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In measurements using a disc filtration method, liver mitochondria obtained from
hypothyroid rats translocate external ADP at 0°C via the atractyloside-sensitive carrier
much more slowly than do mitochondria from normal rats, confirming the findings of
Portnay et al. (Biochem. Biophys. Kes. Commun. 53, 17, 1973). The hypothyroid mito-
chondria contain 60% more ATP + ADP than do mitochondria from normals, but the
excess nucleotides are not exchangeable and so do not contribute to translocation. A
decrease in the first-order rate constant accounts for the decreased velocity. Neither a
decrease in the number of translocator sites nor changes in ADP phosphorylation or
ATPase activity seem to account for the abnormal kinetics of translocation. Although
the filtration method limits the maximal translocation rate observed in normal mito-
chondria at temperatures above 17°C that induce a fluid membrane state, no such
transition is seen in mitochondria from hypothyroid rats up to 35°C, indicating that the
translocator is in an altered environment in hypothyroidism. Injecting a hypothyroid rat
once with L-thyroxine corrects the abnormal compartmentation and produces a tempera-
ture-rate relationship like that in normal mitochondria in 3 days, a period which would
accommodate the hormone actions reported on translation, membrane phospholipid

synthesis, or fatty acid desaturation.

At 2°C, the carrier-mediated atractylo-
side-sensitive uptake of ADP by intact mi-
tochondria obtained from the livers of hy-
pothyroid rats ¢hereafter referred to as H
mitochondria)® proceeds at about half the
initial rate seen in mitochondria from nor-
mal rats (N mitochondria); the adminis-
tration of six daily injections of 0.2 ug of L-
thyroxine (LT,) per gram body weight to
hypothyroid rats restores the rate to nor-
mal levels (1). It was proposed that thyroid
hormone controls O, consumption by stim-
ulating adenine nucleotide translocation.
The amount and the phosphorylation state
of the endogenous ATP + ADP, as well as
the rate constant of the translocator, con-
trol ADP translocation in the liver mito-
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2 Abbreviations used: LT,, r-thyroxine; H, hypo-
thyroid; N, normal; SDS, sodium dodecyl sulfate.

chondria of normal rats (2-4). To deter-
mine the mechanisms involved in the hor-
monal effects, we have examined endoge-
nous adenine nucleotides, the kinetics and
temperature dependence of ADP translo-
cation, and the effects of oxidative phos-
phorylation thereon in mitochondria from
the livers of normal, hypothyroid, and
LT,-injected hypothyroid rats. A disc fil-
tration method was used to separate the
mitochondria from external labeled ADP,
as in (1). Preliminary reports have been
made on these studies (5, 6).

MATERIALS AND METHODS

Normal male rats (Spartan, Haslett, Michigan)
were maintained on Tekland Mills Mouse & Rat
Diet and thyroidectomized male rats from the same
source were fed a low-iodine diet (Nutritional Bio-
chemicals, Inc., Cleveland, Ohio). To determine
whether the difference in the diets contributes to
changes observed in the mitochondrial adenine nu-
cleotide carrier, six normal rats were fed the low-
iodine diet supplemented with 0.0005% KI in their
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drinking water for at least 1 month; adenine nucleo-
tide carrier activity was unchanged. However, the
cost precluded the routine use of the low-iodine diet
for the normal rats, although such a diet is neces-
sary to prevent the hypothyroid rats from receiving
significant amounts of hormone (7). The thyroidec-
tomized rats, weighing 50-75 g, were injected intra-
peritoneally with 0.25 mCi of '*I as Nal within a few
days after surgery and were used at least 3 weeks
later. Hypothyroid rats were injected intraperitone-
ally with varying doses of LT, per gram body weight
and killed 30 min to 3 days later. The hormone,
obtained as L-thyroxine pentahydrate (Sigma
Chemicals, St. Louis, Missouri), was dissolved in
fresh 0.01 n NaOH just before each injection; control
hypothyroid rats were injected with equivalent vol-
umes of 0.01 N NaOH.

Male rats that had been fasted 18-24 h were de-
capitated, and mitochondria were prepared from
their livers in 0.25 M sucrose (8). Two hypothyroid
animals or one normal were killed to obtain equiva-
lent amounts of liver homogenate. Mitochondria
were washed and suspended in 0.25 M sucrose, and
volumes were adjusted to give a final concentration
of 3 or 15 mg of protein/ml. Protein was estimated by
a rapid biuret method (9) using bovine serum albu-
min as a reference. The ratio of mitochondrial cyto-
chrome a:protein was constant in all the thyroid
states studied.

