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The enzyme malic dehydrogenase (MDH)?
catalyzes the conversion of oxalacetic acid to malic
acid. It resembles lactic dehydrogenase (LDH)
in acting on an e-keto acid substrate and in being
a pyridine nucleotide dependent dehydrogenase:

COOH COOH
., MDH |
C=0 + DPNH + H" —— CHOH + DPN
H2 H!
OOH OOH
COOH COOH
, LDH |
=0 + DPNH+H™ ——— CHOH + DPN
CH;, H,

It is of interest that Vallee has offered evidence
that both rabbit muscle LDH and pig heart MDH
are zinc enzymes (1, 2). Reports of elevated se-
rum levels of LDH in cases of myocardial infarc-
tion and leukemia led to an earlier study (3)
which demonstrated that normal human serum
separated electrophoretically contained three en-
zymes with LDH activity and not one as had been
anticipated. In an attempt to elucidate the na-
ture of these three enzymes, an examination of the
chemically analogous MDH system was under-
taken. The results indicate that MDH activity
is also found in three discrete electrophoretic frac-
tions of the serum proteins, two of which closely
resemble the corresponding LDH activity peaks.

METHODS AND MATERIALS

This study employed sera obtained from 14 subjects
composed of 10 controls (2 healthy young men and 8
patients with such diseases as disseminated lupus erythe-

1 These studies were supported, in part, by a grant-in-
aid (A-1542) from the National Institute of Arthritis and
Metabolic Diseases, National Institutes of Health.

2 The abbreviations used in this paper are as follows:
MDH = malic dehydrogenase; LDH = lactic dehydroge-
nase; DPN = diphosphopyridine nucleotide; DPNH =
diphosphopyridine nucleotide reduced.

matosus, cirrhosis, Wilson’s disease, and hepatitis), 2
cases of myocardial infarction and 2 cases of chronic
lymphatic leukemia.

The method of zone electrophoresis, using a starch
supporting medium in barbital buffer, pH 8.6, with an
ionic strength of 0.1 or 0.05, was used to separate the
serum proteins (4). After electrophoresis the starch
block was cut into half inch segments, the protein eluted
with 5.0 ml. buffer and its concentration determined by a
modification of the Folin-Ciocalteau procedure (4). An
aliquot of 2.5 ml. from each eluate was then assayed for
MDH activity spectrophotometrically by the method of
Wacker, Ulmer, and Vallee (5). Each eluate was in-
cubated for 20 minutes at room temperature with 0.2
ml. of 0.003 molar DPNH. The mixture was trans-
ferred to a Beckman cuvette of 1 cm. path length; 0.1 ml.
of 0.0076 molar oxalacetate was added, and the decrease
in absorption at 340 mu was measured in the Beckman
spectrophotometer. Readings were obtained every 30
seconds for 3 minutes. One unit of dehydrogenase ac-
tivity was defined as a decrease in the optical density at
340 mu of 0.001 per minute. Under these conditions,
the contribution to the observed MDH activity by the
simultaneous measurement of LDH, caused by spontane-
ous decarboxylation of oxalacetate to form pyruvate,
was found to be negligible. Lactic dehydrogenase ob-
tained from rabbit muscle (Worthington laboratories)
was found to have insignificant quantities of activity
when oxalacetate was used as substrate instead of pyru-
vate.

In several experiments, a 2.5 ml. sample of an hemoly-
sate prepared from normal human red cells (6) was
fractionated electrophoretically and an aliquot of the
eluate was assayed for MDH activity. To determine the
pH optima of the three peaks, 0.3 ml. was removed from
the tube containing the maximum MDH activity, and
added to tubes containing barbital buffers varying in pH
from 7.4 to 9.2, all at 0.1 ionic strength. MDH activity
was then reassayed.

