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ABSTRACT The isolation and sequence of a cDNA clone
encoding the complete glyoxysomal malate dehydrogenase
[gMDH; (S)-malate:NAD+ oxidoreductase, EC 1.1.1.37] of
watermelon cotyledons are presented. Partial cDNA clones
were synthesized in a three part strategy, taking advantage of
the polymerase chain reaction technology with oligonucleotides
based on directly determined amino acid sequences. Subse-
quently, the complete done for gMDH was synthesized with a
sense primer corresponding to the nucleotide sequence of the
N-terminal end of pre-gMDIH and an antisense primer corre-
sponding to the adenylylation site found in the mRNA. The
amino acids for substrate and cofactor binding identified by
x-ray crystallography for pig heart cytoplasmic malate dehy-
drogenase are conserved in the 319-amino-acid-long mature
plant enzyme. The pre-gMDH contains an N-terminal transit
peptide of 37 residues. It has a net positive charge, lacks a long
stretch of hydrophobic residues, and contains besides acidic
amino acids a cluster of serine residues. This N-terminal
extension is cleaved off upon association with or import into
glyoxysomes. It contains a putative AHL topogenic signal for
microbody import and has no sequence similarity to the
27-residue-long presequence of the watermelon mitochondrial
malate dehydrogenase precursor.

Microbodies, discovered by DeDuve (1), belong to the basic
set of membrane-bounded organelles in cells of the plant and
animal kingdom. Depending on their enzymatic make-up,
different forms of microbodies are distinguished. Glyoxy-
somes are unique to plant cells and house, in addition to the
enzymes for (3-oxidation of fatty acids, the glyoxylate cycle,
a variant of the tricarboxylic acid cycle. Whereas in the latter
acetyl CoA from (3-oxidation is fully oxidized to two mole-
cules of C02, the glyoxylate cycle converts in each turn two
molecules of acetyl CoA into one molecule of succinate and
one molecule of oxaloacetate. Formation of oxaloacetate
from malate is catalyzed by the glyoxysomal malate dehy-
drogenase [gMDH; (S)-malate:NAD+ oxidoreductase, EC
1.1.1.37]. In germinating watermelon seedlings, the glyoxy-
somes process the fat stored in the cotyledons into the
glyoxylate cycle products; succinate is converted into malate
within the mitochondria and is used for gluconeogenesis. As
the cotyledons turn into green leaves, another member of the
microbody family develops-the peroxisome. It is special-
ized to import glycolate produced by photorespiration in the
chloroplast and to convert it via glyoxylate into glycine. This
is shuttled into the mitochondria, where two molecules of
glycine condense to serine. Serine returns into the peroxi-
some and is converted into glycerate, which serves the
carbon reduction cycle in chloroplasts. These interactions
are visualized in electron micrographs, where glyoxysomes
are seen wedged between mitochondria and lipid droplets,

and peroxisomes are seen between mitochondria and chlo-
roplasts (2). As in plants, mammalian peroxisomes contain
enzymes involved in the production and degradation ofH202;
in trypanosomes, glycolysis is sequestered into microbodies
called glycosomes (3). All microbodies studied contain en-
zymes for (3-oxidation and a specific spectrum of other
enzymes. It is further characteristic that microbody enzyme
activities are also present in other cell compartments. Gly-
oxysomes as well as mitochondria contain MDH, citrate
synthase, and enzymes for 83-oxidation (4). The organelle-
specific isoenzymes are encoded in the nucleus, translated on
cytoplasmic ribosomes, and imported into the genome-less
microbodies or the genome containing mitochondria. A ma-
jority of enzymes destined for mitochondrial import are
synthesized with a cleavable presequence at the N terminus
(5), while most microbody enzymes are synthesized in ma-
ture size and apparently targeted with an internal or C-
terminal recognition sequence (6). There are important ex-
ceptions: the peroxisomal 3-ketoacyl-CoA thiolase of rat
liver catalyzing the final step in fatty acid (3-oxidation is
synthesized with a 26-amino acid N-terminal presequence,
whereas the mitochondrial isoenzyme is not made as a larger
precursor (7, 8).
The MDH isoenzymes in germinating watermelon seed-