Reagents of analytical or comparable grade were
obtained commercially. Water was double distilled.
For measuring the kinetics of ADP translocation
(10), the 2.0-ml reaction mixture contained 2 mm
EDTA; 1 mm adenosine 3'-phosphate; 0.25 M sucrose;
20 uM[*“CADP, approximately 120 cpm/nmol; and
10 mMm triethanolamine at pH 7.0. The uptake of
labeled ADP was started by addition of 0.1 ml of a
suspension of mitochondria in 0.25 M sucrose, con-
taining 3.0 or 15 mg of protein/ml. The temperature
of the reaction mixtures was held constant within
0.1° in a heated and refrigerated water bath. Three
different samples were incubated according to (10):
(a) contained 10 uM potassium atractyloside from ¢
= 0; (b) received 10 uM atractyloside at the indicated
time ¢; and (c) contained no atractyloside. At time ¢
for samples (a) and (¢) and at time ¢ + 1 min for (b)
the mixtures were rapidly filtered through a chilled
Millipore disc (AAWP 02400; pore size, 0.8 um) on a
coarse-sintered disc under suction (1, 11). Using a
syringe and needle to deliver the reaction mixture,
it was possible to get reproducible results with incu-
bations as short as 5 and 10 s. The retained mito-
chondria were washed with ice-cold 0.25 M sucrose.
The filter disc was then dried in a scintillation vial
and counted in 10 ml of scintillation fluid. The ADP
taken up was measured from the known specific
radioactivity, and the atractyloside-sensitive bind-
ing and exchange were determined according to (10).
Atractyloside-insensitive binding was usually less
than 10% of the total uptake at 0°C.
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The translocation in N mitochondria is a compul-
sory exchange been internal and external ATP and
ADP. The translocation activity, vy, should depend
on both kg, a first-order reaction constant, and Aig,
the concentration of the internal exchangeable ATP
+ ADP under conditions of excess external nucleo-
tide concentration (12):

vy = kpAig. [1]

The value for Aigy was determined from the atracty-
loside-sensitive exchange of external labeled ADP
when equilibrium was reached and was used to cal-
culate k; from measurements of the initial rates of
exchange. When Ai, the amount of external ADP
exchanged at time ¢, is measured in normal rat liver
mitochondria the initial exchange is first order, and

ky = —In(1 — Ai/Aig)/t {2}

according to (12).

The V of translocation and the apparent K,, for
external ADP were calculated from values of (vy)™!
as a function of {ADP]~!. At 0°C, the external [ADP]
was between 0.57 and 20 um. Rate constants at
temperatures up to 35°C were derived from rates
measured at three ADP concentrations, 0.8, 1.33,
and 20 uM, using 0.3 mg of mitochondrial protein.
The calculation of k; from extrapolated values for
the V of translocation thus minimized the technical
difficulties of measuring the rate constants at high
temperatures, since the actual rates, especially at
the two lower concentrations, were slow enough to
measure reproducibly even at 35°C. The effects of
temperature on k; were plotted as log &y vs [K°]7?,
the Arrhenius plot (13). A single freshly prepared
batch of mitochondria provided an insufficient
quantity for measuring the V at eight different tem-
peratures. Accordingly, one batch of mitochondria
was used at each temperature. To compare the re-
sults, k¢ at 0°C in the presence of 20 uM ADP was
measured in each batch as an estimate of the
amount of translator: in six preparations of H mito-
chondria, k; = 1.64 + 0.14 (SE) min™?, and in seven
preparations of H mitochondria, ky = 0.47 = 0.04
min~'. These means were used to normalize the k&
values obtained from V measurements.

In mitochondria from normal rats, Ai; = Air, the
total endogenous ATP + ADP (12), although others
have found that Aig < Ai (14, 15). To determine the
extent of exchangeability Aig/Aiy, and the phospho-
rylated state of the endogenous exchangeable ade-
nine nucleotides (100 x ATP)/ATP + ADP), internal
mitochondrial adenine nucleotides were measured.
Either freshly suspended mitochondria, or mito-
chondria incubated and filtered as in the transloca-
tion assay above except that no radioactive ADP was
present, were examined. A 0.1-ml aliquot of a mito-
chondrial suspension containing 15 mg of protein/
ml, or the washed disc retaining a similar aliquot of
mitochondria after incubation, was extracted over-
night in 0.5 M perchloric acid at 4°C. The extracts
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were neutralized and perchlorate salts were re-
moved by centrifugation. The ATP, ADP, and AMP
in the extracts were then measured enzymatically
(16, 17), and the assays were corrected for recovery
from measurements of concomitantly processed
samples of standard solutions.

RESULTS
Adenine Nucleotide Contents

Table I shows that Aiy is greater in the
mitochondria from hypothyroid rats than
in those from normal rats, by 44% when
the mitochondria are freshly prepared and
by 60% under the conditions of the translo-
cation assay. The phosphorylation state in
the H mitochondria is lower than in the
normals, through an increase in endoge-
nous ADP content. Liver mitochondria
from normal rats contain 10.9 nmol of ATP
+ ADP per milligram (12) and 10 to 17
nmol of ATP + ADP + AMP (12, 18),
values somewhat higher than these in Ta-
ble L.

