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Abstract 

A gene coding for potato multicystatin (PMC), the crystalline inhibitor of cysteine proteases which is 
found in tubers, was isolated and characterized. The deduced polypeptide product of this genomic 
sequence is 757 amino acids long and has a molecular mass of 86,778 Da. It consists exclusively of eight 
closely related domains, with 53-89?0 identity of residues. Each repeated unit is homologous to the 
cystatin superfamily of cysteine protease inhibitors. To date, no other member of this family has been 
found to contain so many inhibitor domains in one polypeptide. Eight introns are proposed in the 3.5 kb 
of genomic DNA coding for PMC, one in each cystatin unit. There is a family of 4 to 6 such large genes 
in potato, while in pea and maize the homologues are much smaller, and probably code for single-domain 
cystatins. PMC transcripts are abundant in tubers, but scarce in undamaged leaves or stems of field- 
grown potatoes. The tuber messages are derived from at least four genes (including the cloned example). 
The pattern of gene expression, as well as the properties of the protein, suggest that PMC has a role 
in the plant's defense system. 

Introduction 

Potato multicystatin (PMC) is a proteinaceous 
inhibitor of cysteine proteases which is found as 
crystals in the subepidermal cells of potato tubers 
[26]. Partial amino acid sequencing of PMC re- 
vealed that it is a member of the cystatin super- 
family of cysteine protease inhibitors [34]. All 
these inhibitors have a characteristic structural 
motif, QXVXG, which is essential for activity 
against papain and other cysteine proteinases [4]. 

Members of the cystatin superfamily from animal 
sources are classified into three groups [6]. Type I 
inhibitors, or stefins, are small intracellular pro- 
teins (about 11 kDa in size), without disulfide 
bonds or carbohydrate modifications. Type II in- 
hibitors, or cystatins, are also small proteins 
(about 13 kDa), but they contain two disulfide 
bonds and are secreted. Type III inhibitors, or 
kininogens, are large (60-120 kDa) secreted pro- 
teins with multiple disulfgte bonds; the amino- 
terminal portions of these polypeptides contain 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number L16450. 
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three cystatin repeats, followed by other domains 
from which peptides active in inflammation can 
be cleaved. The small number of plant cystatins 
characterized to date are like animal stefins: they 
are small (12-18 kDa), and do not contain di- 
sulfide bonds [1, 12, 13,18]. The two rice cyst- 
atins also lack secretion signals, though a recently 
isolated cDNA clone appears to code for a maize 
cystatin with an amino-terminal extension [2]. 
PMC is unique among the plant cystatins with 
respect to its large size (a polypeptide of about 
85 kDa), and its ability to form crystals at alka- 
line pH [26]. Recent studies indicated that the 
large size can be explained by the presence of 
multiple cystatin-like units [34]. However, this 
analysis did not exclude the possibility that PMC, 
like the animal kininogens, contains additional 
regions which are not related to cystatin. The 
genomic DNA sequence presented here demon- 
strates that this is not the case. The gene codes 
for a protein of eight stefin-like domains, without 
any additional elements. 

Materials and methods 

Construction of a tuber cDNA library 

Peel from 4 cm potato tubers (Solanum tuberosum 
cv. Superior) was frozen in liquid nitrogen, and 
ground to a fine powder with a pestle and mor- 
tar. Disrupted tissue was thawed in 4 volumes of 
50mM Tris-HC1 pH 8.0, 4 ~  p-aminosalicylic 
acid, 1~o tri-isopropylnapthalenesulfonic acid, 
10 mM dithiothreitol, and 10 mM sodium met- 
abisulfite, then extracted with an equal volume of 
phenol containing 0.1 ~o 8-hydroxyquinoline. The 
aqueous phase was re-extracted with equal vol- 
umes of phenol/chloroform/isoamyl alcohol 
(25:24:1), and chloroform/octanol (24:1). RNA 
was first precipitated with ammonium acetate 
(2.5 M) at -20 °C overnight, then with 67~/o 
ethanol. PoI(A) + RNA was isolated using Hy- 
bond messenger affinity paper (Amersham, 
Arlington Heights, IL). cDNA was synthesized 
from poly(A) + RNA using the ZAP-cDNA syn- 
thesis kit (Stratagene, La Jolla, CA). Size-selected 

cDNA was ligated to UniZap XR vector arms, 
and packaged into phage particles with Gigapack 
Gold packaging extract (Stratagene). 

Identification and characterization of PMC cDNA 
sequences 

Amplified libraries were screened for PMC anti- 
gen production using the PicoBlue immuno- 
screening kit (Stratagene), and polyclonal rabbit 
antiserum raised against PMC (Berkeley Anti- 
body Co., Berkeley, CA). Libraries were also 
screened for DNA homology to the insert in clone 
PC1, using gel-purified fragments labelled with 
digoxygenin- 11-dUTP (Boehringer-Mannheim, 
Indianapolis, IN). Phage were purified by 3 cycles 
of plating at low density and rehybridization. The 
cDNAs were excised as phagemids, with an extra 
step of retransformation at low density to elimi- 
nate helper phage. Samples of phagemid DNA 
were prepared from XL1-Blue cells (Stratagene) 
by the method of Holmes and Quigley [ 14]. DNA 
sequences were determined using S equenase (U S 
Biochemical, Cleveland, OH). Erase-A-Base 
(Promega, Madison, WI) was used to generate 
overlapping deletions. Primers were synthesized 
by Oligos Etc. (Wilsonville, OR). 

Identification and characterization of PMC genomic 
sequences 

A library of potato genomic fragments (Strat- 
agene) was screened for homology to PMC 
cDNA as described above. The probe was a gel- 
purified Bsm I fragment of the longest cDNA 
clone, pDAB 1054, labelled with digoxygenin by 
random priming or PCR amplification. Phage 
were prepared on a large scale by extraction of 
broth cultures with polyethylene glycol (PEG 
6000) and equilibrium density centrifugation in 
CsC1 [5]. DNA was prepared from phage in 
buoyant density CsC1 by overnight incubation at 
room temperature in 50~o formamide, 10 mM 
EDTA, 0.1 M Tris-HC1 pH8.5, followed by 
ethanol precipitation. Fragments of this DNA 



were subcloned into pBluescript II S K -  (Strat- 
agene) and sequenced, as described above. 

