
Protein inhibitors of proteolytic enzymes are found

in plants from various systematic groups. High contents

of inhibitors of proteinases are found in many plants of

the Solanaceae family [1], in particular, these inhibitors

are from 20 to 50% of all water�soluble proteins in potato

tubes [2]. These inhibitors include proteins with molecu�

lar weights from 20 to 24 kD, which interact with serine

[3�7], aspartic [7�9], and cysteine proteinases [7, 10, 11].

Many of these proteinases have been characterized in

detail and, based on their primary structure, assigned to

the superfamily of Kunitz�type soybean inhibitors of

trypsin [3�11]. Proteinase inhibitors from potato tubers

were proposed to form a separate subfamily denoted as

potato Kunitz�type proteinase inhibitors (PKPIs) [12].

Furthermore, proteins of the PKPIs subfamily were

divided into three structural groups denoted as PKPIs�A,

PKPIs�B, and PKPIs�C. Proteins of each group are char�

acterized by the N�terminal conservative amino acid

sequence consisting of the first ten residues [12, 13].

PKPIs are especially interesting mainly because they

seem to be involved in plant protection against unfavor�

able effects of the environment. Thus, these inhibitors are

accumulated in potato leaves and tubers in response to

mechanical wounding [14, 15], UV�radiation [16], and

lesion by insects [15] and phytopathogenic microorgan�

isms [11, 15, 17]. Many phytopathogenic fungi are known

to produce extracellular proteinases [18, 19]. The data

available now suggest that these proteinases should play

an active role in development of diseases [20�22]. Thus,

the cell�free preparation from suspension of spores and

bursting cysts of Phytophthora infestans injected into

potato leaves caused necrosis of the plant tissue, and the

proteolytic activity of the preparation correlated with its

necrotic effect [21]. Nonpathogenic mutants of the fun�

gus Pyrenopeziza brassicae (a leaf pathogen affecting

plants of the Cruciferae family) are cannot produce extra�

cellular cysteine proteinase. The recovery of pathogenici�

ty in such mutants was accompanied by recovery of their

ability for producing the enzyme [22].

In response to aggression by proteinases, protein

inhibitors are synthesized in plants that can suppress the

activities of enzymes of phytopathogenic microorganisms

[23]. This phenomenon was first recorded in tomatoes

infected with P. infestans [24]. And the increase in con�

tents of trypsin and chymotrypsin inhibitors correlated

with the plant resistance to the pathogen [24]. Later the

accumulation of protein inhibitors of serine proteinases

with molecular weights of 20�24 kD was shown in potato

tubers in response to mechanical wounding and infection

with P. infestans [11, 17].
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Abstract—A protein with molecular weight of 21 kD denoted as PKSI has been isolated from potato tubers (Solanum tubero�

sum L., cv. Istrinskii). The isolation procedure includes precipitation with (NH4)2SO4, gel chromatography on Sephadex G�

75, and ion�exchange chromatography on CM�Sepharose CL�6B. The protein effectively inhibits the activity of subtilisin

Carlsberg (Ki = 1.67 ± 0.2 nM) by stoichiometric complexing with the enzyme at the molar ratio of 1 : 1. The inhibitor has

no effect on trypsin, chymotrypsin, and the cysteine proteinase papain. The N�terminal sequence of the protein consists of

19 amino acid residues and is highly homologous to sequences of the known inhibitors from group C of the subfamily of pota�

to Kunitz�type proteinase inhibitors (PKPIs�C). By cloning PCR products from the genomic DNA of potato, a gene denot�

ed as PKPI�C2 was isolated and sequenced. The N�terminal sequence (residues from 15 to 33) of the protein encoded by the

PKPI�C2 gene is identical to the N�terminal sequence (residues from 1 to 19) of the isolated protein PKSI. Thus, the inhibitor

PKSI is very likely encoded by this gene.

Key words: Kunitz�type proteinase inhibitors, subtilisin, potato tubers



SUBTILISIN PROTEIN INHIBITOR FROM POTATO TUBERS 1093

BIOCHEMISTRY  (Moscow)  Vol.  69  No. 10   2004

We have shown [19] that the oomycete P. infestans

(Mont.) de Bary grown on medium containing ther�

mostable proteins from potato tubers produces a complex

of subtilisin�specific serine exoproteinases. Therefore,

the finding in potato tubers of PKPIs specific for subtil�

isin is especially interesting.

