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Abstract 

We have isolated and sequenced two very similar cDNA clones of 1 145 and 809 bp length, from a fruit-specific 
library of Actinidia chinensis, the larger encoding all 220 amino acids of actinidin, showing 91% homology 
to the published amino acid sequence. Both cDNAs code for an additional 25 amino acids following the mature 
carboxy terminus of actinidin. The larger clone has coding potential for 57 residues of an amino-terminal exten- 
sion with considerable homology to amino-terminal sequences of other cysteine proteinases. From size deter- 
mination of both mRNA (1.4 kb) and immunoprecipitated in vitro translation product (39 kDa) it was estimat- 
ed that actinidin is synthesised as a precursor approximately 15 kDa larger than the mature protein. Both 
proteolytic cleavage sites are located on the surface of the molecule as illustrated by the hydropathy profile 
of the deduced amino acid sequence. Features of the prosegment primary sequence are considered with regard 
to a possible mechanism of inactivation of the proteinase, by analogy with other proteolytic zymogens. The 
presence of three potential glycosylation sites, one within the carboxy-terminal and two in the amino-terminal 
extension, are consistent with subcellular location of the enzyme within membrane-bound organdies. Results 
from a Southern blot suggest that actinidin is encoded by a multigene family of up to ten members. Actinidin 
gene expression, both at the level of mRNA and protein, is largely restricted to the fruit of the plant, where 
the level of actinidin mRNA accumulates early during development. 

Introduction 

Actinidin, the cysteine proteinase from the fruit of 
Actinidia chinensis (Chinese gooseberry or 
Kiwifruit), is a well characterised endopeptidase 
(M r 23.6 kDa) with wide substrate specificity and 
pH range [1, 25] whose amino acid sequence and ter- 
tiary structure have been determined [2, 3, 6]. It be- 
longs to a family of homologous enzymes, related 
through common ancestry, from other plants, such 
as papain from pawpaw, Carica papaya [10], 

bromelain from pineapple, Ananas comosus [14], fi- 
cin from fig, Ficus glabrata [23], and aleurain from 
barley, Hordeum vulgare [291, but also from widely 
different organisms including mammals and slime 
mould (Dictyostelium). In spite of considerable ami- 
no acid sequence divergence, structurally and func- 
tionally important residues are highly conserved be- 
tween all the enzymes, suggesting similar folding 
patterns [20]. The strong conservation of tertiary 
structure has been demonstrated for actinidin and 
papain whose polypeptide backbones are virtually 
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superimposable although their primary sequences 
are only 52°7o homologous [4]. However, with the ex- 
ception of aleurain, whose role in the hydrolysis of 
storage proteins during seed germination has been 
established [37], no clear function has been identi- 
fied for the other plant enzymes, present at high con- 
centrations in the fruit or latex of the plants, and in 
many cases consisting of several isozymes. The cys- 
teine proteinases are highly active enzymes and, as 
expected, some have been shown to be localised in 
membrane-bound organelles, including mammalian 
cathepsin B [9] and the cysteine proteinases from 
Dictyostelium [27]. Consistent with their location, 
signal peptides were identified by analysis at the 
DNA level of the two Dictyostelium proteinases [27], 
and of aleurain, which is secreted [26]. In addition, 
cDNA cloning of these enzymes, but also of papain 
[7] and cathepsin B from rat [32], revealed the pres- 
ence of an extra 100 to 120 amino acids N-terminal 
to the region of homology with actinidin and to the 
mature N-termini of papain and cathepsin B. It is 
not known whether they are proteolytically removed 
from aleurain or the Dictyostelium enzymes. How- 
ever, the 39-kDa precursor form of cathepsin B has 
been isolated and is known to have limited enzyme 
activity [9]. Therefore it seems likely that at least 
some of the plant cysteine proteinases are syn- 
thesised in the form of inactive precursors or zymo- 
gens [7, 26]. 

