
Plant Molecular Biology 14: 1019-1030, 1990. 
© 1990 Kluwer Academic Publishers. Printed in Belgium. 1019 

Mitochondrial malate dehydrogenase from watermelon: sequence of 
cDNA clones and primary structure of the higher-plant precursor 
protein 

Christine Gietl 1, Michael Lehnerer 1 and Ole Olsen 2 
I Lehrstuhlfar Botanik, Technische Universiti~t Mfinchen, Arcisstr. 21, D-8000 Mf~nchen 2, FRG (author 

for correspondence); 2 Department of Physiology, Carlsberg Laboratory, Gamle Carlsberg Vej 10, 
DK-2500 Copenhagen Valby, Denmark 

Received 28 December 1989; accepted in revised form 20 February 1990 

Key words: isoenzymes, cotyledons, Citrullus vulgaris, polymerase chain reaction 

Abstract 

The isolation and sequence of a cDNA clone encoding the complete mitochondrial malate dehydrogenase 
(mMDH) of watermelon cotyledons is presented. Taking advantage of the polymerase chain reaction 
technology partial cDNA clones from the central part, the 3' part and the 5' part of the mRNA were 
obtained with oligonucleotides based on directly determined amino acid sequences. Subsequently, two 
complete cDNA clones for mMDH were synthesized with a sense primer corresponding to the nucleotide 
sequence of the amino terminal end ofpre-mMDH and two antisense primers corresponding to the major 
alternative adenylation sites found in the mRNA. 

The amino acid residues for substrate and cofactor binding identified by X-ray crystallography for pig 
heart cytoplasmic MDH are conserved in the 320 amino acid long mature higher-plant mMDH. A 
presequence of 27 amino acids is present at the amino terminal end of the precursor protein. 

Introduction 

Plant tissues contain multiple molecular forms of 
malate dehydrogenase (MDH, EC 1.1.1.37), and 
these are located in different cell compartments 
[7, 16]. The three cytosolic MDH isozymes (I, II 
and IV) are involved in the malate shuttle and 
gluconeogenesis. In guard cells of stomates cyto- 
solic MDH (probably isozyme I) provides the 
malate which acts as counterion to the imported 

potassium in the osmotically effected opening of 
stomates [5, 25, 30]. 

The mitochondrial malate dehydrogenase 
(mMDH) oxidizes malate to oxaloacetate in the 
tricarboxylic acid cycle. A fifth form of malate 
dehydrogenase functions in the glyoxylate cycle of 
the glyoxysomes (gMDH). Fat stored in the 
cotyledons of seeds such as those of watermelon 
(Citrullus vulgaris Schard.) is mobilized upon ger- 

The nucleotide sequence reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence databases under the 
accession numbers X17362 and M33148. 
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mination and the fatty acids degraded by r- 
oxidation to acetyl-CoA which is condensed with 
glyoxylate to malate by malate synthase. Malate 
is oxidised to oxaloacetate by gMDH. This cycle 
is required to convert fatty acids into carbo- 
hydrates during germination. Upon development 
of the cytoledons into leaves the glyoxysomes are 
converted into peroxisomes which cooperate with 
the chloroplast and the mitochondrion in photo- 
respiration, permitting the recycling of glycolate 
into glycerate-3-phosphate and CO2. In the per- 
oxisomes MDH provides NADH for the reduc- 
tion of fl-hydroxypyruvate to glycerate. 

These various isoenzymes are encoded in genes 
of the nucleus and synthesized on cytoplasmic 
ribosomes. The mitochondrial and glyoxysomal 
isoenzymes are made as higher molecular weight 
precursor proteins with extra sequences which 
have been estimated by gel electr0phoretic 
methods to 3 kDa and 8 kDa in size. During 
import of the pre-proteins into their respective 
organelle the putative targeting peptides are 
cleaved off and subsequently the holoenzyme 
comprising two identical subunits is assem- 
bled [7]. 

Molecular cloning of eDNA to the messenger 
RNAs encoding the higher plant mitochondrial 
and glyoxysomal MDH isoenzymes and determi- 
nation of their nucleotide sequences is carried out 
with the aim of identifying the size and location of 
the organelle targeting sequences within the pre- 
cursor polypeptide. Subsequently, the amino acid 
sequences responsible for the differential import 
of the isozyme precursors into glyoxysomes and 
mitochondria will be studied with in vitro trans- 
lation from the eDNA clones. 

