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Subunit Dissociation of Mitochondrial Malate

Dehydrogenase’

Joseph D. Shore* and Saroj K. Chakrabarti

ABSTRACT: Fluorescence polarization studies of porcine
mitochondrial malate dehydrogenase labeled with fluo-
rescein isothiocyanate or fluorescamine indicated a concen-
tration-dependent dissociation of the dimeric molecule with
a Kp of 2 X 1077 N at pH 8.0. These results were con-
firmed by the concentration dependence of the stability of
the enzyme at elevated temperatures and the creation of hy-
brid molecules with fluorescein and Rhodamine B labeled
subunits, in which energy transfer was observed. The bind-

Malate dehydrogenase (EC 1.1.1.37) from porcine
heart mitochondria is a dimeric enzyme (Devenyi et al.,
1966) with a molecular weight of 70 000 (Thorne and Ka-
plan, 1963), able to bind two molecules of NADH per
dimer (Pfleiderer and Auricchio, 1964). Considering the
anomalous kinetics reported for the enzyme (Harada and
Wolfe, 1968) and our experience of instability of dilute so-
lutions of the enzyme, the possibility of a monomer~dimer
equilibrium was studied. The report of a monomer-dimer
equilibrium for beef heart cytoplasmic malate dehydroge-
nase (Cassman and King, 1972) provided further interest in
evaluating this possibility. Fluorescence techniques provid-
ed convenient and rapid methods for demonstrating and
studying this equilibrium.

The polarization of fluorescence of a protein molecule co-
valently labeled with a fluorescent dye provides a sensitive
method for the determination of rotational relaxation times
(Weber, 1953), which would be expected to change with the
degree of association of enzyme subunits. It has also been
reported that protein association can be studied by singlet
energy transfer between species labeled with different chro-
mophores (Gennis et al., 1972). These techniques can be
used to demonstrate the equilibrium between monomer and
dimer and to determine the effects of coenzyme binding.

In the present study, fluorescence polarization of mito-
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ing of NADH resulted in a small shift of the subunit disso-
ciation curve toward monomer, demonstrating that mono-
mer has twice the affinity for reduced coenzyme. NAD™*
binding prevented dissociation of the dimer, even at concen-
trations below 10~% N. These results indicate that binding
of reduced or oxidized coenzymes results in different con-
formation changes, which are transferred to the subunit in-
terface.

chondrial malate dehydrogenase covalently labeled with
fluorescent dyes was determined as a function of enzyme
concentration in the presence and absence of coenzymes. In
addition, hybrid dimeric enzyme was created using donor-
acceptor dye pairs and was used to evaluate the effects of
NADH binding on the subunit dissociation.

Materials and Methods

Coenzymes and substrates were purchased from Sigma
Chemical Company and used without further purification.
Pig heart mitochondrial malate dehydrogenase was pur-
chased from Miles-Seravac (Batch 95 AB) and exhibited
maximum fluorescence at 307 nm when excited at 280 nm,
indicating the absence of tryptophan-containing proteins.
Enzyme activity was determined by the method of Gregory
et al. (1971). The concentration of active enzyme was de-
termined by titration with NADH in the presence of hy-
droxymalonate at pH 6.4 by the method of Holbrook and
Wolfe (1972).

The reagents used for fluorescence labeling of the en-
zyme were fluorescein isothiocyanate on Celite purchased
from Calbiochem, Rhodamine B isothiocyanate purchased
from Sigma Chemical Company, and fluorescamine pur-
chased from Roche diagnostics. Fluorescein-labeled enzyme
was prepared by adding 1 mg of fluorescein isothiocyanate
on Celite to 4 ml of 30 uN enzyme in 0.05 M (pH 8.0) Tris-
acetate buffer and stirring for 0.5 h at 4 °C. The amount of
fluorescein labeling was determined by the absorbance at
490 nm, using an extinction coefficient of 3.4 X 104 1.1 M
cm™! (Churchich, 1967). The preparations consistently
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FIGURE 1: Fluorescence polarization vs. log of fluorescein-labeled
MDH concentration. (O) Free enzyme; (a) enzyme in presence of 25
uM NADH; (X) enzyme in presence of 10 mM NAD+. Excitation,
490 nm; emission, 520 nm.

