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Abstract Three protein proteolytic enzyme inhibitors with
molecular masses 21, 22, and 23 kDa have been isolated from
intact potato tubers (Solanum tuberosum L. cv. Istrinskii). The
21 and 22 kDa proteins denoted as PSPI-21 and PSPI-22,
respectively, are serine proteinase inhibitors with different
specificity. The 23 kDa protein denoted as PCPI-23 is an
inhibitor of plant cysteine proteinases. The PSPI-21 molecule
consists of two disulfide-linked polypeptide chains with molecular
masses of 16.5 kDa and 4.5 kDa. The PSPI-22 and PCPI-23
have one polypeptide chain. Their amino-termini numbered 21-
25 amino acid residues have significant homology to other plant
inhibitors which are members of the soybean Kunitz inhibitor
family. It is found that at least PSPI-21 and PSPI-22 can
predominantly accumulate in potato tubers infected with
Phytophthora infestans zoospores.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Proteolytic enzyme inhibitors are found in plants of various
systematic groups. They comprise plant proteins which differ
sufficiently in properties. According to homology, number and
location of disulfide bridges and reactive site position, there
are ten structural groups (families) of plant proteinase inhib-
itors [1]. One of them is a superfamily of the soybean Kunitz
trypsin inhibitor (SKTI) [2]. Kunitz-type proteinase inhibitors
which members are mostly single chain polypeptides of 20-24
kDa with four cysteines linked in two disulfide bridges, and
with one reactive site located in a loop defined by disulfide
bridge, have been found mainly in legume and cereal seeds [2—
5]. It is only recently that a group of proteins from potato
tubers having molecular masses ranging from 20 to 25 kDa
has been described. Some of these proteins have been found to
be various Kunitz-type proteinase inhibitors such as trypsin
and/or chymotrypsin inhibitors [6,7], subtilisin inhibitor [7],
cathepsin D inhibitors [8,9], and papain and/or cathepsin L
inhibitor [10]. These inhibitors may play a significant role in
the natural defense mechanisms of the potato plant against
insect and phytopathogen attack [6,7,9,11]. In this paper, we
describe three proteinase inhibitors from potato tubers that
have differing inhibitory activities but are Kunitz-type inhib-
itors based on amino-terminal sequence homologies. In addi-
tion, the amino-terminal sequences of three chymotrypsin
inhibitors accumulated in potato tubers infected by Phyto-
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phthora infestans are reported and compared with those of
the inhibitors from intact tubers.

2. Materials and methods

Mature potato tubers (Solanum tuberosum L. cv. Istrinskii) with
Phytophthora resistance gene R1 used for protein isolation and for
infection with P. infestans were stored at 4°C for 2 to 4 months in
dark prior to use in experiments. A zoospore suspension (5X 10?
conidia/ml) of P. infestans Mont. De Bary race 1.3 from a surface
of 11-days mycelium grown on an oatmeal agar medium was used for
an inoculation of potato tubers. Indirect zoospore germination was
stimulated by keeping ones at 3°C for 1 h. Enzymes: bovine trypsin,
o-chymotrypsin, human leukocyte elastase (HLE), papain, and sub-
strates: N,o-benzoyl-L-arginine-p-nitroanilide (BAPNA), N-succinyl-
L-alanyl-L-alanyl-L-valine-p-nitroanilide (Suc-Ala-Ala-Val-pNA), and
N-succinyl-L-valyl-L-prolyl-L-phenylalanine-p-nitroanilide ~ (Suc-Val-
Pro-Phe-pNA) were from Sigma (USA); r-cysteine and EDTA were
from Serva (Germany); chemicals, and marker kit for SDS-PAGE
were purchased from Pharmacia (Sweden).

Protein inhibitors with molecular masses 21, 22, and 23 kDa (PSPI-
21, PSPI-22, and PCPI-23) were isolated from intact potato tubers,
purified to homogeneity according to the procedures described previ-
ously [12,13].

Diffusates of potato tubers infected with P. infestans zoospores
were prepared as described previously [14]. In order to detect the
inhibitors with affinity to chymotrypsin, clear diffusates were applied
to a chymotrypsin-Sepharose column (3.0X3.0 cm) at pH 8.0. The
bound proteins were eluted with 7 M urea at pH 3.0.