One LT, injection of 0.5 ug/g given to a
hypothyroid rat 3 days before killing cor-
rects the level of Air, but does not change
the phosphorylation state. The incubation
and disc filtration involved in the translo-
cation assay decrease mitochondrial Ai;
by 2.9% in the untreated hypothyroid rats,
but consistently decrease Ai; by 10~-15% in
both the pretreated hypothyroid and the
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normal rats and depress the phosphoryla-
tion state in all groups. Incubation of N
mitochondria for 10 min at 25°C (not
shown in Table I) does not decrease Ai;
further, so the loss of nucleotides seems to
be due to the filtration. Thyroid state does
not affect endogenous AMP content, nor
does incubation with external ADP, which
is consistent with the observed exclusion of
AMP from specific translocation (12).

Primack and Popovitch (19) did not ob-
serve any differences in adenine nucleo-
tide contents in freshly isolated liver mito-
chondria from euthyroid and hypothyroid
rats. Compared with our N mitochondria
(Table I) their N mitochondria contained
23% less total adenine nucleotides and
twice as much of that was AMP. Compared
with our H mitochondria, their H mito-
chondria contained 44% less total nucleo-
tides and three times as much was AMP. It
is difficult to reconcile these results unless
methodological, rat strain, or thyroid state
differences are invoked.

Approach to Equilibrium

Figure 1 shows the time course of the
atractyloside-sensitive exchange of exter-
nal labeled ADP (=Ai) at 0°C and com-
pares Ai with Ai;. Normal mitochondria
translocate ADP rapidly in the first min-

TABLE I

EnpogeENoUs ADENINE NUCLEOTIDES IN LIVER MITOCHONDRIA FROM RATs OF DIFFERENT THYROID STATES
(nanomoles per milligram of protein + SEM)*

Mitochondria Treatment ATP ADP AMP Aip = 100 x ATP/

in vitro ATP + ADP (ATP + ADP)

Normal (8) None 6.1+06 35=+05 24+1.1 96=+0.8 63.5 +4.7

Hypothyroid (10) 69+06 69=+08* 18=x0.6 13.8+0.9% 50,7 3 7****

Hypothyroids + LT, 58+ 06 51x02%% 28+08 10.0=x0.5%* 52.6+34

0.5 ug/g + 3 days (7)

Normal (8) 2 min at 0°C 3.6+04 4.8=x0.6 1.5+0.7 8.4 +0.3 428 +6.2
filtered

Hypothyroid (10) 46+04 8907 16=x0.5 13.4=+0.8* 34.5 +2.2

Hypothyroids + LT, 2.7+ 0.3** 6.6 = 0.6%%%* 2.9+ 0.9 9.3 £ 0.5*% 29.6 £ 3.5

0.5 uglg + 3 days (7)

Note *, P < 0.001; **, P < 0.005; *** P < 0.025; **** P < 0.05: Hypothyroids vs normals, or LT,-injected
hypothyroids vs hypothyroid controls.

¢ As described under Methods, mitochondria were prepared from the livers of normal or hypothyroid rats,
or hypothyroid rats injected with 0.5 ug of LT./g and killed 3 days later. Either freshly prepared mitochon-
dria, or mitochondria incubated with ADP at 0°C as in the assay for adenine nueleotide translocation and
then filtered and washed, were extracted with perchloric acid; the extracts were enzymatically analyzed for
adenine nucleotide contents, which are presented as nanomoles per milligram of mitochondrial protein.
Means + SEM are shown, and the number of experiments appears in parentheses. The phosphorylation
state of the endogenous ATP + ADP is calculated in the last column.
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ute and reach a steady state of exchange at
about 6 min, when Ai = Ai; = Air, as was
found by (12). Hypothyroid mitochondria
translocate ADP more slowly than N mito-
chondria in the first 2 min and reach a
steady state of equilibrium only at 60-90
min, when 9.4 nmol of ADP are taken up.
The endogenous ATP + ADP maintains its
high level throughout this period, and ac-
cordingly in H mitochondria, Aig = 0.7
Aiy. The excess Air, which might contrib-
ute toward an increase in translocation
velocity, is apparently not available for
exchange, and the value for Ai; is not
significantly changed in hypothyroidism.

The incomplete exchangeability of en-
dogenous ATP + ADP in H mitochondria
is almost fully corrected by pretreatment
of hypothyroid rats with one dose of 0.5 ug
of LT,/g 3 days before preparation of the
mitochondria (not shown in Fig. 1). The
early rapid exchange reaches about 40% of
Ai; within 2 min, and about 80% in 30
min.