Genomic DNA was prepared from etiolated 
shoots of potato (Solanum tuberosum cv. Supe- 
rior) and pea (Pisum sativum cv. Little Marvels). 
Tissue frozen in liquid nitrogen was blended to a 
fine powder then thawed in 3 volumes of 7 M 
urea, 50 mM Tris-HC1 pH 8.0, 300 mM NaC1, 
20 mM EDTA, 1 ~o sarcosine. The homogenate 
was extracted with an equal volume of phenol/ 
chloroform (1:1), and DNA was precipitated from 
the aqueous phase with an equal volume of iso- 
propanol. Maize DNA was isolated from callus 
tissue (Zea mays cv. Black Mexican Sweet) by 
the procedure of Rogers [27]. DNAs cut with 
restriction enzymes were fractionated on agarose 
gels, and transferred to GeneScreen Plus mem- 
brane (DuPont, Wilmington, DE), using standard 
procedures [ 5 ]. To detect sequences homologous 
to PMC, membranes were probed with 32p_ 
labelled DNA containing the complete PMC- 
coding region, with introns. The membranes were 
washed with 2 x SSC, 0.1Yo SDS at 42 °C, then 
exposed to Kodak X-Omat film. 

Characterization of PMC mRNA 

The 5' end of PMC mRNA was determined by 
primer extension from tuber poly(A) + RNA, pre- 
pared using the method described for construc- 
tion of the cDNA library (above). Extension was 
from a 20-base primer complementary to the 
5' end of exon 2 (5 ' -TTTAAACTCCAAACTA- 
GAATC), using AMV reverse transcriptase (US 
Biochemical). 

For northern analysis, total RNA was prepared 
from tubers, leaves and stems of field-grown po- 
tatoes as described for construction of the cDNA 
library. The RNA was fractionated on formalde- 
hyde-agarose gels, then transferred to Gene- 
Screen membrane (DuPont). PMC mRNAs were 
detected by probing with 32p-labelled insert from 
PC 1, in the presence of 50 ~o formamide and 10 ~/o 
dextran sulfate [5]. The most stringent wash was 
50 mM NaC1, 20 mM sodium phosphate pH 6.5, 
1 mM EDTA, 0.1~o SDS at 42 °C. 
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Results 

cDNAs coding for PMC 

From a cDNA library of 1.5 x 105 phage, 12 
clones producing PMC antigen were isolated. The 
insert from one of these plasmids (PC1) was used 
to isolate another 16 PMC clones by nucleic acid 
hybridization. None of the cDNAs was suffi- 
ciently large to code for an 85 kDa polypeptide. 
Three inserts were completely sequenced, and 
another six were partially sequenced. The 3' un- 
translated sequences, which are gene specific, 
indicate that the PMC cDNAs were probably 
derived from four closely-related genes (Fig. 1). 
The longest clone (pDAB1054) contained an 
open reading frame which codes for almost four 
repeats of a polypeptide homologous to oryza- 
cystatin (data not shown). As expected from its 
size, this insert was only part of a PMC message. 
At its 3' end there was a non-translated region 
and a poly(A) tail, but the 5' end of the reading 
frame was missing. Surprisingly, the coding re- 
gion appears to include an intervening sequence 
which had not been processed out of the message. 

Genomic clone coding for PMC 

A library of genomic DNA fragments was probed 
with a fragment of the longest cDNA clone, 
pDAB 1054, containing almost 4 cystatin-like re- 
peats. From 4 x 105 phage, six clones containing 
hybridizing sequences were isolated. Only three 
of them could be grown in bulk for further char- 
acterization. Two contained part of a PMC gene, 
truncated at the 5' end, but one clone (BZ2) con- 
tained all the homology in a central portion of its 
13 kb insert. This hybridizing region was sub- 
cloned and sequenced (Fig. 2). An open reading 
frame of nine exons, coding for a polypeptide with 
eight cystatin-like domains, was identified. Part 
of the coding sequence, and the 3' untranslated 
region, were identical to the cDNA clone AM9, 
except that one of the cystatin repeats was miss- 
ing from the cDNA (Fig. 2). The deletion, be- 
tween 16 bp regions of identical sequence in 
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PCl 

pDABI020 
pDABI023 
pDABI054 

pDABI065 
pDABI069 

AM9 

pDABII04 

PC1 
pDABI020 
pDABI023 
pDABI054 

pDABI065 
pDABI069 

AM9 

pDABII04 

PC1 
pDABI020 
pDABI023 
pDABI054 

pDABI065 
pDABI069 

AM9 

pDABII04 

PC1 
pDABI020 
pDABI023 
pDAB1054 

pDABI065 
pDABI069 

pDABI065 
pDABI069 

1 70 
TTGTTTATGC CACAAAATGA AATAAAACTA CTCTTATGCT GGTGTGAAGT AAAGCCAGTT GTTTGGTATA 

................................................................... ATA 

...................................... CT GGTGTGAAGT AAAGCCAGTT GTTTGGTATA 

.... TTATGC CACAAAATGA AATAAAACTA CTCTTATGCT GGTGTGAAGT AAAGCCAGTT GTTTGGTATA 

.............................................................. TTGGTATg 

• T~aAT~C tACAAAnTGA AATgAAACTA CTtTTATGtT GGTGTGAAaT AAAGCCAGTT GTTTGGTATg 

TTGaTaATGC tACAAAaTGA AATgAAACTA tTtTTATGtT GGTGTGAAaT AAAGCCAGTT GTTCGGTATg 

71 140 
AAGTTACTAT TATGCTTGTG TGAAATAAAG CCAGTTGTTT GGCATGCAAT TACTGTTATG TTTGTGAAAA 
AAGTTACTAT TATGCTTGTG TGAAATAAAG CCAGTTGTTT GGCATGCAAT TACTGTTATG TTTGTGAAAA 
AAGTTACTAT TATGCTTGTG TGAAATAAAG CCAGTTGTTT GGCATGCAAT TACTGTTATG TTTGTGAAAA 
AAGTTACTAT TATGCTTGTG TGAAATAAAG CCAGTTGTTT GGCATGCAAT TACTGTTATG TTTGTGAAAA 

