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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  forrn of

AI 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.

Key words:  Acid invertase -  cDNA  cloning  -  Ripening -  Tomato  fruit (Lycopersicon esculen-

tum  M.).

   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). AI  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 AI activity in
mature  tomato  fruits can  be extracted  from insoluble cell

debris with  a buffer of  high ionic strength  and,  therefore,

AI  has been classified as a  wal1-bound  enzyme  or, possibly,

an  extracellular  enzyme.  However,  since sucrose  is believed
to be present in yacuoles,  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  AI in soluble  and  wall-bound  fractions
yaried  with  the pH  of  the er[traction buffer. Therefore, it is
necessary  to obtain  more  reliable  information on  the locali-
zation  of  AI  in tomato  fruits. Examination of  intercellular

washing  fluid has been successfu11y  employed  in effbrts to

determine the localization of  other  enzymes  (Ishige et al.

   Abbreviations: AI, acid invertase; CW,  cell  wal1-bound;

CTAB,  cetyl  triethylammonium  bromide ; IWF,  intercellular

washing  fiuid; 2-ME, 2-mercaptoethanel; PAGE,  polyacrylarnide

gel electrophoresis;  PCR,  po1ymerase  chain  reaction;  S, soluble,
3
 To  whom  correspondence  should  be addressed,

1991). If AI  of  tomato  fruits is present in the cell  wal1

region,  the enzyme  should  be detectable in the intercellular
washing  fluid.

   We  reported  previously that the increase in AI  activity

during ripening  of tomato  fruits was  due to synthesis  of  the

enzyme  de n6vo  (Endo et  al.  1epO) 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

cDNA  for AI  and  subsequent Northern blot analysis  of

gene expresslon.

   In this study,  we  first examined  the localization ef  AI
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  (Lycopensicon
escuientum  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,
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    Determinationofpartialamino-acidsequencesofpuri-

fied AFAI  of  tomato  fruits was  purified previously (Endo
et al. 1990) and  has been stored  at 

-80eC.
 The preparation

of  purified protein was  fractionated by SDS-PAGE on  a

10%  polyacrylamide gel (Laemmli 1970) and  transferred
to a polyvinylidene difiuoride membrane  (Immobilon,;
Millipore, MA,  U.S.A.). The rnembrane  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).

   Iixtraction of RAL4 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 O.7M
NaCl in buffer A  (50 mM  Tris-HCI, pH  8.0, 10 mh  EDTA
and  1%  CTAB),  and  an  equal  volume  of  buffer A  was  add-

ed.  After t h, the precipitate of  nucleic  acids  was  collected

by centrifugation  at 3,ooO Xg  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 1O,Ooo ×  g for 20 min  at OeC.
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  eDNA  for tomato  poly(A)'-RNA
was  synthesized  by using  primer 20, and  the single-stranded
cDNA  was  used  as  the template  for amplification  of  a

cDNA  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 × 10S colonies  of  transformed E  coli DH  5a were

screened  with  the 32P-labeled
 probe. The nucleotide  se-

quence  of  the DNA  was  determined by the dideoxynucleo-
tide chain-termination  method  (Sanger et al. 1977).

   AnaLysis ofRNA-Total (1O pg  per lane) or poly(A)'-
RNA  (2 pg 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 × SSPE,

O.5%  SDS,  5%  Irish Cream (R. and  A. Bailey &  Co.
Dublin, Ireland), and  20 pg ml-'  denatured salmon  sperm

DNA  at 42"C for 1 h. Hybridization was  carried out  in the
sarne  solution  with  the 32P-labeled  probe at  420C for 18 h.
The blots were  washed  twice with  3 ×  SSC  and  O.1% SDS  at

600C  for 30 mi'n.

    Generai methods-General  methods  for manipulation
of  DNA  and  RNA  were  those described by Sambrook et  al.
(1989).
    Rreparation of intercellular washing  j7uid-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, O.5 mM  2-ME  and  1M  NaCl). The
tissue slices were  gently shaken  in buffer B for 10 min.  The
washing  fluid that contained  gxtracellular 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-

tiyity was  not  detected in the final IWF  when  tissue had
been washed  four times. The IWFs  that containd  AI activ-

ity were  combined  and  used  for experirnents.  The tissue
slices after this washing  procedure were  homogenized
with  buffer B, and  the supernatant  after centrifugation  at

10,ooOxg for 10min was  dialyzed against  buffer B to give
the  intracellular fraction.

   Extraction of acid  invertase-AI was  isolated from
tomato  pericarp tissue as described previously (Endo et  al.

