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Summary. Two glutamate dehydrogenases appear to be present in rat liver,
one associated with nuclei, and the other with mitochondria. The two enzymes
differ in regard to activation by inorganic phosphate, in the effects of pH on
activity, in apparent Km values for some of the substrates and in the ghape of
curve obtained by a plot of NAD concentration versus activity.

Glutamate dehydrogenase, a key enzyme in metabolic pathways intercon-
verting amino acids and carbohydrates, is distributed widely and has been ex-
tensively studied (1). It has been generally accepted that this enzyme is
located in the mitochondria of animal cells, and indeed it has been sometimes
used as a marker for these organelles, In fact, glutamate dehydrogenase activ-
ity found in nuclear fractions has been ascribed to contaminating mitochondria
(2,3). However, more racent studies in our laboratory on enzymatic components
of rat liver nuclei indicated that glutamate dehydrogenase, and several other
enzymes, showed a bimodal distribution, in this case being found in nuclei as
well as in mitochondria (4). This observation prompted an investigation of
glutamate dehydrogenase activity in rat liver nuclei and in mitochondria, which
revealed major differences between the two activities both from each other and

from the well characterized crystalline enzyme from ox liver. These different
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properties include the "tightness" of binding to the particulate structure,
the response to inorganic phosphate, effect of pH on activity, and the
apparent K values for the substrates, glutamate, (-ketoglutarate, NHZ and
NAD, Especially interesting is the observation that the activity in rat
liver nuclei provides a sigmoid curve when rate is plotted versug concentra-
tion of NAD,

Methods, Rat liver nuclei were prepared essentially by the method of
Hymer and Kuff (5). After the final washing, the sedimented nuclei were
suspended in O0,1M potassium phosphate solution, pH 7.6 in a volume one-third
of the original homogenate volume and sonicated for 2 minutes. After centri-
fugation at 105,000 x g for 60 minutes, all of the glutamate dehydrogenase
activity was recovered in the supernate., If phosphate were omitted from the
suspending medium, the activity was retained in the sedimented nuclear frag-
ments, Rat liver mitochondria were isolated by conventional techmiques (6).
The particles were suspended in 0,25M sucrose solution and sonicated for 2
minutes, About 60-70 per cent of the glutamate dehydrogenase activity was
recovered in the supernate obtained after centrifuging at 105,000 x g for 1
hr., Activity was measured at 23°-25° by recording either the initial reduc-
tion of NAD with glutamate added (forward reaction) or the initial oxidation
of NADH2 with g-ketoglutarate and NH; added (back reaction) at 340 my. The
activity is expressed as ymoles per minute per ml of enzyme solution. The
concentration of the nuclear preparation accounts for the greater activity
shown in the figures, The extinction coefficient for NADH2o0f 6.22 x 106 7N

was used to calculate activity.

RESULTS

Isolation of nuclear and mitochondrial enzymes. A number of investi-

gators have reported that although glutamate dehydrogenase is predominantly
in the mitochondrial fraction of rat liver, appreciable amounts are found
also in the nuclear fraction, Thus up to 18 per cent of the total activity

in a homogenate has been reported present in washed nuclear fractions obtained
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from homogenates prepared in 0.25M sucrose solutions (3), Although this activity
in preparations of nuclel generally has been ascribed to mitochondrial contami-
nation, we observed that nuclei prepared with the aid of Triton and Mg** accord-
ing to Hymer and Kuff (5) and retaining very little succinic dehydrogenasa
Activity, still contained 25 per cent or more of the total glutamate dehydro-
genase activity as assayed by oxidation of NADH,., The total amount of enzyme
activity associated with the nuclear fraction depended on the concentration
of Mg++ in the homogenizing medium, as will be reported elsewhere., Megnesium
ions did not affect the activity associated with the mitochondrial fractiom
and thus was not transferring enzyme from one compartment to the other,
Solubilization. The mitochondrial enzyme was brought readily into solu-
tion by fragmenting mitochondria suspended in 0.25M sucrose solution. Under
otherwise identical conditions, the nuclear enzyme required the addition of 0,1M
potassium phosphate (pH 7.6) for solubilization. In agreement with previous
reports, disruption of the mitochondrial fraction caused an approximately 10-
fold increase of glutamate dehydrogenase (2,3), whereas no increase was ob-
tained with the nuclear fraction under the same conditions,

Effect of pH on activity. In the forward direction and under the speci-

fic assay conditions shown in Fig, 1, the pH-activity curve for the nuclear
enzyme was considerably steeper, at each side of the optimum value, than the
corresponding curve for the mitochondrial enzyme, The pH optima for both
enzymes were however not too different at values of 8,0-8.5. The pH-activity
curves in the reverse diraction were rather similar for both enzymes with an
optimum at about pH 7.6 (Figs. 1A and 1B).

Effect of phosphate on activity. A striking effect of phosphate solu-

tions was observed on the nuclear enzyme. At pH 9.0, addition of increasing
concentrations of potassium phosphate increased the rate of the forward
reaction up to 12-fold at an optimum phosphate concentration of 0.2M., Under
the same conditions the mitochondrial enzyme was slightly inhibited (Fig. 2A).