lings, which have to be sorted into glyoxysomes (gMDH) and
mitochondria (mMDH), have the unique property of being
synthesized as higher molecular weight precursor proteins
(9). From the nucleotide sequence ofa cDNA clone encoding
the mMDH precursor, an N-terminal presequence of 27
amino acids containing the basic and hydroxylated residues
characteristic for mitochondrial envelope transit peptides has
been identified (10). Here the isolation and sequence of a
cDNA clone encoding the complete gMDH precursor is
reported.t It has an N-terminal transit peptide of 37 amino
acids, which is distinctly different from the presequence of
the mitochondrial precursor and no C-terminal extension.
The mature polypeptide ofgMDH is 319 residues and that of
mMDH is 320 residues long and thus essentially of the same
length as MDHs from pig, rat, mouse, yeast, and Escherichia
coli. The catalytic pocket and cofactor binding domains ofpig
heart cytoplasmic MDH and the functionally related lactate
dehydrogenase (LDH) from Bacillus stearothermophilus are
entirely conserved in the higher plant enzymes.

MATERIALS AND METHODS
Plant Material. Watermelon seeds (Citrullus vulgaris

Schrad., var. Sugar Baby, harvest 1987) were supplied by

Abbreviations: gMDH, glyoxysomal malate dehydrogenase;
mMDH, mitochondrial malate dehydrogenase; PCR, polymerase
chain reaction; PTS, peroxisome targeting signal; ss, single stranded;
LDH, lactate dehydrogenase.
*Reprint requests should be sent to the address in Munich.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M33148).
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Bayrische Futtersaat (Munich) and germinated under sterile
conditions in the dark at 30'C as described (11).

Synthetic Oligonucleotides. DNA fragments were prepared
on an Applied Biosystems 380 A DNA synthesizer. They
were desalted on Pharmacia nick columns containing Seph-
adex G-50 and were phosphorylated with ATP or [y-32P]ATP
(3000 Ci/mmol; 1 Ci = 37 GBq; DuPont/New England
Nuclear) using T4 polynucleotide kinase..

Synthesis of Single-Stranded cDNA (ss cDNA). The ss cDNA
was synthesized by transcribing polyadenylylated mRNA
from 2-day-old watermelon cotyledons with avian myoblas-
tosis virus reverse transcriptase (Life Sciences, St. Peters-
burg, FL) and the combined use of random hexamer deoxy-
nucleotides and dT15 as primers and T4 DNA ligase treatment
of cDNA RNA hybrids as described (10). For the production
of clones with the polymerase chain reaction (PCR) corre-
sponding to the 5' end of mRNA, a poly(dA)-tail sequence
was attached at the 3' end of the cDNA with terminal deoxy-
nucleotidyltransferase (Pharmacia) (10). The ss cDNA-RNA
hybrids were used as templates for the PCR without further
purification.
PCR. The reaction mixture (100 ,ul) contained 20 ng of

template, 1 nM each primer, 0.2 mM each dNTP, 10 mM
Tris HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, gelatin (100
,ug/ml), and 2.5 units of Thermus aquaticus DNA polymerase
(Taq polymerase) (Pharmacia). 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.

Analysis and Cloning of PCR Amplified Products. PCR
products were purified by electrophoresis in a 1% agarose gel.
Regions of the gel containing specific products were isolated
and the DNA was recovered by using the Geneclean kit (Bio
101, La Jolla, CA). Double-stranded products were either
blunt-ended with T4 DNA polymerase for cloning into the Sma
I site vector pUC13 (12) or digested with restriction endonu-
cleases and ligated into a pGEMEX-1 vector (Promega) di-
gested with identical enzymes. E. coli DH5a (Bethesda Re-
search Laboratories), transformed by a standard protocol (13),
was used as a host. Plasmids with gMDH inserts were iden-
tified by restriction analysis or DNA sequence determination
of mini-prep DNA (14, 15). DNA and protein sequence anal-
ysis procedures were performed by using the MicroGenie
program (16).

