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ABSTRACT

Biosynthesis of malate dehydrogenase isoenzymes was studied in coty-
ledons of watermelons (Citrudlus vulgaris Schrad., var. Stone Mountain).
The glyoxysomal and mitochondrial isoenzymes are synthesized as higher
molecular weight precursors which can be immunoprecipitated by mono-
specific antibodies from the products of in vitro translation in reticulocyte
lysates programed with cotyledonary mRNA and with the same size from
enzyme extracts of pulse-labeled cotyledons. During translocation from the
cytosol into the organelles, processing takes place. An 8 kilodalton extra
sequence is cleaved from the glyoxysomal precursor and a 3.3 kilodalton
extra sequence from the mitochondrial precursor producing the native
subunits of 33 and 38 kilodaltons, respectively. The data support a post-
translational translocation of the organelle-destined malate dehydrogenase
isoenzymes. The in vitro translation of the cytosolic malate dehydrogenase
I yields a product which has the same molecular weight as the subunit of
the native isoenzyme (39.5 kilodaltons).

distinguished by electrophoretic or serological techniques. Earlier
studies on the in vitro synthesis ofgMDH by a wheat germ system
by our group (26) had shown that this isoenzyme is made as a
higher mol wt polypeptide compared with the subunit of gMDH
isolated from watermelon cotyledons thereby suggesting the need
for processing during the importation into the glyoxysomes. The
results were confirmed subsequently by Riezman et al. (20) for
cucumber cotyledons.
We now present a comparative study on the in vitro synthesis of

gMDH, mMDH, and cMDH I using the heterologous reticulocyte
system. Our results indicate that mMDH also is synthesized as a
larger in vitro product3 in contrast to the cytosolic isoenzyme.
Pulse labeling experiments provided evidence that the higher mol
wt MDH polypeptide precursors were also detectable under in
vivo conditions. The posttranslational implications for the role of
such precursors in directing transport into glyoxysomes and mi-
tochondria are discussed.

MATERIALS AND METHODS

The development of cell organelles requires the import of
proteins which are synthesized on cytoplasmic ribosomes. The
translocation from the site of synthesis to the site of function
involves a highly specific recognition mechanism by the organelle
envelope which only accepts the organelle-destined proteins for
segregation within the organelle.
The use of isoenzyme system for translocation studies requires

that individual isoenzymes be located in different organelles
within the same cell. Differences in these proteins or their precur-
sors should be related, at least in part, to the pattern of distribution.
Only a very few isoenzyme systems have been employed in this
way, e.g. the aspartate aminotransferase (17) and the malate
dehydrogenase (19) from rat liver where the mitochondrial and
the cytosolic isoenzymes were compared. In vitro transport studies
with purified isoenzymes revealed that the high selectivity of the
isoenzyme sequestration by the mitochondria could be related to
differences in the molecular properties of the mitochondrial and
cytosolic isoenzymes.
The malate dehydrogenase (L-malate-NAD-oxidoreductase, EC

1.1.1.37) isoenzyme system in cotyledons from fatty seedlings
offers the advantage of a second organelle-housed isoenzyme: in
addition to one mitochondrial and three cytosolic isoenzymes, a
gMDH2 can be detected (13, 16). The individual forms are easily

' Supported by the Deutsche Forschungsgemeinschaft (Grant Ho 383/
19).

2 Abbreviations: gMDH, glyoxysomal malate dehydrogenase; mMDH,
mitochondrial malate dehydrogenase; cMDH, cytoplasmic malate dehy-
drogenase; PMSF, phenylmethylsulfonylfluoride; SDS-PAGE, sodium do-
decyl sulfate-polyacrylamide gel electrophoresis.

Plant Material. Watermelon seed (Citrullus vulgaris Schrad.,
var. Stone Mountain, harvest 1978, supplied by Vaughan's Seed
Company, Ovid, MI) were germinated under sterile conditions in
the dark at 30°C as described before (12).

