which the solvent composition changed from 0% to
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20% B in 40 min. This chromatography yielded two
active fractions, PSI-1.1 and PSI-1.2, which were
collected and lyophilised. The purity of the isolated
inhibitors were checked on an analytical HPLC
LiChrosphere 5RP18 (4 X 250 mm) column (Merck);
the chromatography was performed at a flow rate of
1 ml/min and gradient from 0% to 45% B in 45 min,
using the same buffer system as for the preparative
runs.

2.3. Inhibitory activity assay

The inhibitory activity of PSI-1.1 toward trypsin
and a-chymotrypsin was determined using BAEE
and ATEE as substrates, according to the spectropho-
tometric method of Kassel et al. [11]. The concentra-
tion of the active sites in trypsin and chymotrypsin
were estimated after titration with p-NPGB [12], and
NTCI [13], respectively. PSI-1.1 was assayed for
possible inhibitory activity against subtilisin DY us-
ing 1.2% casein as a substrate [14].

The activity of pronase was assayed using DL-
BANA as a substrate [15]. The active sites content of
pronase was determined by titration with p-NPGB
[12]. The residual enzyme activity was measured after
5 min incubation of 0.15 ml (0.85 - 10~ ¢ M) pronase
with 0.1 ml (from 1.66 to 3.3-107° M) PSI-1.1 in
1.55 ml 0.05 M Tris-HCI buffer (pH 7.8), containing
0.02 M CaCl,. The substrate (0.7 ml, 8.8 -107* M)
was added and the reaction was followed at 405 nm.
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Fig. 1. Cation exchange separation of crude PSI on CM-23 Cellulose Servacel. The column (32 X 5 c¢m i.d.) was equilibrated with 10 mM
sodium acetate (pH 4.6) and eluted at 50 ml /h with a linear gradient (- - -) of sodium chloride in the buffer as indicated. Fraction of 10 ml
were collected. Absorbance at 280 nm (——) and inhibitory activity (IA) against trypsin (-O-O-) were measured. Fractions (PSI-1,

PSI-2 and PSI-3) were pooled for further purification.
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The inhibition constant K; was calculated by the
equation of Cha [16] for a tight-binding inhibitor:

K;= (150 - Et/z)(l + [S]/Km)il

where E, is the total enzyme concentration, [S] is the
total substrate concentration, I, is the inhibitor con-
centration at which the velocity of the enzyme reac-
tion was 50% of the uninhibited reaction, K is the
Michaelis constant and X, is the inhibition constant
or the dissociation constant of the enzyme—inhibitor
complex.

2.4. Inhibitor stability

The stability of PSI-1.1 was checked by heat (pH
8.2, up to 85°C for 10 min) as well as acid exposure
(0.1 M Gly-HCl1 buffer, pH from 2.0 to 3.5 at 22°C
for 30 min). Pepsin resistance was checked incubat-
ing a mixture of 50 wul of pepsin (28 uM in 2.5 mM
HCD and 50 wl of PSI-1.1 (8.2 uM in water) at
22°C for 30 min. The reaction was stopped by the
addition of 200 wl of Tris-HCI buffer (pH 8.2). After
the treatment the residual inhibitory activity was
measured as described above.
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2.5. Amino acid analysis

Amino acid composition of the peptides was deter-
mined using a Waters work-station and PicoTag
HPLC System (Millipore Waters Chromatography
Corp.). The peptides were hydrolysed with 6 N HCl
in the presence of crystalline phenol at 110°C for 18
h and the amino acids were analysed after derivatiza-
tion with PITC, as described [17,18]. The presence of
tree sulthydryl groups were checked as described by
Hampton et al. [19].

