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Short communication

Potato cysteine proteinase inhibitor gene family: molecular cloning,
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Abstract

Potato cysteine proteinase inhibitors (PCPIs) represent a distinct group of proteins as they show no homology to
any other known cysteine proteinase inhibitor superfamilies, but they all belong to the Kunitz-type soybean trypsin
inhibitor family. cDNA clones for five PCPIs have been isolated and sequenced. Amino acid substitutions occurring
in the limited regions forming loops on the surface of these proteins suggest a further classification of PCPIs into
three subgroups. Accumulation of PCPI was observed in vacuoles of stems after treatment with jasmonic acid (JA)
using immunocytochemical localisation, implying that these inhibitors are part of a potato defence mechanism
against insects and pathogens. Genomic DNA analysis show that PCPIs form a multigene family and suggest that
their genes do not possess any introns.

Abbreviations: CPI, cysteine proteinase inhibitor; JA, jasmonic acid; NID, novel inhibitor of cathepsin D; PCPI,
potato cysteine proteinase inhibitor; PDI, potato cathepsin D inhibitor; PI-I, potato inhibitor I; PI-II, potato inhibitor
II; PKPI, potato Kunitz-type proteinase inhibitor; STI, soybean Kunitz trypsin inhibitor

The family of cysteine proteinase inhibitors from
potato (PCPIs) represents a distinct group of proteins
as they show no homology to either of the known
cysteine proteinase inhibitor superfamilies, the cystatin
superfamily [35] and the recently characterised thyro-
globulin type-1 domain-like inhibitors [3]. They also
do not possess any primary structure elements so far
known to be responsible for the inhibition of cysteine
proteinases. Their primary structure shows them to be
related to the Kunitz-type soybean trypsin inhibitor

The nucleotide sequence data reported will appear in the Gen-
Bank Nucleotide Sequence Database under the accession num-
bers U59272, U59273, U59274, U59276 and U59277 for PCPI10,
PCPI8, PCPI7, PCPI5 and PCPI3, respectively.

(STI) family [19]. Although they are potent inhibitors
of lysosomal cysteine proteinases, some of them also
possess weak inhibitory activity against serine pro-
teinases trypsin and chymotrypsin [6]. Inhibition of
proteinases belonging to two different classes is a very
rare feature among proteinase inhibitors.The physiolo-
gical role of proteinase inhibitors in plants has been the
subject of intense research over several years. A model
for their role as part of the plant defence mechanism
that is activated in response to insect attack or other
severe mechanical wounding was postulated for serine
proteinases inhibitors of the potato inhibitors I (PI-I)
and II (PI-II) families [9, 10]. Jasmonic acid (JA) has
been shown to be a messenger molecule in the sig-
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nal transduction pathway of plant defence response to
wounding [9]. Insect larvae feeding on a diet including
inhibitors are retarded in their development and some-
times they are unable to reach their reproductive phase
[4].

The aim of this study was to further characterise
PCPIs at the cDNA level, to elucidate their gene organ-
isation, and to assess their biological function. Immun-
ocytochemical localisation studies were performed to
establish the principle of sorting and accumulation of
PCPIs.

Isolation and characterisation of PCPI cDNA clones

Two primers (50-CATGAATTCATATGCTTGTACT-
CCCTGAAGTT-30 and 50-CCGGATCCTACGCCTT-
GTAACAC-30) were constructed which correspond to
the 50 and 30 ends of the mature protein-coding region
of p34021 [30], a cDNA clone with the deduced
sequence identical to the best characterised potato
cysteine proteinase inhibitor, PCPI 8.3 [19]. The potato
tuber (cv. Ulster Sceptre)�gt11 cDNA library [33] was
screened using a probe obtained by PCR which was
94% identical to the mature protein-coding region of
p34021 cDNA [30]. Five cDNA clones isolated that
way were sequenced and further characterised (PCPI3,
PCPI5, PCPI7, PCPI8 and PCPI10). None of them
has a complete 50 end, although that does not interfere
in the structural analysis of their coding region. They
share between 94.2% and 99.7% of identical nucle-
otides (insertions and deletions excluded). The dele-
tions in the coding region do not result in frameshifts.
Three AATAAA polyadenylation signals are present in
the 30-untranslated region (UTR) of all isolated cDNA
clones, of which the second and third overlap. The
occurrence of overlapping polyadenylation signals has
already been observed in some plant genes [22]. Pro-
tein and cDNA sequences homologous to PCPIs were
obtained through database search [1] and are listed in
Figure 1. Ishikawa et al. [16] has proposed a clas-
sification of potato Kunitz-type proteinase inhibitors
(PKPI) into PKPI-A, PKPI-B and PKPI-C homology
groups. Serine proteinase inhibitors and serine/aspartic
proteinase inhibitors from potato are members of both
PKPI-A and PKPI-B groups. PCPIs belong to PKPI-C
group which therefore includes serine, serine/cysteine
and cysteine proteinase inhibitors. We propose a fur-
ther classification of these proteins into three sub-
groups on the bases of characteristic sequence regions
specific for subgroup and of percentage of amino acid
identity (Figure 1). Nucleotide deletions that are typ-

