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Intercellular Localization of Acid Invertase in Tomato Fruit and Molecular
Cloning of a cDNA for the Enzyme
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The localization of acid invertase (AI, EC 3.2.1.26) in tomato fruits was studied. AI was lo-
calized in the intercellular fraction (cell wall fraction). A cDNA encoding a wall-bound form of
Al from tomato fruits was cloned and its nucleotide sequence was determined. The cloned cDNA
was 2363 base pairs long and contained an open reading frame of 1908 base pairs which encoded a
polypeptide of 636 amino acids. RNA blot analysis indicated that the mRNA for the acid inver-
tase was about 2.5 kb in length. The levels of the mRNA were low at the mature green stage but in-

creased during ripening of fruit.
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The activity of acid invertase (EC 3.2.1.26) in tomato
fruits is low at the mature green stage but increases during
the ripening of fruits (Nakagawa et al. 1970, Endo et al.
1990). Al activity in tomato fruits has been shown to be in-
versely related to the sucrose content of fruits (Miron and
Schaffer 1991, Yelle et al. 1991). Most of the Al activity in
mature tomato fruits can be extracted from insoluble cell
debris with a buffer of high ionic strength and, therefore,
Al has been classified as a wall-bound enzyme or, possibly,
an extracellular enzyme. However, since sucrose is believed
to be present in vacuoles, the possible role of extracellular
invertase in relation to the level of vacuolar sucrose should
be reevaluated. In fact, Yelle et al. (1991) reported that the
distribution of Al in soluble and wall-bound fractions
varied with the pH of the extraction buffer. Therefore, it is
necessary to obtain more reliable information on the locali-
zation of Al in tomato fruits. Examination of intercellular
washing fluid has been successfully employed in efforts to
determine the localization of other enzymes (Ishige et al.

Abbreviations: Al, acid invertase; CW, cell wall-bound;
CTAB, cetyl triethylammonium bromide ; IWF, intercellular
washing fluid; 2-ME, 2-mercaptoethanol; PAGE, polyacrylamide
gel electrophoresis; PCR, polymerase chain reaction; S, soluble.
3 To whom correspondence should be addressed.
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1991). If AI of tomato fruits is present in the cell wall
region, the enzyme should be detectable in the intercellular
washing fluid.

We reported previously that the increase in Al activity
during ripening of tomato fruits was due to synthesis of the
enzyme de novo (Endo et al. 1990) and that the levels of
translatable mRNA, as measured with an in vitro transla-
tion system, increased during ripening. However, it has not
been conclusively demonstrated that the increase in levels
of the mRNA is regulated at the transcriptional level. Such
increases can only be demonstrated by cloning of the
c¢DNA for Al and subsequent Northern blot analysis of
gene expression.

In this study, we first examined the localization of Al
in tomato fruits, then we cloned a cDNA for the enzyme
and, finally, we measured the changes in the level of the
mRNA during ripening of fruit.

Materials and Methods

Plant material—Fruits of tomato (Lycopersicon
esculentum M. cv. Super First) were grown on the farm of
the Japan Horticultural Productivity Institute, Matsudo,
Chiba. Fruits were harvested at the designated stages as de-
scribed in the text.

NI | -El ectronic Library Service



The Japanese Soci ety of Plant Physiol ogists

264 T. Sato et al.

Determination of partial amino-acid sequences of puri-
Jfied AI—AI of tomato fruits was purified previously (Endo
et al. 1990) and has been stored at —80°C. The preparation
of purified protein was fractionated by SDS-PAGE on a
10% polyacrylamide gel (Laemmli 1970) and transferred
to a polyvinylidene difluoride membrane (Immobilon,;
Millipore, MA, U.S.A.). The membrane was stained with
Coomassie Brilliant Blue, and two polypeptides of about
50 and 20 kDa were found. The portions of the membrane
with the two polypeptides were excised and their N-ter-
minal amino acid sequences were determined with a gas-
phase microsequencer (Matsudaira 1987). Oligonucleotide
mixtures of sense (primer 50) and antisense (primer 20) se-
quences were synthesized that corresponded to two six-
amino-acid sequences selected from the N-terminal amino
acid sequences of the 50-kDa and 20-kDa polypeptides, re-
spectively (Fig. 1).