The purpose of the present work was to isolate, char�

acterize, and determine the amino acid sequence of the

subtilisin inhibitor found in cultivar Istrinskii potato

tubers.

MATERIALS AND METHODS

Potato tubers (Solanum tuberosum L., cv. Istrinskii)

were used. The tubers were stored in the dark at 4°C for 2�

4 months. DNA was isolated as described in [25] from

young sprouts developed during two weeks on growth of

the tubers in a wet chamber under conditions of natural

illumination and room temperature. For cloning,

Escherichia coli strain BMH 71�19 (mutS) from Promega

(USA) and the vector pGEM�T�Easy (+) from Promega

were used. Chromogenic substrates were as follows: N�

carbobenzoxy�L�alanyl�L�alanyl�L�leucine�p�

nitroanilide (Z�AAL�pNa), N�succinyl�L�phenylala�

nine�p�nitroanilide (Suc�F�pNa), and Nα�benzoyl�L�

arginine�p�nitroanilide (BAPA) from Calbiochem

(USA); α�chymotrypsin (EC 3.4.21.1) from Serva

(Germany); trypsin (EC 3.4.21.4) from Spofa (Czechia)

additionally recrystallized from MgSO4; subtilisin

Carlsberg (EC 3.4.21.14) from Sigma (USA); papain (EC

3.4.22.1) from Calbiochem. Low�molecular�weight

marker proteins for SDS�PAGE and marker proteins for

HPLC were from Pharmacia (Sweden).

The sap from potato tubers was acidified with 5 N

HCl to pH 5.0�5.5, and starch was removed by centrifu�

gation at 3000g on a K�26 D centrifuge (Germany). The

supernatant fluid was supplemented with dry (NH4)2SO4

to 75% saturation and left overnight at 4°C to produce the

precipitate. The precipitate was separated by centrifuga�

tion as described, dissolved in a minimal volume of

0.05 M NH4HCO3, and applied onto a column (2.5 ×
90 cm) with Sephadex G�75. The gel was equilibrated and

the proteins were eluted also with 0.05 M NH4HCO3.

Fractions containing proteins with molecular weight of

about 20 kD were combined and lyophilized.

The preparation (35 mg) of proteins with molecular

weight of about 20 kD was applied onto a column (0.5 ×
15 cm) with CM�Sepharose CL�6B equilibrated with

0.02 M acetate buffer (pH 4.4). The column was washed

with two volumes of the starting buffer and then with

0.2 M acetate buffer (pH 4.4) until the complete removal

of a substance with absorption at 280 nm. The protein

bound to the ion�exchanger was eluted with a linear gra�

dient of NaCl (0�0.5 M) in 0.2 M acetate buffer (pH 4.4).

Fractions containing the activity of subtilisin inhibitor

were combined, desalted on a column with Sephadex G�

25, and lyophilized.

Electrophoresis in the presence of SDS and β�mer�

captoethanol was performed in 20% polyacrylamide gel

as described in [26]. The gels were stained with 0.1%

Coomassie R�250 in 25% ethanol containing 5%

formaldehyde.

Molecular weights of the inhibitor and its complexes

with subtilisin were determined by HPLC on a Bio Sep�

Sec�S�200 column (Beckman Coulter, USA). The gel was

equilibrated and the proteins were eluted with 0.02 M

KH2PO4 buffer (pH 7.0) containing 0.1 M NaCl.

The protein concentration was determined by the

method described in [27] with BSA as the standard.

The proteins were sequenced on a 470A gas

sequencer (Applied Biosystems, USA) by the standard

program 02 RPTH [28]. Phenylhydantoin (Pth) deriva�

tives of amino acids were identified by reverse�phase

HPLC on a column with C18 sorbent (Applied

Biosystems) in 20% acetonitrile. Pth derivatives of amino

acids were detected with a Cratos model 757 flow

absorbance monitor (USA).