RESULTS
Cloning of the cDNA That Encodes the Precursor for gMDH

(pre-gMDH). A full-length cDNA clone for pre-gMDH was
obtained by a strategy adapted from refs. 17 and 18 and was
successfully used in cloning the cDNA for the precursor of
mMDH (pre-mMDH) (10). Sequence amplification of water-
melon ss cDNA encoding pre-gMDH by the PCR was carried
out in three steps: the central part was synthesized with a
sense primer of mixed oligonucleotides encoding the 8 N-
terminal amino acids of the mature gMDH subunit (AKG-
GAPGF) that are known from direct sequencing (19) of the 31
N-terminal residues (cf. Fig. 1). As antisense primer, the
mixed oligonucleotide for a highly conserved sequence
(MAYAGA) corresponding to amino acid positions 234-239
in the mature mMDH (cf. Fig. 3) was used. This antisense
primer had been successfully used for the isolation of the
mMDH cDNA clone and it covers a sequence conserved in
mMDHs from watermelon, pig, rat, mouse, and yeast (10). A
single PCR fragment was generated and cloned into the Sma
I site of pUC13. Sequence determination of the resulting
plasmid showed a 720-base-pair (bp) insert comprising the
first 31 amino acids known from the gMDH N terminus,
including the primers in the same reading frame. In particu-
lar, Gly-Phe in positions 7 and 8 and the two methionines in

positions 25 and 29 are diagnostic for gMDH and distinguish
the cloned piece from the mitochondrial counterpart.
The 3' part of the cDNA clone was generated as described

(10, 18): the sense primer was based on the precise nucleotide
sequence for the 8 residues (VEAKAGAG) beginning at
amino acid position 221 (see Figs. 1 and 3)-i.e., upstream of
but close to the end of the cloned central part. The antisense
primer isolated included a poly(dT) stretch of 18 nucleotides.
The PCR product was cloned into the Sma I site of pUC13
and sequenced, revealing a 520-bp insert. The homology with
the analogous region ofmMDH was 60% on a DNA level and
65% on a protein level; the stop codon was found in nearly the
same position, indicating that the gMDH shows no C-
terminal extension relative to the mMDH. In spite of the
absence of direct protein sequence information, the cloned
insert was considered to be the C-terminal part of a MDH
isoenzyme different from mMDH. The synthesis of the total
clone gave proof that the sequence-faithful sense primer
indeed recognized the 3' part of gMDH and not of a cyto-
plasmic MDH.
To generate the 5' part of the clone, the poly(dA)-tailed ss

cDNA was used as a template with an antisense primer based
on the nucleotide sequence for amino acids 9-16 (KVAIL-
GAA) of the mature subunit (see Figs. 1 and 3), with the
precise nucleotide sequence found in the cloned central part;
the sense primer included an oligo(dT) tail (10). After cloning
of the product into the Sma I site of pUC13, a 275-bp insert
could be sequenced: it had the gMDH-specific antisense
primer and the adjacent code for the first 8 amino acids ofthe
mature gMDH subunit, which are diagnostic for gMDH, in
the same reading frame. In addition, an N-terminal transit
peptide of 37 amino acids was found.

In a final step, the complete cDNA clone for the pre-gMDH
was synthesized by PCR: the sense primer was based on the
first 21 bases of the coding region plus the T preceding the
initiation codon (Fig. 1, bases 69-90); a Not I restriction
endonuclease cleavage site was added at the 5' end for
cloning purposes: 5'-GGCGGCCGCC-TATGCAGCCGAT-
TCCGGATGTT-3'. The antisense primer was complemen-
tary to bases 1310-1334 (Fig. 1) in front of the poly(dA) tail
and included a Sal I site at the 5' end: 5'-GGTCGAC-CAT-
AAAAGGTACTCTAATCCAACCC-3'. The PCR product
was cut with Not I and Sal I and was cloned into the
appropriate sites of the transcription vector pGEMEX-1
(Promega).