In the present paper we report on the isolation 
and sequencing of a cDNA clone encoding the 
complete watermelon mitochondrial MDH. Tak- 
ing advantage of the polymerase chain reaction 
(PCR) technology [28] partial cDNA clones from 
the central part, the 3' part and the 5' part of the 
mRNA were obtained. Thereafter, two complete 
cDNA clones for mMDH were synthesized with 
a sense primer corresponding to the nucleotide 
sequence of the amino terminal end of the pre- 
mMDH and two antisense primers correspond- 

ing to the major alternative adenylation sites 
found in the mRNA. 

The catalytic pocket and cofactor binding 
domains of the cytoplasmic malate dehydro- 
genase of the pig heart have been determined by 
X-ray crystallography [1, 2, 3] and critical resi- 
dues for substrate binding identified by site- 
directed mutagenesis of the functionally related 
lactate dehydrogenase from Bacillus stearo- 
thermophilus [38]. These amino acid residues are 
entirely conserved in the 320 amino acid long 
mature higher plant mMDH. A presequence of 27 
amino acids is present at the amino terminal end 
of the precursor protein. 

Materials and methods 

Plant material 

Watermelon seeds (Citrullus vulgaris Schard. cv. 
Sugar Baby, harvest 1987) were supplied by 
Bayrische Futtersaat, Munich, FRG and germi- 
nated under sterile conditions in the dark at 30 ° C 
as described previously [ 13 ]. 

Synthesis of single-stranded cDNA (ss-cDNA) 

Polydenylated mRNA was isolated from 2-day- 
old cotyledons by extraction of total RNA with 
phenol/chloroform and by affinity-binding it twice 
on an oligo-(dT)-cellulose column (Boehringer 
Mannheim, FRG) for removal of most of the 
rRNA [37]. The ss-cDNA was synthesized with 
avian myoblastosis virus reverse transcriptase 
(Life Sciences, USA) according to Rutledge et al. 
[26] with the combined use of random hexamer 
deoxynucleotides and ( d T ) l  5 as  primers and 
T4-DNA ligase treatment of cDNA/RNA 
hybrids, a procedure promoting the production of 
full length ss-cDNA molecules. These ss-cDNA/ 
RNA-hybrids were used as templates for the poly- 
merase chain reaction (PCR) without further 
purification (20 ng/asay). For the production of 
PCR clones corresponding to the 5' end of 
mRNA a poly(dA) tail sequence was attached at 



the 3' end of the cDNA with terminal 
deoxynucleotidyl transferase (Pharmacia, Swed- 
en). In the reaction 200 ng DNA was treated with 
40 units transferase in a buffer containing 40 mM 
cacodylate pH 6.8, 10 mM MgC12, 0.3 mM 
ZnC12, 1 mM dATP for 1 hour at 37 °C. The 
ss-cDNA/RNA-hybrids were used as templates 
for the polymerase chain reaction without further 
purification (20 ng/assay). 

Primer synthesis and processing 

Synthetic oligonucleotide primers were prepared 
on an Applied Biosystems 380A DNA synthe- 
sizer according to the procedure described by the 
manufacturer. Oligonucleotides were desalted on 
Pharmacia Nick columns containing Sephadex 
G-50 and phosphorylated with ATP or 
[ 7-32p]ATP (3000 Ci/mmol, DuPont-New Eng- 
land Nuclear, USA) using T4 polynucleotide 
kinase. 

Analysis and cloning of PCR amplified products 

PCR products were separated by electrophoresis 
in agarose gels. Normal 1 ~o (w/v) SeaKem GTG 
agarose (FMC BioProducts, USA) was used 
when amplified fragments were expected to be 
longer than approximately 800 bp whereas 4 ~  
(w/v) NieSieve agarose gel (FMC BioProducts, 
USA) was used for electrophoresis of smaller 
DNA fragments. Regions of the gel containing 
specific products were isolated, and the DNA was 
recovered by using the Geneclean kit (Biol01, 
USA) according to the manufacturer's recom- 
mendations. Double-stranded products were 
either blunt-ended with T4-DNA polymerase for 
cloning into the Sma I cloning site of vector 
pUC13 [36] or digested with restriction endo- 
nucleases and ligated into a pGEMEX-1 vector 
(Promega, USA) digested with identical enzymes. 
Escherichia coli DH50t (F, endA1, hsdR17 
(r k m ~ ), supE44, thi-1, 2 - ,  recA1, gyrA96, relA1, 
• 80dlacZAm15) was supplied by BRL (Bethesda 
Research Labortories, USA) and transformed by 
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a standard protocol [ 18]. Plasmids with mMDH 
gene inserts were identified by colony hybridi- 
zations [18], restriction analysis of mini-prep 
DNA [ 11] or DNA sequence determination of 
mini-prep DNA [ 11, 29] with Sequenase (United 
State Biochemicals, USA). DNA and protein 
sequence analysis procedures were performed 
using the MicroGenie program [24] 

Results 

Cloning of the cDNA that encodes the precursor for 
mitochondrial malate dehydrogenase (pre-mMDH) 

N-terminal amino acid sequences were obtained 
from purified watermelon mMDH [8] and from 
two fragments after cleavage with cyanogen 
bromide (CNBr). Written in the single-letter 
amino acid code the three polypeptides had the 
following sequences: 
mMDH: NHz-ATESVPERKVAVLGAAGGIGQPLALLMKL-COOH; 
CNBr-I: NH2- [M] KLNPLVSKLALYDIAGXPGVAAD-COOH; 
CNBr-II: NHz-[M]AYAGALFADACLKGLNGVPDVVECSFV-COOH. 

