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   Partial ami"o  acid  sequences  of NAD-dependent sor-

bitol dehydrogenase  (NAD-SDH) were  used  to identify a

futl-length cDNA  from  apple  fruit. This clone  consisted  of

1,433 bp  containing  an  open  reading  frame of 1,137bp
that could  code  for a  po]ypeptide with  379 amino  acids.

To  our  knowledge,  this is the first report  about  cloning

of  NAD-SDH  cDNA  from a  plant source.  The deduced
amino  acids  from cDNA  reyealed  43.7% identity to human
NAD-SDH.  The  activity of  this enzyme  to conyert  sorbitol

to fructose with  the reduction  of  NAD  was  certified by the

fusion protein of  this clone  expressed  in Eseherichia coti.

Northern  blot analysis  showed  that the mRNA  was  express-

ed  in matured  apple  fruit.

Key words:  Apple  (Mdlus domestica) -  cDNA  cloning  
-

NAD-dependent  sorbitol  dehydrogenase  (EC 1.1.1.14) -

Sorbitol,

   Sorbitol accounts  for about  80%  of  the  total soluble

carbohydrate  in apple  leaves, spurs,  and  peduncles but

only  3%  to 8%  in the fruit throughout  the growing season.
This means  that  sorbitol  irnported into fruit is not  stored  as

sorbitol  but converted  to other  metabolites.  Fructose is the
main  sugar  accumulated  in the fruit, comprising  45%  to

60%  of  the total soluble  carbohydrate.  Lack  of  sorbitoHn

the  matured  fruit has been attributed  to the  high NAD-
dependent sorbitol  dehydregenase (NAD-SDH) activity

(Yamaki and  Ishikawa 1986), Since the first detection from

a plant  source  (Negm and  Loescher 1979), NAD-SDH  has

been  reported  to be one  of  the  key enzymes  in sorbitol  me-

tabelism in the  Rosaceae  plant (Loescher et  al. 1982, Yama-

guchi et al.  1994, Yamaki  and  Moriguchi  1989).

   Here, we  report  the cloning  of  NAD-SDH  cDNA  and

the  gene expression  of  this mRNA  in apple  fruit. To  our

knowledge, this is the first paper  describing the eloning

   Abbreviations: CBB,  Coomassie Brilliant Blue R-250; DAF,

days after  fiowcring; NAD-SDH,  NAD-dependent  sorbitol  dehy-
drogenasc; poly(A)'  RNA,  polyadenylated  RNA.

   The nucleotide  sequence  reported in this  papcr has  bcen  sub-

mitted  to DDBJ,  EMBL,  GeneBank  under  accession  number

ABO16256.
i
 Author for correspondence.  FAX:  i81-52-789-4025.

of NAD-SDH  cDNA  from  plants, although  NAD-SDH

cDNAs  have  already  been cloned  and  sequenced  from
animals  and  insect (jeffery et al. 1984, Karlsson et al, 1991,

Niimi et al. 1993).

   NAD-SDH  protein was  purified from  prematured  ap-

ple (Mtitus domestica) fruits according  to the  method  de-

scribed  by Yamaguchi et al. (1994), The  final preparation
was  separated  by SDS-PAGE,  The  Coomassie  Brilliant

Blue R-250  (CBB)-stained polypeptide bands were  excised

from the  gel and  were  digested with  trypsin  in the  gel

(Hellman et al. 1995). The digested peptides were  recovered

from the gel and  separated  by the SMART-Systern (Phar-
macia,  Sweden). To  determine the  amino  aeid  sequences,

purified peptide fractions were  dotted on  ProSorb  (Applied
Biosystems, U,S.A,) and  subjected  to a  gas phase  se-

quencer (model 476A,  Applied  Biosystems,  U.S.A.).