The degree of exchangeability and the
approach to equilibrium were also studied
at temperatures up to 35°C. At 5 and 8°C,
H mitochondria showed the biphasic prog-
ress seen at 0°C. Although the initial
phase of uptake was more rapid and com-
plete, a second slower phase lasted up to
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Fic. 1. Time course of the atractyloside-sensitive
exchange of external labeled ADP (ADP*) at 0°C
and its correlation with internal ATP + ADP con-
centrations, in liver mitochondria from normal (@,
N) and hypothyroid (O, H) rats. The specific ex-
change of ADP* was measured as described in Meth-
ods, and Ai = nanomoles of ADP exchanged per
milligram of mitochondrial protein is shown as a
function of time of incubation. The values for Ai; =
total internal ATP + ADP are shown as means +
SEM for N (W) and H (O) mitochondria after 2 min
of incubation and are taken from Table I; values for
Air for H mitochondria after incubation for up to 90
min are also shown on the right.
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the 15-min point at 5°C and the 10-min
point at 8°C. At temperatures above 16°C
the slow second phase was not recogniz-
able. The equilibrium values for the ex-
change (Aiy), as shown in Fig. 2, are about
the same over this temperature range as
at 0°C. The uptake levels off at between 60
and 65% of Ai; (about 8.8 nmol/mg). The
mitochondria from 3-day LT,-injected hy-
pothyroid rats (HT in Fig. 2) behave simi-
larly, but their uptake of ADP levels off at
6.9 nmol/mg. At the higher temperatures,
the atractyloside-sensitive uptake by the
mitochondria obtained from normal, hypo-
thyroid, or hormone-treated hypothyroid
rats decreases after 2 to 5 min of transloca-
tion, owing to a progressive increase in the
atractyloside-insensitive binding, which is
very low (0.1 to 0.2 nmol/mg) at 0°C and up
to the first 30 s of translocation. At temper-
atures above 8°C it increases 10-fold after
about 30 min at the expense of the atracty-
loside-sensitive uptake. This thermal inac-
tivation of the specific adenine nucleotide
translocator is not altered by the thyroid
state, and it was assumed that it was too
slow to affect the measurements of the
initial rates of exchange, made as they
were at 5 to 20 s after starting the reaction
(see below).

Extent of Early (2-min) Exchangeability

The difference between the degree of
specific labeling of internal ATP + ADP
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Fic. 2. The effect of temperature of incubation
on Aig, the amount of endogenous ATP + ADP
exchanged when equilibrium is reached. Mitochon-
dria from hypothyroid rats (O, H) or from hypothy-
roid rats that had been pretreated with one injection
of LT, as in Table I (A, HT) were incubated as in
Fig. 1 at the temperatures indicated. Incubation
over this temperature range did not change the
value for Aig in N mitochondria.
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by H and N mitochondria at 0°C is maxi-
mal at about 2 min (Fig. 1). The effects of
dose and duration of treatment of hypothy-
roid rats with LT, on the specific binding
and exchange of external ADP were there-
fore examined using this difference as a
criterion. Measurements were also made
at 25°C (Table II). Mitochondria from a
hypothyroid rat are distinguished from
normal mitochondria by a 39% decrease in
ADP exchanged at 0°C and a 97% higher
ratio of ADP exchanged at 25°C compared
with 0°C. When a hypothyroid rat is pre-
treated for 30 min, neither the administra-
tion of an amount of LT, that maintains
the metabolic rate at normal levels when
given daily to a thyroidectomized rat [10
ng/g, (20)] nor a much larger dose (2.5 ug/
g) increases the 2-min 0°C exchange or
decreases the 25°C:0°C exchange ratio.
The smaller dose increases mitochondrial
hormone content about 1.7-fold (21) and
the larger almost 400-fold (22) within this
period. Three days after injection, a dose of
0.5 ug of LT,/g, corresponding to that used
by Tata (23) to avoid unphysiological ef-
fects and to define the time course of the
stimulation of hepatocyte transcription,
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translation, and membrane synthesis (24,
25), corrects both the low 0°C 2-min ex-
changeability and the high 25°C:0°C ex-
change ratio.

The specific binding of external ADP is
consistently less at 25 than at 0°C. To test
for an irreversible “damaging” effect of in-
creased temperature on ADP exchangea-
bility, H mitochondria were incubated in
0.25 M sucrose at 25°C for 5 min, then
assayed for ADP exchange at 0 and 25°C
(not shown in Table II). The prior incuba-
tion at 25°C did not alter the 2-min ex-
change at either temperature, and there-
fore, seems reversible in its effect.