Since actinidin is a highly active proteinase and 
accounts for 50°7o of soluble fruit protein, the plant 
cell itself must in some way be protected against this 
activity. In analogy with other proteinases, it may be 
expected that actinidin is synthesised in the form of 
a zymogen and located within membrane-bound or- 
ganelles, the lysosomes or plant vacuole. We decided 
to address this question by studying actinidin at the 
molecular level and have isolated and sequenced two 
actinidin-encoding cDNAs. Together with data from 
Northern blots and in vitro translations of mRNA 
the results show that actinidin is indeed synthesised 
as a precursor approximately 15 kDa larger than the 
mature protein, with both amino- and carboxy- 
terminal extensions. Results are also presented of an 
analysis of actinidin gene expression in developing 
fruit, and of an estimation of gene copy number by 
Southern blotting revealing the presence of a gene 
family. 

Materials and methods 

Materials 

Chinese gooseberry fruit was purchased from local 
markets as a source of actinidin, and seeds from 
these fruits were used for growing plants. Nearly- 
mature and developing fruit, variety "Exbury", for 
cDNA cloning and Northern blot analysis were ob- 
tained from the Royal Horticultural Society's 
Gardens at Wisley, Surrey, and stored frozen in liq- 
uid nitrogen. Crystalline actinidin for raising anti- 
bodies was obtained as a gift from C.H. Moore, 
Palmerston North, New Zealand. The synthetic 
oligonucleotide, a 32-fold degenerate mixture of 
15 nucleotides, was purchased from J. Kyte, Bi- 
ochemistry Department, University of Leicester. 

Methods 

Plant extracts for actinidin measurements were pre- 
pared by grinding freeze-dried material to a fine 
powder in liquid nitrogen, homogenising in buffer 
containing 0.8°70 NaC1, 0.02°70 KH2PO4, 0.29% 
Na2HPO4 • 12H20, 0.02o70 KCI and 0.05070 
Tween 20, and centrifuged to remove debris. 

Antibodies were raised in rabbits by immunisation 
followed by two booster injections over 6 weeks with 
a total of 2 mg actinidin. The antiserum was pre- 
pared as described by Jurd [19]. Enzyme-linked im- 
munosorbent assay was carried out as described by 
Voller et al. [35]. 

RNA was purified by a phenol method adapted 
from Covey and Grierson [8] and obtained from 
S. Curson, Norwich. Tissue was ground frozen in 
liquid nitrogen with pestle and mortar, and mixed 
with 1 cm3/g of frozen buffer containing 1°7o tri- 
isopropyl naphthalene sulphonate, 6°7o 
4-aminosalicylate, 50 mM Tris-HC1 pH 8.3 and 
6o7o phenol mixture prepared from phenol with 0.1070 
8-hydroxyquinoline, dissolved in 50 mM Tris-HCl 
pH 8.3, followed by 2.5 g sodium diethylthiocarba- 
mate for each 100 g tissue. After rapid thawing a fur- 
ther 1 cm3/g of liquid buffer was added and the 
slurry extracted three times with phenol:chloro- 
form:isoamylalcohol (50:50:1). Nucleic acids were 
precipitated with 0.2 M lithium acetate pH 6.0 and 



2.5 volumes ethanol at -20°C,  pelleted and 
resuspended in sterile distilled water (SDW). RNA 
was precipitated by addition of an equal volume 6 M 
lithium acetate pH 6.0, after which it was left at 4 °C 
for 2 h, and collected by centrifugation at 
10000 r.p.m, in a Sorvall HB-4 rotor for 10 min at 
4 °C. The pellet was washed twice with 3 M lithium 
acetate, dissolved in SDW and ethanol precipitated. 
Fruit RNA was prepared from skinned and deseeded 
fruit, and both lithium acetate precipitation and 
phenol extraction were repeated several times alter- 
nately to remove impurities. In vitro translation was 
carried out using rabbit reticulocyte lysate as advised 
by the manufacturers and incorporating [35S]- 
methionine. SDS-polyacrylamide gel electrophore- 
sis (SDS-PAGE) was performed as described by 
Haines [17] and immunoprecipitation as described 
by Lomedico et al. [221. cDNA was synthesised using 
poly(A) RNA fractionated twice on oligo(dT) and 
followed the method of Gubler and Hoffman [16]. 
First-strand cDNA for use as probe in colony 
hybridisation was synthesised in the presence of 
[32p] ot-dATP. Double-stranded cDNA was C-tailed 
as described in the Leicester University cloning 
course manual [5], but using a reaction mixture 
containing 5°/0 dideoxy CTP. cDNA was annealed 
to G-tailed pUC9 vector DNA [34] and transformed 
into E. coli JM83. Colony hybridisations were car- 
ried out by standard methods [25] at 35°G in 
6 x S S C  overnight for end-labelled synthetic 
oligomer and at 65 °C overnight in 6 x'~3SC for first- 
strand cDNA probes, with washes at tlae same tem- 
peratures, cDNA inserts were restriction-mapped, 
subcloned into M13 mpl8 and M13 mpl9 [35], and 
sequenced on both strands by the chain termination 
method of Sanger et al. [311. 