2.6. Sequence determination

Samples reduced and pyridylethylated [19] were
digested separately with trypsin and chymotrypsin.
The resulting peptides were isolated by narrow bore
reverse phase HPLC on an analytical Aquapore
OD300 column (220 X 2.1 mm, 7 mm particle size,
Applied Biosystems) using gradients of acetonitrile in
0.1% (v /v) aqueous TFA. The pyridylethylated pro-
tein and the peptides were sequenced by automated
Edman degradation using an Applied Biosystems pro-
tein sequencer (model 471A) equipped with a 120A
PTH analyser [20].
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Fig. 2. RP HPLC separation of PSI-1. (A) Semipreparative separation of PSI-1. Column: Delta Pak 30 nm 15RP18 (300 X 7.8 mm i.d.;
Waters). Solvent: A = 0.1% TFA in water; B = 0.1% TFA in MeCN. Separation conditions: 0% B, 5 min; gradient 0% to 40% B, 40 min.
Flow rate: 4 ml min~'. Pressure 900 psi. Room temperature. Sample size: 4.0 mg. Detection: UV absorbance at 214 nm (full scale —
1.092). Collected fractions for PSI-1.1 and PSI-1.2 are shown with bars. (B) Analytical RP HPLC separation of PSI-1.1. Column:
LiChrospher SRP18 (4 X 250 mm; Merck). Solvent: as A. Separation conditions: gradient 0% to 45% B, 45 min. Flow rate: 1.0 ml
min "', The fractions collected for PSI-1.1 showed the correct molecular mass as determined by ion spray mass spectophotometry in
positive mode (calculated M, = 6052.76 (C,,8H ;,3N+,04, S ), mass spectrometry (H*) M, = 6052 + 0.5).
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1 10 20 30 40 50
RICTNCCAGRKGCNYY SADGTF ICEGESDPNNPKACPRYCDTRIAYSKCPRSEGN

ICTNCCAGRL YCDTRZ
KGCNYYSA....... ....... K3 TAYSK4
GCNYYSAD. .. .oovvvnnn. . K5
RICTNCCAGRKGCNYY® SKCPRSEGN?
SADGTFI............... v8

Fig. 3. The sequence of PSI-1 as determined by automated
Edman sequencing. The segments denote the peptides obtained
by enzymatic cleavage and isolated by reverse phase HPLC
before sequencing. Sequencing of the reduced and pyridileth-
ylated inhibitor yielded the sequence of the first 51 residues. Dots
denote residues in individual fragments which were not deter-
mined experimentaily. The relative quantity (%) and the elution
position in the reversed phase HPLC acetonitrile gradient of each
peptide was as follows: (1) 20%, 26% MeCN, (2) 10%, 18%
MeCN, (3) 20%, 28% MeCN, (4) 10%, 19% MeCN, (5) 12%,
30% MeCN, (6) 30%, 28% MeCN, (7) 10%, 18% MeCN, (8)
15%, 32% MeCN. The digestions were conducted until no undi-
gested peptide was detectable (peptides 1-3: tryptic digestions,
peptides 6-8: chymotryptic digestion).

2.7. Sequence similarity searches

Sequence similarities between PSI-1.1 inhibitor and
other known proteins were searched using the NCBI
BLAST [21] and the EMBL BLITZ [22,23] electronic
mail servers. Multiple alignment was carried out
using PILEUP program of the GCG package [24].

3. Results

3.1. Purification of the paprika seeds proteinase in-
hibitors

The crude extract from defatted paprika seeds has
a considerable level of trypsin inhibitory activity; the
extract of | kg of dried seeds can cause 50% inhibi-
tion of 500—700 mg of trypsin. The inhibition did not
decrease during incubation of the crude extract at
temperatures up to 85°C which allowed us to use
thermal precipitation at pH 4.6 in order to discard
contaminating proteins. Cation exchange chromatog-
raphy of the ultrafiltrated and desalted extract showed
three fractions that inhibited trypsin, termed PSI-1,
PSI-2 and PSI-3, respectively (Fig. 1 and Table 1).

The fraction with major inhibitory activity (PSI-1)
was purified on a-chymotrypsin Sepharose 4B affin-
ity column.