Initial Rates of Exchange

With values for Ai; determined in the
various thyroid states (Fig. 1), and assum-
ing that Aig is the same at 5-25 s as it is at
equilibrium, initial rates of exchange were
measured from exchanged radioactive
ADP at 5-25 s at 0°C and Eq. [2], to obtain
values for k1. Figure 3 shows that a plot of
—In(1-Ai/Aig)versus ¢ is linear up to 30 s
with either N or H mitochondria. In the H
mitochondria, a much slower exchange
progresses after about 2 min. The first-

TABLE II

ErreECTs OF HYPOTHYROIDISM AND PRETREATMENT oF HyPoTHYROID RATS WITH LT, ON THE ATRACTYLOSIDE-
SENsSITIVE 2-MIN UPTAKE oF ADP AT 0 AND 25°C¢

Source of mitochondria N  Assay Nanomoles per milligram Ratio
T (°C) 25°C:0°C
Bound Exchanged exchanged

Normals 8 0 0.43 = 0.12 4.60 = 0.35

7 25 0.27 = 0.12 5.38 = 0.39 1.16 + 0.04
Hypothyroids 20 0 0.70 = 0.12 2.81 + 0.27*

18 25 0.35 = 0.12 5.93 = 0.23 2.29 = 0.15*
Hypothyroids +10 ng of LT,/g; 30 min 6 0 0.74 = 0.12 2.30 = 0.20

6 25 0.39 = 0.20 5.46 * 0.35 2.44 + 0.16
Hypothyroids +2.5 ug of LT,/g; 30 min 7 0 1.52 + 0.39 3.78 = 0.82

5 25 0.31 = 0.20 6.40 = 0.62 2.54 + 0.21
Hypothyroids +10 ng of LT,/g; 3 h 7 0 0.55 = 0.35 2.85 + 0.35

7 25 0.39 = 0.16 6.01 = 0.35 2.20 = 0.16
Hypothyroids +0.5 ug of LT,/g; 3 days 6 0 0.42 + 0.13 4.35 + 0.20%**

6 25 0.40 = 0.20 4.86 = 0.25%** 1.14 + 0.08**

Note. *, P < 0.001: vs N group comparison; **, P < 0.001; *** P < 0.005: vs H paired.

“ Liver mitochondria were obtained from normal rats, hypothyroid rats, or hypothyroid rats injected once
with LT, in the deosage indicated and killed 30 min, 3 h, or 3 days later. The mitochondria were incubated
with labeled ADP as in Fig. 1, but for 2 min only, and at 0 and 25°C; the nanomoles of nucleotide either
specifically bound or specifically exchanged (see Methods) are shown as means = SEM. The ratios of ADP
exchanged at 25°C to that exchanged at 0°C, shown in the last column, were determined only in experiments
in which a single batch of mitochondria was assayed at both temperatures, and so these ratios are not
identical with the values calculated from the means exchanged, which include some assays performed only

at 0°C.
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order initial rate constant kr = 1.65 min—!
for normals and 0.51 min™ for hypothy-
roids, and vy = 13.9 and 4.8 nmol ADP
min~! mg!, respectively, a 66% decrease
in hypothyroidism. These data are consist-
ent with those of Portnay et al. (1) who
found a 48% decrease in the rate of uptake
at 2°C in hypothyroidism. However, our
mitochondria from normal rats translocate
ADP at 0°C two to six times faster than is
reported by others using the same or dif-
ferent assay methods at 0-2°C (1, 4, 12).
Lineweaver-Burk plots and values for
the V of translocation and the apparent K,,
for external ADP at 0°C in normal and
hypothyroid mitochondria are shown in
Fig. 4. The V for H mitochondria is 27%,
and the K,, 43%, of the normal value. At

16

-In (1-Ai/Aig)
o
@

4 .
(min)

10 20
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Fic. 3. Initial and subsequent rates of specific
exchange of labeled ADP at 0°C by liver mitochon-
dria from normal (@, N) or hypothyroid (O, H) rats.
Mitochondria were incubated for the indicated times
as in Fig. 1, and the exchange was calculated from
the amount of ADP taken up and from Aig as de-
scribed in Methods.

Vmax
(nmoles x K
min”'xmg™) (uM) r |
W 600 329 0979

08

N 224 758 0987

1/ vy (nmoles/min/ mg) '

2
1/ADP (um)"!

Fi1g. 4. Plots of reciprocal translocation velocity
versus [ADP] for liver mitochondria from normal
(@, N) or hypothyroid (O, H) rats. Initial velocities
were measured at 0°C as in Fig. 3.
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0°C, the H mitochondria thus translocate
external ADP at a much slower maximal
rate than N mitochondria, but they reach
half-maximal translocation rate at about
half the ADP concentration necessary in
normals —perhaps a compensatory mecha-
nism. Our value for K,, in the mitochon-
dria of normal rats is in the range reported
by others [see (4)].