All other methods not described here followed the 
instructions in the Maniatis et aL's Manual [24]. 
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by this method. The more sensitive enzyme-linked 
immunosorbent assay (ELISA) revealed traces ofac- 
tinidin in other parts of the plant. However, as shown 
in Table 1, fruit contained a 3800-fold level of the 
protein compared with leaf, and 11 500 times more 
than apex tissue. Actinidin thus appears to be specif- 
ically synthesised in the fruit of the plant. 

In vitro translation and immunoprecipitation 

The in vitro translation products of total fruit RNA 
(Fig. 1A, lane 2) contained an abundant protein of 

Table 1. Levels of actinidin in different parts of the plant deter- 
mined by ELISA. 

Actinidin Actinidin 
(/zg/g fresh wt.) (/~g/g dry wt.) 

Leaf 0.65 6.4 
Apex 0.23 2.1 
Root < 0.03 < 0.3 
Fruit 4100 24100 

Results 

Immuno-detection of  actinidin in different parts 
of  the plant 

Plant extracts were initially subjected to rocket im- 
munoelectrophoresis (results not shown) but only 
fruit extracts contained levels of actinidin detectable 

Fig. 1. Autoradiographs of SDS-polyacrylamide gels of in vitro 
translations. A. Lane 1, protein standards; lane 2, total RNA 
from mature fruit translated in vitro; lane 3, immunoprecipitate 
of fruit translation products. B. Templates for in vitro translation 
were: lane 1, poly(A) RNA from apex; lane 2, total RNA from 
apex; lane 3, total RNA from mature fruit; lane 4, poly(A) RNA 
from fruit; lane 5, immunoprecipitate of translation products 
from fruit poly(A) RNA. Size markers are in kDa. 
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approximately 39 kDa, which was immunoprecipi- 
tated by actinidin-specific antibodies (Fig. 1A, 
lane 3), suggesting that mRNA encoding a protein 
antigenically related to actinidin is very abundant in 
fruit. However, the relative abundance of the im- 
munoprecipitated protein was much reduced in 
translation products directed by oligo(dT)- 
fractionated mRNA (Fig. 1B, lane 4), suggesting 
differential affinities of mRNA species for the oligo 
(dT) column. The major protein synthesised in vitro 
by fruit RNA was not present at high levels in trans- 
lation products of young leaf (apex) RNA (Fig. 1B, 
lanes 1 and 2). This difference was subsequently ex- 
ploited for the construction of a differential hybridi- 
sation probe. Assuming that the immunoprecipitate 
is indeed related to actinidin this must be synthesised 
as a 15 kDa larger precursor. 

cDNA synthesis and screening of library 

A library containing approximately 1000 recom- 
binants was initially screened using a 32-fold 
degenerate, mixed synthetic oligomer of 15 nucleo- 
tides, corresponding to amino acids 190 to 194 of 
actinidin. However, colony hybridisation experi- 
ments using end-labelled synthetic oligomer were 
repeatedly unsuccessful. Therefore, the library was 
screened with a differential probe of labelled first- 
strand cDNA from fruit and apex. The fruit- 
specific probe was made more specific by priming 
the reverse transcription with the synthetic 
oligonucleotide instead of oligo(dT). Plasmid DNA 
from 90 colonies hybridising strongly with the fruit 
probe was immobilised on nitrocellulose and hybri- 
dised with end-labelled synthetic oligomer, and in 
this way ten positive clones were identified. 