AAGTTACTAT TATGCTTGTG TGAAATAAAG CCAGTTaTTT GGCATGCAAT TACTGTTATG TTTGTGAAAA 

AAGTTAtTGT aATGtTTGTG AGAAATAAAG CCAaTTGTTT GGCATaaAAT TgCTaTTATG TTTGTGAgAA 

AAGTTAtTGT aATGtTTGTG AGAAATAAAG CCAaTTGTTT GGCATaaAAT TACTaTTATG TTTGTGAgAA 

141 210 
ATAAAGTCAG ATCTATGTAT CTGACAGTAT TTAAATGTCT TGTTGTAAGT GTATTTGAAT AATTTAAAGT 
ATAAAGTCAG ATCTATGTAT CTGACAGTAT TTAAATGTCT TGTTGTAAGT GTATTTGAAT AATTTAAAGT 
ATAAAGTCAG ATAAAGTCAG CTGACAGTAT TTAAATGTCT TGTTGTAAGT GTATTTGAAT AATTTAAAGT 
ATAAAGTCAG ATCTATGTAT CTGACAGTAT TTAAATGTCT TGTTGTAAGT GTATTTGAAT AATTTAAAGT 

ATAAAGTCAG ATCTATGTAT CTGACAGTAT TTgAATGTCT TGTTGTAAGc GTATTTGAAT AATTTAAAGT 

........... TCTATGTAT CTGACAGTAT TTgAATGTCT TGTTGTAAGc GTATTTGAAT AATTTAAAGT 

ATAAAacCAG ATCTATGTAT CTGAaAGTAT TTgAtTATCT TaTTaTAAGc GTATTTGAAT AAAAAAAAAA 

ATAAAacCAG ATCTATGTAT CTGAaAGTAT TT 

211 280 
TTGTAAGATT AAAAAAAAAA AAAAAAAAAA 
TTGTAAGATT AATAAATGTG TGTTTATGTG ATGATAAAAA AAAAAAAAAA AAAAAAAAAA AAAAA 
TTGTAAGATT AATAAATGTG TGTTTATGTG AAAAAAAAAA AAAAAAA 
TTGTAAGATT AATAAATGTG TGTTTATGTG ATGAT 

TTGTAAGATT AATAAATGTG TGTTTATGTG ATGATAAATA TTGATTGAAT TGTCATGCAT TGATTAACCG 
TTGTAAGATT AATAAATGTG TGTTTATGTG ATGATAAATA TTGATTGAAT TGTCATGCAT TGATTAACCG 

281 
TAAATGAATT AAAGGATAAT TTTATCGTTA AAAAAA 
TAAATGAATT AAAGGATAAT TTTATCGTTA AAAAAA 

Fig. 1. Sequences at the 3' ends of  PMC cDNAs.  The c D N A s  are arranged into 4 groups; members of each group are identi- 
cal. Nucleotides not found in the largest group are in lower case. Coding regions are underlined. 

adjacent repeats, probably occurred during exci- 
sion of the phagemid from the original phage 
vector. Deletions from PMC cDNAs were fre- 
quently observed during this manipulation in 
other Escherichia coli hosts, such as SURE 
(Stratagene) (data not shown). 

Distribution of genes coding for PMC 

DNA from potato seedlings was probed with a 
fragment which contains the entire PMC coding 
region and introns. In each digest, four to six high 
molecular weight fragments (>  6 kb) hybridized 
to the probe (Fig. 3A). Assuming that each frag- 

ment is unique in the haploid genome, and con- 
tains a single PMC gene (since we used enzymes 
that do not cut within the cloned sequence), 
potato appears to contain a relatively small fam- 
ily, of four to six genes, coding for PMC. This 
contrasts with the large family of 16-18 genes 
coding for the major tuber protein, patatin [32]. 

DNAs from pea and maize also hybridized to 
the PMC probe from potato (Figs. 3B and 3C). 
However, the hybridization signal was weaker, 
and can be entirely contained in a small (1 to 
2 kb) fragment. These species appear to contain 
only a single gene for a PMC-like product, which 
is not as large as the potato protein. Their genes 
probably encode single unit cystatin inhibitors, 



similar to oryzacystatin [1, 18]. A cDNA from 
such a gene has recently been characterized in 
developing maize kernels [2]. 

Expression of PMC genes 

The 5' end of PMC message was determined by 
primer extension. Reverse transcription of 
poly(A) + tuber RNA from the 5' end of the sec- 
ond exon generated a major DNA product 170 
bases long (data not shown). Assuming intron 1 
was removed from the message, the PMC tran- 
script contained 50 nucleotides beyond the trans- 
lational start. 

Total RNA from potato tubers, stems and 
leaves was probed with the insert from the cDNA 
clone PC1 (Fig. 4). There was strong hybridiza- 
tion to a 2.5 kb RNA in the preparation from 
tubers. A similarly sized RNA from leaf hybrid- 
ized, but the signal was much weaker. There was 
no detectable hybridization to stem RNA. 

