ISSN 0006-2979, Biochemistry (Moscow), 2010, Vol. 75, No. 1, pp. 36-40. © Pleiades Publishing, Ltd., 2010.
Original Russian Text © T. A. Revina, G. V. Kladnitskaya, N. G. Gerasimova, E. L. Gvozdeva, T. A. Valueva, 2010, published in Biokhimiya, 2010, Vol. 75, No. 1, pp. 46-51.
Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM09- 134, September 20, 2009.

Protein Trypsin Inhibitor from Potato Tubers
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Abstract—A protein of 22 kDa designated as PKTI-22 was isolated from potato tubers (Solanum tuberosum L., cv. Istrinskii)
and purified to homogeneity using CM-Sepharose CL-6B ion-exchange chromatography. The protein efficiently suppressed
the activity of trypsin, affected chymotrypsin less, and did not affect subtilisin Carlsberg. The N-terminal sequence of
PKTI-22 (20 amino acid residues) was found to be highly homologous with the amino acid sequences of the potato Kunitz-
type proteinase inhibitors of group B (PKPI-B) that were aligned from the corresponding gene sequences and was identical
to the sequence (from the 2nd to the 20th residue) of the recombinant protein PKPI-B10. These data together with the
observed similarity of the properties of two proteins indicate that the PKTI-22 protein is encoded by the PKPI-B10 gene.
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c¢DNA and genes encoding protein Kunitz-type pro-
teinase inhibitors designated as PKPI (potato Kunitz-
type proteinase inhibitors) have been found and identified
in different cultivars of potato (Solanum tuberosum L.) of
Japanese, European, and Russian selection [1-7]. It is
suggested that some of them are expressed during the
growth and development of the plants and accumulate in
the tubers, while other are expressed in response to attack
by phytopathogenic microorganisms and injurious insects
[1, 8]. However, the mechanism of their expression is lit-
tle explored. Analysis of amino acid sequences obtained
based of the nucleotide sequences of the encoding genes
revealed conservative motifs within the N- and C-termi-
nal regions. Based on these differences, PKPI proteins
have been divided into three structural groups: PKPI-A,
PKPI-B, and PKPI-C [1, 5]. The proteins from these
groups exhibited different specificity towards proteinases
[1]. Thus, PKPI-A proteins suppress the activity of
trypsin and aspartic proteinases [4], PKPI-B affect only
serine proteinases of the chymotrypsin-like clan (trypsin,
chymotrypsin, and elastase) [9, 10], and PKPI-C pro-
teins affect cysteine proteinases and subtilisin [5, 11].

Abbreviations: BAPA, N-benzoyl-L-arginine p-nitroanilide;
HLE, human leukocyte elastase; N-Suc-GGF-pNa, N-suc-
cinyl-L-glycyl-L-glycyl-L-phenylalanine p-nitroanilide; Pth,
phenylthiohydantoin; Z-AAL-pNa, N-carbobenzoxy-L-
alanyl-L-alanyl-L-leucine p-nitroanilide.
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In our previous works [6-8], we demonstrated that
the genome of the Istrinskii cv. potato contains multiple
genes encoding proteins of all three groups. In particular,
four genes encoding proteins of group B were identified:
PKPI-BI, PKPI-B2, PKPI-B9, and PKPI-B10 [6, 7].
Analysis of the amino acid sequence obtained from the
nucleotide sequence of the gene PKPI-B9 showed that it
encodes the protein PSPI-21-6.3 isolated previously
from potato tubers of the same cultivar and acting as a
highly-efficient inhibitor of human leukocyte elastase
(HLE), trypsin, and chymotrypsin [10]. The recombi-
nant protein PKPI-B10 was obtained by heterologous
expression of the gene PKPI-B10 (AF536175) in E. coli
cells [12]. This protein efficiently suppressed the activity
of trypsin, much less affected o.-chymotrypsin, and did
not act on HLE, subtilisin Carlsberg, proteinase K, and
papain [12]. The recombinant protein appeared to sup-
press the growth and development of the fungus
Fusarium culmorum, a causative agent of one of the most
dangerous potato diseases, so-called Fusarium blight
[13]. Besides, it was shown that proteinase inhibitors
including the protein PSPI-21-6.3 encoded by the gene
PKPI-B9 and a trypsin inhibitor of unknown structure
accumulated in potato tubers infected by the oomycete
Phytophthora infestans (Mont.) de Bary, as well as in
tubers subjected to mechanical damage [8, 14]. These
data suggest that the protein inhibitors of the PKPI-B
group play a significant role in the defensive response of
potato plants when attacked by pathogenic microorgan-
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isms, this likely being due to the variability of the struc-
ture of these proteins [7].