   The total RNAs  were  extracted  from prematured  apple

fruit by the phenol-SDS  method  (Nakajima et  al. 1988)

followed by cetyltrimethylammonium  bromide  method

(Murray and  Thompson  1980), and  polyadenylated RNA

(poly(A) 
i
 RNA)  was  purified by oligo(dT)-cellulose  chro-

matography  (Aviv and  Leder 1972, Slater 1984). Sense and
antisense  primers were  designed according  to the peptide se-

quences obtained  from the tryptic digest and  used  for

PCRs  in combination.  Using the  following primers, we  pre-

pared the PCR  product, which  was  later used  as a probe
for library screening  and  Northern  blot analysis; sense

primer  5LCA(T!C)TT(AfG)GTICCIGGIGA-3'  and  anti-

sense  primer 5LA(AIG)IGT(A/G)AACATIAC(TIC)TT-3'

(I: inosine). A  cDNA  library was  constructed  in the

plasmid vector  pBluescript SK  (Stratagene, U.S.A,) by a

vector-primer  method  with  poly(A) 
"
 RNA  as template, as

described by Mori et  al, (1991), The clones  were  sequenced

by the dideoxy chain-termination  method  (Sanger et  al,

1977) with  an  automated  DNA  sequencer  (Li-Cor Inc,,

model  4000, U.S.A.).
   NAD-SDH  protein was  purified from  prematured  ap-

ple (Mbtus domestica cv.  Ourin) fruit according  to the

method  described by Yamaguchi  et  al, (1994), After gel
filtration on  Superose 6, the  fractions of  NAD-SDH  activi-

ties were  subjected  te SDS-PAGE.  There  were  a  few silver-
nitrate-stained  peptide bands  (Fig. 1B) with  elution  profiles
coinciding  with  NAD-SDH  activities  (Fig, 1A). Each  active

fraction after  Superose 6 gel filtration was  concentrated  by

1375

NII-Electronic  



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  of  Plant  Physiologists

1376
cDNA  cloning  of  sorbitol dehydrogenase

A

B

3.0eg

 
2.s

tf 2,O

gt 15g

 
1.o

O.522
 23 24 25 26 27 2S 29 30 31 32  33

          FrectionNumber

62kDa"42kDa"

?2 23 24  2S  26  27 2g 29  30 31 32 33

         FractionNumber

1.5

  g
  gr.o

 ]
  .g
  2
  xO.5

 S

io

fig. 1 Elution proMe  of  NAD-SDH  activity  on  Superose 6 gel
filtration (A) and  SDS-PAGE  of  each  fraction (B}. Fractions of
O.5 mi were  collected.  NAD-SDH  activity was  measured  by the
method  of Yatnaguchi et al. (1994) and  protein contents  were  de-
termined  using bovine serum  albumin  as a standard  (Bradford
1976), SDS-PAGE  was  performed  as  described by Laemmli (1970}
in slabs  of  10%  acrylarnide, Gel was  stained with  silyer  nitrate.

lyophilization until  about  1110 volume.  The  concentrated

samples  were  separated  by SDS-PAGE  and  the gel was
stained  with  CBB.  Two  major  bands (62 kDa  and  42 kDa)
corresponding  to the activities  were  excised  from  the gel
and  were  digested with  trypsin as described above.  The
amino  acid  sequences  of  these fragments were  determined
and  compared  to the  arnino  acid  sequences  of  NAD-SDHs
isolated from animals.  After digestion of  the 42 kDa  poly-
peptide with  trypsin,  five fragments (Fragment A  to E,

 Fig.2 underlined)  were  obtained  by the SMART-System,

 The amino  acid  sequences  of  these  five fragments revealed
high similarity  to NAD-SDHs  from humans,  other  mam-

mals  and  silkworm,  but the  partial amino  acid  sequences  of
the 62 kDa  polypeptide were  not  similar to these NAD-
SDHs  (data not  shown).

    A  PCR  product was  prepared using  degenerated
primers derivcd from the two tryptic fragments of  the 42
kDa  polypeptide (Fragments A  and  E), and  used  as a probe
to screen  an  apple  fruit cDNA  library. This PCR  product
was  confirmed to code  a  part of  the 42 kDa  polypeptide, be-
cause  the deduced amino  acid  sequence  of  the PCR  prod-
uct  corresponded  with  five tryptic fragments of  the 42 kDa
polypeptide (Fragment A  to E), After screening  about
40,OOO colonies  of  cDNA  library using  PCR  product as a

probe, two independent clones  were  isolated. From  these
two  positive clones,  the complete  nucleotide  sequence  and

the deduced amino  acid  sequence  of  NAD-SDH  were  de-
termined (Fig.2). The cDNA  of  NAD-SDH  consisted  of
1,433 bp and  contained  an  open  reading  frame of  1,137 bp
capable  of  encoding  a  protein of  379 arnino  acids. The  inter-
nal  peptide sequences  of  NAD-SDH  digested with  tryp-

sin are  underlined  in Figure 2 (Fragment A  to E). From
the structural  analysis  and  mutagenesis  studies of  the rat