contained 0.5 + 0.2 fluorescein molecule per equivalent of
enzyme. Although it was possible, using higher fluorescein
and enzyme concentrations, to obtain a product with as
many as two fluorescein molecules per enzyme equivalent
without activity loss, care was taken to not do this since the
fluorescence polarization measurements would be distorted
by energy transfer between chromophores. Rhodamine B
labeling was carried out by adding 0.3 ml of a 0.5 mg/ml
solution in the isothiocyanate in acetone to 4 ml of 30 uN
enzyme in 0.05 M (pH 8) Tris-acetate buffer, followed by
stirring for 2 h at 4 °C. The degree of labeling with Rhoda-
mine B was determined by the absorbance at 550 nm, using
an extinction coefficient of 1.23 X 104 1.”! M cm™! (Chen,
1969). The preparations obtained contained 2 £+ 0.5 Rhoda-
mine B molecules per equivalent of enzyme. The higher de-
gree of labeling with Rhodamine B as compared to fluo-
rescein facilitated energy transfer studies since the fluores-
cence yield of the fluorescein-labeled enzyme is considera-
bly higher. Fluorescamine-labeled enzyme was prepared by
adding 0.5 ml of a 1 mM solution of dye in acetone to 4 m!
of 30 uN enzyme in 0.2 M (pH 9.0) borate buffer. Subse-
quent to labeling with all three reagents the enzyme was
separated from free label by Sephadex G-25 chromatogra-
phy. Activity determinations indicated that less than 10% of
the enzyme activity had been lost due to labeling.

Fluorescence spectra were obtained with a Farrand spec-
trofluorimeter, and are not corrected for variations in lamp
intensity or photomultiplier sensitivity with wavelength.
Fluorescence polarization was determined with the Farrand
instrument, using Polacoat filters. Polarization was calcu-
lated using the equation P = (| — GL)/(|| + G L), where
| represents vertical excitation and emission polarizer, L
represents a vertically polarized excitation and horizontally
polarized emission, and G represents a correction factor
consisting of the ratio of vertical to horizontally polarized
emission with excitation in the horizontal plane (Azumi and
McGlynn, 1962). The precision of the polarization mea-
surements was +2% of the measured value at the lowest
concentrations studied. All studies were performed at 23 °C
in 0.05 M Tris-acetate buffer at pH 8.0.

Results

The polarization of fluorescence of fluorescein-labeled
enzyme was determined at various concentrations. A plot of
polarization vs. concentration of enzyme subunits is given in
Figure 1. As the enzyme was diluted the polarization fell
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FIGURE 2: Fluorescence polarization vs. log of fluorescamine-labeled
MDH concentration. (O) Free enzyme; (A) enzyme in presence of 25
uM NADH; (X) enzyme in presence of 10 mM NAD™. Excitation,
395 nm; emission 480 nm.

from a level of 0.26 at 11 uN enzyme to 0.18 at 0.018 uN
enzyme, the lowest concentration studied. In the presence of
25 uM NADH, the curve was shifted toward lower polar-
ization values, but in the presence of 10 mM NAD™ the en-
zyme remains in a form resulting in a high fluorescence po-
larization. The gradual slope of the line in the presence of
10 mM NAD? is a real phenomenon and most probably
due to the fact that, with a dissociation constant of 0.5 mM
for NAD* (Holbrook and Wolfe, 1972), the enzyme is only
95% saturated with oxidized coenzyme. Since both NAD+
and NADH absorb and emit light in a wavelength region
far from the fluorescein signal being monitored, the ob-
served changes can be assumed to be due to properties of
the labeled enzyme rather than the coenzymes.

