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Lactate dehydrogenase (LDH) has been reported to be a tetramer of molecular
weight near 145,000, with a sedimentation coefficient at infinite dilution of 7.71S.1-3
Millar has shown that appreciable dissociation of the tetramer is observed at con-
centrations below 0.5 mg per ml and that the dilute enzyme in sodium chloride
solution will dissociate into a 5.5S dimer with one half the molecular weight of the
tetramer.1
Reasoning from this data, Reithel has proposed that the enzyme may be present

largely as a dimer under the dilute conditions (<1.0 gtg/ml) ordinarily employed
in an enzymatic assay.4 This would imply an active dimer form. Kaplan and
Chilson et al., on the other hand, feel that the tetramer is the active unit and that
the dimer is inactive.5' 6 This position is strengthened by the report of an apparent
decrease in specific activity of the enzyme at concentrations below about 1.0
/Ag/Ml.7
The direct measurement of the size of the lactic dehydrogenase molecule, as

indicated by its sedimentation coefficient, at concentrations many times more dilute
than those previously employed both in the presence and absence of substrate, has
been used to resolve some of the controversy concerning the nature of the active
particle.

Materials and Methods.-Bovine heart LDH, NADH, and sodium pyruvate were obtained from
Sigma Chemical Co. Substrate and coenzyme were used without further purification. The
enzyme was either desalted on a Sephadex G-50 column and used as the isoenzyme mixture or
separated into the H4 and H3M components which are the major isoenzymes in the preparation.
Separation was carried out using preparative polyacrylamide gel electrophoresis in a Buchler
apparatus using a modification of the procedure of Omstein and Davis.8

Protein was determined by 280-mnA absorbance following the procedure of Pesce et al.9 The
isoenzymes were stored in 50% saturated (NH4)2SO4 at pH 7.0 in elution buffer and desalted
using Sephadex gel filtration immediately prior to use.

Kinetic data was obtained at 250 using an assay procedure similar to that described by Kubo-
witz and Ott.10 Initial velocity was recorded by following the decrease in absorbance at 340 mnu
using a Cary model 14 recording spectrophotometer for the initial linear portion of the curve.
Sedimentation velocity experiments were performed with a Spinco model E ultracentrifuge using

the sedimentation assay technique of Cohen and Hahn.11 Samples of 0.06 ml of a 7.0 Aug/ml solu-
tion of enzyme were applied to the layering tube of a 30-mm Vinograd-type synthetic boundary
cell,12 and 1.55 ml of substrate solution containing 0.35 ml of 2.0 X 10-3M NADH, 0.3 ml sodium
pyruvate, and 2.29 ml of a NaCl-phosphate buffer identical to that used in the kinetic experi-
ments were added to the cell sector. All buffers were 0.2 M in sodium phosphate, pH 6.0, and
contained either 1.0 M or 0.1 M NaCl. The enzyme was layered over the substrate solution at
low speed and then spun at 50,740 rpm. A 355-mM filter was used in the schlieren optical system
and the position of the boundary located photographically at various times during sedimentation.
A Spinco Analytrol densitometer was used to measure boundary position to 40.05 cm, and an
IBM 7044 digital computer used to determine sedimentation coefficients. Sedimentation was run
at 200 and values were corrected for salt concentration.

Sedimentation velocity runs were also carried out using UV optics at an enzyme concentration
of 250 jig/ml in 0.1 M NaCl-phosphate buffer, pH 6.0.
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FIG. 1.-Separation of H4 (large peak) and H3M isoenzymes. The H4 enzyme moved
as a single band on analytical disk electrophoresis, while the H3M isoenzyme showed
contamination by less than 1 %,, H4.

Results and Discussion.-Complete separation of the two isoenzymes from beef
heart was obtained during 10 hr electrophoresis. Results are shown in Figure 1.
A 20 per cent increase in specific activity as measured by change in absorbance
at 340 mju per minute per mg protein accompanied the separation. Disk gel elec-
trophoresis of the isolated isoenzymes and commercial beef heart LDH is shown
in Figure 2.

Velocity versus substrate plots were obtained at 0.08 and 0.8 M NaCl concen-
trations and are shown in Figure 3. The shift in the initial velocity curve to higher
pyruvate concentrations with increasing salt can be explained if one asssumes an
electrostatic interaction between enzyme and substrate as suggested by Winer and
Schwert.'3 At low pyruvate concentration in such a system, enzyme-substrate
dissociation by salt should be reflected as a decrease in initial velocity, while at high
pyruvate in the region of substrate inhibition, salt-induced dissociation should result
in an observed increase in velocity. This would then give rise to curves of the type
shown in Figure 3.
The kinetics of the H4 isoenzyme are not of the classical M\ichaelis-i\Ienlten type.