Sequence analysis of two cDNA clones 

The majority of the cDNA inserts were between 500 
and 600 bp long, but two clones had inserts of 
1 145 bp (pAC.1) and 809 bp (pAC.7). Their restric- 
tion maps (Fig. 2A) indicate coding and non-coding 
regions as well as the area of homology with ac- 
tinidin, only partially encoded by pAC.7. Both 

cDNAs extend into the poly(A) tail (Fig. 2B) and 
therefore represent the complete 3' untranslated 
regions, pAC.1 and pAC.7 are very similar indeed, 
showing four nucleotide differences in the coding, 
and three in the non-coding region, whilst pAC.I 
has four additional nucleotides at the 3' end preced- 
ing the poly(A) tail. The differences at the nucleotide 
level result in the absence of two restriction sites in 
pAC.7. Three of the four nucleotide differences in 
the coding region result in amino acid substitution. 

The 3' untranslated regions have three consensus 
polyadenylation signals, one of these 26 bp (pAC.1) 
or 22 bp (pAC.7) upstream of the polyadenylation 
site (Fig. 2B). 

The sequence in pAC.1 which lies 5' to the region 
homologous with actinidin does not encode a 
methionine residue and therefore does not represent 
a full-length cDNA. In fact, since the size of the 
mRNA was determined by Northern blotting to be 
1.4 kb (see below), it can be estimated that the com- 
plete cDNA would be extended by 200 to 250 bp. 

Analysis of the deduced amino acid sequences 

pAC.1 encodes a polypeptide of 302 amino acids of 
Mr 32709 Da. Residues 58 to 277 of the deduced se- 
quence correspond to the whole of the known amino 
acid sequence of actinidin, showing 20 amino acid 
differences (Fig. 3). The deduced sequence of pAC.7 
(PAC.7) covers residues 62 to 220 of actinidin, and 
within this region shows all but three of the differ- 
ences encoded by pAC.1. 

When compared to the published amino acid se- 
quence of actinidin the deduced sequences show 
mainly conservative substitutions in regions affect- 
ing tertiary structure and catalytic function. A large 
proportion of differences, some non-conservative, 
are clustered in the region of poorest homology be- 
tween all cysteine proteinases, containing most of 
the charged side chains affecting the pI of the pro- 
teins. The overall charge in this region of PAC.7 is 
identical to that of the published sequence, but the 
pAC. 1 -encoded protein (pAC. 1) differs by having lost 
two negative charges. Two non-conservative replace- 
ments, asp-55 by gly and lys-181 by glu, are only 
found in PAC.I. Lys-181 is highly conserved between 
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[('. &rg Ph,' I]f' Asp Glu 
pAC] } CT TTG AGC TTC ATT GAC GAG 

~or Thr Tyr r.eu G]y Pho Thr 
I>AC] 9~ TCC ACT TAC TTG GGA TTT ACA 

70 
Trp Arg Se t  Ala Gly Ala VaI 

pAC] 192 TGG AGG TCG GCT GGG GCC GTG 

IOO 
I,ys fie Va] Thr C]y Val Leu 

pACt 288 hAG ATA GTG ACC GGA GTC TT~ 

130 
Thr Asp Gly Phe Cln Phe lie 

l0 20 " 30 
His  Asn Ala Asp T h r ~ T y r  l y s  Va] Gly l,.u ~ n  Gin Php A]a Asp I,eu Thr Gly Glu Glu Phe Arg 
CAC AAT GCA GAC ACA AAC CGT ACT TAC AAG GTC GGC TTG AAC CAG TTT GCT GAC CTC ACT GGT GAG GAG TTC CGG 

40 50 ~ GO 
Gly Gly Ser[Asn Lys Thr]Lys Vul Se t  Asn Arg Tyr Glu Pro Arg Va] S~r Gin Va] l,eu Pro Ser Tyr Va] Asp 
GGC GGT TCA AAT AAC ACG AAG GTG AGC AAC CGG TAC GAG CCC CGA GTC AGC CAA GTA TTG CCG AGT TAT GTT GAT 

~0 90 
Va] Asp lie ],ys Ser Gin Gly Glu Cys Cly Gly Cys Trp Ala Ph~ Ser Ala Ile Ala Thr Val GIu Gly Ile Ash 
GTT GAC ATC AAA TCC CAG GGT CA^ TGT GGG GGT TGT TGG GCT TTT TCG GCC ATC GCC ACG GTG GAA GGG ATC AAC 