Alignment with the amino acid sequence deduced 
from a cDNA clone of rat pre-mMDH [9] sug- 
gested that CNBr-I is attached directly to the 
N-terminal peptide with an overlap of 3 amino 
acids, whereas the methionin of CNBr-II is in a 
position corresponding to residue 234 of the 
mature rat mMDH protein. Sequence amplifica- 
tion of watermelon sscDNA encoding pre- 
mMDH by the polymerase chain reaction was 
carried out in three steps according to a strategy 
adapted from [17, 28] and outlined in Fig. 1. 

The central part was synthesized with mixed 
oligonucleotides as primers: the sense primer was 
based on the 6 N-terminal amino acids ATESVP 
of the mature subunit (PI: 256-fold degenera- 
tion); the antisense primer was based on the first 
6 amino acids MAYAGA of CNBr-II (P2: 
64-fold degeneration). The first nucleotides in 
each oligonucleotide were included to generate 
restriction endonuclease cleavage sites, although 
these were not used in the subsequent steps. The 
reaction mixture (100 #1) contained 20 ng tem- 
plate DNA, 10/aM of each primer, 0.2 mM of 
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Fig. 1. Strategy for amplification of three overlapping cDNA parts by the polymerase chain reaction, mRNA encoding the 
mitochondrial pre-malate dehydrogenase (pre-mMDH) was reverse-transcribed into-single stranded cDNA (ss-cDNA). The 
central part of the coding region was amplified with sense primer 1 (PI) based on the 6 N-terminal amino acids of the mature 
protein and antisense primer 2 (P2) based on the 6 N-terminal amino acids of cyanogen bromide (CNBr) fragment II. This yielded 
the double-stranded cDNA fragment spanning nucleotide 169 to 884 in the final sequence depicted in Fig. 3. The 3' part of the 
cDNA clone was generated with sense primer 3 (P3) starting at nueleotide 834 and a poly(dT) antisense primer (P4). In the third 
step P4 was used as sense primer and primer P5, starting at nucleotide 213, as antisense primer. N = degeneration in primer 
with all four nucleotides; P = degeneration with the two purine dA,dG nucleotides; R = degeneration with dA,dT; S = degenera- 

tion with dC,dG. 

each dNTP, 10 mM Tris-HC1 pH 8.3, 50 mM 
KC1, 1.5 mM MgC12, 100 #g/ml gelatin and 2.5 
units Taq polymerase (Perkin Elmer Cetus, 
USA).  Amplification comprised 25 cycles of 
1 min at 94 °C for denaturation, 2 min at 55 °C 
for annealing and 3 min at 72 °C for primer 

extension. A single fragment was generated and 
purified on a 4% NuSieve agarose gel and cloned 
into the Sma I site of  pUC 13. Sequence determi- 
nation [ 11, 29] of the resulting plasmid showed a 
732 bp insert with the mMDH-N-terminal and 
CNBr-I codons in the same reading frame. 



The 3' part of the cDNA clone was generated 
as described [17] with P3 as sense primer. It is 
based on the nucleotide sequence for the 10 resi- 
dues found one amino acid upstream of CNBr-II 
(AKAGKGSATL)  and the codon usage in the 
cloned central part. Primer 4 (P4) which includes 
a poly(dT) stretch of 18 nucleotides was employed 
as antisense primer. Reaction conditions were as 
above. The PCR products were separated on a 
4~o NuSieve agarose gel. It is to be noted that the 
sense primer had to synthesize the specific sense 
strand from the sscDNA representing the anti- 
sense strand before the unspecific antisense 
primer could use it as a template. Two sharp 
bands of about 550 bp and 630 bp were gen- 
erated, cloned into the Sma I site of pUC13 and 
transformed into E. coli cells. Colony hybridiza- 
tion [18] of 1000 clones with P3 as a probe 
revealed that virtually all the clones contained the 
sequence of the specific sense primer. Sequence 
analysis of 26 different clones with the long and 
short inserts showed that 23 clones contained the 
P3-primer sequence followed by the nucleotides 
for the 28 amino acids of CNBr-II in the same 
reading frame. The difference in length was due to 
an insert in the 3' non-coding region directly in 
front of the poly(A) tail. Two clones (530 bp 
insert) contained the P3 primer sequence followed 
by a sofar unknown sequence, which neither was 
homologous to the rat pre-mMDH [9]. One clone 
(630 bp insert) had stop codons very close to the 
primer sequence in the same reading frame. These 
clones were discarded. 