Extraction of RNA and construction of a ¢cDNA
library—Nucleic acids were extracted from ripe tomato
fruits by the SDS-phenol method as described previously
(Sato et al. 1978). The resultant crude fraction, which con-
tained soluble polysaccharides, was dissolved in 0.7 M
NacCl in buffer A (50 mM Tris-HCI, pH 8.0, 10 mM EDTA
and 1% CTAB), and an equal volume of buffer A was add-
ed. After 1 h, the precipitate of nucleic acids was collected
by centrifugation at 3,000 X g for 10 min and washed with
ethanol. The nucleic acids were dissolved in 2 M LiCl and
placed on ice at least for 2 h. The resultant precipitate was
collected by centrifugation at 10,000 x g for 20 min at 0°C.
After the precipitate had been washed with ethanol, it
was dissolved in distilled water and used as total RNA.
Poly(A)*-RNA was isolated from total RNA by column
chromatography on oligo(dT)-cellulose (Aviv and Leder
1972). The first strand of cDNA for tomato poly(A)*-RNA
was synthesized by using primer 20, and the single-stranded
c¢DNA was used as the template for amplification of a
c¢DNA fragment between primer 50 and 20 by PCR (Arai et
al. 1992). cDNA produced by PCR was purified by agarose
gel electrophoresis, and a labeled probe was prepared from
the cDNA by use of a Random Primer DNA Labeling
Kit (Takara Shuzo, Kyoto, Japan). A ¢cDNA library for
poly(A)*-RNA from ripe tomato fruits was constructed in
Bluescript SK(—) (Stratagene, CA, U.S.A.) by the vector-
primer method, as described previously (Mori et al. 1991).
About 2 X 10° colonies of transformed E. coli DH 5a were
screened with the *P-labeled probe. The nucleotide se-
quence of the DNA was determined by the dideoxynucleo-
tide chain-termination method (Sanger et al. 1977).

Analysis of RNA—Total (10 ug per lane) or poly(A)*-
RNA (2 ug per lane) was fractionated on agarose gels that
contained formaldehyde (Sambrook et al. 1989). RNA was
transferred to nylon membranes (Hybond-N*, Amersham
Corp., Buckinghamshire, England). Prehybridization was
performed in a solution of 50% formamide, 6 x SSPE,

0.5% SDS, 5% Irish Cream (R. and A. Bailey & Co.
Dublin, Ireland), and 20 ug ml™' denatured salmon sperm
DNA at 42°C for 1 h. Hybridization was carried out in the
same solution with the 2P-labeled probe at 42°C for 18 h.
The blots were washed twice with 3 X SSC and 0.19% SDS at
60°C for 30 min.

General methods—General methods for manipulation
of DNA and RNA were those described by Sambrook et al.
(1989).

Preparation of intercellular washing fluid—Five g of
tissue slices (about 5 mm in thickness) were vacuum-in-
filtrated for 5 min with 10 ml of buffer B (20 mM potassium
phosphate, pH 5.5, 0.5mM 2-ME and 1M NaCl). The
tissue slices were gently shaken in buffer B for 10 min. The
washing fluid that contained extracellular proteins was
taken and used as the first IWF. The resulting tissue slices
were further washed four times with 10 ml of buffer B to
remove all of the proteins in the intercellular space. AI ac-
tivity was not detected in the final IWF when tissue had
been washed four times. The IWFs that containd Al activ-
ity were combined and used for experiments. The tissue
slices after this washing procedure were homogenized
with buffer B, and the supernatant after centrifugation at
10,000 % g for 10 min was dialyzed against buffer B to give
the intracellular fraction.

Extraction of acid invertase—Al was isolated from
tomato pericarp tissue as described previously (Endo et al.
1990).

Assay of enzymatic activity—Al activity was assayed
in a reaction mixture that consisted of 4% sucrose, 0.1 M
sodium acetate buffer (pH 4.5) and an aliquot of enzyme so-
lution in a total volume of 1 mi. The reaction mixture was
incubated at 30°C for 15 min. Reducing groups formed in
the reaction mixture were measured as described previously
(Endo et al. 1990). Polygalacturonase activity was assayed
as described previously (Yoshida et al. 1984). a-Man-
nosidase activity was assayed in 100 mM sodium succinate
(pH 5.0) that contained 1 mM p-nitrophenyl a-bD-man-
nopyranoside (0.5 ml) at 30°C for 60 min. The reaction
was terminated by addition of 0.8 ml of 1 M Na,CO;. Free
p-nitrophenol formed by the enzymatic reaction was quan-
titated from its absorbance at 405 nm. One unit of activity
was defined as the amount of enzyme that hydrolyzed 1
umol of substrate in 1 min under the conditions used.