R, (ratio of substrate concentration at 90% maximal activity to that at 10% maxi-
mal activity) was found to be 39 instead of the theoretical 81.'4 The parameter So.r
(substrate concentration at one half apparent maximal velocity)'4 increases from
2.0 X 10-5 to 1.6 X 10-4 M pyruvate in going to the higher salt concentration.
Figure 4 shows a Hill-type plot for the enzyme in 0.8 M salt. The slope of the
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straight line was determined by the method of least
to(Q.Ad squares, and n was found to be 1.15.

Sedimentation velocity was followed using UV op-
tics in the absence of substrate and coenzyme at pro-
tein concentrations lower than 250 Ag/ml, and the

i
Go hi
an:; enzyme was found to be a 5.6S particle in agreement

with Millar's results. In the presence of substrate,
however, sedimentation is markedly altered. Figure
3 shows the substrate dependence of the sedimenta-
tion coefficient and the correlation with the observed
kinetics. Salt concentrations, corresponding to theAn'~~~~~~~~~~~~~~~~~~~~~~~~~.
0.8 M NaCl curve of enzyme kinetics, were used in
the determination of sedimentation values, as the
initial portion of the velocity versus substrate curve
is shifted to lower pyruvate concentrations at low
salt where it becomes technically difficult to observe
enzyme sedimentation in the ultracentrifuge. Maxi-
mum sedimentation velocity, which corresponds to a
7.7S particle, in agreement with the extrapolated
value obtained by Millar for the tetramer, was ob-
tained at 10-3M pyruvate. Note that this also cor-
responds to the pyruvate concentration at maximum
enzyme velocity under these conditions.
A progressively declining value of sedimentation

coefficient both in the region of low substrate and
FIG. 2.-(A) Disk electro- in the region of substrate inhibition suggests a mech-

LDH. (B) Enzyme from first anism by which pyruvate may shift the reversible
peak of Fig. 1. (C) Enzyme dimer-tetramer equilibrium and consequently con-
from second peak of Fig. 1. trol enzyme activity. It should be pointed out that

while only the fastest-moving active particle is meas-
ured by this method, a rapidly reversible dissociation into a smaller particle would
be detected as a decrease in the weight average sedimentation coefficient. Although
this does not rule out the possibility of an active dimer, the close correlation of the
decrease in the Svedberg constant in the region of low substrate concentration and
the apparent steepness of the kinetic curve at this point can be explained if one
assumes the dimer to be at least less active than the tetramer.
The curves of Figure 5 show the same experiments performed on the commer-

cially obtained heart LDH which has both H4 and H3M isoenzymes. Note that the
positions of both the maxima for the kinetic curves and the sedimentation curve are
shifted and that there is a leveling of the sedimentation velocity curve at high py-
ruvate. This suggests that LDH molecules containing muscle-type subunits are
more stable to dissociation at high pyruvate concentrations. Further study using
the M4 isoenzyme is under way to investigate this.
The fact that LDH is present in high concentrations (2-3 mg/ml as measured in

our laboratory in rabbit muscle extracts) makes the control of the heart enzyme by
substrate inhibition doubtful unless local high substrate concentrations are invoked.
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FIG. 5.-Initial velocity and sedimentation assays of beef heart LDH. Kinetic assay
mixtures contained 0.1 ml NADH, 2 X 10-8 M, 0.1 ml sodium pyruvate, 0.8 ml buf-
fer as described in the text. Final NaCl concentration was 0.08 M -A-. Identical
to above, except 0.8 M NaCl - o-. All points were corrected for enzyme denatur-
ation by running a control plotted against time. I-, Sedimentation assay of beef heart
LDH run at 0.3 ,ug protein/ml. Conditions were identical to the velocity curve at 0.08
M NaCl except that NADH concentration was 2.3 X 10-4 M.

Control at low substrate levels by a process of dissociation into an inactive form is
not only possible, but most attractive.
Summary. The tetrameric form of lactate dehydrogenase (H4 isoenzyme) was

found to have a sedimentation coefficient of 7.7S at a protein concentration of 0.3
jsg/ml. This value was very dependent upon pyruvate concentration, however,
and showed a marked correlation with kinetic data obtained under nearly identical
conditions. These observations are explainable if one assumes a substrate-dependent
equilibrium between an inactive dimer and an active tetramer molecule.

We are grateful to Dr. H. Gutfreund for helpful discussions during the course of this investi-
gation.
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