Discussion 

PMC is a unique member of the cystatin super- 
family ofcysteine proteinase inhibitors. Biochemi- 
cal studies of the purified polypeptide have shown 
that PMC has eight binding sites for papain within 
a single polypeptide, and that it can be fragmented 
by proteinases into smaller polypeptides with the 
ability to inhibit papain. Partial amino acid se- 
quencing of these polypeptides established that 
they were similar but not identical in sequence, 
and that they were all related to the cystatin 
superfamily of cysteine protease inhibitors [34]. 
In this work, we deduced the sequence of a full- 
length PMC polypeptide from the DNA sequence 
of a cloned gene. The result confirms the multi- 
domain structure of PMC, and clarifies how the 
domains are concatenated. The interpretation of 
the gene structure, and some interesting features 
of the deduced polypeptide sequence, are de- 
scribed in detail below. 

Coding regions of a genomic sequence are gen- 
erally identified from the sequences of mature 
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transcripts captured in cloned cDNAs. Unfortu- 
nately, none of the PMC cDNAs were full-length. 
The highly repetitious nature of these sequences 
could have created problems for reverse transcrip- 
tion of the mRNA in vitro, and for phagemid re- 
lease and stability in E. coli. The longest inserts 
had other, unrelated cDNAs fused to PMC se- 
quences, or retained an intron. Furthermore, the 
maximum number ofintron-free units which could 
be cloned together in attempts to make a syn- 
thetic PMC cDNA was three (C. Waldron, un- 
published data). However, the cDNAs do pro- 
vide valuable information about the 3' ends of 
PMC genes. At least four genes coding for PMC 
(including the one we cloned) are expressed in 
tubers, since four different classes of 3' sequence 
are present in tuber-derived cDNAs (Fig. 1). 
Polyadenylation does not occur at a single site, 
even in transcripts from the same gene e.g. the 
Group I cDNAs (Fig. 1), and it is not determined 
by the AAUAAA signal which is important in 
some, but not all, plant genes [20]. The cDNA 
regions which code for cystatin-like units lack at 
least three intervening sequences which are 
present in the genomic DNA (see Fig. 2). The 
longest cDNA clone, pDAB1054, still contains 
one intron sequence which disrupts the reading 
frame. It probably resulted from a mutation, a 
transcriptional error, or an aberrant splicing event 
which increased stability of the insert in E. coli 
(see above). 

The 5' ends of the PMC genes were identified 
by primer extension from poly(A) + RNA. The 
major transcriptional start point corresponds to 
nucleotide 621 in the sequenced DNA (Fig. 2), 
assuming that all PMC genes contain the same 
sized intron between the initiation point and the 
primer. This assumption is validated for the 
cloned gene by the presence of motifs associated 
with transcription initiation, at the expected 
locations relative to nucleotide 621. Potential 
CCAAT and TATA boxes lie upstream, at posi- 
tions -81 to -67 and -35 to -23, respectively. 
The first translation initiator codon (ATG) down- 
stream occurs at position + 50, and is in the read- 
ing frame which codes for a cystatin-like protein. 
Finally, the sequence around 621 ([!]) is identical 
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1 AGATGAT TTCGAAGATT TAAGGGTATATTG TAATTTTCTTGCAAATC TGAAAA~TATAGTTCATG TTCTTCATCTTCT T 

81 TGTATAATTC~TACAAAAATT TGATACAAAACCACCCAAAATCTTCTCCAAATTGCCTCA~TTTTAGATATAAGCTCCT 

161 CTCAACATTTCGAT TCTTTTGACATAT TACCCATTCA~CGGAGCTCGTTCGTGGTTAGTCAAAATTAGAACTCAAGCT 

241 GATAAACTAAC TT TAATGGTGGTT TCAAG TTGTGC TTCAAAGTTTCAACCTTTAGCTTCGATTT TCAACCTATAGTTAGT 

321 AATTTAAAAAAGAGGAAAATAATTACCGTCAAATAAACCTCAAAAAGC TAAAAGTATTATATAAATTAGGACCACTTAG T 

401 GGGGAATATTTACCATTTAATGCAT TACATATGAGGGGACTCGAGGAAGGTGGATCACTTGATATGAATATTGGATI~TT 

481 ATAAAAATTGAGTC TTTTTAT TTTAAT TT TTTTTGGTTATT T TATTTTGAAGC TAAAATCCAAATCCATCAAATCAAAAT 

561 AT TTATAACGTGC TAGCCTT TTTTTTCTCTATA-~AAGCAGTTATGTTCACCTTCTTCTCATCACA-~ACATTCCT TCT 

641 TCTTAATTAAGTTATTAATTATTCGCAGTGATGGCAATCGTAGGAGGCCTTG TCGATGTTCCAT TCGA~ACAAAGTCGA 

M A I V G G L V D V P F E N K V E 

721 GTTTGATGATCT TGCTCGT TTTGCTGTCCAAGATTACAATCAGAAAAATGTAAAGAATTAT TTTTCATTTAC TTCGATTA 
F D D L A R F A V Q D Y N Q K N> 

801 cATCTTAGCTTTGTTATGAAAAGTTACATGTCTTAGTTAACATAATTGATAGTGTAAAATATCTACACATcATcCGTGcA 

881 CAACAT T TAAAATGCATTAATGTT ACAAATAAGCAGATGACTCT TCGAAGAATATATAATTAATTTTGAAATGCTTAAT T 

961 ACTTTGTGAATAATTAGTTGATTCAGATGACTATTCATATTTGTTTcATTTCAACAACATATATTTTGTATTTCAGGATT 
D 

1041 CTAGTTTGGAG TTTAAA;%AGG TTT TGAACG TGAAGC AACAAATAGTTGCTGGAATAATG TAC TACATAACATT TGAGGCA 
S S L E F K K V L N V K Q Q I V A G I M Y Y I T F E A 

1121 ACTGAAGGTGGAAACAAGAAAGAATATGAAGCCAAGATT TTGC TGAGGAAATGGGAGGACT TGAAGAAAGTTGTAGGATT 
T E G G N K K E Y E A K I L L R K W E D L K K V V G F 