Immunoblot analysis—Proteins were separated by
SDS-PAGE on a 10% gel and transferred to a nitro-
cellulose sheet as described by Burnette (1981). The Al on
the sheet was detected with antibodies raised against
tomato Al in rabbit as described previously (Endo et al.
1990).

Results and Discussion

Localization of Al of tomato fruits—S and CW forms
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Table 1 Localization of acid invertase in tomato fruits
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Al activity Polygalacturonase activity

a-Mannosidase activity

Fraction - — -
(units (g frwt)™) (%)  (units (g frwt)™) (%)  (units @frw)™) (%)
Exp-1
Soluble fraction 0.08 2.3
Cell wall-bound fraction 3.44 97.7
Exp-2
Intracellular fraction 0.01 0.5 0.038 1.9 20.7 93.5
Intercellular washing fluid 1.9 99.5 1.93 98.1 1.4 6.5
N-TyrAlaTrpSerAsnAlaMetlLeuSerXGlnXThrAlaTyrHisPhe -C
50 kDa —_—>
5' TATGCATGGTCAAATGCAATG 3' Primer 50
c C (o] ccC
G (¢] G
T T T
20 kDa N-AlaxXvalGlyPheSerXSerThrSerGlyGlyAla

AlaSerXGlyIleLeuGlyProPheGlyValIlleValIleAlaAsp-C
<

3' CCAGGAAAACCACAATAACAS'
G ¢ C @G

G G T

T T

HQ 0
Ha O

Primer 20

Fig. 1 The N-terminal amino acid sequence of the 50-kDa and 20-kDa polypeptides from a preparation of acid invertase from tomato

fruits.
corresponding amino-acid sequences. X shows the position of unidentified amino-acid residue.

of Al were isolated from the pericarp tissue of tomato
fruits. As shown in Table 1, the majority of the Al activity
was contained in the CW fraction, but 2% of the extrac-
table Al activity was detected in the S fraction. The op-
timum pH for Al in the S fraction and in the CW fraction
was 4.5 and 5, respectively. To determine the localization
of tomato Al, proteins that were located in the intercellular
space (cell wall) were released by treatment with a buffer
that contained 1 M NaCl (IWF). IWF contained most of
the activity of polygalacturonase, which is known to be lo-
calized in the cell-wall area (Table 1, Exp-2). By contrast,
only 6.5% of the a-mannosidase, which is present within
cell, was detected in the IWF (Table 1, Exp-2). These
results indicate that the IWF obtained by our procedure
contained proteins that are present only in the cell-wall
region without any serious contamination by intracellular
enzymes. Most of the Al activity (99.5%) in the tomato
fruits was found in the IWF (Table 1, Exp-2). These results
show that the tomato AI was truly localized in the cell-wall
fraction and only a trace of Al activity was detected in solu-

25kb —

Sequences of synthetic oligonucleotide mixtures used as primers for amplification of a cDNA by PCR are shown under the

kb
- 74
- 53

— 2.8
- 1.9

i~ 16

- 1.0

- 04
- 03

ble and intracellular fractions. S and CW Al may be differ-
ent proteins but the possibility that S and CW Al are prod-
ucts of a common gene cannot be excluded at present.
Cloning of a cDNA for acid invertase of tomato fruits
—When the preparation of purified Al that had contained