In order to generate the 5' part of  the clone 
poly(dA)-tailed sscDNA was used as a template 
(20 ng/assay) with P5 as antisense primer which 
is based on the nucleotide sequence for amino 
acids 9-15 (KVAVLGA) of the mature subunit 
and with the oligo(dT)-tailed P4 as sense primer. 
After 25 PCR cycles the products were separated 
on a 4 ~  NuSieve agarose gel: in contrast to the 
procedure for generation of the 3' part of the 
clone the 'unspecific' P4-primer had to assemble 
first the template strand for the 'specific' P5 
primer. This resulted in a smear of linearly ampli- 
fied products concealing the 5' part of the cDNA. 
The agarose containing the DNA located above 
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the 75 bp marker (which corresonds to the length 
of the primers plus the code for the 8 known 
N-terminal amino acids) was cut from the gel, and 
approximately 5 ~  of the DNA was directly 
reamplified [17]. After 25 PCR cycles the pro- 
ducts were separated on a 4~o NuSieve gel: three 
discrete fragments approximately 270 bp, 180 bp 
and 150 bp in length were obtained as ethidium 
bromide stained faint bands. 5~o of each band 
was again cut from the gel and directly reamplified 
in order to achieve higher yield. After cloning the 
re-amplified DNA into the Sma I site of pUC13 
the resulting plasmids were sequenced: only the 
270 bp insert contained the 'specific' P5 primer 
sequence and the adjacent code for the first 8 
amino acids of the mature m M D H  subunit in the 
same reading frame. In the 180 bp and 150 bp 
inserts the sequences of the PCR primers were 
connected by several nucleotide sequences, lack- 
ing the expected eight codons for the N-terminal 
peptide. These clones were discarded. 

In the final step the two complete cDNA clones 
for pre-mMDH were synthesized by the poly- 
merase chain reaction: the sense primer was 
based on the first 19 bases of the coding region 
plus the A preceding the initiation codon (Fig. 3: 
base 87-106): 

5 '  - G G C G G C C G C C A A T G A A G G C C T C A A T T C T C A - 3  ' 

A Not I-restriction endonuclease cleavage site 
(underlined) was added at the 5' end for cloning 
purposes. Two different antisense primers were 
synthesized corresponding to the two different 
native 3' -non-coding regions identified among the 
PCR-products. One primer was complementary 
to bases 1316-1337 (Fig. 3) in front of the 
poly(dA)-tail of the short mRNA: 

5 '  - G G T C G A C A A T C C C T C A G A A A A C G T G C C A T - 3  ' 

The other was complementary to bases 
1392-1413 for the long mRNA: 

5 '  - G G T C G A C C C A G T T C A A A T G G T C G G A C G A T - 3  ' 

A SalI  restriction endonuclease cleavage site 
(underlined) was again added for cloning 
purposes. The reaction was carried out with 
cycles of 1 min at 94 °C, 2min at 55 °C and 
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4 min at 72 ° C. After 25 cycles an aliquot of the 
PCR product was checked on a 1 ~ agarose gel. 
The rest was cut with Not I and Sal I and cloned 
into the transcription vector pGEMEX-1.  

Sequence analysis of the cDNA encoding mito- 
chondrial malate dehydrogenase 

A 1413 bp nucleotide sequence (Fig. 3) was deter- 
mined using the sequencing strategy given in 
Fig. 2. One open reading frame encoding a poly- 
peptide with 347 amino acids was identified. The 
position of the N-terminal alanine residue of the 
mature enzyme shows that the gene encodes a 27 
amino acid long presequence, which is usual for 
enzymes targeted into the mitochondrial matrix. 
In front of the classical M D H  protein sequence is 
found the octapeptide ATESVPER which is 
unique to the N-terminus of the mature water- 
melon enzyme and also distinguishes the mito- 
chondrial M D H  from the glyoxysomal counter- 
part [8]. Four internal methionine residues are 
present in the deduced amino acid sequence, 
which predicts the purified enzyme to yield five 
fragments upon cyanogen bromide cleavage. Par- 
tial amino acid sequences of all five fragments 
were determined by automated Edman degrada- 
tion and could be aligned to the deduced amino 
acid sequence as presented in Fig. 3. One CNBr 
fragment is identical in sequence to the N-termi- 
nal amino acid sequence of the mature enzyme. 
For the adjoining CNBr fragment (designated as 
CNBr-I) the sequencer provided 23 residues 
which were identical to the residues deduced from 
the cDNA clone. This was also the case for the 