The goal of this work was to isolate the protein
trypsin inhibitor from potato tubers of Istrinskii cv., to
investigate its properties, and to determine its N-terminal
amino acid sequence. Comparison of the structure and
properties of the protein with those of the recombinant
protein PKPI-B10 will elucidate the expression mecha-
nisms of proteinase inhibitor genes in potatoes.

MATERIALS AND METHODS

The inhibitor protein was isolated from potato tubers
of the breed Istrinskii that were kept for 2-4 months in the
dark at 4°C. The following enzymes were used in this
work: trypsin (EC 3.4.21.4; Spofa, Czech Republic)
recrystallized from magnesium sulfate, o.-chymotrypsin
(EC 3.4.21.1; Serva, Germany), subtilisin Carlsberg (EC
3.4.21.14; Sigma, USA), and papain (EC 3.4.22.1;
Calbiochem, USA). The substrates were casein (NPO
Biolar, Latvia) and p-nitroanilides of N-succinyl-L-gly-
cyl-L-glycyl-L-phenylalanine (N-Suc-GGF-pNa), N-
benzoyl-L-arginine (BAPA), and N-carbobenzoxy-L-
alanyl-L-alanyl-L-leucine (Z-AAL-pNa) (Calbiochem).
Sephadex G-75, CM-Sepharose CL-6B, and low molec-
ular mass protein standards for SDS-PAGE were from
Pharmacia (Sweden).

The potato sap was acidified with 5.7 M HCI to
achieve pH of 4.5-5.0 and freed from starch by centrifu-
gation at 3000g. The supernatant was supplemented with
dry (NH,),SO, to 75% saturation and left overnight at
4°C for precipitation. The precipitate was removed by
centrifugation at 3000g and purified by gel chromatogra-
phy as described previously [9, 10]. The fractions con-
taining proteins of approximately 20 kDa were pooled
and lyophilized.

A solution of the proteins (30 mg) was applied to a
CM-Sepharose CL-6B column (0.5 x 15 cm) equilibrat-
ed with 0.04 M acetate buffer, pH 4.6. The column was
washed with the starting buffer until no absorption at
280 nm was detected in the eluate. The adsorbed protein
was eluted from the column with a linear 0-0.5 M NacCl
gradient in 0.04 M acetate buffer, pH 4.6. The fractions
exhibiting maximal trypsin inhibitor activity were pooled,
desalted on a G-25 Sephadex column, and lyophilized.

Disc electrophoresis was run in 20% polyacrylamide
gel in the presence of SDS and B-mercaptoethanol (SDS-
PAGE) as described by Laemmli [15]. The gels were
stained with 0.1% Coomassie R-250 solution in 25%
ethanol containing 5% formaldehyde.

Protein concentration was determined by the modi-
fied Bradford’s method [16] using BSA as the standard.

Proteins were sequenced using a 470A sequencer
(Applied Biosystems, USA) with the standard program 02
RPTH [17]. Phenylthiohydantoin (Pth) derivatives of
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amino acids were identified by reversed-phase HPLC on
a C18 column (Applied Biosystems) in 20% acetonitrile.
Pth derivatives of amino acids were detected using a 757
flow absorption detector (Cratos, USA).

To determine the number of Cys residues, the pro-
tein was oxidized with performic acid and hydrolyzed in
5.7 M HCI under vacuum at 105°C for 24 h [18]. The
content of cysteic acid was determined using an Hitachi
855 analyzer (Japan).

The activity of the inhibitor was evaluated by the
extent of suppression of corresponding enzymes, whose
activity was determined by the rate of hydrolysis of casein
[19] or chromogenic substrates. The activity of trypsin
and papain was determined in the presence of BAPA, the
subtilisin activity was determined in the presence of Z-
AAL-pNa, and the activity of chymotrypsin was deter-
mined in the presence of Suc-GGF-pNa [20-22].
Concentration of trypsin active sites was determined by
titration with p-nitrophenyl-p’-guanidine benzoate [23].