Activity of the inhibitor was assessed by its effect on

activities of the corresponding enzymes: subtilisin, chy�

motrypsin, trypsin, and papain. The activities of the

enzymes were assessed by the rate of hydrolysis of casein

[29] and chromogenic substrates Z�AAL�pNa (for subtil�

isin), Suc�F�pNa (for chymotrypsin), and BAPA (for

trypsin and papain) [30, 31]. The concentration of active

subtilisin was determined by titration with the subtilisin

and chymotrypsin inhibitor from maize seeds (its concen�

tration was predetermined by titration with chymotrypsin

with known active site concentration). Concentration of

the isolated inhibitor and the equilibrium dissociation

constant (Ki) of its complex with subtilisin were deter�

mined upon incubation of the enzyme with increasing

concentrations of the inhibitor. The apparent Ki value was

calculated using the Enzfitter computer program [32].

Molecular cloning, isolation of plasmid DNA, and

restriction analysis were performed as described in [33].

The primers 5′(GGGAGCTCAATCCAATTGTCCT�

(C/G)CC(C/A)(A/T)CAACT)3′ and 5′(GGGTCGAC�

CTACGCCTTGATGAACACAAATGGAA)3′ denoted

as PKPI�C10 and PKPI�C13, respectively, were con�

structed.

The polymerase chain reaction (PCR) was per�

formed on a Tertsik MS�16 amplifier, model 2 (DNA�

technology, Russia) with the genomic DNA and the

primers PKPI�C10 and PKPI�C13, using DNA poly�

merase Taq (Bionem, Russia). The concentration of

DNA�template in the reaction mixture was 0.01 µg/µl.

The PCR was performed under the following conditions:

94°C for 1 min; then five cycles: 94°C for 30 sec, 56°C for

10 sec, 72°C for 10 sec; and 25 cycles: 94°C for 5 sec, 60°C

for 5 sec, 72°C for 30 sec. The amplified DNA fragments

were separated by electrophoresis in 1% agarose gel and
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isolated using a DNA extraction kit (Fermentas,

Lithuania).

The amplified DNA fragments flanked with the

primers PKPI�C10 and PKPI�C13 were cloned accord�

ing to the producer’s instructions into a vector from a

pGem�T�Easy kit for cloning of amplifiers. The cloned

fragments were sequenced using standard primers

pUC/M13 (Promega).

RESULTS AND DISCUSSION

Results of separation on Sephadex G�75 of the pro�

teins precipitated from the potato sap with (NH4)2SO4 at

75% saturation are shown in Fig. 1. These proteins are

represented by at least three fractions with molecular

weights of about 40, 20, and 5 kD, which is in a good cor�

relation with our previous data [34]. The inhibitor activi�

ty to subtilisin was detected only in fraction II containing

proteins with the molecular weight of about 20 kD. Then

the proteins of fraction II were separated by ion�exchange

chromatography on CM�Sepharose CL�6B at pH 4.4

(Fig. 2). Fraction II was separated into at least three pro�

tein components, and only the component IIb had the

activity of the subtilisin inhibitor. Note, that the protein

component IIb failed to suppress activities of trypsin,

chymotrypsin, and papain.

SDS�PAGE in the presence of a reductant (Fig. 3)

showed that the chromatographic fraction IIb contained

a 21�kD homogenous protein and was not contaminated

with proteins with molecular weights of 20�24 kD. Thus,

the molecule of the isolated protein denoted as the pota�

Fig. 1. Gel chromatography of proteins from potato tubers on

Sephadex G�75. I, II, III are protein components with molecu�

lar weights of about 40, 20, and 5 kD, respectively. 1) A280; 2)

activity (%) of the subtilisin inhibitor.

1 

1.0

0.8

2 

0.6

0.2

0

II

А280 

200 400 600 800 1000

I

III0.4

100

80

60

40

20

1200 ml

%

Fig. 3. SDS�PAGE of component IIb (2) prepared by ion�

exchange chromatography. 1) Marker proteins (from top down):

phosphorylase b, BSA, ovalbumin, carboanhydrase, the Kunitz�

type soybean inhibitor, lactalbumin; molecular weights of mark�
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subtilisin, chymotrypsin, trypsin, and papain, respectively; 6)
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to Kunitz�type subtilisin inhibitor (PKSI) was concluded

to consist of a single polypeptide chain.

The homogeneity of the protein PKSI was confirmed

by determination of its N�terminal amino acid sequence.