Sequence Analysis of the cDNA Encoding gMDH. A 1334-bp
nucleotide sequence (Fig. 1) was determined by the sequenc-
ing strategy given in Fig. 2. One open reading frame encoding
a polypeptide with 356 amino acids was identified. The
position of the N-terminal alanine residue of the mature
enzyme shows that the gene encodes a 37-amino-acid-long
N-terminal transit peptide. The first 31 residues known from
sequencing of the mature enzyme are found in-frame. In
particular, the octapeptide AKGGAPGF is in front of the
classical MDH protein sequence, which is unique to the N
terminus of the mature watermelon enzyme and at the same
time distinguishes the gMDH from the mitochondrial coun-
terpart (19). A stop codon at base 1138 revealed a total size
for the mature subunit of 319 amino acids, which was only 1
amino acid shorter than mMDH from watermelon and 2
amino acids shorter than MDHs from pig, rat, mouse, yeast,
and E. coli (10). The amino acids glutamic acid, leucine,
serine, isoleucine, lysine, glycine, and phenylalanine (posi-
tions 305, 306, 309, 310, 312, 313, and 316 in Fig. 3) are highly
conserved among all organelle-bound MDHs and provide
convincing evidence for a genuine C terminus of MDH. No
inconsistencies were encountered between the sequences
determined for the total clone and for the separately synthe-
sized PCR products of the central part, 3' part, and 5' part of
the cDNA. It is therefore concluded that gMDH does not
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51
CAACGCTAAGTTCCCAAAGGTTTCTGATCTTGAAGCGGTTGGTTTGTTTTT

180
CTGTTTGTCMMACTMATTATGCAGCCGATTCCGGATGTTMACCAGCGCATTGCTCGAATCTCTGCGCATCTTCATCCTCCCAAGTCTCAGATGGAGGAGAGTTCAGCTTTGAGGAGGGCGMATTGCCGG

MetG nPro leProAspVa lAsnG lnrgI leA laArgl eSerA laHisLeuHisProProLysSerG lnMetG luG luSerSerA laLeuArgArgA laAsnCysArnooo000 +6- - +6 @00 6.04 .4. 46 e 000 000000006oo 044444 44
309

GCTAAAGGCGGAGCTCCCGGGTTCAAAGTCGCAATACTTGGCGCTGCCGGTGGCATTGGCCAGCCCCTTGCGATGTTGATGAAGATGAATCCTCTGGTTTCTGTTCTACATCTATATGATGTAGTCAAT
A K G G A P G F K V A I L G A A G G I G Q P L A M L M K M N P L V S V L H L Y D V V N

438
GCCCCTGGTGTCACCGCTGATATTAGCCACATGGACACGGGTGCTGTGGTGCGTGGATTCTTGGGGCAGCAGCAGCTGGAGGCTGCGCTTACTGGCATGGATCTTATTATAGTCCCTGCAGGTGTTCCT
A P G V T A D I S H M D T G A V V R G F L G Q Q Q L E A A L T G M D L I I V P A G V P

567
CGAAAACCAGGAATGACGAGGGATGATCTGTTCAAAATAAACGCAGGAATTGTCAAGACTCTGTGTGAAGGGATTGCAAAGTGTTGTCCAAGAGCCATTGTCAACCTGATCAGTAATCCTGTGAACTCC
R K P G N T R D D L F K I N A G I V K T L C E G I A K C C P R A I V N L I S N P V N S

696
ACCGTGCCCATCGCAGCTGAAGTTTTCAAGAGGCTGGAACTTATGATCCAAAGCGACTTCTGGGAGTTACAATGCTCGACGTAGTCAGAGCCAATACCTTTGTGGCAGAAGTATTGGGTCTTGATCCT
T V P I A A E V F K K A G T Y D P K R L L G V T M L D V V R A N T F V A E V L G L D P

825
CGGGATGTTGATGTTCCAGTTGTTGGCGGTCATGCTGGTGTAACCArTTTTGCCCCTTCTATCTCAGGTGAAGCCTCCAAGTTCTTTCACACAAGAGAGATTAGTTACCTGACTGATAGGATTCAAAAT
R D V D V P V V G G H A G V T I L P L L S Q V K P P S S F T Q E E I S Y L T D R I Q N

