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1. Introduction

Intramitochondrial pyridine dinucleotide trans-
hydrogenase catalyzes the reversible transfer of a
hydride ion equivalent between oxidized and reduced
NAD and NADP, eq. 1 [1].

NADH + NADP* 2 NAD" + NADPH (eq. 1)
The rate of this nonenergy-linked reaction is enhanced
by several fold in the forward direction and the
apparent equilibrium constant increases from 1 to
values near 500 when the membrane oxidative phos-
phorylation system is energized by electron transport
or ATP hydrolysis [2]. Three principal mechanisms
have been proposed to explain the mode of energy
input to the transhydrogenase reaction. (a) The
chemical mechanism suggests that one of the trans-
hydrogenase substrates reacts with a nonphosphoryl-
ated high-energy intermediate of oxidative phosphoryl-
ation to form a high-energy pyridine dinucleotide
intermediate. Concomitant with hydride ion transfer,
the energized substrate is cleaved exothermally to the
corresponding product [3]. (b) The conformational
mechanism postulates that energization of the
oxidative phosphorylation system results in a con-
version of an inactive form of the transhydrogenase
(TH) to an active form (TH*) {4,5]. Kinetic data
indicate that the relative level of active to inactive
conformers may also be determined by the prevailing
[NADH] [NADP']/[NAD'] [NADPH] ratio, accord-
ingtoeq. 2
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NADH + NADP" + TH* 2 NAD" + NADPH
+TH (eq.2)
(c) The chemiosmotic hypothesis contends that the
transhydrogenase functions as a reversible H* pump
[6,7]. The formation of a pH gradient during
membrane energization would allow the exergonic
coupling of H* translocation to transhydrogenation
according to eq. 3 (for submitochondrial particles).

NADH + NADP" + nH;, 2 NAD" + NADPH
+ nH;ut (eq' 3)

The stoichiometry of H* translocation to hydride ion
transfer has been reported to be 2 [8]. It has been
proposed that H* translocation may be effected by a
conformational change in the transhydrogenase [7].

Thus, two of the three mechanisms proposed
above may involve a conformational change in the
enzyme. In the present study, we have employed
thermal and proteolytic inactivation to investigate
the possibility of substrate-induced changes in the
structure of membrane-bound transhydrogenase. The
data reveal that NADPH stabilizes, while NADP*
labilizes, the rat liver submitochondrial particle
enzyme to thermal inactivation. NAD" and NADH do
not significantly influence transhydrogenase stability.
In addition, proteolytic inactivation of the enzyme
by trypsin is stimulated in the presence of NADPH,
but not with NADP". It is concluded that binding of
either NADP" or NADPH may promote a conforma-
tional change in the enzyme, although the conformers
obtained are different.
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2. Materials and methods

Rat liver mitochondria were prepared according
to the method of Schnaitman and Greenawalt [9].
To prepare submitochondrial particles, mitochondria
from two livers were suspended in 10 ml of ice-cold
0.25 M sucrose in a 25 ml glass beaker, immersed in
ice and sonicated for two 15 sec bursts with a
Branson W185 Ultrasonic Sonifier equipped with a
W185 probe and operated at full power output. The
sonicate was centrifuged at 26 400 g for 7 min. The
supernatant suspension was decanted and centrifuged
at 164 900 g for 30 min to sediment the sub-
mitochondrial particles which were then diluted with
0.25 M sucrose to a concentration of 20—30 mg
protein/ml and stored at —60°C. Protein determina-
tions were performed by the Biuret method [10],
using crystalline bovine serum albumin as a standard.

Submitochondrial particles were heat-treated in
15 mm X 125 mm Pyrex test tubes in a preincubation
medium (0.31 ml) consisting of 16 mM Tris—HCl
buffer, pH 7.5, plus the additions indicated. Pre-
incubation was terminated by quenching the sus-
pensions in ice and the particles were then assayed
for nonenergy-linked transhydrogenase activity.

Proteolytic inactivation was performed by pre-
incubating submitochondrial particles (0.5 mg protein)
in a medium (0.31 ml) consisting of 16 mM Tris—HCI
buffer, pH 7.5, and 5 ug trypsin, plus the additions
indicated. A 10-fold excess of trypsin inhibitor
(0.1 ml) was added at the end of the preincubation,
and the tubes were placed in an ice bath until assayed
for nonenergy-linked transhydrogenase activity.