110 120 
l i e  g e t  Leu Set  Glu Gin Glu Leu l ] e  Cly Cys Gly Gly Thr G]n Asn Thr Arg Gly Cys Ash Gly Gly Tyr I lp  
ATT TCG CTG TCA GAA CAA GAG CTT ATA GGT TGC GGT GGG ACA CAA AAC ACC AGG GGC TC, C AAT GGC GGT TAC ATA 

140 Glu ]50 
l]e Asn Asn Gly Gly lie Ash Thr Gly Glu Asr, Tyr Pro Tyr Thr Ala Gin Asp Gly Glu Cys Ash teu Asp Leo 

pACI 384 ACC GAC OGG TTT CAG TTC ATT ATC AAC AAC GGT GGG ATT AAC ACC OGG GAA AAT TAT CCC TAC ACC GCT CAA GAT GGT GAA TGC WAC TTG GAC TTA 
pAC7 .................... C ......................... A ................................................. 

]60 179 Glu ]80 190 
Gin Asn Glu Lys Tyr Va] Thr lle Asp Thr Tyr Gly Ash Va] Pro Tyr Ash Asn G]u Trp Aln Leu GIn Thr A]a Va] Thr Tyr Gin Pro Val Set 

pAC] 480 CAA AAT GAA AAG TAT GTT ACA ATT GAT ACT TAT GGA AAT GTT CCA TAT AAC AAC GAG TGG C-CA TTG CAA ACA GCA GTG ACA TAC CAA CCT CTG AGC 
pAC7 .................................. A ............................................................. 

200 210 220 
Val Ala Leu Asp A/a Ala Gly Asp A]a Phe Lys His Tyr Set Ser G]y lie Phe Thr Gly Pro Cys Gly Thr hi8 lle Asp His Als Val Thr Ile 

pAC! 576 CTT GCC CTT GAC GCC GCT GGT GAC GCG TTC AAA CAT TAT TCA TCG C.GC ATA TTC ACT GGA CCA TGT GGA ACA GCA ATA GAC CAT GCT GTT ACT ATT 
pAC7 ................................................................................................ 

230 Lys 240 250 
Val Gly Tyr Gly Thr Glu Gly Gly lie Asp Tyr Trp lie Val Glu Asn Set Trp Asp Thr Thr Trp Gly Glu Glu Gly Tyr Met Arg I]o Leu Arg 

pAC] ~72 GTT GGA TAC GGC ACA GAG GGA GGT ATC GAC TAT TG, G ATA GTG GAA AAC TCA TGC~ GAC ACG ACG TGG GGA GAG GAA GGC TAC ATG, AGG ATC CTG CGT 
pAC7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

260 270 ~ 280 
Asn Val Gly Gly A]a Gly Thr Cys Gly Ile AIa Thr Met Pro Set Tyr Pro Va] iys Tyr hsn Asn Gln Asn Tyr Pro Lys Pro Tyr Set Ser Leu 

pACI 76R AAT GTC GGA GGT GCT GGA ACA TGT GGA ATT GCA ACG ATG CCA TCT TAC CCC GTC AAG TAC AAC AAC CAA AAT TAC CCC AAA CCA TAC TCA TCT CTC 
pAC7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

290 300 
T l e ~ A l a  Phe Ser Met Set Lys Asp Gly Pro Val Glu 

pAC| RR4 ATA AAT CCT TCC GCC TTC TCA AT(] AGC AAG GAT GGC CCA GT(] GAG TAG AAGATGGACAGAGGT ACAGCC, CTTAGGAAA GTTTCAATGAGATGA GGAAAGCAGGGAGAG 
pAC7 ............................................................................................................ 

pACI 972 AATGTAGATAAATAA TATTGCATCTGGAAA ATAAAAGAACCTTTG CTTTCCAGTTATGGA ACTTATGTACTGAAT AAAGGTGGCTTCAGG GGATTTGTTTGTCCT CCTGATACTGCCTCT 
p A C 7  . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T. .G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

pACI 1092 ACTTTTTACGTGATA ATAATATAAGTAGTG TGCTTTCAATTCCTT CA(8 ) 

pat7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A(32)  