Figure 3. Southern blot analysis of potato (cv. Ulster Sceptre) gen-
omic DNA for the PCPI gene family. Genomic DNA was digested
with EcoRI (lane 1), EcoRI/BamHI (lane 2) and with BamHI restric-
tion endonucleases (lane 3) and hybridised with labelled PCPI8
cDNA.

ical for subgroup II cDNAs only, also support this
classification. The percentage of amino acid identity
within subgroup I members is above 93%, and above
86% within subgroup II. PCPI 6.6 [6] exhibits only
39.5% of identity to members of subgroup I or II and
was assigned to the third subgroup on the basis of its
cysteine proteinase inhibitory activity. The comparis-
on of nucleotide and deduced amino acid sequences of
PCPIs shows a very low percentage of silent mutations
(11.7%). Thus, one can assume that the positive selec-
tion has been in favour of diversification of this group
of proteins.

The position of Cys residues in proteins coded by
the newly isolated cDNA is generally preserved as is
found for other members of the STI family. Some post
translational modifications occur on PCPI proteins [16,
this study]. No potential glycosylation sites were found
in any of the PKPI-C members, thus the PKPI-A group
remains the only one of the PKPIs so far known with a
potential N-glycosylation site. Interestingly, potential
phosphorylation and sulphatation sites were found in
proteins of PCPI subgroup I and II (PC-GENE, Intel-
liGenetics USA) that are not found in other PKPI pro-
teins.

STI family members interact with their target
enzymes at one or two reactive sites [29]. The reactive
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Figure 1. Amino acid sequence alignment of PKPI-C proteins and STI [17]. Subgroup I includes p34021 [30] (PCPI 8.3 [19] is identical to
the mature protein coding region of this clone), PCPI5�, PCPI3�, pT1 [37], PKI-2 [36]; Subgroup II includes PCPI 9.4 [6], PCPI8�, PCPI10�,
PCPI7� and subgroup III includes PCPI 6.6 [6], (� this study). The 22 kDa group of proteins characterised by Suh et al. [31] have the same
N-terminal sequence as PCPI 8.3.The numbering used is of PCPI 8.3. Points indicate amino acid residues identical to those of p34021 and PCPI
8.3. Dashes indicate amino acid deletions. The vacuolar sorting signal is indicated by the shaded box. The potential recognition site for signal
peptide cleavage is marked by the open box. Connected boxes represent potential disulphide bridges. P denotes a potential phosphorylation site
and S a potential sulphatation site.O indicates the reactive site for trypsin inhibition in STI.

site for serine proteinase inhibition was proven to be
Arg at position 63 (STI numbering) [17]. The second
reactive site for proteinase inhibition was predicted to
be located in the C-terminal domain in the loop with-
in the second disulphide bridge [32]. It is interesting
that subgroup I and subgroup II members differ in
the putative cysteine proteinase inhibitory site at Pro-
145! Arg or Gly-148! Glu. Since several different
activities of STI members have been identified (cathep-
sin D inhibitors [23, 28], storage protein sporamin A
[13], double-headed wheat�-amylase/subtilisin inhib-

itor [21], drought stress-induced proteins [12, 20],
dehydroascorbate reductase [34]), it is possible that
PKPIs have some other function beside inhibitory
activity, which has not yet been observed. Because of
its structural diversity, the C-terminal domain is more
likely to be the candidate for additional functions. One
of the most interesting regions is that between Ile-124
and Tyr-139. According to the three-dimensional struc-
ture of STI this region is predicted to form a loop and
is significantly different in PKPI-C I and II.

plan3576.tex; 7/05/1997; 13:59; v.7; p.3



320

Figure 2. Immunocytochemical localisation of PCPI 6.6 in stem tissue. A. A low magnification view of stem cells (plants grown on the medium
supplemented with 100 �m JA). B. Immunogold labelling of PCPI 6.6 associated with membraneless protein aggregates in the vacuolar space
of stem. C. Localisation in the intercellular space of stem. D. A section treated with the non-immune serum was used as control. V, vacuole; P,
protein aggregates; CW, cell wall; IS, intercellular space; C, cytoplasm; Bar = 200 nm (unless indicated otherwise). Purified rabbit antibodies
to PCPI 6.6 (c=0.5 mg/ml) [6] were tested for cross-reactivity with NID by western blot analysis (results not shown). Arrowheads are pointing
towards some individual gold particles or some groups of gold particles associated with PCPI 6.6.

Figure 2. Continued.

Intracellular localisation of PCPIs

The preproregion of PCPIs was analysed by PC-GENE
and by amino acid comparison to other STI proteins

(Figure 1). The N-terminal end of the preproregion
(prepeptide) consists of a highly hydrophobic cluster
that is predicted to be a transmembrane spanning seg-
ment (Ile-3 to Ala-20, p34021 numbering). This is
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Figure 2. Continued.

