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Wolfe and Neilands (1956), introducing a zinc=ethanol step into the method of puri-

fication for malic dehydrogenase first reported by ?fraub (1942), obtained an homogeneous
preparation of the enzyme from acetone-dried powders of whole pig heart, and reported it
to have a molecular weight of 40,000 + 5,000. Applying the essential features of the
Straub procedure (1942) to acetone~dried powders of ox heart mitochondria, Davies and

Kun (1957) prepared a purified malic dehydrogenase with a reported molecular weight of
15,000~-20,000 and which also differed markedly in other physical constants from the enzyme
isolated by Wolfe and Neilands (1956) from pig heart. Although the reported physical dif-
ferences may represent actual species characteristics, the possibility that malic dehydro~
genase occurs in several different molecular forms was considered by Davies and Kun (1957)
and is inherent in the prior observation of Wolfe (1955) that the pig heart enzyme was
separable into two active fractions by chromatography on carboxymethylcellulose. Support
for the concept of multiple molecular varieties of malic dehydrogenase may also be inferred
from recent reports (Christie and Judah, 1954; Delbruck, Zebe and BUcher, 1959; Delbrick,
Schimassek, Bartsch and Blcher, 1959; Wieland et al, 1959) of "cytoplasmic™ and "mitochondrial®

preparations differing in electrophoretic mobility and kinetic properties.
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A characteristic inhibition of "mitochondrial™ malic dehydrogenase by high concen-
trations of oxaloacetate has been described (Delbruck, Zebe and Bicher, 1959; Delbruck,
Schimmassek, Bartsch and Bcher, 1959) and demonstrated to apply to the enzyme obtained
from acetone-dried ox heart mitochondria (Davies and Kun, 1957) or acetone~-dried pow-
ders of whole pig heart (Pfleiderer and Hohnholz, 1959). The latter preparation was made
using conditions more closely adhering to those of the original procedure of Straub (1942).
The marked differences between reported physical properties of these preparations, both
presumably mitochondrial in origin, may therefore actually reflect species differences between
the enzymes per se. In view of the fact that a "mitochondrial® enzyme was prepared directly
from whole pig heart, it was thought feasible to isolate the corresponding lower molecular
weight enzyme from whole beef heart without first engaging in tedious separation of mito-
chondria. If such a procedure were successful it should provide large quantities of "mito-
chondrial® malic dehydr§genase of beef heart, a prerequisite for proposed structural studies
of that enzyme. In tum, the latter program is part of our larger aim to determine the per-
tinent structural features of representative enzymes catalyzing stereospecific hydrogen trans-
fer reactions. The present communication, therefore, reports the preparation and properties
of a purified *mitochondrial® malic dehydrogenase from beef heart muscle.

First, In agreement with observations reported for other tissues (Delbrlick, Zebe and
BScher, 1959; Delbrck, Schimassek, Bartsch and Bucher, 195?), we found that beef heart
muscle contains two forms of malic dehydrogenase which differ in sensitivity to inhibition
by oxaloacetate (see Table 1), From the ratics of enzymatic activities measured at low and
high oxaloacetate concentrations, it may be seen-in this table that “mitochondrial” enzyme,
recognized by its strong capacity for inhibition by oxaloacetate, is extracted from fresh
minces only when relatively drastic procedures are used for solubilization.

This enzyme, unlike "cytoplasmic® malic dehydrogenase, is relatively stable to treatment

with organic solvents, and can be extracted from acetone-dried powders of thoroughly washed

minces of whole beef heart. For purification, therefore, extracts of such powders were treated
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Table |

Differential Extraction of Beef Heart Malic Dehydrogenase

Conditions of sequential Number of ex-  Total units Specific Ratio of
extractions* fractions using  of malic de~ activity***  low:high
indicated con-  hydrogenase oxaloace~
ditions in supernate** tate assay
Mechanical stirring with i 431 9.5 1.12
0.25 M sucrose + 0.01 M 2 45 - 1.15
triethanolamine pH 7.3 3 14 - 1.22
Homogenization in teflon 1 55 - 2,25
homogenizer with 0.25 M 2 28 - 2,50
sucrose + 0,01 M triethan~- 3 22 - 2.62
olamine pH 7.3~
Homogenization in glass 1 2n 15.8 3.17
homogenizer with 0,1 M 2 46 - 2.32
Homogenization in high 1 115 35.8 2.47
speed Lourdes homogenizer 2 46 - 2,44
with 0.1 M K-PO4 pH 7.4 3 19 - 2.40

The conditions for assaying malic dehydrogenase activity were the same as those described

by Delbrick, Zebe and Bucher (1959). The low oxaloacetate assays were run at a substrate
concentration of 1.2x10~4 M and the high oxaloacetate assays at a concentration of 1 .2x10'3M.
Initial rates of DPNH oxidation were recorded with a Cary Spectrophotometer at 360 my.