28 residues determined in the C terminally located 
CNBr fragment (CNBr-II). The other two CNBr 
fragments could not be separated electorphoreti- 
cally. As a consequence, the sequenator delivered 
two amino acid residues at each of the 17 steps, 
which however, could be assigned to the two pep- 
tides underlined in Fig. 3. One starts at nucleotide 
position 439 and the other at position 532. An 
analysis of codon usage did not reveal a signifi- 
cant bias. 

As described above, the sequence covering 
nucleotide positions 87 to 1337 was determined 
from two clones produced independently by the 
polymerase chain reaction. Identical sense prim- 
ers were used, but one clone was generated with 
an antisense primer corresponding to positions 
1392 to 1413 immediately preceding the mRNA 
poly(A) + tall of the long transcript and the other 
with the antisense primer complementary to posi- 
tions 1316 to 1337 which adjoin the mRNA 
poly(A) + tall of the major short transcript. Identi- 
cal nucleotide sequences were obtained up to 
position 1337 in both clones and no incon- 
sistencies were encountered to the sequences 
determined for the separately synthesised PCR 
products of the central part, 3' part and 5' part 
(Fig. 1) of the cDNA. It is therefore concluded 
that two different sites for attaching the poly- 
adenyl tail are used for the transcript of one gene 
encoding the mMDH.  

Among the sequenced clones with inserts of the 
short PCR product of the 3' part of the transcript 
five additional sites for the attachment of the 
poly(A) + tail were found at positions 1313, 1315, 
1320, 1330 and 1334 (marked with short arrows 
in Fig. 3). The 3' untranslated region does not 

Kpn I  BamHl Xba l  Bg l l  Sac l  Kpn l  Ncol  

ATG TAG 
B- 4 

1= 41 
L II 

4 ID 
JI IL 

Fig. 2. Restriction endonuclease site map and sequencing strategy for cDNA encoding pre-mMDH. The open reading frame is 
indicated with a thick line, the untranslated 5' and 3' sequences with a thin line. Direction and extent of (nucleotide) sequencing 

is given by thin arrows. The vertical marks in the restriction map are placed at a distance of 100 bp. 
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10 20 30 40 50 60 70 80 90 
GGAAGAA••CCT•ATTT•CGCAAAAC•CTTTCTTCTTATTCTCTCCGTTGCTTTCTCGGCTACGTCG•TATT•TTCTG•GTGGAACAATG 

100 110 120 130 140 150 160 170 180 
AAGG••TCAATTCTCAGATCCGTT•GTTCCGCCGTTTCCAGATCCTCATCGTCGAATCG••TCTTGAGC•GTAG•TTTGCGA••GAAT•G 

1 - -  
190 200 210 220 230 240 250 260 270 

GTGCCGGAAAGGAAAGTGG~GTT~TCGGTGCCG~GGTGGGATTGGA~AGCCATTGGCGCTT~T~ATGAAG~TTAACCCACTTGT~TCT 
VatPr•G•uArgLysVa•ALaVatLeuG•yAtaAtaGlyGty•teGLyG[nPr•LeuA••LeuLeuMetLysLeuAsnPr•LeuVa•Ser 

280 290 300 310 320 330 340 350 360 
AAG•TTGCCCTCTACGATATTGCCGGTA••CCTGGTGTTG•TG•TGATGTCGGCCATGTTAACA•TAGAT•CGAGGTTACTGGCTACGTG 
LysLeuA•aLeuTyrAsp••eAtaG•yThrPr•GlyV••ALaA•aAspVa•G•yHisV••AsnThrArgSerGtuVaLThrGlyTyrVat 

I 

370 380 390 400 410 420 430 440 450 
GGTGAGGAGCAACTCGGCAAAGCTTTGGAGGGAT~GATGTTGTCATCATTC~TGCTGGCGTTCCAAGAAAGCCGGGCATGACT~GTGAT 
G~yGLuG~uGln~euG~yL~sAtaLeuGluGlySerAspVaLVa~te~lePr~A~aGtyV~[Pr~ArgL~sPr~G~yMetThrArgAsn 

460 470 480 490 500 510 520 530 540 
GATCT•TTCAA•ATTAATGCTGG•ATTGTTAAATCACTTTGCA•CGCCATTGCTAAGTACTGCCCCAATGCA•TCATTAACATGATCAGT 
AspLeuPheAsn~[eAsnALaG~y~leVa~ysSerLeuCysThrAla~eA~LysTyr~ys~r~A~nAtaLeu~eAsnMet~eSer 