Effects of Oxidative Phosphorylation

The nonexchangeability of endogenous
mitochondrial ATP + ADP is said to re-
flect “the establishment of a phosphoryla-
tion equilibrium between the ATP system
and the energy transfer” (12). The incom-
plete exchangeability of endogenous ATP
+ ADP and the low rate constant of ex-
change in H mitochondria might therefore
be caused by either an active phosphoryl-
ating system or an active ATPase. The fact
that the phosphorylation state of the en-
dogenous adenine nucleotides in H mito-
chondria is lower than in N mitochondria
is consistent with an increased ATPase
activity, but treatment of hypothyroid rats
with LT, does not improve the phosphoryl-
ation ratio although it increases the de-
pressed exchangeability of the nucleotides
(Table I). As is shown in Table III, block-
ing endogenous phosphorylation in hypo-
thyroid mitochondria with KCN (3) or
blocking both phosphorylation and ATP-
ase action with oligomycin does not alter
the translocation rate constant or the
amount of labeled ADP exchanged at equi-
librium. The translocation rate constant

TABLE III
ErrEcTs oF OXIDATIVE PHOSPHORYLATION oN ADP
EXCHANGE AT 0°C IN MITOCHONDRIA FROM
HyproTHYROID RATS®

Agents added ky ADP ex-
(min™") changed
at 90 min
(nmol/mg)
None 0.36 7.4
Succinate (10 mM) + P; (10 mm)  0.50
Oligomycin (2 pg/ml) 0.44
KCN (1 mm) 0.37 7.8

¢ The indicated agents were present at ¢ = 0, and
either the rate constant k; or the amount of labeled
ADP exchanged at 90 min was measured, as in Figs.
3 and 1, respectively.
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actually increases by almost 40% when ox-
idative phosphorylation is supported by
the presence of succinate + P;. There is
therefore no evidence that increased phos-
phorylation or decreased ATPase in mito-
chondria from hypothyroid rats accounts
for the decreases observed in the ex-
changeability and the exchange rates of
internal adenine nucleotides.

Effects of Temperature on ky

Observations that the amount of ADP
exchanged in 2 min at 0°C is below normal
in H mitochondria, but is normal at 25°C
(Table II), suggested further examination
of the temperature dependence of translo-
cation. The kinetics of translocation were
measured over the temperature range 0 to
35°C as is detailed in the Methods section,
comparing N and H mitochondria. Figure
5 shows reciprocal velocity-[ADP] plots ob-
tained with N mitochondria at 25 to 35°C,
and with H mitochondria at 35°C. The ve-
locities measured at 20 um ADP fit the
lines extrapolated from the slower, more
reliable velocities at the lower [ADP], ex-
cept for N mitochondria at 35°C. Figure 6
shows no distinct trend of the apparent K,
for ADP as temperature rises, except for a
rise at 35°C with N mitochondria that may
reflect the poor fit of the data to a line in
Fig. 5.

The values for the V of translocation at
each temperature, together with those for
Aig (Fig. 2) were used to calculate kr for H
mitochondria. For N mitochondria, Aiy =
8.4 nmol/mg was assumed to be the ex-

i
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25°N

35°H

30°N

1/Vy (nmotes/min/mg)~"!
2

0 05 10 15
1/a0P (um)™
Fic. 5. Plots of reciprocal velocity versus [ADP]
for liver mitochondria from normal (N) or hypothy-
roid (H) rats. Initial velocities were measured at the
indicated temperatures, as in Fig. 3.
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changeable ATP + ADP level during the

" first 30 s of translocation (see Fig. 1) at

each temperature. The Arrhenius plots for
the normalized values of k; are shown in
Fig. 7. From 0 to 17°C, log kr is linear with
[K°]7%, with the energy of activation about
30% greater in the H mitochondria than in
the normals. Above 17°C, the log k; for H
mitochondria continues to increase lin-
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Fic. 6. The effect of temperature on the apparent
K,, for added ADP in the translocation assay, with
liver mitochondria from normal (@) or hypothyroid
(O) rats. Measurements of initial velocities were
made at three ADP concentrations at each tempera-
ture, and K,, was determined from plots of reciprocal
velocity versus [ADP])™! as in Fig. 4 and Methods.
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Fic. 7. The effect of temperature on the rate con-
stant for specific ADP translocation, in liver mito-
chondria from normal (@, N) or hypothyroid (C, H)
rats, shown as Arrhenius plots. The energies of acti-
vation (E,) are calculated from the linear portions of
each line by a least-squares method, and the fit of
the data is indicated by the correlation coefficient r.
The values for k; were obtained from extrapolated
values of the V for translocation at each tempera-
ture as in Fig. 6, and as described in Methods. The
broken line is discussed in the text.
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early, but log kr for N mitochondria de-
creases slightly. This decrease has not
been reported in other studies (4, 12, 18,
26) and implies either an apparently nega-
tive E,, which is disconcerting, or more
likely the intervention of a process differ-
ent from thermal activation of the translo-
case system.