In order to reaffirm the phenomenon, the experiment was
repeated using fluorescamine-labeled enzyme. The results
(Figure 2) were identical with those obtained using fluo-
rescein-labeled enzyme. Dilution of the enzyme from a con-
centration of 1073 to 7.6 X 10~° N resulted in a decrease in
fluorescence polarization from 0.27 to 0.19. In the presence
of 10 mM NADT the polarization change due to dilution
was slight, while in the presence of 25 uM NADH the curve
was shifted to the right. Although there is some overlap be-
tween the emission spectra of fluorescamine-labeled enzyme
and NADH, the quantum yield of the fluorescamine-la-
beled enzyme was so much higher than that of the reduced
coenzyme that the contribution of NADH to the polariza-
tion signal was negligible at the instrument sensitivity used.

Since changed polarization could be due to either a
changed rotational relaxation time or an altered fluores-
cence lifetime, the lifetime of the fluorescein-labeled en-
zyme was determined at concentrations of 1075 and 5 X
108 N using a TRW nanosecond fluorimeter and a Tektro-
nix Model 5504 sampling oscilloscope. The lifetimes of both
samples were 5 + 0.5 ns, indicating that the changed polar-
ization due to dilution was not the result of a changed life-
time of the fluorescein-labeled enzyme.

The most reasonable explanation for a decreased rota-
tional relaxation time due to dilution of the enzyme would
be dissociation of the dimeric enzyme to monomers. Since
the native state of the enzyme is a dimer, it seemed feasible
that the monomer would be less stable than the dimer. Con-
sequently, the inactivation of the enzyme by elevated tem-
perature was determined at 4 X 10~6and 1.5 X 107 N en-
zyme concentrations. These experiments were performed
using native enzyme, which had not been labeled with fluo-
rescent dyes. The results (Figure 3) demonstrated that the
stability of the enzyme at 30 °C is very dependent on en-
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FIGURE 3. Stability of malate dehydrogenase at 30 °C. (a) 4.0 uN
enzyme; (O) 0.15 uN enzyme.

zyme concentration. In 4 h almost no activity loss occurred
in the concentrated solution while the dilute enzyme be-
came 50% inactivated.

The existence of a monomer-dimer equilibrium should
enable creation of hybrid molecules in which each subunit is
labeled with a different dye, by mixing concentrated solu-
tions of enzyme covalently labeled with the two dyes. Al-
though it is not possible to isolate the hybrid molecules, a
proportion of the molecules in the mixture will be hybrids,
depending on the molar ratio of the labeled species. If a
suitable dye pair is chosen, with the emission spectrum of
the donor overlapping the excitation spectrum of the accep-
tor, the population of hybrid molecules will provide a conve-
nient signal for monitoring subunit dissociation by singlet-
singlet energy transfer. The fluorescent dye pair chosen for
hybrid formation was fluorescein and Rhodamine B. Figure
4 shows the emission spectrum of a mixture of 2 uN fluo-
rescein-labeled enzyme and 6 uN Rhodamine-labeled en-
zyme, excited at 490 nm. For comparison, the emission
spectrum of the same concentration of fluorescein-labeled
enzyme was included. The Rhodamine B labeled enzyme
showed no fluorescence emission in the 550-600-nm region
with 490-nm exciting light at the instrument sensitivity
used. It can be seen that the fluorescence of the fluorescein-
labeled enzyme is quenched in the mixture, with the con-
comitant appearance of a peak at 580 nm. The relatively
small effect can be accounted for by the low red response of
the 1P-28 photomultiplier tube, the presence of a dimer
species containing fluorescein on both subunits, the sub-
stantially higher quantum yield of fluorescein, and the dis-
tance between the chromophores on the molecules of hybrid
dimer.