In order to eliminate contaminants in PSI-1 that
may adsorb to the affinity column, an additional
chromatographic step on Sephadex G-50 was per-
formed, resulting in a fraction containing proteinase
inhibitors only. The final separation of the two in-
hibitory components PSI-1.1 and PSI-1.2 was
achieved by reverse phase HPLC (Fig. 2A, B).

* %k
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PSI-1.1 ...RICTNCCAGRKGCNYYSADG...... TFICEGESD...... PNNPKACPRYCDTRTAYSKCPRSEGN. .. ...
J2153 KNDRICTNCCAGTKGCKYFSDDG...... TFVCECGESD. ..... PRNPKACPRNCDPRIAYGICPLAEEKK. .NDR
JQ2269 . .DRICTNCCAGTKGCKYFSDDG...... TFVCEGESD...... PRNPKACPRNCDPRIAYGICPLS. . ... ut
P01078 ...QICTNNCAGRKGCSYFSEDG...... TFICKGESN...... PENPKACPRNCDGRIAYGICPLS.........
524973 PINPICINCCSGYKGCNYYSAFG...... RFICEGESD...... PKNPKACPLNCDTNIAY SRCPRSEGKSLIYPT
S$43105 PRNPICINCCSGYKGCNYYSVFG...... RFICEGESD...... LKNPKACPLNCDTNIAYSRCPHSEGKSLIYPT
P05119 PLNPICINCCSGYKGCNYYNSFG...... KFICEGESD...... PKRPNACTFNCDPNIAYSRCPRSQGKSLIYPT
PO1080 ...PICTNCCAGYKGCNYVYSANG...... AFICEGQSD...... PKKPKACPLNCDPHIAYSKCPRS.........
212753 PENPICINCCAGYKGCNYYSANG...... TFICEGQSH...... PKNPKACPRNCDPHIAY SKCPRSGGKILIYPT
229537 PDDPICTTCCAGYKGCNYYSANG...... TFICEGSSD...... PKNFNVCPQFCDPDIAY SKCPRSEGETIINPT
543338 RVEGLCTNCCAGKKGCKYFSKDG...... TYICDGESEWVSEKNNNLKKACTKECDTRIDFGICPLLETKRV . .EG
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Fig. 4. Sequence alignment of PSI-1.1 with protein sequences of similar cysteine patterns. The sequences are from the NCBI
non-redundant sequence databank — JQ2153: proteinase inhibitor, Persian tobacco; JQ2269: TI1, tobacco; PO1078: proteinase inhibitor,
eggplant [4]; S24973: proteinase inhibitor, tomato; S43105: proteinase inhibitor, potato; PO5119: wound-induced proteinase inhibitor 2,
tomato [8]; PO1080: proteinase inhibitor PCI-I, potato [6]; z12753: proteinase inhibitor, potato; z29537: proteinase inhibitor, potato;
s43338: proteinase inhibitor, tomato. Residue positions P1 and PI’, between which the proteolytic cleavage occurs, are denoted with
asterisks. The secondary structure, predicted by molecular modelling based on the potato PCI-1 inhibitor structure (underlined) is shown
in the first line (t = turn, s = B-strand). Note: the cystine bridges for the paprika inhibitor were not determined experimentally. The
connections in the figure denote the conserved disulfide bridge pattern known to exist in this protein family.



100 N. Antcheva er al. / Biochimica et Biophysica Acta 1298 (1996) 95—101

3.2. Characterisation of PSI-1.1

The inhibitory activity of PSI-1.1 was found to be
unaffected either by incubation in solution at temper-
atures up to 85°C for 10 min, nor incubation at pH
2.0 at room temperature for 30 min. Similarly, no
loss of activity was found when the inhibitor was
incubated with a 3-fold molar excess of pepsin.

The specific inhibitory action of PSI-1.1 was char-
acterised by measurement of the inhibition constants.
K,=48-107'" M was found for trypsin inhibition,
a value K;=47-10"% M was found for chy-
motrypsin inhibition, while an effective value of X
=5.9-10"* M was found for pronase E inhibition.

Subtilisin DY, a typical member of the subtilisin
family, was not inhibited by PSI-1.1.