The effect of the protein on the growth and develop-
ment of macroconidia of the fungus F. culmorum was
studied as described in [11]. The number of growing and
lysed macroconidia and the length of the formed hyphae
were determined using a microscope (Laboval, Germany)
with a magnification x120 (in triple replicates for each
protein concentration). A suspension of macroconidia
without the protein was used as the control.

RESULTS AND DISCUSSION

Protein inhibitors with molecular mass of 20-25 kDa
were isolated using gel-filtration on Sephadex G-75 as
described earlier [11]. These proteins were purified by
ion-exchange chromatography on CM-Sepharose CL-6B
at pH 4.6. The proteins bound to the sorbent were eluted
with a linear 0-0.5 M NaCl gradient in the starting buffer
(Fig. 1). Three protein fractions (I, II, and III) exhibited
activity of proteinase inhibitors. Fractions I and II eluted
with 0.1 and 0.2 M NaCl, respectively, efficiently sup-
pressed the activity of subtilisin Carlsberg and chy-
motrypsin, but had much less they effect on trypsin.
Fraction III eluted with 0.38 M NaCl efficiently inhibit-
ed trypsin, weakly affected chymotrypsin, and had virtu-
ally no effect on Carlsberg subtilisin.

From the data of SDS-PAGE in the presence of -
mercaptoethanol, fraction III contained the only protein
component with molecular mass of 22 + 1 kDa (Fig. 2).
Thus, it can be concluded that fraction III contains a
homogeneous protein, designated as PKTI-22 (potato
Kunitz-type trypsin inhibitor), that is composed of a sin-
gle polypeptide chain.

The homogeneity of PKTI-22 was confirmed by the
determination of N-terminal amino acid sequence. After
19 steps of automatic Edman degradation, the first 20
amino acid residues were identified as LPSDATPVLD-
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Fig. 1. CM-Sepharose CL-6B ion-exchange chromatography of
20-25 kDa proteins from potato tubers (I-III — protein fractions):
1) Ag; 2-4) suppression of trypsin, chymotrypsin, and subtilisin
activity, respectively (percentage relative to original enzymatic
activity towards casein); 5) NaCl concentration (M).
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Fig. 2. SDS-PAGE of fraction III obtained after ion-exchange
chromatography on CM-Sepharose CL-6B: ) protein standards
(from top to bottom): phosphorylase b, BSA, ovalbumin, carboan-
hydrase, soybean Kunitz trypsin inhibitor, lactalbumin (kDa); 2)
the purified inhibitor (fraction III).

VITGKELDPRL-. Figure 3 presents comparative analysis
of the first 20 residues of PKTI-22 and four proteins iso-
lated from potato tubers of Istrinskii cv. that were
obtained from the sequences of the corresponding PKPI-

B genes. It is seen that the sequences are virtually identi-
cal except for the residue in position 18. The first 10
residues are conservative for the members of the PKPI-B
group [6]. Their presence in the molecule of PKTI-22
indicates that the protein PKTI-22 belongs to this group.
Besides, the N-terminal sequences of the recombinant
protein PKPI-B10 and protein PKTI-22 are identical
and contain the replacement Ser—Pro in position 18.

Amino acid analysis showed that PKTI-22 contains
six cysteine residues. Since Ellman’s reaction [24] did not
reveal free SH-groups in the protein, we conclude that it
contains three disulfide bonds. According to the data of
Speranskaya et al. [12], the recombinant protein PKPI-
B10 also contains three disulfide bonds. It should be
noted that the proteins encoded by genes PKPI-BI,
PKPI-B2, and PKPI-B9 contain only two disulfide bonds
[7, 10]. Therefore, this suggests that the proteins PKTI-
22 and PKPI-B10 are encoded by the same gene, PKPI-
B10.