Excitation spectra and polarization excitation spectra
were also made with the hybrid mixture, using emission at
590 nm. The results, shown in Figure 5, indicate that ener-
gy transfer has occurred in the mixture. The appearance of
a double peak in the mixture containing hybrid, and the po-
larization value of 0.145 at 490 nm compared with 0.26 for
comparable concentrations of fluorescein-labeled enzyme
with emission measured at 520 nm, demonstrate the exis-
tence of energy transfer. Between 490 and 540 nm, the po-
larization rises to a new level since the chromophore being
observed changes from fluorescein to Rhodamine B, with
the level observed below 540 nm being a function of both
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FIGURE 4: Emission spectra of fluorescein-labeled MDH and the fluo-
rescein-Rhodamine B hybrid with excitation at 470 nm. (—) 2 uN flu-
orescein labeled enzyme; (- ~ -) 2 uN fluorescein-labeled enzyme in
the presence of 6 uN Rhodamine B labeled enzyme.
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FIGURE 5: Excitation (—) and fluorescence polarization excitation
(~—-) spectra of the fluorescein-Rhodamine B hybrid MDH. The mix-

ture contained 1.5 uN fluorescein-labeled enzyme and 4.5 uN Rhoda-
mine B labeled enzyme. Emission was measured at 595 nm.

the apparent lifetime of the fluorescein and the orientation
between the donor and acceptor molecules. At the concen-
trations of enzyme used, it can be assumed that only dimers
are present.

The dissociation of a hybrid enzyme dimer into its com-
ponents should result in loss of energy transfer since the dis-
tance between the subunits will be too great. This is an all
or none phenomenon since only those subunits in a dimeric
state can transfer energy. Consequently, excitation of the
donor with measurement of the sensitized fluorescence of
the acceptor provides a convenient signal for measuring
subunit dissociation. The data presented in Figures 1 and 2
indicate that NADH binding results in a shift of the mono-
mer-dimer equilibrium in the direction of greater dissocia-
tion. This effect was monitored by titrating the mixture
containing fluorescein-Rhodamine B labeled hybrid with
NADH (Figure 6). The fluorescence was monitored using
1976 877
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FIGURE 6: Titration of fluorescein-Rhodamine B hybrid MDH with
NADH. The mixture contained 1.5 uN fluorescein-labeled enzyme and
4.5 yN Rhodamine B labeled enzyme. Excitation, 490 nm, emission,
590 nm.

excitation at 490 nm and emission at 590 nm, with the sig-
nal expanded to give a relative fluorescence value of 100.
Addition of reduced coenzyme resulted in loss of energy
transfer, although a constant level was not attained as
would be expected from the reported (Holbrook and Wolfe,
1972) hyperbolic binding of NADH. At the end of the titra-
tion oxaloacetate was added resulting in a return of the en-
ergy transfer level to 90%. The failure to return to 100%,
and continual gradual sloping above 10 uM NADH, are
most probably due to inactivation of monomeric species as
the titration progressed. Since the wavelengths used in this
titration were quite far from the excitation peak of the
NADH at 340 nm, the changes observed in the transfer sig-
nal must be due to the dye-labeled enzyme.

Discussion

Past studies, using ultracentrifugation (Wolfe and Nei-
lands, 1956) and gel filtration (Pfleiderer and Auricchio,
1964), indicated that the molecular weight of pig heart mi-
tochondrial malate dehydrogenase is approximately 70 000.
It has also been established (Pfleiderer and Auricchio,
1964, Holbrook and Wolfe, 1972) that the enzyme binds
two molecules of NADH per mole. Peptide fingerprinting
(Devenyi et al., 1966) demonstrated that the enzyme con-
tains two subunits of identical composition. Since these
physical methods used for molecular weight determination
were performed at high enzyme concentration, the enzyme
form showing a higher level of fluorescence polarization
represents the dimeric species.