1201 CAAGC T TGTTGGTGATGATAGTACAATGCC TGGGGGCAT TGTCAATGTTCCAAACCCAAACAACACCAAGT TTCAAGAAC 
K L V G D D S T M P G G I V N V P N P N N T K F Q E 

1281 TTGCTCGTTTTGcTATTCAGGATTATAATAAAAAACAGGTTAATTATAATTAcTTACTCCTCTTTTATTTTTTCGTTAAT 
L A R F A I Q D Y N K K Q> 

1361 TTCATATTTAAATCCCGATTTCACTATAGTAGTACCAACATCATACACAATCTATTTTCCAGAATGCTCATT TGGAGTTT 
N A H L E F 

1441 GTAGAAAATTTGAATGTTAAAGAGCAAGT TG T TGC TGGAATCATG TAC TATATAACAC T TGCGGCAACTGATGATGC TGG 
V E N L N V K E Q V V A G I M Y Y I T L A A T D D A G 

1521 AAAGAAGAAAATATACAAAGCTAAGATTTGGGTGAAGGAATGGGAGGACTTCAAGAAAGT TGTAGAATTCAAGC TTGT TG 
K K K I Y K A K I W V K E W E D F K K V V E F K L V 

1601 G TGATGATATTGCAAAACTTGGGGGCATT ACTGATG T TCCAT TCCCAAATAACCCCGAGTTCCAAGATCT TGC TCGTTTT 
G D D I A K L G G I T D V P F P N N P E F Q D L A R F 

1681 GCTATTCAAGTTTATAATAAGAAAGAGGTTAATTCAAATGGCTTACTCCTCTTTTATTTTTCGCTAGTTTCACCTTCAAA 
A I Q V Y N K K E> 

1761 CTTATAATATTCAAA TTCTGAATCCGCTACAG TTTCTAATAATTCTTTCATTTGAATGAATGCCATATACAATC TATTTT 

1841 TCAGAATGTTCATT TGGAGT T TG TAGAAAATTTGAACGTTAAACAGCAAGTTGTTGCTGGAATGATGTACTATATAACAC 

N V H L E F V E N L N V K Q Q V V A G M M Y Y I T 

1921 TTGCGGCAATTGATGCTGGAAAGAAGAAAATATATGAAACTAAGATT TGGGTGAAGGAATGGGAGGAC TTCAAGAAAGTT 

L A A I D A G K K K I Y E T K I W V K E W E D F K K V 

2001 GTAGAATTCAAGC TTGTTG G TGATGATAG TGCAAAAACTGGGGGCAT TATCAATGTTCC AAACCCAAACAGCCCCGAGTT 
V E F K L V G D D S A K T G G I I N V P N P N S P E F 

2081 CcAAGATcTTGCTCGTTTTGcTGTTCAGGATTATAATAATACACAGGTCAATTATATATAATGACTTAcTTTTAGTTTCT 
Q D L A R F A V Q D Y N N T Q> 

2161 TCTTTTTTTGTTAATTT•ACATTAAAA•CTATAATATTCAAATCTTTAAT•TATTGCAGTATCTAATAATACTTTCATTT 

2241 GAACAAATG TCATATACAA TC TAC TTT TCAGAATGCTCATT TGGAGTT TGTAGA~AT T TGAATC~Tc A AAC~AACAAC TTC. 

N A H L E F V E N L N V K E Q L 

2321 TTTCTC~C~AA~1ATC~TACTATATAACACTTGCC~C"CAACTC~AT~C~GGAA~AAC~AAAC~AATAT~AAC~CCAA~ATT~GGT~ 

V S G M M Y Y I T L A A T D A G N K K E Y E A K I W V 

2401 AAGGAATG~AG~AC~TCAAGAAAGTTATAGACTTCAAGCTTGTTGGTAATGATAGTGCGAAAAAACTTGGC~G~CTT TAC 

K E W E D F K K V I D F K L V G N D S A K K L G G F T 

2481 C~AA~TTCCATTCCCAAACAGCCCCGAGTTTCAA~A TC T TACAC~TTT TGCTG TTCACCAATATAATAAGGACC AC~GTTA 

E V P F P N S P E F Q D L T R F A V H Q Y N K D Q> 
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2561 TTTATAATGACTTG•TCATCTTCTATTTTTTTTTTCTAGTTAATTTCACATTCAACCCTATAATATTCAAATTCATAATc 

2641 CACTACTGTATCTAGTATATAATTCTTTCATTTGAACGAGTGTCATATACAATCAATTTTTTCAGAATGCTCATCTC~GAG 

N A H L E 

2721 TTTC-TAC~A A AATTTG AATGTGAA A A A ACAA G~X~.q~.~T~GTAC TACATAACAT T TGC GGCAACAGATGGTGG 

F V E N L N V K K Q V V A G M L Y Y  I T F A A T D G G  

2801 AAAGAAAAAAATATATGAAAC TAAGAT TTGGG TTAAGG TAT GGGAGAAC TTCAAGAAAGTTG TTGAAT TCAAGCTTG TTG 

K K K I  Y E T K I W V K V W E N F K K V V E F  K L V  

2881 GTGATGATAGTGCAAAGCTTGGGGGCATTATCAATGTTCCATTCCCAAACAACCCCGAATTCCAAGAT•TTGCTCGTTTT 

G D D S A E L G G  I I N V P  F P N N P  E F Q D L A R F  

2961 GcTGTTCAAGATTATAATAAGAAAGAGGTTAATTAAAATGACTTACTCCTTCTTAATTTTTTCGTTAGTTTCACATTCAA 

A V Q D Y N K K E> 

3041 ATCTATAATATT•AAATcCAGATATTCCACTAcATTATCTAATAATACTTTCATTTGAACGAATTTCATATACAATCTAC 

3121 T T TTCAGAATGCTCATT TGGAGTT TG TAGAAAATTTGAATG TGAAAGAACAAC.~ T..G2~.~.~ ~.~2~.~.~ATAC TACATAA 

N A H L E F V E N L N V K E Q L V A G M L Y Y  I 

3201 CACTTGTGGCAATTGATC~CT~AAAC~AAAAAAATATATC~AAC~CTAAGATTTC~GGTTAAGC~AATC~C"C~AC~AACTTCAAC~AAA 

T L V A  I D A G K K K I  Y E A K  I W V K E W E N F K K  

3281 GTTATTC~AATTCA~ACTTATTGGTGATC~ATAC~TGCAATAATTGGGnGCTTTACTC~ATC~TTCCATTCCCAAACAACCCCC~A 
V I E F K L I G D D S A I  I G G F T D V P F P N N P E  