Figure 2. Continued.

thought to be an endoplasmic signal sequence [16] with
a potential signal peptide cleavage site Phe-Thr/Ser-
Ser [16, 24]. The propart of the PCPI prepropeptide
contains a conserved Asn-Pro-Ile-Xxx-Leu-Pro motif
which represents the vacuolar sorting signal [7, 25].

Gold immunolabelling of thin sections of stem tis-
sues was performed to show the intracellular local-
isation of PCPI 6.6 (Figure 2) basically following the
procedure described [27]. Gold particles were associ-
ated with membraneless protein bodies of amorphous

character within the cell vacuole (Figure 2B). A smaller
amount of gold-labelling was also found in the cyto-
plasm (Figure 2C). Additionally, specific immunogold
labelling of PCPI 6.6 was observed in the intercellular
space (Figure 2C). Narvez-Vasques et al. have shown
that the PI-I and PI-II family inhibitors can be depos-
ited in the cell wall matrix of secretory and epidermal
cells of the root cap besides their accumulation in the
vacuole [26]. However, there is only one report of their
presence in the intercellular space. It was demonstrated
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by gold immunolabelling that NID is accumulated in
the intercellular space of potato root cells of a plant
grown in non-inducible conditions (medium without
JA) [18] in addition to accumulation of the protein in
the vacuole of JA treated plants [27]. At the same time,
NID was detected associated with the Golgi apparatus
which may transport it out of the cell where it could
represent the first defence against a potential penetrat-
ing pathogen [18].

Genomic DNA analysis

Genomic DNA of two different potato cultivars, Solan-
um tuberosum L. cv. Ulster Sceptre and cv. Desirée was
isolated from leaves of a single specimen following
the procedure described [11]. Southern blot analysis
of potato cysteine proteinase inhibitor genes was per-
formed with the digoxigenin-labelled PCPI8 cDNA
[this study] using the genomic DNA of cv. Ulster
Sceptre. The results shown in Figure 3 suggest that a
moderate size multigene family of potato cysteine pro-
teinase inhibitors exists. The emergence of multigene
families can be explained as the evolutionary answer
to the need of the plant to produce large amounts of
proteins in a short time span [14].

PCR amplification of cv. Désirée genomic DNA
was performed using the same primers as for prepara-
tion of the probe for screening. It yielded a product of
about 550 bp. The size matches the size of PCPI cDNA
amplified by the same primers (results not shown),
therefore the data suggest that most or all PCPI genes
are intronless at least in the mature protein coding
region. The same was shown also for other PKPI pro-
teins [2, 16]. It has been suggested that intronless genes
may have evolved in order to be able to respond without
significant delay to various exogenous signals [8].

Expression of PCPI genes

The levels of PKPI proteins have been shown to be
developmentally and environmentally regulated [5, 16,
32]. mRNA of p34021 and pT1 accumulates during
early tuber development [32, 37]. In agreement with
this results, in our study, an unusually high percentage
of positive clones (2%) was obtained on screening a
tuber cDNA library. It has also been confirmed that
p34021 mRNA accumulates in leaves upon wound-
ing [32]. In addition to this, strong immunolabelling
of PCPI 6.6 was observed in vacuoles of the leaf tis-
sues grown on media supplemented with 100 �m JA
(Figure 2A and 2B) compared to control medium (res-

ults not shown). The induction by JA was observed
in different families of proteinase inhibitors, such as
PI-I, PI-II [9], plant cystatins [15] and members of the
PKPI-A group of the STI family [16, 33]. Since PCPI
proteins are also induced by JA, that would imply that
they also belong to the set of proteins responding in
the same way to exogenous signals. Genomic DNA
studies, in addition, suggest that expression of PCPI
genes is regulated by exogenous signals in order to
produce large quantities of proteins without significant
time delay.

The mechanism of induction of PCPI genes, togeth-
er with their role in different stress conditions in plants
remains to be clarified. Another unsolved problem is
the mechanism of inhibition of cysteine proteinases
by PCPIs as is their ability to inhibit both serine and
cysteine proteinases. Any potential functions of potato
cysteine proteinase inhibitors beside their inhibitory
activity also remain to be discovered.
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F, Kregar I, Turk V: Characterisation of aspartic proteinase
inhibitors from potato at the gene cDNA and protein levels.
Biol Chem Hoppe-Seyler 373: 477–482 (1992).

34. Trumper S, Follmann H, Haberlein I: A novel dehyd-
roascorbate reductase from spinach chloroplasts homologues
to plant trypsin inhibitor. FEBS Lett 352: 159–162 (1994).

35. Turk V, Bode W: The cystatins: protein inhibitors of cysteine
proteinases. FEBS Lett 285: 213–219 (1991).

36. Walsh TA, Twitchell WA: Two Kunitz-type proteinase inhibit-
ors from potato tubers. Plant Physiol 97: 15–18 (1991).

37. Yamagishi K, Mitsomuri C, Kikuta Y: Nucleotide sequence of
a cDNA encoding the putative trypsin inhibitor in potato tuber.
Plant Mol Biol 17: 287–288 (1991).

plan3576.tex; 7/05/1997; 13:59; v.7; p.7