Nonenergy-linked transhydrogenase activity was
assayed by the method of Stein et al. [11], in which
the 3-acetyl pyridine analog of NAD" (AcPyAD") is
reduced by NADPH. This allows the reaction to be
continuously monitored in the absence of NADPH
or NAD" regenerating systems. A value of 5.1 at
375 nm was assumed for the millimolar extinction
coefficient of reduced 3-acetyl pyridine adenine
dinucleotide. The assay mixture (3.0 ml) contained
0.19 mM AcPyAD’, 0.15 mM NADPH, and 0.5 uM
rotenone in 80 mM phosphate buffer, pH 7.0.

NAD’, NADH, NADP" and NADPH were obtained
from P-L Biochemicals. Rotenone, sodium succinate,
3-acetyl pyridine adenine dinucleotide, bovine serum
albumin, trypsin (bovine pancreas, type I}, trypsin
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inhibitor (soybean, type I-S), and carbonyl cyanide
m-chlorophenyl hydrazone were products of Sigma
Chemical Co. All other chemicals were reagent grade
of commercial origin.

3. Results

The susceptibility of rat liver submitochondrial
transhydrogenase to heat inactivation is shown in
fig.1. The presence of 0.2 mM NADPH or 0.2 mM
NADP"* in the preincubation medium had a profound
effect on the degree of thermostability of the enzyme.
The enzyme was stabilized considerably against heat
inactivation in the presence of NADPH, while NADP*
tended to potentiate inactivation. Half-maximal
activity was observed at 57°C in the presence of
NADPH, at 46°C with NADP* and at 49°C for
control preincubations.

Thermostability curves determined for preincuba-
tions with each of the four transhydrogenase sub-
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Fig.1. The effect of preincubation temperature on the
activity of transhydrogenase. Submitochondrial particles
(0.5 mg protein) were preincubated for 1 min with no
additions (a), 0.2 mM NADPH (e), or 0.2 mM NADP* (w)
in the particle suspension.
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Fig.2. Transhydrogenase activity as a function of pyridine dinucleotide concentration. Submitochondrial particles (0.5 mg protein)
were preincubated for 3 min at either 22°C or 50°C. (A) NADPH at 22°C (®) and at 50°C (), and NADP"* at 22°C (=) and at
50°C (o). (B) NADH at 22°C (e) and at 50°C (¢), and NAD* at 22°C (w) and at 50°C (o).

strates at concentrations between 0 and 100 uM are
shown in fig.2. Nonenergy-linked transhydrogenase
activity was assayed after preincubation for 3 min. at
22°C or at 50°C. The degree of protection from in-
activation during preincubation at 50°C increased with
increasing NADPH concentration, with about 80%
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Fig.3. The effect of preincubation time on transhydrogenase
inactivation at 50°C. Additions to the preincubation mixture
containing submitochondrial particles (0.5 mg protein) were:
(A) nione (a), 0.1 mM NADPH (o), or 0.1 mM NADP* (s),
and (B) none (a), 0.1 mM NADH (o), or 0.1 mM NAD* (o).

activity remaining after preincubation with 100 uM
NADPH. Complete protection was afforded at higher
NADPH concentrations. On the other hand, NADP*
destabilized the enzyme to heat treatment at 50°C.
NAD" and NADH caused a slight inactivation of the
transhydrogenase at 22°C. Neither NAD* nor NADH
protected the enzyme against inactivation at S0°C.

To determine the relative rates of inactivation of
the enzyme in the presence of the four pyridine
dinucleotide substrates, the preincubation time at
50°C was varied. Fig.3A illustrates that in the presence
of 100 uM NADPH, a rapid initial phase of inactiva-
tion is observed, followed by stabilization at approx.
70% of the control activity. It is likely that the
initial rapid inactivation corresponds to the fraction of
the transhydrogenase not binding NADPH, since higher
NADPH concentrations completely protect against
inactivation. NADP*, however, increased the inactiva-
tion rate rather markedly over the first 30 sec of
preincubation. NADH and NAD" exerted no signific-
ant influence on thermal inactivation when compared
to the control which lacked substrate in the preincu-
bation medium (fig.3B).

Ernster and coworkers have demonstrated that
bovine heart transhydrogenase is particularly suscept-
ible to proteolytic inactivation [12]. Differential
proteolytic inactivation of enzymes in the presence
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Fig.4. The effect of preincubation time on transhydrogenase
inactivation by trypsin. Additions to the preincubation
mixture containing submitochondrial particles (0.5 mg
protein) were: none (a), 0.25 mM NADP* (»), or 0.25 mM
NADPH (e).

and absence of ligands has often been used to detect
conformational transitions [13,14]. Fig.4 illustrates
an experiment in which submitochondrial particles
were preincubated with trypsin in the presence and
absence of NADP* or NADPH. NADPH significantly
promoted proteolytic inactivation of the trans-
hydrogenase, while NADP* had little effect on the
rate of inactivation as compared to the control.