Fig. 2. A. Restriction maps of the two c D N A  clones, pAC.I and pAC.7. Black boxes indicate coding regions corresponding to mature 
actinidin, blank boxes code for sequences not present in the mature protein. Lines represent untranslated regions. Numbers refer to nucleo- 
tides in each region. Abbreviations: B = BamHI, Ha = HaelII ,  Hi = HinclI,  M = Mspl, R = RsaI, S = Sau3A, T = TaqI. B. Nucleotide 
sequence and deduced amino acid sequence of pAC.1 and pAC.7. Identical nucleotides in pAC.7 are indicated by dots below the sequence 
of pAC.1. Amino acids differing in pAC.7 are shown above the sequence deduced from pAC.1. Polyadenylation consensus signals are 
underlined, and the region corresponding to the synthetic oligonucleotide is heavily underlined. Arrows indicate probable proteolytic cleav- 
age sites. Potential glycosylation sites are boxed. 
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Fig. 3. Amino acid sequence deduced from cDNA clones aligned 
with published sequence, a) amino acid sequence determined by 
Carne and Moore [6] and amended by Baker [3]; b) sequence 
deduced from pAC.1; c) sequence deduced from pAC.7 (dots rep- 
resent homologies with published sequence); asterisks denote the 
active site cys and his residues; arrows indicate possible proteolyt- 
ic cleavage sites; boxed residues are not present in mature ac- 
tinidin; potential glycosylation sites are marked by "CHO"; cir- 
cles indicate residues in pAC.7 which differ from pAC.l but are 
identical to the published sequence. 

all the cysteine p roteinases and has been implicated 
in electrostatic interaction with positively Charged 

side chains across the active site cleft, therefore its 

replacement by glu may not  be compat ible  with this 

role. Surprisingly, both cDNAs  code for an addit ion- 

al 25 amino acids at the carboxy terminus o f  mature  

actinidin. It has an M r o f  2754 Da  and contains a 
striking excess o f  Pro and Ser residues (16o70 and 

20070, respectively). A potential glycosylation site, 
characterised by the canonical  sequence Asn-X-Ser, 

is indicated in Fig. 3. 
The amino-terminal  57res idue  extension of  

PAC,1 has an M r o f  6508 Da, however, as it con- 
tains no met residue the identified sequence must  

represent only part  o f  a larger segment. It is charac- 

terised by a large propor t ion  o f  polar residues, as il- 

lustrated by the hydropathy profile (Fig. 4), and is 

particularly rich in positively charged amino acids 

(16°70 o f  total amino acids, compared  with 5070 in the 

mature protein). There are two sites in this region 

which may be glycosylated (Fig. 3). 

An  alignment o f  this polypeptide with amino-  

terminal regions o f  papain [7], aleurain [29],and two 

cysteine proteinases f rom Dictyostelium [27] shows 

considerable homologies  (between 30 and 35%), 

clustered in regions o f  strong conservat ion (Fig. 5). 

Based on these similarities in the actinidin precursor 

peptide can be predicted to contain a total o f  120 to 

140 amino acids. 

Northern blot analysis of  RNA at different 
developmental stages 

Northern  blots o f  total R N A  from fruit at different 

developmental  stages show a single band  o f  1.4 kb 

which hybridises to the c D N A  probe (Fig. 6). Since 

the c D N A  insert o f  pAC.I is 1.15 kb long, the m R N A  

probably  has addit ional  coding potential for up to 

70 amino acids, taking into account  a short untrans- 

lated leader at the 5 '  end. 