NAD-SDH,  Karlsson and  H66g  (1993) proposed  that  the

catalytic zinc atom  interacts with  amino  acid  residues

Glu175, His89 and  Cys64. Since the characteristic  amino
acid  sequence  of  zinc-containing  alcohol  dehydrogenase
signature  (G-H-E-X(2)-G-X(5)-(GIA)-X(2)-(IfVISIAfC))
(Carr and  Markham  1995) was  located from the 88th to
102nd  deduced amino  acid  residue,  this indicated that  ap-

ple NAD-SDH  also  belongs to the zinc-containing  alcohol

dehydrogenase  family like other  NAD-SDHs  in animals.  A
computer  search  using  the SWISS-PROT  protein sequence
database Release 3S.O revealed  that NAD-SDH  from apple

fruit has high identity (about 40%) to the animal  and  the
human  NAD-SDH  (Jeffery et al. 1984, Karlsson et al. 1991 ,
Lee et al.  1994) (Fig.3).
   A  coding  region  of  NAD-SDH  cDNA  was  subcloned
into plasmid vector  (pET-32a). The  fusion protein  of

Table 1The  enzyme  activity of  fusion protein of  NAD-SDH  cDNA  expressed  in E. coti

Reaction time
   (min)

pET-32a  without  insert NAD-SDH  cDNA  in the pET-32a
NADH  production  (nmol) NADH  production  (nmol) Fructose production (nmol)

o60oo120 o.oo.oo.oo.o o.o16.433.047.4 o,o20.734.245.6

E. coli  harboring the pET-32a  vector  inserting the NAD-SDH  cDNA  or  the pET-32a vecter  without  insert were  grown with  1 mM  iso-

Z:O,P,dYII･:-tthhi,O,-l,IEkig.a.la;ltO,P.Y.r:IrS,//ge6yTthi,a,ct.i.";lhY,9,f.lgl:,lffiD.H,,hW.adS(dBe:E`.'2yb,Y,`,hte.;l.ieltgh7o4d).ofYamaguchietal･(1994)･Fructosepro-
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                        cDNA  eLoning  of  sorbitol  dehydrogenase

CTGCATCTTCAeTATTrACTCGCAGCCTGAGAIUUtCAAAGAGAGAAAAATGGGAAAGGGAGGCATGTCTGATGGA
                                                 M  G  K  G  G  M  S D  G

GATCATGCTGATCGCTGTTGTGGGGAAGCIUkTAAATGGTGATGTTCAACAAGAGAACATGGCTGCTTGGCTTCTT

 D  H A  D  R  C  C  G  E  A  I N  G  D  V  Q Q E  N M  A  A  W  L  L

GGTGTTAAAAACCTCAAGATTCAItCeTTACAAGCTCCCTAATCTTGGACCCCATGATGTTAGAGTCCGGCTGAGG

 G  V  K  N  L  K  I Q P  Y  K  I  P N  L  G P H  D V  R  V  R  L  R

GCTGTTGGCATATGTGGCAGTGATGTTCACCACTTCAAGAACATGAGGTGTGTAGATTTTATAGTTAAAGAGCCA
 A  V  G  I C G  S D  V  H H  E  K N  M  R  C V  D F I V  K E  P

ATGGTTATTGGGCATGAGTGTGCTGGGATCATAGAGGIUtGTTGGGAGTGAGGTeAAGeATTTGGTGCeGGGGGAT
 M  V  I G  H  E  C  A  G  I I E  E V  G  S E V  K H L  V  P G  D

                                                                Fragttent  A

CGrGTGGCACTAGAGCCTGGTATCAGTTGCAAGCGATGCAACCTCTGCAIVtCAAGGCCGGTACAATCTATGCCGC

 R  V  A  L  E  P  G  I S C K  R  C N  L  C K Q  G  R  Y  N  L C  R
-AAGATGIVLGTTTTTTGGCTCCCCTCCAIVtTAATGGTMGTCTGGCAAATCAGGTTGTCCATCCAGGAGATCTATGT