1990),

   Assay of eno,matic  activity-AI  actiyity was  assayed

in a reaction  mixture  that  consisted  of  4%  sucrose,  O.1 M
sodium  acetate  buffer (pH 4.5) and  an  aliquot  of  enzyme  so-

lution in a total volume  of  1 ml.  The reaction  mixture was
incubated at 30eC 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 1oo mM  sodium  succinate

(pH5.0) that contained  1mM  p-nitrophenyl a-D-man-

nopyranoside  (O.5 ml)  at 30eC for oo min. The reaction

was  terminated by  addition  of  O.8 ml  of  1 M  Na2C03.  Free
p-nitrophenol formed by the enzymatic  reaction  was  quan-
titated from its absorbanoe  at 405 nm.  One unit  of  activity

was  defined as the amount  of  enzyrne  that hydrolyzed 1
ptmol of  substrate  in 1 min under  the conditions  used.

   Ihimunoblot  ana4ysis-Proteins  were  separated  by

SDS-PAGE  on  a  10%  gel and  transferred to a  nitro-

cellulose sheet  as  described by Burnette (19gl). The AI on

the sheet  was  detected with  antibodies  raised  against

tomato  AI in rabbit  as described previously (Endo et al.
1990).

Results and  Discussion

.Locanzation ofAI of tomato  ,fruits-S  and  CW  forms
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Tab]e1 Localization ofacid  invertase in tomato fruits

Fraction
AI activity Polygalacturonase activitya-Mannosidase  activity

(units (g fr wt)-')  (%)(units (g fr wt)-i) (%)(units (g fr wt)-`)  (%)

Exp-1
 Soluble fraction
 Cell wall-bound  fraction

Exp-2
 Intracellular fraction

 Intercellular washing  fluid

O.083."

O.Ol1.9

 2.397.7

 O.599.S O.0381.93  1.998.1 20.7
 1.4

93.5
 6.5

50 kDa

20 kDa

N-lty=AlaTtpSerAsnAtaMetLeuSerXC  ln]tthrAlaltyrHie2he  
-C

      .

5t TAEVGCAT(](]I!CAAAtDC]enATG 3t
    cc  e cc
       G G G
       T T T

 N-AlstXXValG2yRheSerXSertVhrSerGly(  2v:Ala

Primer  50

AlaSerXalyTleLeuOlyproRheGlyValrieva111eAlaAsp-e
        -
3, eeACmaMCeACAATAAeAS'
    CCG  C･CG
    GG  GGT
    TT  TT

Primer  20

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

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

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

of  AI  were  isolated from the pericarp tissue of  tomato

fruits. As shown  in Table 1, the majority  of  the AI activity

was  contained  in the CW  fraction, but 2%  of  the extrac-
table AI activity was  detected in the S fraction. The oP-

timum  pH  for AI  in the S fraction and  in the CW  fraction
was  4.5 and  S, respectively. To determine the localization

of  tomato  AI, proteins that were  located in the intercellular
space  (cell wal1)  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-wal1
region  without  any  serious  contarnination  by intracellular
enzymes.  Most of  the AI activity (99,5%) in the tornato
fruits was  found in the IWF  (Table 1, Exp-2). These results
show  that  the tornato AI was  truly localized in the cell-wall
fraction and  only  a  trace of AI activity was  detected in solu-
ble and  intracellular fractions. S and  CW  AI may  be differ-
ent  proteins but the possibility that S arid CW  AI are  prod-
ucts  of  a common  gene cannot  be excluded  at present.

   Cloning ofa cDNA  for acid  in vertase  of tomato  fruits
-When  the preparation of  purMed  AI  that had contained

2.5 kb +

t tt'f

i'. i{･g･-x''/{/,ti'

i 
'e･mp.ec･i':"ue

 t./tldit  tttt
 ..foajt  t tttt    '

'

kb

-  7,4

-  5.3

-  2.8

"  1.9-
 1,6

-  1.0

-  O.4-
 O.3

Fig. 2 RNA  blot analysis ofmRNA  for acid  inyertase from ripe

tomato  fruits. The poly(A)'-RNA  isolated from ripe  temato

fruits was  fractionated on  a formaldehyde-containing gel and

transferred to a nylon  membrane.  The blot was  probed  with  the

tornato cDNA,
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asingle 　50−kDa　polypeptide（Endo　et　a1．1990）was 　ana 一

艮yzed　by　SDS −PAGE 　after　storage 　at − 80°C　for丘ve 　years，

an　additional 　polypeptide　of　20　kDa　was 　found，　Since　the
20−kDa　polypeptide　appeared 　to　be　a　product　of　the　degra。
dation　of 　purified　AI ，　the　N −terminal　amino 　acid　sequences

of 　both　the　50−kDa　and 　20−kDa　polypeptides　were 　deter−
mined ．　The 　N −terminal　arnino 　acid 　sequence 　of　the　20−kDa
polypeptide　showed 　a　high　degree　of　similarity 　to　the　se−

quence　from　Ser492　to　Aspsoo　of　invertase　from　mung 　bean
（Arai　et　al．1992）．　The　result　indicated　that　the　20−kDa　poly一
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Fig．3　The 　nucl θotide　and 　deduced　amino −acid 　sequences 　of 　a　cDNA （TAI1）for　acid 　invertase　from　tomato 　fruits．　　The　coding
region 　is　given　in　cap 藍tal　letters．　The　N −terminus　is　shown 　by　a　hooked　arrow ．　Partial　amino −acid　sequences 　determined　from　the　SO・kDa
and 　20・kDa　polypeptides　are 　underlined ．