In Vivo Labeling. Fifty pairs of 2-d cotyledons were shaken in
an Erlenmeyer flask at 80 rpm under sterile conditions in the dark
at 30°C in 2 ml H20 containing 0.5 mCi [35S]methionine (about
1,000 Ci/mmol, New England Nuclear). After 24 h (unless indi-
cated otherwise), the cotyledons were rinsed three times with 20
ml of 10 mm unlabeled methionine at 4°C. For pulse-chase
experiments, the 2-d-old cotyledons were incubated under the
same conditions except for a 1-h pulse with 1.0 mCi [355]methio-
nine per 2 ml H20. Then, the labeled methionine was removed
quickly by three washes with 20 ml of 10 mm unlabeled methionine
at 30°C, followed by the chase in 2 ml of 10 mm methionine. After
30 min, lh, 2h, and 3h, aliquots of 12 pairs of cotyledons were
removed and stored under liquid N2.

Preparation of Enzyme Extracts. The cotyledons were homog-
enized with a VirTis homogenizer (Cenco) three times 20 s at
40,000 rpm in an ice-cold medium (0.5 ml/pair of cotyledons)
containing 0.1 M K-phosphate buffer (pH 7.5), 0.5 M mannitol, 10
ms EDTA (disodium salt), 3 iM MgCl2, and I mm PMSF. The
crude extract was centrifuged at 4°C for 30 min at 300,000gaverage
(Sorvall OTD-65, T 865 rotor) to yield the clear enzyme extract as
supernatant solution.

In Vitro Protein Synthesis. Polyadenylated mRNA was isolated
from 2-d cotyledons as described before (26) and translated at
30°C in a rabbit reticulocyte lysate system (New England Nu-

'The in vitro synthesis of mMDH and gMDH has already been sum-
marized.
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clear). Each 50-,ul assay contained 4 ,l of mRNA (21.8 A260/ml),
10 tl [35S]methionine (corresponding to 100 ,Al with 1,000 Ci/
mmol), and 36 ,l of translation mixture including the energy
supply and the reticulocyte lysate. After 60 min, the translation
was stopped by a 1:5 dilution with 200 ,ul of ice-cold, nonradio-
active enzyme extract from day 3 cotyledons which proved suffi-
cient to produce coprecipitation of the in vitro synthesized MDH
isoenzymes by monospecific antibodies. The mixture was centri-
fuged at 4°C for 30 min at l00,000gaverage (AH 627 rotor), and the
supernatant was used for the immunoprecipitation.

Immunoprecipitation. Monospecific anti-gMDH and anti-
mMDH antibodies were produced according to the methods of
Walk and Hock (24, 25), while monospecific anti-cMDH I anti-
bodies were developed as described before (22). The immunopre-
cipitations were carried out with the IgG fractions of the antisera
or control sera, respectively, obtained by (NH4)2SO4 fractionation.
MDH isoenzymes from the enzyme extract of in vivo labeled

cotyledons were directly immunoprecipitated in Eppendorf reac-
tion vessels with monospecific antibodies by mixing 200 ,ul of the
enzyme extract with 15 ,l of the specific antiserum which had
been previously adjusted according to the optimal antigen-anti-
body ratio. The in vitro synthesized MDH isoenzymes were simi-
larly immunoprecipitated directly from the cell-free system after
dilution with 200 IlI of unlabeled enzyme extract from 3-d coty-
ledons.
The antigen-antibody mixtures were incubated at 4°C for 16 h.

The immunoprecipitates from the in vivo labeling experiments
were pelleted by centrifugation for 10 min in an Eppendorf

centrifuge and washed twice with 100 ,ul of TKT buffer (10 mm
Tris.HCL [pH 7.5], 0.3 M KCl, 1% [v/v] Triton X-100) and three
times with 100 fil of TK buffer (10 mm Tris-HCI [pH 7.5], 0.3 M
KCl).
The immunoprecipitates of the in vitro labeling experiments

were layered on stepped sucrose gradients in Eppendorf reaction
vessels containing 100 til of 1.0 M sucrose in 0.15 M NaCl + 1% (v/
v) Triton X-100 and 50 t1 of 0.5 M sucrose in the same medium,
and centrifuged for 10 min in an Eppendorf centrifuge. The
precipitates were washed as described before.
SDS Gel Electrophoresis and Fluorography. The immunopre-

cipitates were dissolved according to Blobel and Dobberstein (4)
in 35 [sl of sample buffer (90 mm Tris. HCl [pH 8.8], 2.6% [w/v]
SDS, 30% [w/v] sucrose, 1.1 mg/ml dithioerythritol, 90 ttg/ml [w/
v] bromphenol blue). Polyacrylamide gels (10-15% [w/v] acryl-
amide gradients) and fluorography of the dried gels were carried
out as described (4). The exposure time to x-ray films was 10 d.