 KMKEFGSPPNNGCLANQVVHPGDLC

TTTAAACTGCCAGACAATGTGAGTTTGGAGGAAGGCGCGATGTGTGAGCCCTTAAGTGTMGGTATTCATGCTTGr

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

CGCCGGGCAAATGTCTGTCAAGAAACAAATGTCTTGGTCGTGGGAGCAGGACCTATAGGACTTGTTACACTGCTA
 R R A  N  V C Q E  T N  V  L  V  V  G  A  G  P  I G  L  V  T L  L

GCCGCTCGTGCTTTTGGGGCGCCCCGAATTGTCATTGCGGATGTGAItTGACGAGCGTTTGTTGATTGCAAAGAGT
 A  A  R A  E  G  A  P  R  : V  ! A  D  V  N D E  R  L  L  I A  K  S

              Fragment  B

CTTGGCGCAGATGCAGTCGTTILAGGTTTCAACAIUtTATTaAGGATGTAGCTGAAGAAGTGGeTAAGATACAAAAG
 L  G A  D A V V  K V  S T N  I E  D  V  A  E  E V  A  K r Q K

GTTTTGGAIVtATGGAGTGGATGTAACCTTCGACTGTGCAGGCTTTAACAAAACCATAACAACAGCTTTGAGTGCT

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

ACTCGTCCCGGAGGCAItAGTTTGCCTTGTGGGAATGGGTCAGAGAGAGATGACTCTCCCTCTeGCTACCAGAGAG

 T  R  P G  G  K  V  C  L  V  G  M  G  Q  R  E M  T  L  P  t  A  T  R  E

ATTGATGTAATTGGAATTTTCCGATACCAGAACACATGGCCGCTGTGCCTTGAGTTTCTGAGAAGTGGTAAGATT

 I D  V  I G  I F R  Y Q  N  T  W  P  L  C L  E  F L  R  S G  K  r                                                                         -

GATGTGAAGCCCCTCATAACACATCGGTTTGGATTTTCTCAGAAGGAGGTGGPLAGAAGCCTTTGAAACCAGTGCT
 DVKPZITHRFGFSQKEVEEAEETSA

   FragmantC  FragmentD
CGCGGAGGCAATGCCATTAAGGTCATGTTCACCCTATTTCAAGeAAGAAGAATTAAACACTGACGATAAGCGAAA

 R  G  G  N  A  I K  V  M  F  T  L  E  Q  A  R  R  r K  H  +
                      -

                        FragTTent  E
ACCTATTGCCGATGATCTCTCCCCTACAGATTAACGGATTGAATGGAACAAATTTCAGGATCCAATCCAAGTTGT
CTGTGGGGCTGCCCATACTGTTCTTGTTGCAAATGATGGATTTAAGCTGTGGTCTTGGGGGAGAGGAAGGAGTGG
GGTTCTTGG

  75
   9

 150
  34

 225
  59

 300
  84

 37S
 109

 450
 134

 525
 159

 600
 184

 675
 209

 750
 234

 825
 259

 900
 284

 975
 3091050

 3341125

 3591200

 3791275135e14251433

1377

        AAAAAAAA

      The nucleotide  and  deduced amino  acid  sequence  ef  NAD-SDH  cDNA  from apple  fruit. Deduced  amino  acids  are  shown  in the
one-letter  code.  The internal amino  acid  sequences  determined for pelypeptides digested with  trypsin are  under}ined.