The effect of the inhibitors, ethylenediaminetetraacetic
acid and p-chloromercuribenzoate, on each of the activity
peaks was studied according to the method outlined be-
low. Immediately after the serum fractions had been
assayed for enzymatic activity the inhibitor was added,
the solution thoroughly mixed and the activity redeter-
mined. The decline in activity between the two meas-
urements was attributed to the action of the inhibitor.
The final concentrations of ethylenediaminetetraacetic
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Fic. 1. DistriBUTION OF MALic AND LActic Deny-
DROGENASE AcTivity IN NormMAL HuMAN SErUM

Upper curve illustrates an electrophoric pattern of
normal human serum. Lower curves illustrate distri-
bution of malic and lactic dehydrogenase activity in se-
rum fractions. The lactic dehydrogenase activity is indi-
cated by the solid line and malic dehydrogenase activity
by the broken line.

acid and p-chloromercuribenzoate were 6 X 10° M and
1 X 10™* M, respectively.

The experiments outlined above for serum MDH were
also performed on serum LDH by substituting the sub-
strate sodium pyruvate for sodium oxalacetate.

RESULTS

Each of the 14 sera separated electrophoretically
and assayed for MDH and LDH activity revealed
three main loci of activity (Figure 1). One was
found in the B-globulin (peak 1); a second peak
of activity was found in the a,-globulin (peak 2);
and the third occurred between the a,-globulin and
the albumin, hereafter referred to as the «, peak
(peak 3). Following electrophoresis, between 80
and 95 per cent of the MDH activity of the original
serum was recovered from the starch block. An
average of 9 per cent of the total activity remained
adsorbed of the origin. However, the percentage
varied widely and when fresh nonhemolyzed se-
rum was used, the amount adsorbed at the origin
was extremely small.

In the 10 control subjects (Table I), each peak
of MDH activity contained a relatively constant
percentage of the total activity found in serum.
Forty-six per cent of the total MDH activity was
found in the B-globulin, 26 per cent in the a,-
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Fic. 2. TueE Partern OsraiNeb WHEN Eace He-
MOLYSATE PEAK, AFTER HAVING BEEN ISOLATED FROM A
StAarcH BLock, WAs RERUN ON A Seconp BLock

The lactic dehydrogenase activity is indicated by the
solid line and malic dehydrogenase activity by the broken
line.

globulin, 19 per cent in the o, peak and 9 per cent
at the origin. The distribution of LDH activity
among the three peaks differed from that of MDH.
The «, peak contained the largest percentage of
LDH activity; the 8 peak had the largest per-
centage of MDH activity. Each of the three ma-
jor components of MDH and LDH activity iso-
lated was rerun under similar conditions and was
found to have the same mobilities as in the start-
ing material (Figure 2).

A comparison of the mobilities of the activity
peaks of LDH and MDH revealed that the a,
peaks correspond closely as do the a, peaks. How-
ever, the peak of LDH activity in the B-globulin
was found to migrate slightly faster than the peak
of MDH activity (Figures 1, 2, 3, and 4).

Experiments in which phosphate buffer of pH
7.5 and 0.1 ionic strength was used, instead of
barbital buffer of pH 8.6, did not demonstrate any
alteration in the correspondence of the «, and a,
MDH and LDH activity peaks.

With sodium malate as substrate and DPN as
coenzyme, it was found that the location of the
three enzymes in the serum fractions was un-
changed.

A parallel increase of the «, peak of both MDH
and LDH was observed in sera from two patients
with acute myocardial infarction (Figure 3),
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F1c. 3. DistriBUTION OF MaALIC AND LActic DEHY-
DROGENASE ACTIVITY IN SERUM FROM A PATIENT WITH
MvYOCARDIAL INFARCTION ILLUSTRATING ELEVATION OF
THE a, PEAK

Note small activity adsorbed at the origin. The lactic
dehydrogenase activity is indicated by the solid line and
malic dehydrogenase activity by the broken line.

whereas an elevation of the «, peak of both MDH
and LDH was observed in sera from two cases of
chronic lymphatic leukemia. Elevation of the o,
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F16. 4. DISTRIBUTION - OF MALIC AND LaActic DERY-
DROGENASE AcCTIVITY IN HEMOLYSATE FRoM HuMAN RED
CELLS .