The first 19 amino acid residues were identified by 19

stages of automated degradation according to Edman

(Fig. 4). Figure 4 allows us to compare the N�terminal

sequences of the protein PKSI and some proteins isolat�

ed earlier from potato tubers which were assigned to

group C of the PKPI subfamily [3, 4, 10, 35, 36]. The

identity of the first ten amino acid residues in the N�ter�

minal sequences of these proteins is evident. These con�

servative residues are specific for members of the PKPI

subfamily of structural group PKPI�C [12, 13]. Thus, it is

reasonable to assign the protein PKSI to group C of this

subfamily of inhibitors. Moreover, the N�terminal

sequences of the protein PKSI and the inhibitor of cys�

teine proteinases (PCPI) [10] are quite identical but dif�

fer from the sequence of the subtilisin inhibitor (PKI�2)

[3], trypsin inhibitor (PTI) [35], inhibitor of serine pro�

teinases (PI�22) [4], and inhibitor of serine proteinases

(p34021) [36] by substitutions in position 13: Asn → Lys,

His, and Gln (PKI�2, PTI, and PI�22, respectively), and

in position 17: Gly → Val (p34021).

Figure 5 shows the effect of the protein PKSI on the

activity of subtilisin Carlsberg. PKSI effectively inhibited

the activity of the enzyme, and the inhibition degree

depended on the substrate used for determination of the

residual enzymatic activity. The activity of subtilisin was

assessed by the rate of hydrolysis of a peptide substrate, Z�

AAL�pNa, and the suppression of the enzymatic activity

depended linearly on the amount of the inhibitor added,

virtually up to 90% inhibition (Fig. 5, curve 1). By calcu�

lations, 1 mol of inhibitor reacted stoichiometrically with

1 mol of subtilisin. The equilibrium dissociation constant

(Ki) was calculated from data on suppression of activity of

the enzyme (14 nM) with varied amounts of the inhibitor

during hydrolysis of 0.03 mM Z�AAL�pNa. The calcula�

tions gave Ki = 1.67 ± 0.2 nM.

However, when the enzyme activity was assessed by

the rate of hydrolysis of a protein substrate, casein, the

inhibition depended non�stoichiometrically on the

amount of the inhibitor, and more than a threefold excess

of the inhibitor was required to provide 50% inhibition

(Fig. 5, curve 2). The non�stoichiometric interaction in

this case seemed to be a result of dissociation of the

enzyme�inhibitor complex in the presence of the protein

substrate [37]. A similar phenomenon was earlier record�

ed for the inhibitor of trypsin which was isolated by us

from the same potato cultivar [34] and also for a number

of inhibitors of serine proteinases from the superfamily of

Kunitz�type soybean inhibitor of trypsin: inhibitors from

Psophocarpus tetragonolobus L., Gleditchia triacanthos L.,

and Acacia elata L. [38�40].

Figure 6 shows results of HPLC of the inhibitor and

the mixture of subtilisin with excess inhibitor PKSI. The

inhibitor was eluted as a single homogenous protein com�

ponent (Fig. 6a). Its calculated molecular weight of 21 ±

1 kD corresponded to the value determined by SDS�

PAGE. The coincidence of the molecular weight values

obtained by two different approaches supports the earlier

hypothesis that the protein molecule should consist of a

single polypeptide chain. The mixture of the enzyme and

PKSI also contained a component with higher molecular

weight (Fig. 6b). The molecular weight of this component

was 43 ± 1 kD, i.e., it was virtually equal to the sum of the

molecular weights of PKSI and subtilisin (Fig. 6c). This

Fig. 4. Comparison of the N�terminal amino acid sequences of

the protein PKSI and other proteins of the PKPI subfamily: the

different residues are hatched. Inhibitors from potato tubers: 1)

PKSI; 2) inhibitor of subtilisin, PKI�2 [3]; 3) inhibitor of

trypsin, PTI [35]; inhibitor of serine proteinases, PI�22 [4]; 5)

protein inhibitor of serine proteinases, p34021 [36]; 6) inhibitor

of cysteine proteinases, PCPI�8.3 [10].

Fig. 5. Effect of the protein from potato tubers on the activity of

subtilisin Carlsberg: 1, 2) enzyme activity was determined with

Z�AAL�pNa and casein as substrates, respectively.
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result also confirms the above conclusion that the

inhibitor complexes with subtilisin at the ratio of 1 mol

per 1 mol.

Thus, isolated protein PKSI specifically inhibited

subtilisin and formed with the enzyme a stoichiometric

complex (1 mol/mol), which was stable under conditions

of HPLC. However, this complex could dissociate in the

presence of a protein substrate.