*  After each extraction the supematant fraction was collected by centrifugation between
78,000 and 105,000 x g for 20 minutes in a preparative Spinco ultracentrifuge. The residue
was then quantitatively recovered and subjected to a subsequent indicated extraction
procedure,

** Expressed as pmoles of DPNH oxidized per minute per gram wet weight of freshly minced
tissue as assayed at the low oxaloacetate concentration. The recovery of malic dehydro-
genase activity for the combined fractions was equivalent to that of an independent experi-
ment in which the tissue was exhaustively extracted by the single procedure of blending
in a Lourdes high speed homogenizer with 0.1 M K-POy4 pH 7.4.

*** Expressed as pmoles of DPNH oxidized per minute per mg of protein as assayed af the low
oxaloacetate concentration.

by the method of Straub (1942) as modified by Ochoa (1955). The finai treatment with

ammonium sulfate, however, was carried out in a stepwise manner between 60 and 75 per cent

saturation, and a number of active fractions obtained. Those with the highest specific ac-
tivities were equilibrated by dialysis with 30 per cent ammonium sulfate solution also 0.2 M

with respect to potassium phosphate buffer, pH 7.4. These fractions were next heated at 60°

255



Vol.3,No.3 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS = Sept.1960

for 2 minutes and centrifuged. The controlled heating step resulted in removal of considerable
non-specific protein. Enzyme preparations obtained in this manner had considerably higher
specific activities than malic dehydrogenase isolated from acetone-dried powders of ox heart
mitochondria or whole pig heart (Table ).

Table 1l

Comparison of Whole Beef Heart Acetone Powder Malic Dehydrogenase
With Other Reported Preparations

Properties Enzyme from acetone~ Enzyme from acetone- Enzyme from acetone:
dried powders of whole dried powders of ox dried powders of
beef heart heart mitochondria*  whole pig heart**

D%y 6.45x10~7cm2sec-1 13.5x10~7cm2sec1 8.47x10-7cm2sec-1

5°20 4.3x10"135ec 2.1x10"135ec 3.6x107135ec

Molecular weight 62,000 15,000-20,000 40,000 + 5000***

Isoelectric point 5.5 - 5.6 b YK 6.1-6.4

Turnover numbers****

a) DPNH oxida- 1493 750 950
tion at pH 7.4 in
phosphate buffer

b) DPNT reduction 527 306 ' 243

at pH 10.0 in gly-
cine-NaOH buffer

*  Data from Davies and Kun (1957).

** Data from Wolfe and Neilands (1956).

*#* Pyrification of malic dehydrogenase from acetone~dried powders of whole pig heart by
the method of Straub (1942) as modified slightly by Ochoa (1955), yielded a homogene-
ous preparation with a molecular weight of approximately 56,000 (Englard and Franzblau,
unpublished data).

**#* Expressed as pmoles of either DPNH oxidized or DPN* reduced per minute per mg of pro-
tein. The assay conditions for the comparative turnover numbers, although similar, were
not identical.

The characferisﬁc inhibition of "mitochondrial* malic dehydrogenase by high éoncen-
trations of oxaloacetate was evident with the present preparation at a substrate level as
low as 2.7 x 10~* M when assayed in 0.5 M K~PO, at pH 6.7. The kinetic data with
malate obtained with the present enzyme, represented graphically in a double reciprocal

plot, 1/v against 1/5, (Lineweaver and Burk, 1934) yield a slope which increases with in-
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creasing substrate concentration (assay buffer, 0.1 M glycine-NaOH, pH 10.0). This anoma-
lous behavior was observed by Wolfe and Nielands (1956) and Davies and Kun (1957) with
their respective preparations, and is unlike the behavior of the beef heart ®cytoplasmi c*
malic dehydrogenase. The latter enzyme is inhibited by higher concentrations of malate
(Englard et al., 1960).

Electrophoretic analysis at various pH values ranging from 4.5 to 6.9 revealed only a
single component, and measurements of mobilities permitted assignment of an isoelectric point
at pH 5.5-5.6. The purified enzyme sedimented in the ultracentrifuge as a single compo-
nent with an S°20 value of 4.3 x 10-13 sec, and exhibited a D°20 value of 6.45 x 10~/

cm2

sec™1. Using these data and assuming a partial specific volume of 0.74 mi~gm-1, a
molecular weight of approximately 62,000 was calculated.

Although the enzyme purified from extracts of acetone-dried powders of beef heart
behaves kinetically like "mitochondrial™ malic dehydrogenase, it differs greatly in molecu~
lar properties from enzyme isolated from acetone~dried powders of ox heart mifoch;:ndria.

It more closely resembles malic dehydrogenase prepared from acetone-dried powders of

whole pig heart (see Table I1).
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