3.3. Amino acid sequence of PSI-1.1

As the protein showed a high percentage of cys-
teine with no free sulthydryl groups, the samples

pir/JQ2153/ PI1, Persian tobacco
[:pir/JQZZGQII'II, common tobacco

sp/PO1078/P1, eggplant

pir/S24973/P12, potato

pir/S43105/P12, potato

sp/P05119/wound-induced PI2,
tomato

sp/11429/PI2-chloramphenicol
acetyltransferase, potato

sp/01080/PI PCI-1, potato

2p/X03779/P12, potato

L gp/L37519/P12, potato

ep/Z12753/P12, potato

sp/P01079/PI PT1, potato

PSI-1.1, paprika seeds

£p/z29537/P12, potato

pir/S43338/P1, tomato

Fig. 5. Evolutionary tree of the inhibitor sequences shown in Fig.
4.

were subjected to reduction and pyridylethylation.
Digestion of the reduced and pyridylethylated protein
with trypsin and chymotrypsin resulted in eight over-
lapping peptides that were separated by reverse phase
HPLC and sequenced with automatic Edman degra-
dation. Notable features of the PSI-1.1 sequence (Fig.
3) are the high content of cysteine (eight) and proline
(four) within 55 amino acid residues. A microhetero-
geneity was found at the N-terminus of the protein;
the N-terminal arginine residue was found to be
missing in about 25% of the sample.

3.4. Sequence and structural similarities

Sequence similarity searches revealed highly sig-
nificant homologies to various members of the
potato-2 inhibitors family of serine proteinase in-
hibitors (Fig. 4). The similarity was especially high
(over 80%) in the case of the related proteinase
inhibitors from potato, eggplant and the wound-in-
duced proteinase inhibitor of tomato. A somewhat
weaker but pronounced similarity was found with the
potato proteinase inhibitors IIA [25] and IIB [26], that
have an insert in one of the central loop regions
which is quite conserved in the other members of the
family (Fig. 5).

4. Discussion

Paprika seeds seem to be a rich source of ther-
mostable trypsin/chymotrypsin inhibitors. They con-
tain three serine proteinase inhibitor fractions that can
be separated by cation exchange chromatography,
affinity chromatography and reverse phase HPLC.
Here we report on the purification and the structure
of PSI-1.1 which accounts for an estimated 22% of
the serine proteinase inhibitory activity of paprika
seeds as measured in crude extract. This protein
shows strong trypsin inhibitory activity, a moderate
inhibitory activity against chymotrypsin and pronase
E, but no inhibitory activity towards subtilisin DY.

PSI-1.1 is a 55-residue long peptide containing
eight cysteines. The first residue of the sequence is
not methionine, therefore PSI-1.1 is probably synthe-
sised as part of a larger precursor. The sample anal-
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ysed by us contained a microheterogeneity at the
N-terminus which is probably the result of the protein
processing during which the N-terminal segment is
removed. The sequence of PSI-1.1 shows obvious
similarities (81-85% identity) with members of the
potato-2 inhibitors family. This family is charac-
terised by 4 disulfide bridges [1,27]), which is a
plausible explanation for the heat stability of PSI-1.1.
The reactive site of the potato trypsin inhibitor PTI-1
was found to be between Arg38 and Asn39 [27]. The
same peptide bond was found in a homologous loca-
tion in the aubergine trypsin inhibitor [4], while the
chymotrypsin inhibitor molecules PCI-1 and inhibitor
I1 contain a hydrophobic amino acid (Leu and Phe,
respectively) in the position of the Arg38. So the
consensus of the scissile bond (P1-Pl') in these
preinhibitors is [RFKLK]-[NFE]. The homologous
residue positions in PSI-1.1 are R-Y, i.e. in position
Pl' there is tyrosine, which is new to this group of
inhibitors.

Finally, we note that PSI-1.1 seems to be the first
member of this inhibitor family which was isolated
from seeds, and the first proteinase inhibitor sequence
described from the Capsicum genus.
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