As mentioned, protein PKSI was assigned to struc�

tural group PKPI�C. Gene sequences of this structural

group of proteins present in the GenBank database

(National Center of Biotechnological Information

(NCBI), USA) were analyzed, and primers PKPI�C10

and PKPI�C13 were elaborated and constructed (see

“Materials and Methods”). The PCR performed with

these primers on the template of the genomic DNA iso�

lated from potato sprouts resulted in a fragment of

expected size containing 600 n.p. Cloning of this frag�

ment resulted in a sufficient number of plasmid clones,

most of which were sequenced. The recovered amino acid

sequence of the protein encoded by the gene denoted as

PKPI�C2 is shown in Fig. 7. The N�terminal sequence

(residues from 15 to 33) of the protein encoded by the

gene PKPI�C2 was identical to the N�terminal sequence

(residues from 1 to 19) of protein PKSI isolated by us.

This strongly suggests that the inhibitor under study is

encoded by this gene and has the amino acid sequence

presented in Fig. 7. To compare amino acid sequences of

the protein encoded by PKPI�C2 and other known pro�

teins from the subfamily PKPI�C, a search was performed

in the GenBank database (NCBI). As a result, a great

similarity was found between the sequence of the protein

encoded by the gene PKPI�C2 and sequences of four

known proteins from group PKPI�C. Note that amino

acid sequences of proteins PCPI�8, PCPI�10, and

p34021, as well as the amino acid sequence of the protein

encoded by gene PKPI�C2 were recovered by nucleotide

sequences of genes encoding these proteins [13, 36]. And

the sequence of the protein PCPI�8.3 isolated from pota�

to tubers was established by approaches of classical pro�

tein chemistry [10].

PKPIs are synthesized in the plant cell as precursors

and then located in vacuoles [12, 13]. The N�terminal

part of the precursor is supposed to be a transmembrane

key segment, which includes the endoplasmic signal

sequence containing the conservative motif Asn�Pro�Ile�

Val�Leu�Pro encoding the vacuole�sorting signal [12, 41].

This signal peptide together with seven amino acid

residues is detached posttranslationally at the site Asn14�

Leu15, after the protein has been transferred into the vac�

uole [42]. Thus, the first 19 amino acid residues of the

isolated protein PKSI (Fig. 4) were fully coincidental

with the N�terminal sequence of the mature inhibitor

encoded by the gene PKPI�C2.

Primary structures of the protein encoded by PKPI�

C2 and of the protein PCPI�10 are different only by

residues Ser7→Thr7, and of the protein PCPI�8 by

residues Ser7→Thr7 and Asn169→Thr169. However, the

differences between amino acid sequences of the protein

encoded by PKPI�C2 and the proteins PCPI�8.3 and

p34021 are 10 and 20%, respectively (corresponding to 17

and 38 different residues, respectively) [10, 36]. This con�

firms the hypothesis that proteins of the C group are

encoded by different allelic genes of the same locus.

However, the protein PSPI isolated by us was different

from these inhibitors in the specificity of its effect on

Fig. 6. HPLC of the protein PKSI and its complex with subtil�

isin: a) the free protein (0.5 mg); b) mixture containing the pro�

tein (1.0 mg) and subtilisin (0.5 mg); c) dependence of log of

molecular weight of proteins on their elution from the Bio Sep�

Sec�S�200 column; 1�4) marker proteins: BSA, ovalbumin,

Kunitz�type soybean inhibitor, RNase, respectively; 5) complex

of protein PKSI with subtilisin; 6) protein PKSI.
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enzymes. Thus, unlikely the protein p34021 acting a

number of serine proteinases [36], protein PSPI specifi�

cally inhibited subtilisin. The lack of effect on cysteine

proteinases also suggested the difference between PSPI

and proteins PCPI�8, PCPI�10, and PCPI�8.3 interact�

ing with these enzymes [10, 35]. Note, that proteins with

molecular weight of about 20 kD failed to suppress the

activity of papain (Fig. 2). This indicated that cv.

Istrinskii potato tubers lacked cysteine proteinase

inhibitors of the PKPI�type. Further studies on features

of the protein produced by expression of the PKPI�C2

gene are expected to show the degree of identity of this

protein with protein PSPI.

This work was supported by the Russian Foundation

for Basic Research (project Nos. 04�04�48644 and 04�04�

49694).
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