An attempt was made to relate membrane energi-
zation to a transhydrogenase conformational change.
The data presented in Table 1 shows that the trans-
hydrogenase thermostability of respiring submito-
chondrial particles is slightly enhanced over that of
nonrespiring particles. De-energization of the
respiring particles by addition of the oxidative phos-
phorylation uncoupler, carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP), reversed the protection
afforded by succinate alone.

4. Discussion

Both the conformational mechanism [4,5] and the
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Skulachev [7] version of the chemiosmotic
mechanism for energy-linked transhydrogenation
between NADH and NADP* invoke a reversible
transition between two conformers of the enzyme.
Techniques for exploring conformational changes in
specific membrane-bound enzymes are limited. In the
present study, we have employed thermostability and
proteolytic inactivation of the transhydrogenase to
probe for possible structural alterations in the enzyme
occurring upon substrate binding or membrane
energization.

The binding of NADPH enhances thermostability,
while NADP* labilizes the enzyme to thermal inactiva-
tion. NADH and NAD", on the other hand, had
little influence on the thermal inactivation profile of
the transhydrogenase. These data suggest that the
binding of NADPH promotes a conformational change
in the native enzyme to a thermostable conformer,
and that the binding of NADP” induces the formation
of a thermolabile conformer. Consistent with this
notion is the observation that NADPH, but not
NADP", promotes proteolytic inactivation of the
enzyme by trypsin.

Ligand-dependent stabilization and labilization to
thermal and proteolytic inactivation of enzymes
have frequently been used as evidence for conforma-
tional changes [13]. Stabilization to heat inactivation
can alternatively be explained by the ligand either
protecting heat-labile groups on the enzyme or
helping to maintain a native conformation. On the
other hand, ligand-induced labilization to thermal in-
activation more strongly supports the occurrence of
a change in enzyme conformation. Independent
methods, such as circular dichroism [15], optical
rotatory dispersion [16], fluorescence {17], proton
exchange [18], and X-ray diffraction [19] have been
used to confirm the presence of conformative trans-
itions in enzymes which exhibit ligand-induced
thermostability. Moreover, the stimulation of proteo-
lytic inactivation of enzymes by binding of ligands
offers direct evidence for a change in enzyme
structure. It is apparent in this case that NADPH
binding to the transhydrogenase causes a conforma-
tional rearrangement where at least one arginyl or
lysyl residue becomes more accessible to trypsin.

From kinetic studies on the bovine heart sub-
mitochondrial particle enzyme, Rydstrom et al. [5]
concluded that the transhydrogenase conformation
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Table 1
The effect of membrane energization on the thermostability of transhydrogenase

Rate (nmoles AcPyADH/mg

Additions to preincubation

protein - min)

Percent of

mixture Control Activity
22°C 50°C

none 29.4 4.0 13.7

NADPH (0.2 mM) 31.5 25.7 81.7

succinate (3 mM) 30.6 7.5 24.5

CCCP (5 uM) 29.4 4.0 13.7

Succinate (3 mM) + CCCP (5 uM) 28.8 4.6 16.0

Submitochondrial particles (0.5 mg protein) were preincubated for 3 min at 22°C or 50°C, then
CN- was added to a final concentration of 1 mM. Percent control activity indicates the relative
rates of the transhydrogenase reaction of particles preincubated at 50°C to that of particles pre-

incubated at 22°C.

was converted from an inactive to an active form,
either by energization of the oxidative phosphoryl-
ation system or by binding of NADPH and NAD" to
the enzyme. It was further proposed that the extent
of transhydrogenase activation is related to the
[NADH] [NADP*]/[NAD*] [NADPH] ratio. Later
studies were interpreted to indicate that the kinetic
mechanism for both the energy-linked and nonenergy-
linked transhydrogenase involves an ordered binding
of substrates where NADH (or NAD") is bound
obligatorily before NADP* (or NADPH) is bound, to
form a Chance—Theorell type ternary complex inter-
mediate [20].

Clearly, the present studies show that NADPH and
NADP" are bound, at least to the liver transhydro-
genase, in the absence of NAD" and NADH, respect-
ively. This indicates that the conformation of the
enzyme may be under the control of the [NADP*]/
[NADPH] ratio, rather than that ratio incorporating
all four substrates. Table 1 illustrates that some
protection against heat inactivation is conferred upon
membrane energization by succinate-dependent
respiration. However, the optimal protection afforded
by energization is much less than that observed in
the presence of NADPH. These thermostability and
proteolytic inactivation studies strongly suggest that
the binding of NADPH or NADP" results in the
formation of different transhydrogenase conformers
which are in turn different than those of the de-
energized, as well as the energized membrane.
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