The dissociation of the dimer to monomer in our studies
is indicated by several types of evidence. The decrease in
fluorescence polarization due to dilution, with an un-
changed lifetime of the fluorescein-labeled enzyme, indi-
cates a diminished average rotational relaxation time. The
possibility that the polarization changes observed with fluo-
rescein-labeled enzyme are due to noncovalently bound dye
dissociating from the enzyme upon dilution has been con-
sidered. Extensive dialysis of labeled enzyme, and rechro-
matography on Sephadex G-25, did not change the polar-
ization levels or the dilution effect. This possibility can also
be ruled out by the results of Figure 2 with fluorescamine-
labeled enzyme, since this dye does not fluoresce unless it
has covalently reacted with a primary amino group. Anoth-
er possible artefact would be the presence of inactive en-
zyme molecules which can dissociate. However, the almost
878 BIOCHEMISTRY, VOL.
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complete activity recovery after labeling, which was fre-
quently 100%, would tend to rule out this possibility. The
curves obtained in Figures 1 and 2 correspond to a dissocia-
tion constant of approximately 2 X 107 N for the dimeric
enzyme.

In studies currently in progress, we have been able to re-
generate the dimer polarization level by adding an excess of
unlabeled enzyme to 10~7 N labeled enzyme. This would
indicate that the dissociating species is not an inactive pro-
tein, or is at least able to exchange with active enzyme sub-
units. It also provides evidence that the dissociation phe-
nomenon is not a unique characteristic of labeled enzyme,
as do the heat inactivation data. The results of Figure 3 in-
dicate that the monomer is less stable to heat inactivation
than the dimer, and provide further evidence for dimer dis-
sociation since 1077 N enzyme was inactivated much more
rapidly than 4 X 1076 N enzyme. Regarding the possibility
of the heat inactivation results being due to surface dena-
turation, the concentration of dilute enzyme in Figure 3,
10-7 N, is considerably higher than usually reported for
surface denaturation. Furthermore, the time dependence of
activity loss and stability of 10~7 N solutions at lower tem-
peratures would argue against a major role of surface ef-
fects in the inactivation. Hybrid formation with fluorescein
and Rhodamine B labeled enzymes also substantiates the
existence of a dimer-monomer equilibrium.

It is impossible to accurately calculate the expected po-
larization values for the malate dehydrogenase monomer
and dimer without making assumptions regarding specifici-
ty of labeling, molecular shape, degree of hydration, and
flexibility of the molecule. However, a model calculation as-
suming a Py value of 0.45 for fluorescein dimer and mono-
mer, spherical shape for both with dimer having twice the
volume of monomer, and a polarization of 0.3 for dimer re-
sults in a calculated value of 0.22 for the polarization of
monomer. The results obtained are thus not incompatible
with a dimer dissociation, although the approximate nature
of these calculations must be recognized.

The intramitochondrial concentration of malate dehydro-
genase is high enough to ensure that the enzyme is a dimer
in vivo. Nevertheless, the phenomenon of subunit dissocia-
tion in dilute solution provides a useful probe of both the ef-
fects of ligands on conformation and interaction between
subunits. The decreased subunit dissociation of dimer due
to NAD?* binding and shift in the dissociation curve due to
NADH binding indicate that both ligands are causing con-
formational changes. Since the effects are different, oxi-
dized and reduced coenzyme must be causing different con-
formational changes. Furthermore, since both ligands affect
the equilibrium between dimer and monomer, the confor-
mational changes are transferred to the subunit interface.
Although it is a likely possibility, these studies do not con-
clusively demonstrate that the conformational changes due
to coenzyme binding affect the binding or kinetic properties
of the active site on the adjacent subunit.