I ~ - -  
550 560 570 580 590 600 610 620 630 

AACCC•GTCAA•TCAACTGT•CCAATTGCTGCTGAGGTTTTCAAGAAAGCTGGTACTTACGATGAGAAGAAATTGTTTGGTGTTACTACT 
Asn~r~VatAsnSerThrVatPr~leAtaA~aG~uV~heLysLysAtaGlyThrTyrAspGtuLysLysLeuPheG~yVa~ThrThr 

I 

640 650 660 670 680 690 700 710 720 
CTAGATGTTGTCAGAGCTAAGACCTTCTACGCTGGGAAAGCAAATGTT••AGTAG••GAGGTTAATGTGCCTGTTATTGGTGGCCATGCT 
LeuAspVaLVatArgA•aLysThr•heTyrALaG•yLysALaAsnVaL•r•Va•AtaGLuVatAsnVat•r•Va•••eG•yG•yHisAta 

730 740 750 760 770 780 790 800 810 
GGCATTACCATTCTT~CACTATTTT~TCAGGCTA~CCCCAGAG~TAATTTGT~AGATGATACTATTGTGGCTCT~AC~AAGCGAACACAA 
Gly~teThr~eLeuPr~LeuPheSerGLnA~aThr~r~ArgA~aAsnLeuSerAspAspThr~leV~tAl~LeuThrLysAr~ThrGLn 

820 830 840 850 860 870 880 890 900 
GATGGAGGAACAGAAGTTGTGGAAGCAAAGGCAGGAAAGGGTTCTGCTACATTATCAATGGCCTATG•TGGAGC••TTTTTG••GATG•T 
AspG••G•yThrG•uVa••a•G•uALaL•sA•aG•yLysG•ySerAtaThrLeuSerMetAtaTyrA•aGlyAtaLeuPheA•aAspAta 

I 
910 920 930 940 950 960 970 980 990 

TGTCTTAAGGGACTAAATGGAGTT•CAGATGTTGTGGAATGTTCATTTGTGCAATCAACTGT•ACCGAACTTCCATTCTTTGCTTCAAAG 
•ysLeuLysG•yLeuAsnG•yValPr•AspValVa•G•uCysSerPheV•tG•n•erThrValThrGtuLeuPr•PhePheA•aSerLys 

I 

1000 1010 1020 1030 1040 1050 1060 1070 1080 
GTGAAGCTTGGAAAGAATGGGGTAGAG•CTGTTTTGGATTTGGGT••TCTCTCAGA•TTCGAGAAAGAAGGTTTGGAAAAGCTCAAGCCC 
Va|~ysLeuG~yLysAsnG~yVa~GtuSerVa~LeuAspLeuG~yPr~LeuSerAspPheGluLysGtuGtyLeuGtuLysLeuLys~r~ 

1090 1100 1110 1120 1130 1140 1150 1160 1170 
GAGCTCAAAGCTTCTATTGAGAAGGGAATCCAGTTTGCAAA•GCAAATTAGAATGTT•GTAT•ATTTACAA•CGGGACAGGTACCTCTGC 
GluLeuLysAlaSerlleGtuLysGtylteGlnPheAlaAsnAtaAsn 

1180 1190 1200 1210 1220 1230 1240 1250 1260 
TGC•CGCAT•TTACCATAAAACTCAATCCA•TTTTTGCTT••C••AACCCAATTGTAACTGATGATGCTGCTTACGAGCAACCGGCTTTA 

1270 1280 1290 1300 1310 1320 1330 1340 1350 
CTGTTTTTGTTAGAGTAGATTATTTTCTCTCGTATAAAGTTTATCAATAATTCCCATGGCACGT TTTCTGAGGGATTTGTGGTTGGTTAG 

1360 1370 1380 1390 1400 1410 

CTT TGTATCTGTGATACT T T TTAGAATCTTCAATATTGATAATCGTCCGACCAT T T GAACTGG- (A)n 

Targeting sequence 

- -  De te rmined  amino acid sequence 

Fig. 3. Nucleotide sequence of the cDNA encoding watermelon mitochondrial malate dehydrogenase and deduced amino acid 
sequence. (Nucleotides are numbered in the 5' to 3' direction.) Directly determined amino acid sequences are underlined. They 
comprise the N-terminal amino acid sequences obtained from the purified mature mMDH and from four fragments after cleavage 
with CNBr. The presequence which is cleaved off upon entry of the pre-mMDH into the organelle is shaded. The large arrow 
and the five shorter arrows indicate a second major and five minor polyadenylation sites, respectively (determined by sequence 
analysis of the shorter PCR clones obtained by amplification of the 3' part of sscDNA). Underlined motifs in the 3' untranslated 

sequence mark possible polyadenylation signals. 