Limited Proteolysis of the Immunoprecipitates. The immuno-
precipitates dissolved in 35 ,ul of sample buffer were filled into the
slots of the SDS gels, overlayered with 10 ,l of glycerol medium
and 10 ,ul (corresponding to 5 jsg) of protease from Staphylococcus
aureus, V8 (Miles), and subjected to electrophoresis as described
by Cleveland et al. (7).

RESULTS
In Vitro Translation. In watermelon cotyledons, five MDH

isoenzymes are found. They can be separated by disc-electropho-
resis and stained for MDH activity by the reduction of tetrazolium
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FIG. 1. Immunoprecipitation of MDH isoenzymes by monospecific antibodies and analysis by SDS-PAGE followed by fluorography. Lanes 1-3,
gMDH; lanes 4-6, mMDH; lanes 7-9, cMDH 1; synthesized in vivo in the presence of [ 5Slmethionine (lanes 1, 4, 7) or in vitro (lanes 3, 6, 9), respectively.
Mixtures of the corresponding in vivo and in vitro products are shown in lanes 2, 5, and 8.
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salts in the presence ofNAD and malate. The bands are numbered
consecutively from the anode to the cathode. MDH I, II, and IV
are cytosolic forms. MDH III is located in the mitochondria,
MDH V in the glyoxysomes (13).
The availability of monospecific antibodies against MDH I, III,

and V allowed the exclusive immunoprecipitation of the first
cytosolic, the mitochondrial, and the glyoxysomal isoenzymes,
respectively, from cotyledonary enzyme extracts as well as from
cell-free translation products which were obtained in the presence
of [355]methionine and cotyledonary mRNA from 2-d-old dark-
grown watermelon seedlings.

Figure 1 shows a representative analysis of the in vivo and in
vitro labeled MDH isoenzymes by SDS-PAGE and fluorography.
The native isoenzymes, which are composed of two identical
subunits (23), differed significantly with regard to the mol wt of
their subunits. The mol wt estimates, which were based on at least
10 independent experiments, were 33,000 ± 200 (mean ± SE) for
gMDH (lane 1), 38,000 ± 400 for mMDH (lane 4), and 39,500 ±
300 for cMDH I (lane 7). The in vitro products exhibited higher
mol wt for both of the organelle-bound MDH isoenzymes (41,000
+ 200 for gMDH [lane 3] and 41,350 ± 100 for mMDH [lane
6]). There were no differences between the in vitro product (39,500
+ 300) and the in vivo product of cMDH I (lane 9). Mixtures of
the corresponding in vivo and in vitro synthesized isoenzyme
yielded the expected electrophoretic pattern: two main bands with
gMDH (lane 2) and mMDH (lane 5), and only one band with
cMDH I (lane 8). In addition to the main band of in vitro
synthesized gMDH, two additional faint bands with intermediate
mol wt between the in vitro and the in vivo product were regularly
seen. Ifthe antisera were substituted by control sera, no radioactive
bands were detected on the fluorograms (not shown). It is con-
cluded from these findings that organelle-bound MDH isoenzymes
are normally synthesized in vivo in watermelon cotyledons with
an extra sequence which is split off after translation, most likely
during the importation into glyoxysomes or mitochondria, respec-
tively. On the other hand, cMDH I, which remains in the cytosol,
is not synthesized with an extra sequence.

Pulse-Chase Experiments. In order to confirm the existence of
higher mol wt precursors of gMDH and mMDH isoenzyme, in

vivo labeling experiments of 2-d cotyledons were carried out with
different labeling times ranging from 5 min to 24 h. Under the
stated experimental conditions, radioactive gMDH was detected
only after a labeling time of 30 min and as a weak band with the
expected mol wt of4 1,000. When labeling time was extended from
1 h up to 4 h, both gMDH forms with mol wt of 41,000 and 33,000
became visible with increasing intensities. A 24 h label, however,
led to the predominant appearance of the 33,000 mol wt form.
The detection of the 41,000 form in contrast to Figure 1, lane 1,
was due to the increased concentration of [35S]methionine (1.0
mCi/50 pairs of cotyledons).
The precursor-product relationship between the 41,000 and

33,000 mol wt forms of gMDH was established more firmly by
pulse-chase experiments (Fig. 2). After a 1-h pulse label with [35S]
methionine, the cotyledons were incubated in 10 mm unlabeled
methionine for 30 min (lane 1), I h (lane 2), 2 h (lane 3), and 3 h
(lane 4). There was a distinct decrease of radioactivity in the
41,000 mol wt form when the chase period was extended beyond
60 min as compared to the 33,000 mol wt form. Under these
experimental conditions, the higher mol wt form of gMDH dis-
appeared after a 3-h chase period. During this period, there was
a continuous increase of the native form.