Fig. 2 RNA blot analysis of mRNA for acid invertase from ripe
tomato fruits. The poly(A)*-RNA isolated from ripe tomato
fruits was fractionated on a formaldehyde-containing gel and
transferred to a nylon membrane. The blot was probed with the
tomato cDNA.
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a single 50-kDa polypeptide (Endo et al. 1990) was ana-  of both the 50-kDa and 20-kDa polypeptides were deter-
lyzed by SDS-PAGE after storage at —80°C for five years, mined. The N-terminal amino acid sequence of the 20-kDa
an additional polypeptide of 20 kDa was found. Since the polypeptide showed a high degree of similarity to the se-
20-kDa polypeptide appeared to be a product of the degra- quence from Ser*? to Asp*? of invertase from mung bean
dation of purified Al, the N-terminal amino acid sequences  (Arai et al. 1992). The result indicated that the 20-kDa poly-

ggacaaagtcgcgcttcagggaataattgaagcagatcatgtaggtttctatatccaactetgcagetgagtcaacacggagtagetcaa 90
ttgagcctggttgaagatcgacttgettaacagtaggatcacccactcttaagetttcaatttettecactggccactgaagtagatgtg 180

teectatcttotat tATGGCCACTCAGTGTTATGACCCCGAAAACTCCGCCTCTOGTTACACATTACTCCCGGATCAACCCGATTCOGGC 270
M ATQCYDUPENSASRYTTLLZPDGQTPDSGG

CACCGGAAGTCCCTTAAAATCATCTCCGGCATTTTCCTCTCCGTTTTCCTTTTGCT TTCTGTAGCCTTCTTTCCTATCCTCAACARCCAG 360
25HRKSLKIISGIFLSVFLLLSVAFFPILNNQ

TCACCGGACTTGCAAATCGACTCCCGTTCGCOGGCGCCGCCGTCAAGAGGTGTTTCTCAGGGAGTCTCCGATAAAACT TTTCGAGATGTA 450
56 s PDLQIDS®RSPAPPSRGYVSQGVSDTE KTTFT RTDYV

GCCGGTGCTAGTCA 'ATGCGTGGTCCAATGCTATGCTTAGCTGGCAAAGAACGGCTTACCATTTTCAACCTCAAAARAATTGG 540
QGAGASHVSYAHSNAMLSWQRTAYHFQPQKNW

ATGAARCGATCCTAATGGACCATTGTATCACAAGGGATGGTACCACCT T TTTATCAATACAATCCAGATTCAGCTATTTGGGGAAATATC 630
116 M N D P NG PL YHZKGWVYHTLTFTYOQVYUNTPDSA ATIEIWGNTI

ACATGGGGCCATGCTGTATCCAAGGACTTGATCCACTGGCTCTACTTGCCT TTTGCCATGGTTCCTGATCAATGGTATGATATTAACGGT 720
146 T W G H A V § K D L I HW UL VYULPTPFAMTYTPDUO QWTYUDTINSG

GTCTGGACAGGGTCCGCTACCATCCTACCCGATGGTCAGATCATGATGCTTTATACCGGTGACACTGATGATTATGTGCAAGTGCAAAAT 810
176 V. W T G § AT I L PDGQ I MMLYTGDTTDTUDTYTVOQVAOQN

CTTGCGTACCCCGCCAACTTATCTGATCCTCTCCTTCTAGACTGGGTCAAGTTGAAAGGCAACCCGGTTCTGGTTCCTCCACCCGGCATT 900
206L A Y P ANLSDUPLTLTLUDUWVYVI XKTLIEKGNTZPVLVEPTZPZPGTI

GGTGTCAAGGACTTTAGAGACCCGACTACTCGTTGGACCGGACCACARAATGGGCAATGGCTGTTAACAATCGGGTCTAAGATTGGTAAR 990

236c3vxnpnr>p'r'rnw'rcponcowx.x.'rxssxch

266 DCGGGTGTTGCACTTGTTTATGAAACTTCCAACTTCACAAGCTTTAAGCTATTGGATGGAGTGCTGCATGCGGTTCCGGETACGGGTATG 1080
TGV ALVYETSNTFTSTFTZ XKTLTLDG VTELIHAVYVSDPGTGNM

TGGGAGTGTGTGGACTTTTACCCGGTATCTACTAAAARAACAAACGGGTTGGAGACATCGTATARCGGGCCGGGTGTARAGCATGTGTTA 1170
295WECVDFYPVSTKKTNGLETSYNGPGVKHVL

AARGCAAGTTTAGATGACAATAAGCAAGATCATTATGCTATTGGTACGTATGACTTGGGAAAGAACARATGGACACCOGATAACCCGGAA 1260
326 K A S L DDUNI KGO QDHYATIGTT YDTLGTEKNTE KT WTTPTDNTPE