SDS polyacrylamide gel (20%) electrophoresis (SDS-PAGE) in
presence and absence of B-mercaptoethanol was carried out as de-
scribed by Laemmli [15].

The amino acid sequences were determined on Applied Biosystems
model 470 A gas-liquid protein sequencer [16]. Phenylthiohydantoins
of amino acids were identified in model 120 APTH amino acid ana-
lyzer (Applied Biosystems).

Inhibitory activities were determined by measuring the residual ac-
tivity of the target enzyme after preincubation with inhibitor. The
tested proteinases were assayed using suitable chromogenic substrate,
and optimal conditions (pH, temperature, salt concentration) [17-20].
Assuming a slot tight binding mechanism for the enzyme-inhibitor
interaction [21], K; values were calculated by means of the Enzfitter
program.

Antifungal activity of chymotrypsin inhibitors isolated from Phy-
tophthora-infected tuber diffusates by the affinity chromatography on
immobilized chymotrypsin has been measured. Solutions (0.02 M
phosphate buffer, pH 6.8) with various concentrations of the inhib-
itors were added to the zoospore suspension (5 10* conidia/ml) and
incubated at 19°C for 24 h. The fungal hyphaes were measured under
a microscope of Laboval model (X 120). Their length was expressed as
a percentage of control. Control were zoospores incubated without
inhibitors.

3. Results

Purification of PSPI-21 yielded a non-reduced protein with
molecular mass of 21 kDa (data not shown). The SDS-PAGE
showed that the reduced PSPI-21 contains two polypeptides
of molecular masses of 16.5 and 4.5 kDa (Fig. 1A, lane 1).
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Fig. 1. SDS-PAGE of the proteins purified from intact (A, B) and Phyrophthora-infected (C) potato tubers. Lane 1, the PSPI-21; lane 2, the
PCPI-23; lane 3, the PSPI-23; lane 4, the proteins purified by affinity chromatography on chymotrypsin-Sepharose from Phytophthora-infected
tuber diffusates; lane 5, Pharmacia low molecular mass standards (molecular mass X 10~3).

These data demonstrate that a molecule of the homogeneous
PSPI-21 consists of two polypeptide chains linked by disulfide
bond. The large polypeptide chain was named as A-chain, and
the small one was named as B-chain.

In SDS-PAGE, both reduced PSPI-22 and reduced PCPI-23
contained a single polypeptide of molecular mass of 22 and 23
kDa, respectively (Fig. 1B, lanes 3 and 2). These data indicate
that the purified proteins are homogeneous and their mole-
cules have one polypeptide chain.

The PSPI-21, the PSPI-22, and the PCPI-23 were subjected
to N-terminal amino acid sequence analysis. The native, active
PSPI-21 gave two sequences up to 25 residues for A-chain:
LPSDATPVLDVTGKELDSRLSYRIL.., and up to 10 resi-
dues for B-chain: SSDDQFCLKYV.. The native, active
PSPI-22 gave a single sequence up to 21 residues:
FVLPFDVLDSGRDLDRGWPYA... A single N-terminal se-
quence of the native PCPI-23 up to 22 residues was
PVLQVVRDIHGDILTPDSRYII... Three sequences had sig-
nificant homology (approximately 33% identical residues) to
each other.

K; values determined for the PSPI-21, PSPI-22, and PCPI-
23 inhibition of some target proteinases are represented in
Table 1. The PSPI-21 tightly inhibits HLE, whereas its inter-
action with trypsin and chymotrypsin is substantially weaker.
This protein is not active toward papain, plant cysteine pro-
teinase. The PSPI-22 is a potent inhibitor of trypsin. It ex-
hibited weak inhibition of chymotrypsin and none against
papain. In contrast to both PSPI-21 and PSPI-22, the PCPI-

23 tightly inhibits only activity of papain, but does not inter-
act with the serine proteinases tested.

In our previous work [14] we have shown that protein chy-
motrypsin inhibitors accumulate in droplet diffusates of pota-
to tubers in response to P. infestans infections. We investi-
gated the chymotrypsin inhibitors which are accumulated in
tuber diffusates after 72 h inoculation by P. infestans zoo-
spores. In Fig. 1C, the results obtained by SDS-PAGE of
the reduced inhibitors purified by affinity chromatography
on chymotrypsin-Sepharose show a number of proteins with
different molecular masses. The proteins with molecular
masses 22.0, 16.5, 8.0, 4.5, and 3.0 kDa are most prevalent,
and three of them (with molecular masses 22, 16.5 and 4.5
kDa) are similar to the proteins from intact potato tubers.