The developmental changes in levels o f  m R N A  

coding for actinidin are illustrated in Fig. 6. Ac- 

tinidin m R N A  was present at low levels in young 

T 
i 

~ +  

,l 
j 4 0  8 0  1 2 0  1 6 0  2 0 0  2 / + 0  2 8 0  

I I , , , , ~ , I I , I I , , 

Fig. 4. Hydropathy plot of the amino acid sequence deduced 
from pAC.1. Numbers on the x-axis refer to amino acid residues, 
and those of the y-axis to relative hydrophobicity of moving win- 
dow averages of ll residues [21]. Arrows indicate proteolytic 
cleavage sites. 
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Fig. 5. Alignment of amino-terminal extensions of cysteine pro- 
teinases. PAC.1 = sequence deduced from pAC.1, PAP = papain, 
ALEU = aleurain, CP-I and CP-2 = cysteine proteinase 1 and 2 
(respectively) from slime mould, CA-B = cathepsin B. Boxed 
residues are homologous with the pAC.l-encoded sequence, and 
circled residues are homologous with the papain extension. Num- 
bering is based on the papain sequence. 

fruit ,  bu t  increased rap id ly  when the frui t  had  

reached abou t  ha l f  its ma tu re  size. A m a x i m u m  level 

a p p e a r e d  to be a t t a ined  at a b o u t  64 days af ter  pol l i -  

na t ion ,  less than  ha l f  way to matur i ty ,  reached at  ap-  

p rox imate ly  160 days [28]. Af t e r  harvest  and  dur ing  

s torage o f  the  frui t  at  10 °C the a m o u n t  o f  hybr id isa-  

ble ac t in id in  m R N A  rap id ly  decreased.  A l t h o u g h  an 

8-fold excess o f  young  leaf  R N A  (Fig. 6, lane 1) 

showed a faint  hybr id is ing  b a n d  o f  ident ica l  size, the  

p r o p o r t i o n  o f  ac t in id in -encod ing  m R N A  mus t  be at 

least as low as in undeve loped  fruit .  

Fig. 6. Northern blot of total RNA from leaf (lane 1, 16 ~g), and 
fruit (lanes 2-9,  2 t~g) at different developmental stages. Fruit 
was harvested 7, 24, 42, 64, 82 and 102 days after pollination 
(lanes 2-7,  respectively), and stored at 10°C for 10 and 21 days 
(lanes 8 and 9, respectively). The weight of fruit (average of 
10 fruits) at each stage is indicated below the Northern blot. 

Southern  blot  

A Sou the rn  blot  analysis  o f  EcoRI -  and  H i n d l I I -  

d igested leaf  D N A  shows in each t rack  app rox ima te -  

ly 14 fragments ,  hybr id is ing  at  a low s t r ingency to 

the  c D N A  probe  (Fig. 7). One  f ragment  o f  4.1 kb o f  

the H i n d l I I - d i g e s t e d  D N A  hybr id ised  pa r t i cu l a r ly  

strongly. This  cou ld  be due  to perfect  ma tch ing  with 

the  probe,  or  cou ld  reflect  recent gene dup l i ca t ion  

giving rise to mult iple ,  ident ical -s ized,  f ragments .  

Since the  whole  o f  the pAC.1 c D N A  was used as a 

probe,  the lower hybr id is ing  bands  mus t  represent  

gene fragments ,  and  therefore  the  to ta l  number  o f  

ac t in id in  genes p r o b a b l y  does  not  exceed 10. 

D i s c u s s i o n  

Two c D N A s  encod ing  prote ins  with more  than  

90°70 h o m o l o g y  to ac t in id in  were i sola ted  f rom a 

f rui t -specif ic  l ib ra ry  o f A c t i n i d i a  chinensis. A n  anal -  

ysis o f  thei r  deduced  a m i n o  acid  sequences suggests 

tha t  they represent  i so fo rms  i f  not  i sozymes  o f  ac-  

t in idin ,  since s t ruc tura l ly  i m p o r t a n t  residues are 
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conserved. The pAC.l-encoded protein is likely to 
differ from actinidin to a greater extent than PAC.7 
and it probably has a higher pI. 

The existence of a family of closely related cys- 
teine proteinases in A. chinensis, estimated at up to 
10 members by Southern blot analysis, comes as no 
surprise as it is paralleled by the presence of protein 
families in all the other cases of abundant plant cys- 
teine proteinases, but also of unrelated abundant 
plant proteins such as the seed storage proteins. 