DISCUSSION

Mitochondria obtained from beef hearts
and rat livers translocate ATP and ADP at
a velocity that depends both on the content
of endogenous exchangeable ATP + ADP
and the activity of the translocator mole-
cule (12). Liver mitochondria from normal
and hypothyroid rats contain similar
amounts of exchangeable ATP + ADP
(Fig. 1) even though the latter have 60%
more total ATP + ADP (Table D). This
compartmentation in H mitochondria re-
sembles that in beef heart (15) and rat
liver (27) mitochondria reported by some
workers, although others have found com-
plete exchangeability in such mitochon-
dria (12), as we do (Fig. 1).

The apparent unreactivity of a portion of
the endogenous nucleotides has been as-
cribed to a competition between the trans-
locator and the phosphorylating system (3,
12). This explanation does not seem to ac-
count for the compartmentation in our H
mitochondria. We measured translocation
in the absence of P, and substrate to elimi-
nate a significant amount of phosphoryla-
tion of ADP. Furthermore, blocking en-
dogenous phosphorylation and ATPase ac-
tion did not stimulate translocation (Table
1.

Liver mitochondria from hypothyroid
rats contain twice the normal amount of
pyridine nucleotides (28, 29). In hypothy-
roidism, all the endogenous NADP" is re-
duced upon the addition of substrates, but
an apparent compartmentation of endoge-
nous NADP(H) is produced by the addition
of micromolar concentrations of LT, (29).
The nature of the binding of adenine nu-
cleotides and pyridine nucleotides in nor-
mal mitochondria is not yet clear, so it is
not possible to decide how the thyroid state
affects nucleotide binding. In mitochon-
drial membranes the binding of ATP and
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ADP inside the atractyloside barrier de-
pends on [Mg?*] (30), and in blood platelet
membranes ADP binding depends on
[Mg?*] and [Ca?*] (31). Removal of a large
portion of the Mg from normal mitochon-
dria in a phosphate medium (32) also re-
moves most of the endogenous ATP +
ADP (12). The internal Mg and Ca con-
tents of the liver mitochondria of hypothy-
roid rats are abnormal (32), but the
changes from normal levels do not seem
great enough to account for the excess nu-
cleotides: Mg increases by 18%, Ca de-
creases by 27%, and their total of 50 ng-
atoms/mg of protein remains unchanged.
The decreased binding of ATP and ADP by
mitochondrial membranes treated rela-
tively mildly with detergents (26) seems
consistent with the involvement of pro-
teins or lipids.

Our data on vy and the values for E, in
liver mitochondria from normal rats do not
agree well with those of other workers.
The vy at 0°C for external labeled ADP
here is about three times greater than val-
ues obtained by a similar disc filtration
method (1, 11) or by other methods (12, 18,
26). The vy at 0°C for mitochondria from
hypothyroid rats is in the range observed
by others for normals, so the filtration
method used here can measure slow rates.
Our measurements on normals show an E,
value between 0 and 17°C that is 20 to 25%
of the values reported below the transition
temperature in measurements using cen-
trifugal separations (12, 18). Above the
transition temperature, others observe
serve E,’s of 21 kcal/mol (12) and 13 kcal/
mol (18), where we see an inhibition of vy
(Fig. 7). Together with this, the vy at tem-
peratures between 17 and 35°C reported
here is about 70 nmol/min/mg, compared
with a vy of over 500 nmol/min/mg at 30°C
obtained with a rapid mixing and sam-
pling apparatus (26). This last discrep-
ancy, in view of a phosphorylation rate of
about 200 nmol of ATP/min/mg at 25°C
that is completely inhibited by atractylo-
side and so presumably involves the trans-
locator, makes it almost certain that above
17°C, we are observing a mechanical and/
or thermal inactivation of the translocator
during the disc filtration of normal mito-
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chondria, as has been implied by Klingen-
berg (26) for other studies. Our initial rate
measurements do not seem at fault, for
reasons described previously, and the high
values for vy below 17°C would seem to be
ascribable to a variety of differences from
procedures used by other investigators:
our use of starved rats for a mitochondrial
source, the strain of rats, their diet, their
environmental temperature, and (at the
risk of circular reasoning) their thyroid
state.