To determine N-terminal amino acid sequences, the pro-
teins separated by SDS-PAGE were transferred onto polyvi-
nylidene difluoride membrane by blotting. The protein bands,
corresponding to each protein were cut out, washed in water,
and dried prior to sequencing, which revealed the N-terminal
sequences for four of them. In case of the protein fraction
with molecular mass 3 kDa, the N-terminal sequence could
not be identified. This fraction was a mixture of several low
molecular mass peptides. A presence of such potato tuber
peptides which are products of the posttranslational modifi-
cation of some proteinase inhibitors have been found early
[22]. The first ten residues of the protein with molecular
mass 22 kDa found in Phytophthora-infected potato tuber
diffusates were FVLPFDVLDS... This sequence appeared to

Table 1
Dissociation constants of complexes between potato inhibitors and target proteinases
Proteinase (nM); (Substrate, mM) K;, nM
PSPI-21 PSPI-22 PCPI-23
Trypsin (4.71); (BAPNA, 0.17) 1.52 (£0.3) 0.58 (£0.6) nil
Chymotrypsin (14.0); (Suc-Val-Pro-Phe-pNA, 0.03) 1.81 (+£0.2) 24.90 (£0.9) n.i.
HLE (4.50); (Suc-Ala-Ala-Val-pNA, 0.10) 0.8 (£0.02) n.i. n.i.
Papain (250.0); (BAPNA, 1.50) n.i. n.i. 0.32 (+£0.03)

2Standard deviation (n=3).
PN.i., no inhibition.

K; values were determined from inhibition of enzymatic activities at equilibrium using different concentrations of inhibitors.
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Fig. 2. Length of hyphae (0O) and number of lysed zoospores (®) of
P. infestans as a function of the concentration of chymotrypsin in-
hibitors purified by affinity chromatography on chymotrypsin-Se-
pharose from fungus-infected potato tubers. Means of three inde-
pendent experiments with standard errors from 2 to 10% are
presented.

be identical to that of the PSPI-22 from intact tubers which is
characterized in this work. The first ten residues of the protein
with molecular mass 16.5 kDa were LPSDATPVLD.., and
they were identical to those of A-chain of PSPI-21 from intact
tubers. The first seven residues of the protein with molecular
mass 4.5 kDa were SSDDQFC.., and they were identical to
those of B-chain of the PSPI-21. The amino-terminal sequence
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of the protein with molecular mass 8§ kDa (EFDCDG-
KINW..) was almost identical to that of the potato proteinase
inhibitor I promoter A (PI-1A) [23]. These data allow us to
conclude that the accumulation of the PSPI-21, the PSPI-22,
and PI-1A are induced in potato tubers in response to Phy-
tophthora infection. It will be noted that PI-1A is absent in
intact tubers of the Istrinskii cultivar [12,14]. The accumula-
tion of this inhibitor is induced in response to the pathogen
attack.

The effect of chymotrypsin inhibitors isolated from infected
tuber diffusates by affinity chromatography on P. infestans
growth and development has been studied. The inhibitors sig-
nificantly inhibit mycelial growth of fungus (Fig. 2). The con-
centration of the inhibitors that decreases mycelial growth by
half is 80 pg/ml. Higher inhibitor concentration (500 mg/ml)
completely inhibits fungal growth. The EDj, i.e. a dose at
which 50% of zoospores were affected by the potato chymo-
trypsin inhibitors, is 150 pug/ml. No intact zoospores were
observed in the presence of 500 pg/ml inhibitors (Fig. 2); all
of them were lysed. Thus, the chymotrypsin inhibitors accu-
mulated in Phytophthora-infected potato tuber diffusates are
toxic to this microorganism; they inhibited both hyphal
growth and zoospore germination.

4. Discussion

We have characterized three inhibitors from intact potato
tubers that are distinct from each other in N-terminal amino
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inhibitors. Identical residues are boxed. Conservative residues are darked boxed.
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Numbering is made according to the sequence of SKTI [2].