contain canonical polyadenylation signals (AAT- 
AAA) 10 to 30 nucleotides upstream of the identi- 
fied polyadenylation sites. Related motifs are 

found at positions 1293 (TATAAA), 1306 
(AATAAT) and 1382 (AATATT). 
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Discussion 

Comparison of the mitochondrial malate dehydro- 
genase from the higher plant and other organisms 

The deduced molecular weight of the preform of 
the subunit of watermelon mitochondrial malate 
dehydrogenase is 36200 and that of the mature 
form 33 200. Apparent molecular weights deter- 

mined by gel electrophoresis gave values of 41000 
and 38 000, respectively [6]. 

Alignment of the amino acid sequence of the 
watermelon mMDH with porcine mMDH [3] 
and mMDH from rat [9], mouse [33], yeast [35] 
as well as the MDH from E. coli [20, 22] is pres- 
ented in Fig. 4. Only those residues not identical 
with corresponding residues in the watermelon 
enzyme are shown. For optimal alignment of the 
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Fig. 4. Comparison of  the primary structure of  the watermelon mitochondrial malate dehydrogenase with the corresponding 
enzymes from pig [3], rat [9], mouse [33] and yeast [35]. Also given is the E. coli M D H  amino acid sequence [20]. N = amino 
acids attributed to N A D  binding [3, 35]; C = amino acids participating in the substrate binding pocket [ 1, 38]; Q = amino acids 
located at the interphase of  the subunits. Only amino acid residues which differ from those found in the higher plant enzyme 
are written for the other five sequences, an empty space signifying identity. Gaps introduced in the sequences for maximal 

alignment are indicated by a hyphen. 



320 amino acids 9 gaps had to be introduced 
which gives a numbering of 329 positions. These 
are used in the comparisons to be described in the 
present paper. 

As is evident from the figure the three mam- 
malian enzymes differ among each other only by 
a few residues, identify being greater than 98 ~o. 
Comparison of the watermelon m M D H  with the 
porcine, rat and mouse m M D H  gives 59-60~o 
overall identity of residues. The yeast m M D H  
shares 55~o identical residues with watermelon 
m M D H  and sequence identity of the latter with 
the E. coli enzyme amounts also to 55~o. The 
overall identity drops to 20 ~o when one compares 
the sequence of MDH from the thermophilic bac- 
terium Thermusflavus [23]. It has been pointed 
out that the MDH from this bacterium is more 
closely related to the mammalian cytoplasmic 
MDH with 52~o overall identity of residues [ 14]. 
It will be interesting from an evolutionary point of 
view to find out if this is also the case for the 
higher plant cytosolic MDH. The close relation- 
ship between the mammalian mitochondrial 
MDH with E. coli MDH on the one hand and the 
similarity between the cytosolic MDH with the 
Thermusflavus on the other hand is taken as evi- 
dence that the two prokaryotic primordial genes 
have arisen by duplication prior to the origin of 
mammals [ 19]. 

The mature form of the watermelon enzyme is 
distinguished from the other enzymes by an amino 
terminal extension of 7 amino acids. Like in the 
mammalian enzyme the N-terminal amino acid is 
an alanine. Amino acid conservation among all 
enzymes is considerably higher in the amino ter- 
minal half of the polypeptide chain than in the 
carboxy terminal half. Epitopes with very strong 
conservation are found in the following positions: 
9-26, 85-101, 127-134, 139-144, 154-160, 
183-191 and 223-247. 

The functional epitopes of  the plant enzymes 

An instigation to determine the primary structure 
of the mitochondrial malate dihydrogenase 
(mMDH) in a higher plant such as the watermelon 
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is provided by the prominent conservation of the 
amino acids of the nicotinamide-adenine-dinucle- 
otide (NAD) binding sites and the residues 
involved in catalysis among the mammalian 
and yeast m M D H  enzymes. X-ray crystallo- 
graphy of the porcine heart cytoplasmic MDH [2, 
3 ] assigned four fl sheets and one ct helix as the 
core structure to which the cofactor NAD(H) 
binds. This core structure is highly conserved in 
the mitochondrial MDH of pig, other mammals 
and yeast [3, 35]. Furthermore, consistent simi- 
larities are also evident if other 2-hydroxy acid 
dehydrogenases are studied. Especially a com- 
parison with the most extensively explored lactate 
dehydrogenase NAD binding domain and cataly- 
tic pocket [3, 19] reveals residues of critical 
importance. An analysis of the primary structure 
of the watermelon m M D H  reveals that also the 
higher plant enzyme employs these residues. 