Using the same filtration method, hypo-
thyroid mitochondria respond differently
to temperature changes than do normal
mitochondria here or elsewhere. All agree
upon the occurrence of a transition tem-
perature between 0 and 30°C (4, 12, 17, 26),
and no such transition is observed with H
mitochondria (Fig. 7). The 2-min uptake
data (Table II), which do not involve the
measurement of initial rates, show an
anomalously greater uptake at 25°C in hy-
pothyroids that is consistent with the Ar-
rhenius plot. The filtration method seems
to limit the maximal initial rate to about
70 nmol/min/mg only when the mitochon-
drial lipids are in a fluid state above the
transition temperature, and H mitochon-
dria do not become “fluid” up to 35°C. It is
hoped that improved methodology will test
these observations.

It appears then, even considering the
limitations of the filtration technique, that
the depressed translocating activity in hy-
pothyroidism may be a result of changes in
the amount or the properties of the protein
translocator molecule. The first-order rate
constant of translocation, .y, which re-
flects the properties, is decreased by 66%
at 0°C in H mitochondria as compared to
normals (Fig. 3). The decrease in both V
and K, (Fig. 4) suggests a change in the
active form of the translocator; a decreased
number of molecules of translocator would
account only for the decrease in V. The
specific binding of external ADP, which is
a measure of the numbers of translocator
sites (12), is not significantly altered in
hypothyroidism (Table II). We detect no
deficiencies of a mitochondrial polypeptide
on SDS gel electrophoresis of inner mem-
brane vesicles prepared from our hypothy-

roid rat liver mitochondria (6, 33, 34), at
least of a magnitude large enough to ac-
count for the major decrease in transloca-
tion velocity. Although Baudry et al. (35)
report a deficiency of a 54,000 M, protein,
the translocator protein dimer would ap-
pear as monomers of a M, of 29,000 (26).

There is reason to believe that the pro-
tein translocator molecule itself is not al-
tered in hypothyroidism. Neither adminis-
tration of hormones nor deficiencies of hor-
mones lead to the synthesis of mutant pro-
teins with a changed primary sequence of
amino acids (36). Further, liver mitochon-
drial inner membranes obtained from hy-
pothyroid rats contain no polypeptide com-
ponents with abnormal -electrophoretic
mobilities (6, 33-35).

In contrast, evidence exists that the en-
vironment of the translocator protein in
the inner mitochondrial membrane is
changed in hypothyroidism. Changes in
temperature affect the activity of the
translocator quite differently in mitochon-
dria from hypothyroid or normal rats (Ta-
ble II, Fig. 7). The responses of membrane-
dependent processes to changes in temper-
ature depend mainly on the lipid environ-
ment of the protein carriers or enzymes
(13, 37). The chemical composition of the
polar and nonpolar portions of membrane
phospholipids, and especially the degree of
unsaturation, control the changes in rate
constants with temperature (38, 39). Dif-
ferences of less than 5% in the amount of
unsaturated fatty acid have a marked ef-
fect on the freezing point of mixtures at the
approximate composition of fatty acid in
biological membrane lipids (40). In hypo-
thyroidism, the total unsaturation of the
phospholipid fatty acids in the rat liver
mitochondrial inner membrane is signifi-
cantly decreased, by 10% (33, 34). This
difference would account for the absence of
a distinct transition temperature below
35°C in the k; of translocation in H mito-
chondria (Fig. 7).

In hypothyroidism the abnormal compo-
sition of the inner membrane of liver mito-
chondria appears to alter the environment
of the translocator molecule and of other
processes as well. The Arrhenius profile of
the phosphorylation of added ADP by digi-
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tonin-extracted inner membrane vesicles
obtained from H mitochondria is linear
from 0 to 30°C, whereas that of normal
vesicles shows a transition at 21°C (33, 34).
Analogous differences are seen in the tem-
perature dependence of the nuclear glu-
cose 6-phosphate phosphohydrolase activ-
ity (41). On the other hand, energy-de-
pendent transhydrogenation of pyridine
nucleotides at 30°C is markedly acceler-
ated in sonicated vesicles prepared from H
liver mitochondria, although the Arrhen-
ius profile is unchanged (6, 42, 43). These
observations suggest that the protein mol-
ecules that mediate different membrane-
dependent processes respond differently to
the membrane lipid changes.

One injection of LT, administered to a
hypothyroid rat corrects the abnormal be-
havior of adenine nucleotide translocation
in 3 days (Table II). The polyunsaturated
fatty acid contents of the inner mitochon-
drial membrane are similarly corrected (6,
33, 34). Such treatment is known to restore
within 2 days several rates of synthesis
that are depressed in hypothyroid liver
cells: RNA and protein synthesis (24), and
the synthesis of the phospholipids of the
membranes of microsomes, mitochondria,
and nuclei (25). The desaturation of essen-
tial polyenoic fatty acids (34, 44) is also
accelerated by thyroid hormeone in vitro.
Each of these systems seems a possible
target for hormone action to explain our
observations.
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