Key: potato inhibitors: PKI-1, the trypsin inhibitor [6]; PKI-2, the subtilisin inhibitor [6]; PCDI and PIGENI, the cathepsin D inhibitors
[8,9]; PTI, the trypsin inhibitor [25]; PI-22, the 22 kDa inhibitor of serine proteinases [7]; PCPI 8.3, the cysteine proteinase inhibitor with pl
value of 8.3 [10]; legume inhibitors: SKTI [2]; WKTI, the trypsin inhibitor from winged beans (Psophocarpus tetragonolobus (L). DC) [3];

EKTI, the trypsin inhibitor from Erythrina latissima seeds [4].
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acid sequences and inhibitory activities. Two of them, PSPI-21
and PSPI-22, are serine proteinase inhibitors, but PCPI-23 is a
cysteine proteinase inhibitor. Molecules of two inhibitors,
PSPI-22 and PCPI-23, have a single polypeptide chain, but
PSPI-21 consists of two disulfide-linked polypeptide chains;
A-chain is large (16.5 kDa) and B-chain is small (4.5 kDa).
All three proteins have homologous sites at the amino-termi-
ni. These sequences used to search through the Protein Iden-
tification Resource, released 33 protein databases of protein
sequences [24]. All three sequences had significant homology
to several Kunitz-type inhibitors from a variety of plant sour-
ces. Fig. 3A, B, and C show comparisons of the N-terminal
sequences of the PSPI-21, the PSPI-22 and the PCPI-23 with
other members of Kunitz-type inhibitor family [2-10,25]. All
three potato proteins show conservation of residues: Asp-5,
Gly-8, Tyr-17, and Ile-19, that are characteristic of Kunitz-
type inhibitors.

Although these inhibitors are clearly members of Kunitz-
type inhibitor family, they bear more similarity to some po-
tato inhibitors that are members of this family than to each
other. The PSPI-21 is homologous to both potato trypsin
inhibitor (PKI-1) [6] and potato cathepsin D inhibitor (PI-
GENI1) [9], being identical in residues —5 to 20, excluding
7 and 13 residues differ; Tyr-7— Ala-7 (PIGEN1) and Ser-
13— Pro-13 (PKI-1). However, PSPI-21 differs from both
PKI-1 and PIGENI. First of all, the PSPI-21 is double chain
protein. Besides, these inhibitors differ in a specificity of the
action on enzymes. As opposed to PKI-1 [6], PSPI-21 is a
potent inhibitor of HLE, but a good inhibitor of trypsin,
and of chymotrypsin. PIGENI is inhibitor of cathepsin D,
aspartic proteinase [9]. Our previous work, however, estab-
lished that PSPI-21 does not inhibit aspartic proteinases (ca-
thepsin D and pepsin) [13]. Amino-terminal sequences of the
PSPI-22 and the PCPI-23 indicate a high homology (about
30% and 45%, respectively) with those of potato subtilisin
inhibitor (PKI-2) [6], potato trypsin inhibitors (PI-22 and
PTI) [7,25], and potato cysteine proteinase inhibitor (PCPI
8.3) [10]. However, in contrast to PKI-2 and PCPI 8.3 which
are potent inhibitors of subtilisin and of cathepsin L, respec-
tively, the PSPI-22 did not demonstrate activity towards sub-
tilisin and cysteine proteinases [13]. This protein is a potent
inhibitor of trypsin. In turn, the PCPI-23 is a potent inhibitor
of plant cysteine proteinase, papain, being different from PKI-
1, PI-22, and PTI. A significant high degree of amino acid
similarity between the analyzed protein homologues suggests
that all of them are members of one multigene family of
potato Kunitz-type proteinase inhibitors (PKPIs).

As we are aware, the effect of phytopathogen attack on
proteinase inhibitor accumulation in potato tubers has not
been studied yet. There is an evidence that the level of potato
inhibitor IT mRNA increases in detached tubers in response to
wounding [26]. However, when wounded tubers are attached
to the plant, the increase in the mRNA content was less ob-
vious [27]. We have indicated that the infection by P. in-
fesnans zoospores can induce the accumulation of chymotryp-
sin inhibitors in attached potato tubers too. This work
showed that the PSPI-21, the PSPI-22, and the PI-1A were
prevalently accumulated in response to the fungus infection.
Because these inhibitors suppress both zoospore germination
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and growth of the P. infestans hyphae, they are block fungal
development. These data allow us to suggest that proteinase
inhibitor genes may be regulated both developmentally and
environmentally in attached potato tubers.
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