954
GGTGG VCAGAAGTTGTCGAGGCCAAAGCAGGAGCTGGCTCAGCCTCTCTCLMTGGCTTATGCTGCCGTTAAGYTTGCAGATGCATGCCTCAGGGGCLRAAGAGGAGAGCTGGTGTCATTGVETGC
G G T E V V E A K A G A G S A T L S M A Y A A V K F A D A C L R G L R G D A G V I E C

1083
GCGTTTGTGTCTTCTCAGGTGACTGAACTTCCATTCrTTGCATCAAAAGTACGACTTGGTCGCAATGGTATCGAAGAAGTATACTCCCTTGGCCCGCTAAATGAGTATGAGAGGATTGGATTGGAGAAA
A F V S S Q V T E L P F F A S K V R L G R N G I E E V Y S L G P L N E Y E R I G L E K

1212
GCGAAGAAGAGTTGGCAGGAAGCAT TGAGAAGGGAGTTTCCTTCATCAGAAGCTGAAGAGATGCCAT TACCATTAGrTTTTATAGAAACATTCCATCTCTTATAGATTACTTGTGCTCAATGTTTTC
A K K E L A G S I E K G V S F I R S

1341
CTGGAGATTGAAGTTGATTGAAATGATACCACACCACGTATTTTrATACMTMAATAACTATATCGCCATCATGTCGATATTTAATGCACAACCAAAAGGGTTGGATTAGAGTACCTT TTATGAAAAAAM

Targeting sequence: basic aa, hydroxylated aa, acidic aa;
.. @0. 000

Determined amino acid sequence

FIG. 1. Nucleotide sequence of the cDNA encoding watermelon gMDH and deduced amino acid sequence. (Nucleotides are numbered in
the 5' to 3' direction.) Directly determined amino acid sequences are underlined. The transit peptide, which is cleaved upon entry of the
pre-gMDH into the organelle, is underlined with a thick line.

contain a C-terminal extension relative to mMDH. The 3'
untranslated region contains a canonical polyadenylylation
signal (AATAAA) at position 1263.

DISCUSSION

Possible Topogenic Signals for Glyoxysomal Import of
gMDH. A cDNA clone for gMDH from watermelon was
obtained by PCR. Directly determined partial amino acid
sequences of the purified subunit of the homodimeric water-
melon gMDH (19) align with the primary structure deduced
from the presented cDNA clone (Fig. 1) and prove the
clone-together with the 60% homology between gMDH and
mMDH (Fig. 3)-to encode gMDH. The deduced molecular
mass of the preform of the subunit of watermelon gMDH is
37.6 kDa and that of the mature form is 33.4 kDa. Apparent
molecular masses determined by gel electrophoresis gave
values of 33 kDa for the mature subunit, while the precursor
amounted to 38 kDa when translated in the wheat germ (20,

SmaI Pvul PstI Pvul[ Aval
5' 1 ' " ' 1

ATG

NsiI SnaBI

G
-

FIG. 2. Restriction endonuclease site map and sequencing strat-
egy for cDNA encoding pre-gMDH. The open reading frame is
indicated with a thick line, the untranslated 5' and 3' sequences are
indicated with thin lines. Direction and extent of (nucleotide) se-
quencing is given by arrows. The vertical marks in the restriction
map are placed at a distance of 100 bp.

21) and to 41 kDa upon translation in the reticulocyte cell free
protein synthesizing system (22).
A 37-amino-acid-long cleavable presequence is present at

theN terminus. Together with the recently established cDNA
clone for pre-mMDH from watermelon (10), the MDH isoen-
zyme system offers the possibility of analyzing the import
signals for the organelies.