In Fig. 4 the amino acid residues attributed to 
the binding of NAD(H) are labelled with N. The 
substrate binding pocket of  the cytoplasmic por- 
cine MDH has been determined by Birktoft and 
Banaszak [1]. Amino acid side chains predicted 
to be involved in the catalytic mechanism are 
found in the primary structure of the watermelon 
m M D H  and marked C in Fig. 4. Also indicated 
in Fig. 4 are the residues attributed to the helices 
forming the subunit interface. These are desig- 
nated Q and seem to fall frequently into conserved 
epitopes. 

The cDNA of the watermelon m M D H  indenti- 
ties a mitochondrial presequence of 27 amino 
acids (Fig. 3). Mitochondrial target sequences for 
matrix enzymes have recently been compiled by 
Hartl et aL[ 10] and by von Heijne et aL [ 12] and 
it is concluded that no general significant 
sequence homologies can be deduced. However, 
several common features of the primary struc- 
tures ofmitochondrial presequences can be listed: 
(1) they are rich in positively charged amino acids 
(mainly arginines); (2)they lack to a large extent 
acidic residues, and (3) they have a relatively high 
content of hydroxylated amino acid side chains. 

A comparison of the watermelon presequence 
with that of m M D H  of rat, mouse and yeast cor- 
roborates these features: 
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mMDH watermelon 

rat [9] 

mouse [15] 

yeast [35] 

++ 

M K A S  I L R S V R S A V S  
+ + + 

M L S A L A R P V G A A L R  
+ + + 

M L S A L A R P A G A A L R  
+ + + 

M L S R V A K  

5 I0 15 20 25 

+ . + . + .... + . + 

RSS S S N R L L S R S  F AT 
+ . 

RS FS T S A Q N N  AK 
+ . 

RS F S T S A Q N N  AK 
+ 

RA F S S T V A N  P YK 

+ = basic; = hydroxylated 

It has been repeatedly found that the spacing of 
the arginines and the hydroxylated residues are of 
significance for the mitochondrial import of  a 
specific protein. In this respect the similarity of 
the spacing between the arginines in the targeting 
sequences of watermelon, rat and mouse is 
remarkable as is the heaping of serine and 
threonine residues C-terminal to the conserved 
arginine in position 15. The presequence of yeast 
shows this arginine and the aliphatic residues. 
Thompson and McAlister-Henn [34] have 
recently shown that the presequence in yeast is 
dispensable for the import of m M D H  into the 
mitrochondrial matrix. The MDH 1 gene of a 
yeast strain was inactivated by gene disruption 
and the strain then transformed with a MDH 1 
gene in which the nucleotides encoding the pre- 
sequence had been deleted. Normal amounts of 
the m M D H  were restored inside the mito- 
chondria in the cells transformed with the trun- 
cated gene. This is in contrast to studies with the 
transit peptide of rat mMDH. Chu et al. [4] found 
that replacement of Leu-13 with a charged residue 
such as Glu or Asp abolishes import of the 
precursor into the mitochondria. It is further 
shown by site-directed mutants that this residue 
is important for binding of the precursor to the 
outer mitochondrial membrane. In a subsequent 
paper [ 32] it is demonstrated that the presequence 
is processed in two steps, the first cleavage site 
being after Arg-15. With the clone for the higher 
plant m M D H  available it will be of interest to 
study the importance of its presequence for import 
into higher plant and yeast mitochondria. 
Schmitz and Lonsdale [31] demonstrated that 
the putative presequence of the tryptophanyl- 

tRNA-synthetase of yeast mitochondria com- 
prising 35 amino acids [21] can target the bac- 
terial fl-glucuronidase equally well into tobacco 
plant and yeast cell mitochondria. Processing of 
the imported precursor occurred at the appro- 
priate cleavage site. 

Sequence analysis of a number of PCR pro- 
ducts from the 3' non-translated region of the 
m M D H  messenger RNA in the cotyledons of 
watermelon revealed two major adenylation sites 
at nucleotide 1337 and 1413 and 5 minor ones 
between nucleotides 1313 and 1337 (Fig. 3). This 
is comparable to the polymorphisms for poly(A) ÷ 
additions encountered in the mRNA encoding 
alcohol dehydrogenase 1 in maize [27]. By S1 
mapping four major alternative poly(A) ÷ addi- 
tion sites were identified in the A d h l - l S  
allele and seven in the A d h l - l F  allele. In the Adhl  
gene the canonical adenylation signal AATAAA 
does not occur within a reasonable distance 
upstream of the adenylation sites, a situation 
parallel to the one encountred with the water- 
melon m M D H  gene. 
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