TTGGATTGTGGAATTGGGTTGAGACTAGACTATGGGARATATTATGCATCARAGACT TTTTATGACCCGAAGAARGAACGAAGAGTACTG 1350
356LDCGIGLRLDYGKYYASKTFYDPKKERRVL

TGGGGATGGATTGGGGAARCTGACAGTGAATCTGCTGACCTGCAGARGGGATGGGCATCTGTACAGAGTATTCCARGGACAGTGCTTTAC 1440
386 W G W I GETDSESA ADTULGO OZ KT GWA AST VO QSTITZPRTUVLY

GACAAGAAGACAGGGACACATCTACTTCAGTGGCCAGTGGARGAAATTGAAAGCTTAAGAGTGGGTGATCCTACTGTTAAGCAAGTCGAT 1530
416DKKTGTHLLQWPVEEIESLRVGDPTVKQVD

CTTCAACCAGGCTCAATTGAGCTACTCCGTGTTGACTCAGCTGCAGAGTTGGATATAGAAGCCTCATTTGAAGTGGACARAGTCGOGCTT 1620
L QPGS I ELULRVYVDSA AARAETLTDTITEHA AST FTETV VDI KTUTVA AL

CAGGGAATAATTCAAGCAGATCATGTAGGTTTCAGTTGCTCTACTAGTGGAGGTGCTGCTAGCAGAGGCAT TTTGGGACCATTTGGTGTC 1710
476 9 G T I E A D HV GF S C ST S G GAASRGTILGUPFG.UV

ATCGTARTTGCTGATCAAACGCTATCTGACGTAACGCCAGTTTACTTTTACATTTCTAAAGGAGCTGATGGTCGTGCAGAGACTCACTTC 1800
so6 I VI ADQTLSDVT?PVYTFTYTISZ KSGADGRA ATETTHF

TCAAACTCGATCCTCTGAGGCTCCGGGAGTTGGTAAACAAGT TTATGGTAGTTCAGTACCTGTGTTGGACGGTGAAARACAT 1890
536 C ADQTRSSEA APGVGIE KO QVYGSSVPVLDGETZ KH

TCAATGAGATTATTGGTGGATCACTCAATTGTGGAGAGCTTTGCTCAAGGAGGAAGARCAGTCATAACATCGCGAATTTACCCAACAARG 1980
566 s M R L L VDH S I VETGSTFA AQG GG GRTUVTITS=RTIUYPTRK

GCAGTAAATGGAGCAGCACGACTCTTTGTTTTCAACAATGCCACAGGGGCTAGCGTTACTGCCTCCGTCAAGATTTGGTCACTTGAGTCA. 2070
s59¢ A V N G A ARLFVFNNABATGASV VT ASVYVI KTITWSTULTES

G’rCAATATTCAATCC'I'rCCCPI'IGCAAGAchGTAAtcttactttatttcgttttttttttctttttcatttgaaggctatttcaacacc 2160
626V N I Q S F P L Q D L =+

gacgtcccatcaagaaagggaagagggagatcaatatatgtagtgttattcgeectaccttaggattagatgtcatctagcaatgtcaaa 2250

tctagtagagtatacaatgtatgggttcctggaaaccgagtagagettacctggattctatgaaactaagaaactaagaaagctcagcaa 2340
atatatgcacaaataatttacagaaaaaaaaa 2372

Fig. 3 The nucleotide and deduced amino-acid sequences of a cDNA (TAIl) for acid invertase from tomato fruits. The coding
region is given in capital letters. The N-terminus is shown by a hooked arrow. Partial amino-acid sequences determined from the 50-kDa
and 20-kDa polypeptides are underlined.