3361 C~TTCCAA~ACCTTC~CTCc`TTTTc~Tc~TTCAc`c~ATTATAACAAGAAAc`Ac~GTTAATTATAATGAATTACTCATCTTTTATT 

F Q D L A R F A V Q D Y N K K E> 

3441 TTATTCTCGTTAATTTCACATTCAAACCTATAATATTCAAATCCATAATCCACTACATTATCTAATAATTATTTcATTTG 

3521 AATGAACG TCATATACAATC TATT T TTCAGAATC-C TCAC TTGGAG TATGTAGAAAATTTGAATGTGA~GAGCAACTTGT 

N A H L E Y V E N L N V K E Q L V 

3601 TC~C~rC~C`AAT~ATATACTATATAACA~TTC~TC"C`~AACT~T~CT~AAAAAA~AAAATATAT~AA~CTAA~AT~T~T~ 
A G M I  YY I T L V A T D A G K K K I  Y E A K  I W V  

3681 AGGAATGGGA~C~ACTTCAAAAAAGTTGTAGAATTCAA~CTTGTTGC~TGATGATAGTC~CAAAACCTG~GC~ATTAT~ATT 
K E W E D F K K V V E F K L V G D D  S A K P  GG I I I 

3761 GTTCCATTCCCAAACAC~TCCTC~AC~TTCCAAC~ATCTTC~C~rCGTT~fTC~CTC~TTCAAC~ATTTTAA~rAAC~AAAC~A~GTTAATTc 

Vp F p NS P E F Q  D L A R F A V Q D F  NK KE> 

3841 CCTAAATTAAAATGACTTAA TCTTCTTTTATCTTCCGTTAGT TTCATATTCAAATTTATAC TATTTAAATCCTGAAT T TA 

3921 CTGTTGTATCGAATAATTC T T TTATTTGAACGAAC G TCGTATGCTCTATTTTTCAGAATGGTCATTTGGAGT TT GTAGAA 

N G H L E F V E 

4001 AATTTGAAT~TGAAGGAACAA~TTGTTGCTGGAAT~ATGTA~TATATAACACTTGCGGCAA~TGATG~TAC~AAAC~AAGGA 
N L N V K E Q V V A G M M Y Y I  T L A A T D A R K K E  

4081 AATATATGAGACCAAAA TTTTC~GTGAAGGAATGC-C~AC~AATTTCAAGGAAGTTCAAG~%TTCAAGCTTGTTGG TGATGC TA 

I Y E T K I  L V K E W E N F K E V Q E  F K L V G D A  

4161 CAAAGTGAAATGAAACTACTTTTATC~TTGC~TGTGAAATAAAC~CCAGTTGTTT~C~ATC~AAC~TTATT~TAATGTTTGTGAG 

T K * 

4241 AAATAAAG~CAATTGTTTC~C~CATAAAATT~CTATTATGTTTC~TC~AC~AAATAAAACCAC~ATCTATC~TATCTC`AAAC~TATTT 

4321 GAT TATCT TAT TATAAGCGTATT TGAATAATATTT TGTT TTCAGAAAGCACTCTAT AAAAAAATGTTATATCACACT TAC 

4401 TATAATATGCAAATAAT TAACTGAACAAGTTG TTAGCAAATGATAAT TAAAT GAACAAGTTG TAAGCAAATGATAGATAA 

4481 ATGAA•AAGTCGCAAGTAATTTATAATTAATTGGAcAAGTAGGAAGTCGTTTTTTTTTTAAAACACAAATTAACATTTCA 

4561 AGCAAATAATATATAATGAGT TTC TAAGCCACTAC TCATAAACAATC TACATGTGAAC GTCAAACACACGTATGATAAAA 

4641 ACTCAAAG TCAACCAATATACAAAATAGCCACAAGCTCATC TAAACGAATTTGACGGAACTCAATAATTTTAT T TATT TA 

4721 TATTTTTTTTTTCTCCACAATGAAATGAATTCAATGGTTCAATAAAATGGTCCATGGACCACAAATTTTATTTTATTTTT 

48Ol ~AAT~ATGT 

Fig. 2. The nucleotide sequence, and deduced translation product, of the potato genomic D N A  encoding PMC. The potential 
CCAAT and TATA boxes, and the transcription start site are indicated by double underlining. Singly-underlined sequences were 
also found in the c D N A  clone AM9. The dotted underline sequences are the two repeats between which D N A  was deleted in AM9 
(the c D N A  contained only one copy of  this repeat). 
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Fig. 3. Genomic DNA fragments with homology to the cloned PMC gene. The autoradiographs of Southern blots show hybrid- 
ization to fragments obtained by digestion with Barn HI (B), Kpn I (K) or Sst I (S). The migration of size markers (in kb) is shown 
on the left. A. Potato DNA, exposed for 24 h. B. Pea DNA, exposed for 3 days. C. Maize DNA, exposed for 3 days. 

to the consensus for transcription initiation sites 
in other plant genes [15]. 