The protein PKTI-22 had virtually no effect on sub-
tilisin and papain. The effect of PKTI-22 on the activity
of trypsin and chymotrypsin is demonstrated in Fig. 4. It
is seen that the protein efficiently inhibits trypsin, but less
affects chymotrypsin. In fact, the extent of the trypsin
activity suppression (up to 90% inhibition) linearly
depended on the amount of the added inhibitor (Fig. 4,
curve ). The stoichiometry of the binding was found to
be 1 mol inhibitor per mol trypsin. At the same time, the
dependence of the extent of chymotrypsin inhibition on
the amount of the added PKTI-22 exhibited non-stoi-
chiometric character: 50% inhibition required more than
3-fold excess of the inhibitor (Fig. 4, curve 2). The equi-
librium dissociation constant (K;=2.06 + 0.03 nM) of the
trypsin—PKTI-22 complex was calculated based on the
experimental dependence of the trypsin activity suppres-
sion on the inhibitor concentration in the reaction of
BAPA hydrolysis (trypsin and BAPA concentrations were
1.0 nM and 1.35 mM, respectively).

The influence of PKTI-22 on the growth and devel-
opment of the phytopathogenic fungus F. culmorum was
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Fig. 3. Comparison of the N-terminal amino acid sequences of
PKTI-22 and PKPI-B proteins: 7, 2) PKTI-22 and PSPI-21-6.3,
respectively (isolated from potato tubers in the present work and
[10]); 3-5) proteins PKPI-1, PKPI-2, and PKPI-B10, respective-
ly (obtained basing the sequences of the encoding genes [7]).
Differing residues are shown bold.
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investigated. As seen from Fig. 5, addition of 150 pg of
PKTI-22 to the suspension of fungal macroconidia
decreased the hypha length by 50% compared to the con-
trol, and the addition of 450 ug of PKTI-22 completely
suppressed the growth of the hyphae (curve 7), resulting
in damage of all conidia (curve 2). These data indicate
that PKTI-22 exhibited a high toxicity towards the phy-
topathogen. It not only suppressed the growth of the
hyphae, but also destroyed macroconidia of F. culmorum.

Comparison of the above-described properties of
PKTI-22 with properties of the previously investigated
recombinant protein PKPI-B10 [12] revealed virtually
complete similarity of the proteins. This confirms the
assumption mentioned above that PKTI-22 is encoded by
the gene PKPI-B10 that, according to Speranskaya et al.
[6], was found in the genome of potato of the Istrinskii cv.
It can be assumed that this gene is activated during the
growth and development of the plant, and the product of
its expression is accumulated in the tubers. Since PKTI-
22 efficiently suppressed the growth and development of
the phytopathogenic fungus F. culmorum, it can be
assumed that this protein is a protein of the defense sys-
tem of the potato. Infection with a pathogen presumably
results in the induction of the PKPI-B10 gene, leading to
the accumulation of the expression product in the dam-
age area of the tubers or leaves of the plant.

It should be noted that the PKTI-22 molecule is
composed of one polypeptide chain. This indicates that,
in contrast to the protein PSPI-21-6.3 encoded by the
gene PKPI-BY, PKTI-22 is not subjected to posttransla-

Activity, %
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Fig. 4. Effect of PKTI-22 on the activity of trypsin (/) and chy-
motrypsin (2) determined in the presence of BAPA and Suc-
GGF-pNa, respectively.
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Fig. 5. Effect of PKTI-22 on the growth of hyphae and lysis of
macroconidia of the fungus F. culmorum: 1) hypha length; 2)
number of lysed conidia. Median values from three independent
experiments are presented. The standard error was 2-10%.

tional proteolysis at residues 135-136 (the site is located
in the C-terminal region inside the loop formed by the
disulfide bond Cys98—Cys165) [10]. It is suggested that in
the molecules of Kunitz-type inhibitors composed two
chains, this loop is located on their surface and easily
accessible to the action of proteinases [25]. In the work of
Speranskaya et al. [12], it was demonstrated that in the
primary structure (obtained from the sequence of the
encoding gene) of the recombinant PKPI-B10 and con-
sequently in the structure of PKTI-22, the third disulfide
bond is localized in the C-terminal region between
residues Cys153-Cys156. In the molecule of PKTI-22
containing the additional short disulfide bond, the region
between residues 135-165 is apparently not accessible to
proteinases.

This work was supported by the Russian Foundation
for Basic Research (grant No. 07-04-00254).
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