Similar results were obtained for the mMDH isoenzyme (not
shown). In this case, too, a higher mol wt precursor corresponding
to the in vitro product was discovered in the crude extract after the
1-h pulse. In comparison with gMDH, the mMDH precursor
seemed to disappear more quickly.
No higher mol wt form of cMDH I could be detected during

either the pulse or chase experimental periods which seemed to
confirm the lack of synthesis of an extra sequence on this isoen-
zyme.

Limited Proteolysis. If the native subunits of the organelle-
bound MDH isoenzymes are produced by the cleavage of an extra
sequence from a higher mol wt precursor, the relationship between
the precursors and the products should also be detectable by
limited proteolysis of the two forms. The similarity of the proteo-
lytic patterns obtained after digestion by S. aureus, V8, followed
by SDS-PAGE and fluorography (not shown) indicated indeed a
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FIG. 2. Pulse-chase labeling of gMDH. Two-d-old cotyledons were pulsed for I h with IdbSlmethionine (1 mCi/50 pairs of cotyledons) and
subsequently chased with unlabeled methionine (10 mM) for 30 min (lane 1), I h (lane 2), 2 h (lane 3), and 3 h (lane 4). After homogenization in the
presence of PMSF, gMDH was immunoprecipitated by monospecific antibodies and analyzed by SDS-PAGE followed by fluorography.
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sequence similarity between the larger precursors and the smaller

end products.

DISCUSSION
The malate dehydrogenases from watermelon cotyledons offer

a unique opportunity to study the simultaneous synthesis and
intracellular transport of isoenzymes, which are located ultimately
in different cellular compartments and which exhibit different
molecular properties even though they catalyze the same enzymic
reaction. Biochemical and immunocytochemical data (13, 22)
provide evidence that MDH V is located in glyoxysomes, whereas
MDH III is confined to the mitochondria. As both isoenzymes are
synthesized by cytoplasmic ribosomes (25, 27), there must be a
translocation from the cytosol into the organelles. Since the pi-
oneering studies of Blobel and Sabatini (5), Milstein et aL (18),
and others on signal sequences of secretory proteins and their
significance for the transfer across the ER membrane, it has been
realized that many but not all cytosol-synthesized organelle pro-
teins are equipped with an extra sequence which is split off during
the sequestration by the organelles (6). The occurrence of specific
recognition sequences in proteins destined for different organelles
would explain their selective import across specific organelle
membranes.

For this reason, the MDH isoenzymes were examined initially
for the presence of such extra sequences under conditions where
processing is lacking,i.e. by synthesis in a heterologous cell-free
system. As a control, cMDH I was used. This cytosolic isoenzyme
is located in the lower epidermis of the cotyledons (22), but is also
found in the embryonic axis (13) in contrast to the other two
cytosolic MDHs, which are confined to the cotyledons. Two-d
cotyledons, which exhibit high rates of isoenzymes syntheses
together with high levels of messenger RNA coding for the
isoenzymes, were used for the experiments. The data demonstrate
that the organelle-destined MDH isoenzymes are synthesized as
higher mol wt polypeptides in contrast to the subunits immuno-
precipitated from fresh enzyme extracts that were prepared from
in vivo labeled cotyledons. The mol wt difference between the in
vitro and in vivo products of 8,000 for gMDH and 3,350 for
mMDH is in concurrence with the concept of extra sequences
serving as topogenic sequences (3) for the correct destination of
organelle-directed proteins. As might be expected, cMDH I, which
remains in the cytosol, apparently is not synthesized with such an
extra sequence.
The size differences between the in vitro and in vivo synthesized