Slight activity remains adsorbed at the origin. The
lactic dehydrogenase activity is indicated by the solid
line and malic dehydrogenase by the broken line.
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peak of LDH activity in cases of myocardial in-
farction and of the «, peak of LDH activity in
cases of leukemia has been reported previously
3).

Hemolysates obtained from human red cells,
separated electrophoretically and analyzed for
MDH and LDH revealed activity peaks similar
in mobility to those found in serum (Figure 4).
The activity peaks in the fractions of the hemoly-
sate corresponding to the a, and a, peaks of se-
rum occurred in regions where the protein con-
centration was extremely low. From the point
of view of purification of these dehydrogenases, it
is of interest that the ratio between the activity of
the enzymes and the concentration of protein in
the hemolysate fractions greatly exceeds the ac-
tivity protein ratio in the serum fractions.

The results of the determinations of the pH
optima in each of the three peaks of the red blood
cell hemolysate are shown in Figure 5. The pH
optima for both MDH and LDH activity in the
fraction of the hemolysate corresponding in mo-
bility to the a,-globulin was 8.2. The MDH and
LDH activity in the hemolysate fraction corre-
sponding in mobility to the «;-globulin was found
to be maximal at 8.5, but in the hemolysate frac-
tion, corresponding in mobility to the B-globulin,
the optimum pH for MDH differed from that for
LDH. A pH of 89 was required for maximum
MDH activity, whereas the optimum pH for LDH
activity was 8.0.

Experiments with ethlyenediaminetetraacetic
acid and p-chloromercuribenzoate showed that un-
der the conditions employed, approximately 50 per
cent inhibition occurred in each of the three ac-
tivity peaks for both MDH and LDH.

DISCUSSION

Two of the three dehydrogenases in serum and
red blood cells which reduce oxalacetate are in-
distinguishable in electrophoretic mobility and in
pH optima from those which reduce pyruvate. A
further indication of the similarity of the enzyme
producing these two activity peaks is that the ele-
vation of the «, peak found in serum from pa-
tients with myocardial infarction occurs with
either pyruvate or oxalacetate as substrates. Simi-
larly, €levation of the «, peak found in serum
from patients with leukemia is present with either
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substrate. Alterations in the electrophoretic con-
ditions have failed thus far to separate the dehy-
drogenase activities obtained in the o, and a,
peaks. In contrast, the activities in the B-globu-
lin peak are clearly separable and thus more than
one enzyme must be present.

In this connection it is pertinent that Meister
has shown that many different a-keto and e-diketo
acids, including oxalacetic acid, can serve as sub-
strates for LDH obtained from rabbit muscle
(7). In addition, Davies and Kun have described
several a-hydroxy dicarboxylic acids which act as
substrates for MDH obtained from pig heart (8).
Recently, alcohol dehydrogenase from yeast has
been shown to oxidize lactate and reduce pyru-
vate (9).

The finding of three dehydrogenases in serum
which reduce pyruvate and of three which reduce
oxalacetate is in harmony with recent evidence
for the heterogeneity of enzymes previously
thought to be homogeneous, and suggests that the
elevated levels of total serum LDH and MDH
found in many disease states (5, 10-12) should
be evaluated in the light of this heterogeneity.
The restriction of elevated levels of MDH and
LDH activity to the a, peak in cases of leukemia
and to the a, peak in cases of myocardial infarction,
suggests that considerably more information may
be obtained concerning dehydrogenase activity in
disease states when fractionation is performed
than when the measurement of activity is con-
fined to whole serum.