In studies of protein import into organelles and subcellular
compartments, the requirement of specific sequences or
amino acid modifications has been demonstrated for trans-
location into the nucleus (23), into the lumen of the endo-
plasmic reticulum (24), into lysosomes (25), into chloroplasts
(26, 27) and into mitochondria (5). Microbody import is
studied with enzymes of P-oxidation located in the peroxi-
somes of liver and kidney of mammals and of yeast grown on
alkanes (28), with trypanosomes, a protozoan parasite, where
glycosomes harbor glycolytic enzymes located exclusively in
the cytosol of other organisms (29), with luciferase, an
enzyme located in the peroxisomes of fireflies (30), and, last
but not least, in plants, where glyoxysomes and peroxisomes
are found (4).
So far, three types of topogenic signals for microbody

targeting are discussed: (i) The positive charge domains and
C-terminal extensions of the glycosomal proteins; (ii) the
peroxisomal targeting signal (PTS), a tripeptide of the lu-
ciferase system; and (iii) the N-terminal extension sequence
of the 3-ketoacyl-CoA thiolase.

Glycolytic enzymes located in the glycosomes of Trypan-
osoma differ from their cytosolic isoenzymes by two or more
clusters of positive charged residues along the polypeptide
chain and were therefore implicated as topogenic signals (31).
This has become less attractive, since glycosomal phospho-
glycerate kinase of Crithidia, another kinetoplastid flagellate,
lacks these charged residues (32). Disregarding identical
amino acids, a comparison of the mature subunit of gMDH
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gMDH from watermelon
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FIG. 3. Comparison of the primary structure of the watermelon
gMDH and mMDH.

with that of mMDH (Fig. 3) reveals 11 basic and 12 acidic
unique residues for gMDH as opposed to 10 basic and 14
acidic residues for mMDH. They are distributed evenly along
the peptide chain. Several microbody enzymes, including
gMDH (9), have a distinctly higher isoelectric point than the
cytosolic or mitochondrial isoenzymes (33), and therefore it
cannot be excluded that positive charged patches are present

in the folded gMDH even in the absence of a positive net
charge. The gMDH does not contain a C-terminal extension
rich in small hydrophobic and hydroxylic amino acids, as is
characteristic for glycosomal phosphoglycerate kinase from
Trypanosoma and Crithidia (6, 32, 34).
The PTS is a conserved tripeptide first described for the

firefly luciferase and shown to be necessary and sufficient to
direct luciferase or reporter proteins into microbodies (35). It
permits serine, alanine, or cysteine in the first position;
lysine, arginine, or histidine in the middle; and leucine in the
third position. Class I proteins contain the PTS at the C
terminus and class II proteins contain an analogous sequence
in at least one internal location (35). As the authors mention,
this tripeptide is a common feature of many but by no means
all peroxisomal proteins, and it is also found in mitochondrial
or cytoplasmic isoenzymes. gMDH of watermelon has AHL
in the transit peptide (Fig. 1) and mMDH has SKL in the
mature part (amino acids 34-36; Fig. 3). Mitochondrial
(AHL) as well as peroxisomal (SRL and AKL) 3-ketoacyl-
CoA thiolase have the tripeptide at internal positions (7, 8).
Peroxisomal catalase of Candida tropicalis has a SRL and
cytosolic catalase of Saccharomyces cerevisiae has an ARL
in identical positions, while peroxisomal catalases of rat liver,
bovine liver, and human kidney present a GRL at this
position (36)! The mutation experiments of Gould and co-
workers did not analyze a glycine in the first position, and
therefore GRL may well be a targeting signal. Among plant
microbody enzymes, malate synthase has the PTS at an
internal and at the C-terminal position (37), while hydroxy-
pyruvate reductase lacks it (38). While the experimental data
in ref. 35 prove the tripeptide in the right context as a
peroxisomal targeting signal, it is not universal.
A highly promising targeting signal for gMDH emerges

from a comparison with rat peroxisomal 3-ketoacyl-CoA
thiolase, which contains at the N terminus a peptide exten-
sion of 26 residues (7). This presequence shows very similar
features to that of gMDH: it has not only a net positive
charge, but it also contains a glutamate and a cluster of serine
residues, while it lacks a long stretch of hydrophobic resi-
dues.