NI | -El ectronic Library Service



The Japanese Soci ety of Plant Physiol ogists

¢DNA cloning of acid invertase from tomato fruit 267

peptide was a fragment of tomato Al located closer to the
C-terminal than the partial sequence of the 50-kDa poly-
peptide. Thus, two oligonucleotides, synthesized as shown
in Fig. 1, were used as primers to amplify a fragment of
tomato cDNA by PCR. A fragment of cDNA of about 1.2
kbp was amplified and was of the size expected from that
of mung bean Al. The 1.2-kbp fragment hybridized to an
RNA of about 2.5 kb from ripe tomato fruits (Fig. 2). By
screening 10° colonies from a cDNA library with the 1.2-
kbp fragment as probe, we isolated a cDNA of 2.3 kbp
(TAI18-22). However, TAI18-22 was found not to contain
the entire coding region of Al. The cDNA library was
again screened with a 600-bp fragment obtained from the
5'-side of TAI18-22, and 12 positive clones were isolated
from 10° colonies. Partial restriction maps of 12 clones
were all identical, but two clones (TAI1 and TAI2) contain-

ed cDNA that was about 200 bp longer than TAI18-22. The
complete nucleotide sequence and the deduced amino-acid
sequence of TAI-1 are presented in Figure 3. The cDNA of
2,363 bp contained an open reading frame that encodes a
protein of 636 amino acids with a calculated molecular
mass of 70,161 daltons. The ATG triplet at positions 196~
198 was assigned as the site of initiation of translation be-
cause there was an in-frame termination codon (TAG) at
positions 124-126. The nucleotide sequence around the
first ATG triplet (ATTATGG) is in good agreement with
the eukaryotic consensus sequence for a site of initiation of
translation (Kozak 1983). In the 3'noncoding region, a con-
sensus sequence for a polyadenylation signal (AAATAA)
was found at a site 13 nucleotides upstream (nucleotides
2351 to 2356) from the poly(A) tail.