The small number of nucleotide differences be- 
tween the two cDNA sequences, in the non-coding 
as well as the coding region, with three out of four 
substitutions non-silent in the latter, raises the possi- 
bility of a cloning artefact, such as that observed 
with a cDNA clone of aleurain [37]. However, exam- 
ples of other multigene families, e.g. patatin, show 
many non-conservative differences between in- 
dividual members [30], and in the case of soybean 
conglycinin, the 3' untranslated regions are even 
more highly conserved than the coding regions [33]. 
Thus it is possible that the two actinidin cDNAs rep- 

Fig. 7. Southern blot of leaf DNA. Lane l, DNA digested with 
EcoRl; lane 2, DNA digested with HindIll;  lane 3, )~-DNA 
digested with HindIII and radioactively labelled. The blot was 
hybridised with 32p-labelled, nick-translated pAC.1 insert at 
65 °C in 6 × SSC and washed under the same conditions. 

resent two genes in the process of divergence follow- 
ing a recent duplication event. Due to the presence 
of several gene copies, selective constraint may not 
operate equally on all members of the family. It 
would be interesting to examine whether all of the 
genes encode functional enzymes. 

As expected, actinidin was shown to be syn- 
thesised in the form of a larger precursor. Although 
only a portion of the prosegment was identified by 
cDNA cloning, the size of the precursor estimated 
at 39 kDa by immunoprecipitation of in vitro trans- 
lation products agrees with that predicted from the 
size of the mRNA, and is similar to that of other cys- 
teine proteinases. 

The significance of the carboxy-terminal exten- 
sion is not clear, although both human and rat 
cathepsin B have carboxy-terminal extensions of six 
amino acids, and in both cases the first residue is 
identical to that of the actinidin extension. Carboxy- 
terminal extensions of unrelated enzymes, such as 
cathepsin D and ~3-glucuronidase, have been impli- 
cated in intracellular transport to the lysosomes [11, 
121. 

The considerable sequence homology of the ac- 
tinidin prosegment with those of other cysteine pro- 
teinases indicates that these extensions may have 
structural and functional similarities [26]. There is 
strong evidence that papain is synthesised in the 
form of a zymogen which becomes activated by the 
removal of the amino-terminal extension [7], and the 
precursor of cathepsin B is thought to have very 
limited proteolytic activity [9]. Recently the mecha- 
nism of inactivation of the protease activity in the 
aspartate proteinase pepsinogen has been shown to 
involve electrostatic interactions of a highly charged, 
transitory amino-terminal peptide with charged 
residues at and near the active site of the enzyme 
[18]. Both the amino-terminal extensions of papain 
and actinidin are highly hydrophilic, papain contain- 
ing an excess of negative charges while actinidin has 
more positively charged residues in this region. The 
overall charge on the prosegment is in both cases the 
reverse of the net surface charge of the mature pro- 
teins. These observations are consistent with a mech- 
anism of inactivation by electrostatic interactions 
between the prosegment and the surface of the ma- 
ture enzyme domain. It would be interesting to de- 



termine whether the actinidin precursor can cleave 
itself by an intramolecular process upon transfer to 
an acidic environment as has been described for pep- 
sinogen, or whether mature actinidin or some other 
protease in the fruit of  A. chinensis carries out this 
conversion. The presence of several potential 
glycosylation sites on the actinidin precursor is con- 
sistent with sequestration of  the enzyme to 

lysosomal organelles. Correct targeting may be 
achieved partly through recognition of  the precursor 
by receptors of  the mannose-6-phosphate pathway 
[13]. Actinidin was shown to be specifically syn- 
thesised in the fruit of the plant with very low levels 
detected in other tissues. The difference in the levels 
of  actinidin between fruit and young leaf tissue was 
due to different amounts of  actinidin-encoding 
mRNA. It will be interesting to identify promoter se- 
quences of the actinidin genes reponsible for this 
organ-specific expression, and the availability of  
cDNA clones will be useful in the isolation of  
genomic sequences. 

As yet nothing is known about the physiological 
function of  actinidin. The results of  the developmen- 
tal study of  actinidin gene expression show that ac- 
tinidin mRNA accumulates to very high levels early 
during fruit development, and therefore does not be- 
long to the class of  "ripening-specific" mRNAs 
described for the tomato fruit [15]. The enzyme ap- 
pears to be required during fruit development, and 
it is tempting to speculate that it is involved in the 
defence against invading predators, such as larvae or 
fungi, and is released from storage vesicles upon 
damage to the tissue. 
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