gMDH

NH2-MQPIPDVNQRIARISAHLHPPKSQMEESSALRRANCR

peroxisomal thiolase

NH2-MHRLQVVLGHL-AGRS-ESSSALQAAPC-

The C terminus of the two presequences has remarkably
common characteristics: The single glutamate and the serine
cluster is found at about the same distance from the cleavage
sites; finally, the tripeptide GHL-ifglycine is allowed in the
first position of a topogenic signal (see above)-in the pre-
sequence of thiolase occupies a homologous position with an
AHL in the presequence of gMDH. The presequence of
gMDH is cleaved when the enzyme precursor is incorporated
into the glyoxysome (9) and the cleavage of the N-terminal
extension of the peroxisomal thiolase requires a functional
import system (39).
Comparison of gMDH and mMDH from the Higher Plant

with MDH from Other Organisms: Conservation of Functional
Epitopes. Comparison of the primary structure of the gMDH
and mMDH in the higher plant (Fig. 3) with the mammalian
and yeast mMDH enzymes (10) demonstrates the prominent
conservation of the NAD binding sites and the residues
involved in catalysis.
The substrate binding pocket of the cytoplasmic porcine

MDH has been determined by Birktoft and Banaszak (40),
while Wilks et al. (41) succeeded in converting the active site
of LDH from B. stearothermophilus with a single amino acid
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Arg-87
LOOP |

H Arg-93 H2N (®)NH2 H
H\/H|~~~~~~~~>FGly-228
y OE)O H

Gly-185 H2N ® NH2 \
C

MALATE|
CH2

His-183 IUS-8C-C ! <

C NicotinamideXO(EO / ring(NAD')

Asp-156 H2NGNH2

Arg-159

FIG. 4. Model for the active site pocket and catalytic mechanism
of watermelon gMDH adapted from ref. 41.

change into a site with malate substrate specificity and high
MDH activity. Using the coordinates of the M4 isoenzyme
for the pig LDH-NADH-oxamate complex and the catalytic
mechanism of LDH, Wilks et al. have presented a model for
the active site environment ofpyruvate in the native enzyme-
NADH-substrate complex (figure 1 A and B in ref. 41). By
site-directed mutagenesis of a glutamine into an arginine
residue, the substrate binding pocket could be enlarged to fit
oxaloacetate instead of pyruvate. Indeed, the amino acid
chains predicted from the model of Wilks et al. are found in
the primary structure of the watermelon gMDH and mMDH
and are marked in Fig. 3. By adapting the drawing in ref. 41,
the active site environment and catalytic mechanism of the
higher plant MDHs are given in Fig. 4. Arg-87 in the loop
(residues 83-95) that closes over the active site upon binding
of the coenzyme and substrate forms an ion pair with the
4-carboxyl group of the malate substrate. The latter is ori-
ented in the pocket with its 1-carboxyl group by ion pairing
to Arg-159. The third arginine involved, Arg-93, polarizes the
carbonyl bond formed when His-183 receives the proton in
the reduction of NAD' and oxidation of malate to oxaloac-
etate. Asp-156 is considered to stabilize the protonated
His-183 by ion pair formation. In MDH enzymes Gly-185 and
Gly-228 are rigorously conserved, while in LDH enzymes an

equally strong conservation is observed for aspartate and
threonine at these positions, respectively. This conceivably
reduces the size of the catalytic pocket in the LDH enzymes.

In the electron pair movement during malate oxidation, as

portrayed in Fig. 4, nicotinamide accepts a hydride ion from
malate and His-183 receives a proton from the 2-hydroxy
group of malate. Wilks et al. (41) have shown that the
exchange of Gln-102 into an arginine in the loop of the LDH
enzyme of B. stearothermophilus changes the Km value for
oxaloacetate from 1.5 mM to 0.06 mM and the kinetic
constant for catalysis kcat changes from 6.0 to 250 s-5, which
corresponds to that for pyruvate of the native enzyme. The
Km values for the watermelon gMDH and mMDH toward
oxaloacetate have been determined to be 0.18 and 0.15 mM,
respectively (9). In conclusion, the higher plant MDHs use
the same amino acid chains in catalytic pocket as MDH
enzymes in mammals, yeast, and bacteria. Most likely,
Arg-87 is decisive for selecting malate as substrate.
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