Additional evidence for the heterogeneity of
LDH is provided by Neilands, who demonstrated
that crystalline LDH prepared from beef heart
muscle, although monodisperse in the ultracentri-
fuge, exhibits two peaks of activity following

675

R
20} M

3
S
J

Units activity

b

[+] Y P W U W N
16 810 84 88 92
pH
F16. 5. Curves SHowinG PH OpTiMA FOR THE THREE

Peaks oF Activity OBTAINED FROM RED CELL HEMOLY-
SATE

The lactic dehydrogenase activity is indicated by the
solid line and malic dehydrogenase by the broken line.

electrophoresis (7, 13). Wieland and Pfleiderer
have also observed the existence of more than one
enzyme with LDH activity (14) in several or-
gans of the rat. Different forms of pepsin (15),
chymotrypsin (16), cytochrome c¢ (17), ribo-
nuclease (18), lysozyme (19), and enolase (20)
also have been described.

Ultracentrifugation studies have failed thus far
to demonstrate conclusively whether or not the
LDH activity in serum is attributable to more
than one component (21). Indeed the possibility
that a single protein with polymeric forms, as in
the case of muscle phosphorlylase (22), might
yield three electrophoretic peaks of activity can-
not be entirely ruled out. Moreover, the experi-
mental evidence presented in this paper does not
eliminate the possibility of the existence of two

TABLE 1

Malic dehydrogenase activity in serum fractions

Per cent total activity

No. of Total
cases activity 8 ap a Origin ay/ay
Controls 10 316 46 - 26 19 -9 1.4
(224-450) (40-54) (18-30) (14-25) (0-18) (1.0-1.7)
Mpyocardial infarction 2 604 32 19 47 12 0.4
473 28 20 41 11 0.4
Leukemia 2 233 38 49 13 0 3.7
261 37 43 20 0 2.1
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chemically distinguishable enzymes (MDH and
LDH) in the a, peaks and of two different de-
hydrogenases in the a, peaks. However, since
zone electrophoresis and pH optima have failed
to reveal differentiating characteristics, the pos-
sibility that MDH and LDH activity in the a,
peaks may be attributable to one enzyme, and that
one enzyme may be responsible for MDH and

LDH activity in the «, peaks, should not be sum-

marily dismissed. :

The suggestion (23) that the three peaks of
xanthine dehydrogenase activity, which have been
demonstrated electrophoretically in rat serum, are
attributable to binding by lipoproteins does not
apply to LDH. High speed centrifugation in a
density gradient did not reveal significant activity
in those fractions rich in lipoproteins.

Purified preparations of MDH and LDH iso-
lated from tissues have been shown to possess
distinguishable physical properties and substrate
specificities (7, 24). However, these observa-
tions are not discordant with the results of this
study, since enzymes performing similar functions
in different tissues do not always have the same
substrate specificities (25).

SUMMARY

1. Human serum separated electrophoretically
was found to exhibit three regions of MDH ac-
tivity. In 10 control subjects the percentage of
MDH activity in each peak remained relatively
constant, although the total activity in serum varied
widely. Hemolysates from red cells separated
electrophoretically revealed three peaks of de-
hydrogenase activity similar to those found in
serum,

2. The MDH activity peaks in the a,-globulin
and between the a,-globulin and albumin corre-
sponded in mobility and in pH optima to the LDH
activity found in the same regions. Alteration in
the electrophoretic conditions thus far employed
have failed to separate the proteins acting on these
substrates in the two activity peaks. However,
the LDH activity peak in the B-globulin differed
from the MDH activity peak, both in electropho-
retic mobility and pH optima.

3. The similarities between the «, activity peaks
of MDH and LDH raise the question of whether
the a, peaks may be due to a single protein which
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can act on either substrate. Similarly, the pos-
sibility that the &, peaks of MDH and LDH ac-
tivity may also be produced by one enzyme is dis-
cussed. Further studies will be required to settle
these questions.

4. It is suggested that the multiplicity of the de-
hydrogenase enzymes in serum should be con-
sidered in evaluating observations of total enzy-
matic activity in disease states.
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