organelle-bound MDHs confirm our previously published hypoth-
esis of a gMDH extra sequence (26) which was based on the
comparison of the in vitro product with the purified isoenzyme
subunit (mol wt, 33,000). If there had been a proteolytical degra-
dation of gMDH during the purification procedure without a
concomitant drastic change of the antibody binding properties,
the erroneous impression of a larger precursor would have been
obtained. This possibility is excluded now by the correspondence
of mol wt of the purified and the in vivo synthesized gMDH. There
is, however, a significant difference between the in vitro synthe-
sized gMDH produced by the reticulocyte system (mol wt, 41,000)
and the product from the wheat germ system (mol wt, 38,000).
The most likely explanation for this discrepancy is the presence of
considerable processing activity in the homologous wheat germ
system which had been earlier suspected (26). The data ofRiezman
et al. (20; Fig. 3, lane 0) in the separation of cucumber gMDH by
SDS-PAGE after cell-free synthesis in the wheat germ system
include, in addition to the main band with 38,000 daltons, a faint
41,000 dalton band which is in accordance with this hypothesis.
Two further, faintly labeled bands between the full length gMDH
precursor and the authentic form, which include the 38,000 dalton
band, are regularly observed after synthesis in the reticulocyte
system as well as under in vivo conditions, but absent in the case

of mMDH. Possibly, the removal of the large extra sequence
during the import into the glyoxysomes might involve a gradual
cleavage.
The size of the gMDH extra sequence clearly exceeds the usual

length of organelle protein extra sequences, especially the signal
sequences of secretory proteins (between 1,500 and 3,000 daltons).
There are, however, reports of extra sequences of comparable
sizes,e.g. NADH Pchlide reductase with 8,000 daltons (1), three
subunits of chloroplast ATP synthetase (R. G. Herrmann, personal
communication).
The length of the mMDH extra sequence, however, fits into the

normal range observed in mitochondrial precursor proteins. A
putative precursor for rat liver and bovine heart mMDH has been
recently reported (2). The size of the extra sequence is 1,500 to
2,000 daltons, which is somewhat smaller than the extension of
the watermelon mMDH. The role of the precursor in import of
this enzyme into mitochondria is under discussion (9). It has been
reported that the native isoenzyme can be taken up by isolated rat
liver mitochondria into the matrix (19). This result completely
differs from the normal case where the transport is restricted to
the precursor form.
The unexpected relative stability of the gMDH and mMDH

precursors established by pulse-chase experiments sheds some
light upon the transport mechanism. In a co-translational trans-
location which was first described for secretory proteins (e.g. 4, 5)
the transport is strictly coupled to translation. However, the post-
translational translocation, first described for the small subunit of
ribulose bisphosphate carboxylase (8, 11) and then for several
other cytosol-synthesized mitochondrial, chloroplast, and micro-
body proteins, requires a transport which is uncoupled from
translation, ie. takes place after the complete synthesis of the
polypeptide chain. Inasmuch as only the respective processed
MDH isoenzymes are found in glyoxysomes and mitochondria of
in vivo labeled cotyledons, the cleavage of the extra sequence must
occur during the import into the organelles. The labeling pattern
of the organelle-bound MDH isoenzymes during the pulse-chase
experiments is therefore only compatible with a posttranslational
transport of gMDH and mMDH. Whereas this mode of translo-
cation is generally accepted for mitochondria, direct evidence for
glyoxysomes has been obtained only in a few cases, e.g. with
catalase (10, 15, 21), uricase (10), isocitrate lyase (28), and malate
synthase (14). In all of these cases, the in vitro synthesized enzymes
did not contain an extra sequence which could be split off during
the translocation process.
We were not able to demonstrate the uptake and processing of

the in vitro synthesized gMDH precursor by purified glyoxysomes.
The main difficulty seems to be the availability of glyoxysomal
fractions retaining the necessary intactness for the importation of
organelle proteins. With crude organelle fractions (l0,000g pellet),
however, we were able to demonstrate at least a partial processing
of the gMDH precursor with the intermediate form of 38,000
daltons as main product. The intermediate was converted into the
native subunit only after proteinase K treatment of the organelle
precursor mix. If the organelles were osmotically shocked before
protease treatment, no gMDH could be immunoprecipitated, sug-
gesting that in the treatment above, the major part of the gMDH
was indeed sequestered by the organelles. Work is in progress
using more intact organelles to elucidate the mechanism on the
specific uptake of gMDH and mMDH by glyoxysomes and mi-
tochondria, respectively.
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