NAD-SDH  with  thioredoxin was  expressed  in the trans- NAD-SDH  may  be different eompared  to native  NAD-
formed  E, coli  (BL21), The  crude  extract  from  this E. coti  SDH  from  apple  fruit since this fusion protein contained
showed  the  activity  of  sorbitol  oxidation  with  the  reduction  thioredoxin  as  an  extra-protein.  The  extract  from  E. coli
of  NAD.  Further, the  amount  of  NADH  produced  during cells  harboring plasmid  vector  (pET-32a) without  insert

the reaction  correspended  with  that of  fructose which  is the  showed  no  activity of  sorbitol  oxiclation  with  the  reduction

product of  sorbitol  oxidation  by NAD-SDH  (Table 1), The of  NAD  (Table 1), These results  indicated that  the  42 kDa
K.  value  for sorbitol  of  this fusion protein (247 mM)  was  polypeptide coded  by  this cDNA  had  NAD-SDH  activity

higher than  that of  purified NAD-SDH  from  apple  fruit by itself or  its polymer.
(40.3 mM)  (Yamaguchi et  al. 1994). The  conformation  of  The  total RNAs  extracted  from  apple  fruit on  73 d
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Fig. 3 Comparison  of  deduced  amino  acid  sequences  of  apple  NAD-SDH  cDNA  with  ether  NAD-SDHs.  Alignment  of  NAD-SDH

from  appLes,  sheep  (P07846), rats  (P27g67) and  tiumans  (QO0796). Dashes  indicate gaps introduced  to maximize  alignment.  tdentical

amine  aeid  residues  of  two  or  more  sequences  are  represented  as  white-on-black  letters.

after  flowering (DAF), 102 DAF  and  165 DAF  were  sub-

jected to electrophoresis,  The  Northern  blot analysis  show-

ed  a  marked  increase in the  level of  NAD-SDH  mRNA  in

the matured  fruit (165 DAF)  and  no  detectable signal of

NAD-SDH  in the  young  fruit (73 DAF  and  102 DAF)

(Fig.4A). The  NAD-SDH  activity  has been reported  to be

yery  low in thc young  fruit and  to increase rapidly  in the

matured  fruit (Yamaguchi et  al. 1996). Our result  of  the

Northern  blot analysis  also  showed  a  marked  increase of

NAD-SDH  transcript  in the  matured  apple  fruit.

   In this study,  we  isolated and  purified NAD-SDH  pro-
tein from apple  fruit according  to the work  of  Yamaguchi

et al, (1994), except  for staining  of  the gel with  silver-

nitrate  after  SDS-PAGE,  and  found  a  42 kDa  polypeptide
in addition  to the  62 kDa  polypeptide they  detected by

CBB  staining,  tt is clear  that the 42 kDa  polypeptide has

NII-Electronic  
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A

B

73I02  165

Days after  fiowering

Fig. 4 RNAblot  analysis  ofexpre$sion  efagene  forNAD-SDH
on  apple  fruit at  yarious  growth stages,  The total RNAs  were  ex-

tracted frorn apple  fruit at  various  growth stages  (73 DAF,  102

DAF  and  165 DAF), Twenty  "g  each  of  the total RNAs  were  sub-

jected to electrophoresis on  1,O% agarose  gel in the presence  of

O.66 M  formaldehyde and  transferred to the Hybond-N  +  (Amer-
sham,  U,K,). Thc  membrane  was  hybridized to [32P]-labeled
NAD-SDH  cDNA  probe. Hybridization was  carried  out  in 6 ×

SSPE  (SSPE; ISOmM  NaCl, 10rnM  NaH2P04,  1mM  EDTA,

pH  7.4), 50%  formamide, 5%  Irish Cream  (R, and  A, Bailey &
Co., Dublin, Ireland), O,5%  SDS  and  20ptgml-]  denatured

salmon  sperm  DNA  at  42"C for 1S h. The membrane  was  washed

with  2 × SSPE!O, 1%  SDS  at 65eC  for 1 h. The results  of  hybridiza-
tion were  analyzed  with  an  imaging analyzer  (BAS2000; Fuji Filrn
Co, Ltd., Tokyo,  Japan)  (shown in A). RNA  gel stained  with

ethidium  bromide  is shown  in B.

NAD-SDH  activity by itself or  its polymer, but unclear
how  the 62 kDa  polypeptide functions. In the  present
study,  we  cloned  the full-length cDNA  for NAD-SDH
from apple  fruit and  identified its nucleotide  sequence.  In

the  future, it is important to clarify the relationship  be-

tween  sugar  accumulation  and  the expression  of  this gene
in fruit and  to elucidate  the regulatory  mechanism  of  this
          ,
gene expresslon.
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Iwate-pref,, Japan.  The research  reported  in this publication was
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