The titration of fluorescein-Rhodamine B hybrid enzyme
with NADH, resulting in a decrease of sensitized fluores-
cence, further supports the shift toward monomer indicated
by the fluorescence polarization studies of Figures 1 and 2.
The results obtained in Figure 6 indicate a dissociation con-
stant for NADH of the same general magnitude as that re-
ported by Holbrook and Wolfe (1972). It is necessary to
reconcile the hyperbolic binding reported for reduced coen-
zyme in that study with the subunit dissociation. Since the
shift in the subunit dissociation constant due to NADH
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binding is approximately twofold (Figures 1 and 2), this
would indicate that monomer binds reduced coenzyme with
twice the affinity of dimer. A fluorimetric study of NADH
binding to the enzyme, performed at enzyme concentrations
under which the enzyme was primarily in the dimeric form
even after coenzyme was bound, could not discern a twofold
difference in dissociation constants. On the other hand, oxi-
dized coenzyme binding at low enzyme concentrations
should show marked effects, since the results of Figures 1
and 2 indicate that the dimer binds NADY at least an order
of magnitude more tightly than the monomer. If the disso-
ciation constant of a monomer-dimer equilibrium is af-
fected by coenzyme binding, the two processes must be
thermodynamically linked (Ackers and Halvorson, 1974).
Regardless of the pathway, the affinity of NAD* for dimer
will be much greater than for monomer. This aspect of the
enzyme reaction mechanism is currently being investigated.
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Lipoprotein Lipase: Evidence for High- and Low-Affinity

Enzyme Sites

C. J. Fielding

ABSTRACT: The kinetic constants for membrane-supported
lipoprotein lipase have been determined for the enzyme ac-
tive in lipoprotein triglyceride catabolism in perfused heart
and adipose tissues, using a nonrecirculating system. Heart
endothelial lipoprotein lipase reacted as a single population
of high-affinity substrate binding sites (K" 0.07 mM tri-
glyceride). K (apparent Michaelis constant for the sup-
ported enzyme species) was independent of flow rate and
the enzyme was rapidly released by heparin, suggestive of a
superficial membrane binding site. Lipoprotein lipase active

In a previous study (Fielding and Higgins, 1974) it was
shown that the kinetic activity of membrane-supported lipo-
protein lipase, based on a theoretical treatment for flow
through an enzyme column (Lilly et al., 1966) followed pre-
dicted Michaelis-Menten kinetics for several lipoprotein
substrates in a recirculating perfusion system. Such tech-
niques provide a means of investigating the behavior of
membrane-enzyme complexes whose lability has precluded
their isolation, as is the case for the lipoprotein lipase sys-
tem. They can also be used to determine the effect of the
support environment, for example its electrical charge, on

t From the Cardiovascular Research Institute, University of Califor-
nia, San Francisco, California 94143. Received September 19, 1975.
This work was supported by Grant No. HL 14237 from the U.S. Public
Health Service and 73-708 from the American Heart Association dur-
ing tenure of Established Investigatorship 70-142 of the American
Heart Association.

in perfused adipose tissue had significantly different kinetic
properties, including a low substrate affinity (Km” 0.70 mM
triglyceride), diffusion dependence of K, at low flow rates,
and slow release of enzyme by heparin. Adipose tissue may
contain a small proportion of high affinity sites. While only
a small proportion of total heart tissue lipoprotein lipase
was directly active in triglyceride hydrolysis, this study
suggests that the major part of lipoprotein lipase in adipose
tissue may be involved in the hydrolysis of circulating lipo-
protein triglyceride.

the kinetic characteristics of enzyme systems (Goldstein,
1972). Although the lipoprotein lipase system was appar-
ently the first in which a natural membrane system was
studied in this way, the techniques had been previously vali-
dated for several systems of soluble enzymes which had
been immobilized on cellulose or polyacrylamide supports
(Lilly et al., 1966; Goldman et al., 1971; Bunting and Lai-
dler, 1972). It can be shown that, at low flow rates, while
maximum reaction velocity is unchanged, the apparent Mi:
chaelis constant for the membrane-associated enzyme
species becomes flow dependent below a limiting rate
(Hornby et al., 1968; Sundaram et al., 1970). The apparent
Km'* value is dependent upon the rate constant of the en-

! Abbreviations used in this paper are: Sy, flotation index at solvent
density 1.063 g/ml; Vimax’, Vmax, maximal reaction velocities for the
supported and soluble enzyme species; Ky, Km, apparent Michaelis
constants for the supported and soluble enzyme species.
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