Between the mapped 5' end of the PMC gene, 
and the 3' end cloned in AM9, the genomic DNA 
contains a sequence encoding eight cystatin-like 
domains (Fig. 2). However, to maintain this read- 
ing frame through translational stop codons and 
frameshifts, some introns must be postulated in 
the 5' portion of the gene. Potential introns were 
identified by: (1) having 5 ' -GT and 3 ' -AG ends, 
(2) having splice sites similar to the consensus 
sequences A G I G T A A G  and T G C A G I G  [10], 
and (3)maintaining the reading frame between 
cystatin-like repeats. Eight intervening sequences 
in the transcribed region satisfy these criteria. 
They are similar to the introns in other dicot plant 
genes, being 104 to 267 bases long and AT-rich. 
Three of them are identical to the introns identi- 
fied by comparison with a PMC cDNA (Fig. 2). 
One intron occurs in each of the eight cystatin- 
coding sequences, at the same position in each 
repeat. An intron is found at exactly the same 

Fig. 4. Analysis of PMC transcripts. An autoradiograph 
showing hybridization of a PMC-specific probe to total RNAs 
from tuber (T), stem (S) and leaf (L), fractionated on a dena- 
turing agarose gel. The sizes of ribosomal RNA markers (in 
kb) are shown on the right. 



location in the oryzacystatin genes [17, 19]. In 
contrast to the chicken ovoinhibitor gene, where 
the 7 Kazal-type serine proteinase inhibitor do- 
mains are flanked by introns [29], the PMC gene 
does not contain introns separating the regions 
coding for the cystatin-like domains. The introns 
in the PMC and oryzacystatin genes occur at 
different sites from the introns in animal cystatin 
genes [28], suggesting that they arose after the 
plant and animal progenitor genes had diverged. 
However, not all intron locations are conserved 
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in plant cystatin genes - the PMC genomic D N A  
does not contain an intron in the 3' untranslated 
region, where one is found in the oryzacystatin 
genes [17, 19]. 

The proposed open reading frame in the PMC 
gene has a pattern of codon usage similar to that 
in other dicot genes [23]. It encodes a poly- 
peptide of 757 amino acids, with a calculated 
Mr of 86778 (Fig. 5). The polypeptide consists 
of  eight homologous cystatin domains of 
ca. 10.8 kDa, with calculated pI values generally 