The deduced amino-acid sequence of Al from tomato

Tomato MATQCYDPENSASRYTLLPDQPDSGHRKSLK] ISGIFLSVFLLLSVAFFPILNNQSPDLQIDSREPAPPSRGVSQGVSDKT 81
* khkhk whkk &
Mung bean MEHHKPLLPTSSHAAPTSSTRKDLLFVLCGLLFLESLVAYGGYRASGV PHAHLSS PTSNHQQDHQSPTSLPSSKWY PVSRGVSSGVSERS 90
Carrot .MGVTIRNRNYDHGSLPFLQSLLAILLVTTTTLHI 34
>
Tomato FROV- - - AGASHVESY AWSNANLSWORTAYHFQPQRNUMNDPNG DL YHKGRYHLE YOYNPDSATHONT THGHAYS KDL IHKLYLPFAMVED 168
* k dkdrkdkd dkved Hdwkdwkkdkd & whkkdhkhhddd * kdk k Fwhhkk ok kW ok hwk b
Mung bean SNLLFAGEGGAE'EAFpwvnsmswonfrsyBFQPEx.mmmpncapmmwm?mmpmnvmmvwcmvsmume-mpmmvw 180
Hhk kW k. WhARARF Kk Wk kR wkhhhw * hkww k h Wk dwdk & * * *
Carrot NGVEAFHEIHYNLQEVGAENVKQVHRTGYHFQPRONWINDPNGPMYYKGVYHLF YQYNPKGAVWGN T VWAHSVSTDLINWTPLEPATFPS 124
Tomato QWYDINGVWTGSATILPDOQIMMLYTIDTDD - - -YVQVONLAY PANLEDPLLLDHVLRANEVLYPPPGI GV KDFRDPTTRTGPQNGQH 255
wkww Whkkddkwdhbdk *k ¥ WhkhkRd K (222222221 hkhhhkr * dWhkkkkhkhk hkhbbhhkd ¥
Mung bean QWYDKQGVWTGSATILENGET IMLYTGE TR - §VQVQNLAYPADPSDPLLLDWT KHTGNPVLYPPPGGAKDFRDPTTANLTSE - cm 276
* * de e O o d *hdd dkddkd ¥ whwkhkwkdk % ¥ % W L2222 1 BN ]
Carrot KPFDKYG(RSGSA’I‘ILPGNKPVIL‘[TGIV‘EGPPRNVQVQNYAIPAI;TIiS_DPYLRKWIKPDNNPLWANNGENA’I‘AFRDP’I‘TAWLD KSGHW 213
Tomato LLTIGERIGKTGVALVYETSNETSFKLLDGVLHAYDOTGHWECYDF YPVSTRRTNGLETS YNGPGVRHVL RASLDDNKQDHYAGTYDLG 345
Ik wkd wRwd W w o k hkkhdhkhwkhhd kkk ¥ *hE kw Wk deedkk b dkkw * ddwkkddh
Mung bean aITIGBKLNK';GIALWDTEDFmm.xmmmvwmmzcvnwpvsxmcnmsvmmmmsLDDDRHDYYAIGTYDDN 356
L2 2] * W * kR Wk hhkwk * dld kW * Khhdkddh wkw * *h
Carrot mvcsmmmumsm:mnmpmsammmscPDFFPVSLKGLNGLDTsvasmeKvswmewwcmm 303
Tomato KNKWTPDNPELDCAGIGLRLDYGKYYASKTFYDPKKERRVLWGWIGETDSESADLQKGWASVQST PRTVLYDKKTGTHLLQWPVEE IESLR 435
* ko * & ¥h¥ A dhkhkhhkd * Wk RAhwwkE hkk Wb (22222222222 X4 * Wk (22222 00 B2
Mung bean RVLFTPDDVRNDVGYCLRYDYC ] FYASKTE YDONKDRR [ LWOW IGESDBEYADVTRGKRS VQET PRTVRLDTXTOSNLLQWPVDEVESLR 446
* k. " ek kdk whkkwdk ek ok ke kW * ke * drdkdedr * Nhkw * * Wik kW
carrot KDRYIPDngVDGWAGLRYDYGNF’YASK’I’FFDPSWRRILWGWM_WEgDETAHDVAKGWAGIQLIPRTLWI..D PSGRQLMQWPIEELETLR 392
Tomato VGDPT-VKQVDLQPASTELLRVDSAAELDI EASFEVDRVALQGI TEADHVGE - - - - SCETE0GAASRGTLGPFGVIVIADQTLEDVTEVY 520
ke * £ 2 * kk % - * * dde ddeddkk dek Wwhkdd * kW W wdeden
Mung bean LRSDE- FstmpcsvvszE'I'ATQLDVVAEFEIDTESLEMAESNE EF- - -~ TCBESGAARQRAALGPFOLLVLADEGLSEYTRVY 530
L2 o L * * % » ¥* whdk * whw
Carrot GSKVKFSRKQDLSKGILVEVKGITAAQADVEV‘I‘FSFKSLAKREPFDPKWLEYDAEKICELKGSTV QGGVGPFGLL'I‘LASEKLEEY'I‘WF 481
Tomato FYISKGADGRAETHFCADQTRSSEAPGVGKQVYGSSVPV - LDGEKH- SMRLLVDHS IVESFAQGGRTVITSRIYPTRAVNGAARLFVFNN 602
% ¥ * * k¥ k¥ hwk & * dk kwd b Wk * % whkdkdkwh Wk *hd kkdkwd whkkkkw iit
Mung bean FYVIKORNGNLRTSF CEDQSRSSQANDVREQIFGSVVRY - LEGEKF - SLRMLVDHS IVESFAQUGRTCVTSRVYPTRATYGAARLFLENY 618
* W whwd * * * & * * ok k k kKW * Wk Kk hkk ki * h kww¥w
carrot FRVFKAQNTH KVLMCSDATRSSLKEGLYRPSFAGFVDVDLATDRKISLRSLIDNSVVESFGAKGKTCISSRVYPTLAVYENAHLYVFNN 570
Tomato ATGASVTASVKIWSLESVNIQSFPLQDL 636
Ik ok kkd k * * * *w
Mung bean ATEATVTASLKVWQMNSAFIRPFPFNPDQKS 649
T
Carrot GSETITVENLDAWSMKKPLRMN 592