At this pH, the reverse reaction was not affected by phosphate with either en-
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Fig, 1.

Fig. 2.
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Effect of pH on activities of rat liver nuclear (0—o) and mito-
chondrial (&) glutamate dehydrogenases. Assays were carried out
in 50 mM potassium phosphate buffer; 50 mM Tris-HC1 was substituted
for determinations above pH 9,0, The other components of the reac-
tion mixture were 8.3 mi potassium glutamate, 50 pM NAD (4, forward
reaction); 1,25 mM g-ketoglutarate, 50 .M NADHZ, 50 m NH,C1 (B,
back reaction).
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Effect of phospbate on activities of rat liver nuclear (©—) and
wmitochondrial (e—e) glutamate dehydrogenases. Assays were carried
out at A, pH 9.0 with 25 wM potassium glutamate, 50 M NAD; B, PH
7.6 with 1,25 oM g-ketoglutarate, 50 yM NADHp, 50 mM NH,Cl.
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zyme. In contrast, at pH 7.6, the forward reaction catalyzed by either enzyme
was relatively unaffected by phosphate, whereas the back reaction catalyzed
by the nuclear enzyme was strongly enhanced by 0,05M phosphate (Fig. 2B).

Comparison of the data for the velocities for tha forward and back reac-
tions under different conditions of pH and phosphate concentrations underlined
a significant differentiation of the two enzymes. The ratio of rates of the
back and forward reactions at the conditions for optimum velocities, was
about the same for both nuclear and mitochondrial enzymes being 14 and 12 re-
spactively, However, at pH 9.0 and in the absence of phosphate, the nuclear
glutamate dehydrogenase is 8o poorly active in the forward direction, that
the ratio of the back to the forward reaction approaches 1100, Under these
conditions the corresponding ratio for the mitochondrial enzyme is still
about 12.

Kinetics. Plotting NAD concentration versus activity for the mitochon-
drial enzyme produced a modified hyperbolic curve, which as a double recipro-
cal plot yielded a biphasic curve characteristic also for the crystalline
beef liver enzyme (8,9). However, the direct plot of velocity as a function
of NAD concentration for the nuclear enzyme yilelded a sigmoid curve similar

to that described for certain allosteric enzymes (10). This sigmoid curve
was markedly altered by addition of potassium phosphate to the incubation

mixture in the direction of the same type of modified hyperbolic curve char-
acteristic of the rat mitochondrial and crystalline beef liver enzymes (Fig.3).

Table I presents the apparent Michaells constants for the several sub-
strates with the two enzymes, The apparent K, values were lower for glutamate,
a-ketoglutarate and NHACI with the nuclear enzyme, and higher for NAD. The
apparent l(.m for NADHZ appeared to be the same for both enzymes.

Other characteristics which appear to be qualitatively similar for the
two enzymas of rat liver were inhibition by higher concentrations of g-keto-

glutarate, NH Cl or NADHZ, stimulation by ADP and inhibition by GITP. Higher

4
concentrations of glutamate inhibited only the nuclear enzyme. Inhibition
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Fig, Reaction velocity as a function of NAD concentration, at pH 9.0,
in the absence (v—0) and presence (0~ of 0.166 M potassium phoa-
phate buffer. The other components were 25 mM potassium glutamate
and NAD at the concentrations indicated,

Table I. Apparent Michaelis constants of the reaction substrates for
rat liver nuclear and mitochondrial glutamate dehydrogenase
Apparent K values (udl)
nuclear enzyme mitochondrial enzyme
Glutamate 0.91 4.35
a~-Ketoglutarate 0.133 0,45
M, C1 11.0 30.0
NAD 0.058 0.022
NADH, 0.023 0.023

When uged at fixed concentration, glutamate was 25 mM; g-ketoglutarate
1.25 mM; Nl-l401 50 mM; NAD 50 uM; NADH, 50 uM. The forward reaction
was carried out at pH 9,0 in 50 mM potassimn phosphate buffer; the re-
verse reaction at pH 7.6, in 50 mM potassium phosphate buffer.

by NADH, or GIP, and activation by ADP, are characteristic also of the crys-
2 s F) ¥

talline beef liver enzyme.
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Discussion, The demonstration of the presence of glutamate dehydrogenase
in the nuclei of rat liver raises the question of a possible difference in
function of the two enzymes in the two sub-cellular organelles. The striking
decreases in rate of the nuclear enzyme in the forward direction at pH values
'on either side of the optimum of 8,5-8,6 raises the possibility that a cellular
enviromment could exist in which the rate of the back reaction was much greater
than that of the forward reaction, This suggestion is supported by the lower
apparent K values for g-ketoglutarate and NH4cl. The sigmoid shape of the
curve for velocity versus NAD concentration, also indicates that at low NAD
concentrations the forward reaction would proceed very poorly. This sigmoid
curve which is tyﬁical of certain allosteric enzymes, has not been described
with other widely studied glutamate dehydrogenases from a variety of tissues,
although in the latter cases NAD is known to be an allosteric modifier and at
higher concentrations to bind to a regulatory site (9). Purification of the
nuclear enzyme should permit a more detailed study of the relationship be-
tween structures and functions of the two presumably different proteins with

similar activities,
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