DOMAIN-I 

DOMAIN-2 

DOMAIN-3 

DOMAIN-4 

DOMAIN-5 

DOMAIN-6 

DOMAIN-7 

DOMAIN-8 
Conserved 

DOMAIN-I 

DOMAIN-2 

DOMAIN-3 

DOMAIN-4 

DOMAIN-5 

DOMAIN-6 

DOMAIN-7 

DOMAIN-8 
Conserved 

1 10 20 30 40 50 

l [ I [ I I 
1 MAIVGGLVDVPFENKVEFDDLARFAVQDYNQKNDSSLEFKKVLNVKQQIVAG 

97 MPGGIVNVPNPNNTKFQELARFAIQDYNKKQNAHLEFVENLNVKEQVVAG 

192 KLGGITDVPFPNNPEFQDLARFAIQVYNKKENVHLEFVENLNVKQQVVAG 

286 KTGGIINVPNPNSPEFQDLARFAVQDYNNTQNAHLEFVENLNVKEQLVSG 

381 KLGGFTEVPFPNSPEFQDLTRFAVHQYNKDQNAHLEFVENLNVKKQVVAG 

475 KLGGIINVPFPNNPEFQDLARFAVQDYNKKENAHLEFVENLNVKEQLVAG 

569 IIGGFTDVPFPNNPEFQDLARFAVQDYNKKENAHLEYVENLNVKEQLVAG 

663 KPGGIIIVPFPNSPEFQDLARFAVQDFNKKENGHLEFVENLNVKEQVVAG 
~* ** • . . *** * ** **** • • . 

60 70 80 90 94 

I i [ I 
51 IMYYITFEATE-GGNKKEYEAKILLRKWEDLKNVVGFKLVG-DDST 

147 IMYYITLAATDDAGKKKIYKAKIWVKEWEDFKKVVEFKLVG-DDIA 

242 MMYYITLAAID-AGKKKIYETKIWVKEWEDFKKVVEFKLVG-DDSA 

336 MMYYITLAATD-AGNKKEYEAKIWVKEWEDFKKVIDFKLVGNDSAK 

431 MLYYITFAATD-GGKKKIYETKIWVKVWENFKKVVEFKLVG-DDSA 

525 MLYYITLVAID-AGKKKIYEAKIWVKEWENFKKVIEFKLIG-DDSA 

619 MIYYITLVATD-AGKKKIYEAKIWVKEWEDFKKVVEFKLVG-DDSA 

713 MMYYITLAATD-ARKKEIYETKILVKEWENFKEVQEFKLVG-DATK 

B 

OC-I 

DOMAIN-6 

Stefin B 

1 MSSDGGPVLGGVEPVGNENDLHLVDLARFAVTEHNKKANSLLEFEKLVSVKQQVVAG 

I I 1 :  I I ; I J l l l l  : I I I  I I I I  : I I  [ : 1 1 1  
1 KLGGIINVPFPNNPEFQDLARFAVQDYNKKENAHLEFVENLNVKEQLVAG 

I :  I L [ :1 I I : I I : 1 1 1  
1 MMCGA~PSATQPATAETQHIADQVRSQLEEKYNKKFPVFKAVSFKSQVVAG 

OC-I 58 TLYYFTIEVKEGDAKKLYEAKVWEKPWMDFKELQEFKPV-DASANA 

ill I: :: il:lill:l I I II : ill : i II 
DOMAIN-6 51 MLYYITLVAIDAGKKKIYEAKIWVKEWENFKKVIEFKLIGDDSA 

[: : : : Ii : 
Stefin B 51 TNYF-- I KVHVGDEDFVHLRVFQSLPHENKP LTLSNYQTNKAKHDELTYF 

Fig. 5. Comparison of the deduced amino acid sequences of  the cystatin-like domains in PMC. A. The eight P M C  domains, 
numbered from the amino terminus of the polypeptide, are aligned to illustrate their similarity. Residues which are identical in all 
domains are indicated by an asterisk (*). Those residues which contribute to the papain-binding region in cystatins [7, 31] are 
underlined. B. The amino acid sequence of a representative P M C  domain (6) is aligned with the sequences of a plant cystatin 
(oryzacystatin-1 [ 1 ]) and a human cystatin (stefin B [31 ]). Identical residues are indicated by vertical lines (I) and conservative 
substitutions are indicated by a colon (:). 
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between 4.7 and 5.7 (though domains 2 and 5 
have a rather basic pI of 8.2). Unlike the kinino- 
gens [6], there are no extraneous, non-cystatin 
sequences. We found no evidence for a secretory 
pre-peptide at the N-terminus, agreeing with his- 
tological observations showing crystals within the 
cytoplasm of potato cells [8]. Nor does there ap- 
pear to be any specialized region which might act 
as a center for crystallization; this unusual abil- 
ity of PMC must be an intrinsic property of the 
multiple-cystatin polypeptide. Crystal formation 
may permit PMC accumulation to high levels (for 
defensive purposes, see below), without any ad- 
verse affects on normal cellular functions. 

Of the about 94 amino acid residues within 
each cystatin-like domain, 38 (40~o) are com- 
pletely conserved in all eight domains, and are 
quite uniformly distributed throughout the entire 
polypeptide sequence (Fig. 5). Domains 3 and 6 
have the highest homology (89~o amino acid 
identity), while domains 1 and 8 are least homolo- 
gous (53 ~o identity). The PMC domains are 43-  
50~o identical to oryzacystatins I and II, and 
maize cystatin (within the 94 residue region of 
comparison; all three monocot  cystatins have 
somewhat extended N-termini relative to the 
PMC domains). Such a high degree of conserva- 
tion suggests that all plant cystatin genes are de- 
rived from a common ancestor. However, in some 
species, such as potato, the cystatin-coding re- 
gions have been amplified to form genes for a 
multidomain inhibitor (Fig. 3A). The PMC do- 
mains also share some homology (10-50~o iden- 
tity) with animal members of the cystatin super- 
family. Crystallographic studies with some of 
these cystatins show that they contain specific 
regions which form a contiguous wedge that ef- 
fectively blocks the active site of the target cys- 
teine proteinase [7, 31 ]. The residues involved in 
this interaction (Gly-3, Gln-Xaa-Val-Xaa-Gly 
(residues 46-50), and Trp-77 in PMC domain 
numbering) are conserved in all eight PMC do- 
mains (Fig. 5). Quite small variations in the se- 
quence of these regions, either through natural 
variation or by mutagenesis, can result in signifi- 
cantly different affinities for target proteases 
[4, 18]. In the seven-residue sequence (residues 

45-51) which includes the cystatin signature motif 
QXVXG, there are six different sequence variants 
within the eight PMC domains. This variability 
may be of functional significance by producing a 
broad spectrum of inhibitory activity within one 
multidomain polypeptide. 

The interdomain connections in the PMC 
polypeptide, as in other multidomain proteinase 
inhibitors [29, 33], are susceptible to cleavage by 
relatively non-specific proteinases such as trypsin, 
chymotrypsin and subtilisin Carlsberg. Therefore, 
even though they do not interfere with papain 
binding, they must be in exposed positions such 
as a surface loop [24]. Within the seven interdo- 
main regions (considered as residues 1-2 and 
80-94 in Fig. 5), there are many conserved resi- 
dues that account for PMCs susceptibility to 
cleavage, such as lysine for trypsin, and tryp- 
tophan or phenylalanine for chymotrypsin. The 
N-terminal amino acid sequences obtained from 
PMC after treatment with trypsin [34] are con- 
sistent with the presence of a lysine at residue 1 
in five of the domains. Despite these exposed 
sites, PMC accumulates in the tuber and leaf as 
a full-length 85 kDa polypeptide [26, 34]. It does 
not act as a precursor for the release of individual 
domains in intact potato cells, in contrast to the 
recently characterized multidomain serine pro- 
tease inhibitor from Nicotiana alata stigmas [3]. 
The 42 kDa N. alata inhibitor is a secreted pre- 
cursor protein, from which 6 kDa inhibitor do- 
mains homologous to the potato protease inhibi- 
tor II are processed, leading to the accumulation 
of mature single-domain inhibitors. 

The cloned PMC gene is expressed in tubers, 
since its 3' untranslated region was found in a 
tuber cDNA library (Fig. 2). We therefore looked 
for sequence motifs which might be involved in 
the regulation of PMC gene expression, by com- 
paring the DNA upstream of the transcriptional 
start site with the promoters of tuber-expressed 
class I patatin genes [21, 32]. No significant ho- 
mology was detected, probably because PMC and 
patatin genes are expressed in different types of 
tuber cells (PMC is restricted to subphellogen 
cells, whereas patatin is synthesized throughout 
the parenchyma). PMC also accumulates in in- 



jured leaves (T.A. Walsh and J.A. Strickland, 
Plant Physiol., in press). One wound-induced 
PMC cDNA has been sequenced [11 ], and has 
the same 3'-untranslated region as the Group II 
tuber cDNAs (Fig. 1). This gene, and potentially 
other members of the PMC family, can therefore 
be expressed in response to both developmental 
and environmental signals. However, we were 
unable to identify any potential regulatory ele- 
ments in the region upstream of the cloned PMC 
gene by sequence homology with the promoters of 
wound-inducible potato genes [9, 25, 30], or a 
proteinase inhibitor II gene which is expressed 
both in tubers and in response to wounding [ 16]. 
The wound inducibility of at least one PMC gene, 
and the accumulation of PMC protein in the layer 
of cells just below the tuber surface, suggest that 
PMC is part of the plant's defense against attack 
by insects and pathogens. PMC could be particu- 
larly effective against Coleopteran insects because 
the guts of these insects are mildly acidic (allow- 
ing ingested crystals to solubilize), and their major 
digestive proteases are generally of the cysteine 
type [22]. 
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