N 工工
一Eleotronio 　Library 　



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  ofPlantPhysiologists

cDNA  cloning  of  acid invertase from tomato fruit 267

peptide was  a fragment of  tomato  AI 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 AI. The 1.2-kbp fragment hybridized to an
RNA  of  about  2.S kb  from ripe  tomato  fruits (Fig. 2). By
screening  105 colonies  from  a  cDNA  library with  the 1.2-

kbp fragment as probe, we  isolated a  cDNA  of  2.3 kbp

(TAI 18-22). However, TAI18-22  was  found not  to contain

the entire coding  region  of  AI. The cDNA  library was

again  screened  with  a 600-bp fragment  obtained  from  the

5Lside of  TAI18-22,  and  12 positive clones  were  isolated
from 10S colonies.  Partial restriction rnaps  of  12 clones
were  all  identical, but two  clones  (TAI1 and  TAI2)  contain-

ed  cDNA  that was  about  2oo bp longer than TAI18-22.  The
complete  nucleotide  sequence  and  the deduced arnino-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 arnino  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) tai1.

   The deduced amino-acid  sequence  of  AI frorn tornato
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Fig. 4 Comparison of arnino 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  lr-fruetosidase 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  AI  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  Tyr93 (hooked arrow  in

Fig.4). These results indicate that AI  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  (Ile32
to LeuS2) that is also  found in AI  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  (Pro68 to LysSb

were  very  similar to those in the mung  bean enzyme  (Pro8'
to Lys9b. The  sizes  of  the  mature  forms of  the AIs were

very  similar  among  the three AIs (544 amino  acids  for AIs

from tomato  and  carrot  and  548 amino  acids  for AI from
mung  bean), and  the extent  ofthe  similarities in amino  acid

sequence  between the mature  form of  tomato  AI and  the en-
zymes  from carrot  and  mung  bean was  4S%  and  65%, re-

spectively. The predicted protein of  tomato  AI  contains

four potential sites of glycosylation (Fig. 4, dashed under-
lining). Both the SO-kDa and  20-kDa polypeptides of  AI

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 arnong  the
three plant AIs. The  fi-fructosidase motif  (Asnii7-Asp-Pro-
Asn-Gly), which  is a  conserved  peptide domain common  to

all fi-fructosidases (Sturrn and  Chrispeels 1990), and  a

catalytic domain specific for fi-fructosidases (Trp2os-Glu-
Cys-Val-Glu,; Martin  et al. 1987) are found in AI from
tomato  fruits, but the proline residue  in the AI-specific
catalytic domain has been replaced  by Val in AI  from
tomato  fruits as  has that  in the  AI  from  mung  bean seed-
lings. In addition,  two  short  sequences  of  Tyri29-His-Leu-
Phe-Tyr-Gln-Tyr  and  Phe240-Arg-Asp-Pro, which  are con-

served  in fi-fructofuranosidases, were  found in the AI  from
tomato  fruits. After the present work  had been completed,
a report  of  the nucleotide  sequence  of  a cDNA  for AI  from

tomato  fruits appeared  (Klann et al. 1992). A  direct com-

parison of  the nucleotide  sequences  of  the two  cDNAs  for
tomato  AI  indicates that there is 98.9% homology. The
amino  acid  sequence  deduced from the sequence  of  our

cDNA  was  identical to the published sequence  with  the  ex-

ception  of  six amino  acid  residues,  where  Klann  et al.
found Phe223, Ala246, Asp3i3, GluSiS, LeuSi6 and  Ala6oo. 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 ofmRNA forAIin tomatofruits
during ripening-Mature  green tomato  fruits contained

low levels of  AI activity, but the AI activity increased great-
ly as fruits ripened  (Fig.5-A). The level of  the AI  poly-
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Fig, 5 Changes in the  levels of  activity,  the AI polypeptide and
the mRNA  for AI in the pericarp tissue of  tomato  fuiit during

ripening. AI  and  total RNA  were  prepared from pericarp
tissues oftomato  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,  AI  activity; B, levels of AI

polypeptide  as  determined by immunoblot analysi$; C, levels of

AI  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 AI activity is due to in-
creased  amounts  of  the enzyme  protein. The level of  AI



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  of  Plant  Physiologists

cDNA  cloning  of acid inyertase from tomato fruit 269

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 dern-
onstrate  that the increase in activity of  AI, 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 AI may  be a ripening-

related  gene. However, the function of  the enzyme  in fruit
ripening  remains  to be determined,
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