Fig. 4 Comparison of amino acid sequences of acid invertases from tomato, mung bean and carrot. Identical amino-acid residues
are marked with asterisks. A potential site of N-glycosylation is shown with dashed underlining. The N-termini are shown by hooked ar-
rows. Underlining indicates the g-fructosidase motif (NDPNG), the catalytic domain (WECVD) and the sequences descussed in the text.
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fruits was 38 amino acid longer than that of Al from car-
rot, but it was 14 amino acid shorter than that of AI from
mung bean seedling (Fig. 4). The amino acid residue at the
N-terminus of purified AI was Tyr®” (hooked arrow in
Fig. 4). These results indicate that Al of tomato fruits is
produced as a precursor that has a long leader sequence of
92 amino acid residues (Figs. 3, 4). The first 68 amino acids
of the leader sequence contain a hydrophobic region (Ile*?
to Leu®) that is also found in Al from carrot (Sturm and
Chrispeels 1990) and mung bean (Arai et al. 1992). The se-
quence of the hydrophobic region showed no similarities at
all to the corresponding region of the enzymes from carrot
and mung bean. The next 13 amino acids (Pro® to Lys*)
were very similar to those in the mung bean enzyme (Pro®’
to Lys*). The sizes of the mature forms of the Als were
very similar among the three Als (544 amino acids for Als
from tomato and carrot and 548 amino acids for Al from
mung bean), and the extent of the similarities in amino acid
sequence between the mature form of tomato Al and the en-
zymes from carrot and mung bean was 45% and 659%, re-
spectively. The predicted protein of tomato Al contains
four potential sites of glycosylation (Fig. 4, dashed under-
lining). Both the 50-kDa and 20-kDa polypeptides of Al
bound to concanavalin A. Therefore, at least a site of
glycosylation in the most C-terminal region must be N-gly-
cosylated with high-mannose type of glycan. The relative
location of this glycosylation site is conserved among the
three plant Als. The g-fructosidase motif (Asn'!’-Asp-Pro-
Asn-Gly), which is a conserved peptide domain common to
all B-fructosidases (Sturm and Chrispeels 1990), and a
catalytic domain specific for g-fructosidases (Trp?°-Glu-
Cys-Val-Glu,; Martin et al. 1987) are found in Al from
tomato fruits, but the proline residue in the Al-specific
catalytic domain has been replaced by Val in Al from
tomato fruits as has that in the AI from mung bean seed-
lings. In addition, two short sequences of Tyr'*-His-Leu-
Phe-Tyr-GIn-Tyr and Phe?*-Arg-Asp-Pro, which are con-
served in S-fructofuranosidases, were found in the Al from
tomato fruits. After the present work had been completed,
a report of the nucleotide sequence of a cDNA for Al from
tomato fruits appeared (Klann et al. 1992). A direct com-
parison of the nucleotide sequences of the two cDNAs for
tomato Al indicates that there is 98.9% homology. The
amino acid sequence deduced from the sequence of our
c¢DNA was identical to the published sequence with the ex-
ception of six amino acid residues, where Klann et al.
found Phe?®, Ala?*, Asp®®, Glu®", Leu’'® and Ala®®, The
difference in amino acid sequence between the two cDNAs
might be a result of the difference in the variety of tomato
that was used.

Changes in the levels of mRNA for Al in tomato fruits
during ripening—Mature green tomato fruits contained
low levels of Al activity, but the Al activity increased great-
ly as fruits ripened (Fig. 5-A). The level of the Al poly-

(units/g fr wt)

Invertase activity

,i S

MG T P R

Fig. 5 Changes in the levels of activity, the Al polypeptide and
the mRNA for Al in the pericarp tissue of tomato fruit during
ripening. Al and total RNA were prepared from pericarp
tissues of tomato fruits at designated stages. Immunoblot analysis
was performed as described in Materials and Methods. Total
RNA was fractionated by agarose gel electrophoresis and then
transferred to a nylon membrane. The blot was probed with the
tomato cDNA. MG, T, P and R indicate mature green, turning,
pink and ripe stages, respectively. A, Al activity; B, levels of Al
polypeptide as determined by immunoblot analysis; C, levels of
Al mRNA as determined by RNA blot analysis.

peptide was also low at the mature green stage but it in-
creased rapidly as the activity increased (Fig. 5-B). These
results show that the increase in Al activity is due to in-
creased amounts of the enzyme protein. The level of Al
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mRNA was very low at the mature green stage, but it in-
creased rapidly after the turning stage. It reached a max-
imum at the pink stage and decreased gradually thereafter
(from the pink to the ripe stage; Fig. 5-C). The results dem-
onstrate that the increase in activity of Al, observed in
tomato fruits during ripening, is regulated by expression of
the gene. The time-course of the pattern of gene expression
is similar to that of the gene for polygalacturonase (Grier-
son et al. 1987), and the gene for Al may be a ripening-
related gene. However, the function of the enzyme in fruit
ripening remains to be determined.
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