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mitochondria. 

Postulated models for steroid hormone 
action involve nuclear localization of the 
hormones after binding by a cytoplasmic 
receptor. A somewhat similar mecha- 
nism has seemed plausible for thyroid 
hormone action in view of reported bind- 
ing of the thyroid hormones to the cell 
nucleus or to acidic nuclear proteins (1- 
4). We have been examining the sub- 
cellular binding of the thyroid hor- 
mones to the nucleus, cytoplasm, and 
the mitochondria as well, to deter- 
mine the biological relevance of the 
previously described mitochondrial 
receptor (5) by comparing its binding 
characteristics to that of other known 
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cellular binding sites and relating 
binding affinity and hormonal action. 

Male Sprague-Dawley rats weighing 
more than 300 g were obtained from 
Charles River Breeding Farms. Surgi- 
cally thyroidectomized rats (Hormone 
Assay Laboratories) given 0.2 percent 
CaC12 in tap water were kept at least 1 
month on a low-iodine diet, by which 
time hypothyroid stigmata had become 
obvious and serum triiodothyronine (T3) 
and thyroxine (T4) concentrations were 
in the hypothyroid range. Normal rat se- 
rum T4 concentrations were (mean ? 
standard deviation) 4.8 ? 1.6 /xg/dl in 
contrast to 1.1 + 0.6 ,ug/dl in hypothy- 
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roid serums, and T3 values were unde- 
tectable. Isolation and handling of nuclei 
and cytosol from rat liver and kidney 
have been described (1, 6). Isolation of 
mitochondria and preparation of mito- 
chondrial membrane protein were as de- 
scribed elsewhere (5), except that the ini- 
tial homogenate was centrifuged at ap- 
proximately 620g (corresponding to 2250 
rev/min in the Sorvall SS-34 head). The 
mitochondrial membrane protein ob- 
tained after Triton X-100 treatment was 
partially purified. Gel filtration of mito- 
chondrial membrane protein was carried 
out on a calibrated column of Sephadex 
G-200 (90 by 1.5 cm) at a flow rate of - 15 
ml/hour with 0.05M tris-HCI buffer, pH 
7.0, and 3-ml fractions were collected for 
determinations of absorbance and other 
analytic procedures. Electron micro- 
graphs were interpreted as verifying the 
high purity of the mitochondria. An elec- 
trophoretic study of mitochondrial mem- 
brane protein with added labeled T3 (5) 
showed it to have a mobility greater than 
that of serum prealbumin, whereas nu- 
clear protein had a mobility less than that 
of serum albumin, judging from scans of 
paper strips. Separation of inner and out- 
er mitochondrial membranes was done 
by the method of Schnaitman and Green- 
await (7) and verified by determinations 
of monoamine oxidase, cytochrome oxi- 
dase, and malic dehydrogenase. 

Samples of 25I-labeled T:, and T4, pro- 
vided by Abbott Laboratories, were 
checked for purity by paper electro- 
phoresis and chromatography. Phos- 
phate labeled with 32p was purchased 
from Squibb. All other chemicals were 
obtained from commercial sources and 
were of the highest purity available. 

Determination of binding constants. 
Hormone concentrations in the subcellu- 
lar constituents studied were: cytosol, 
2.3 x 10-2 to 300 x 10-2 MM; intact nu- 
clei or acidic nuclear protein (1), 0.75 x 
10-4 to 10 x 10-4, M; and mitochondrial 
membrane protein, 0.75 to 10 pM. The 
total radioactivity in each tube was de- 
termined by counting for V2 to 2 minutes 
during brief removal from the incubation 
bath. Incubations were for 1 hour at 0?C 
for cytosol and mitochondrial prepara- 
tions and at 37?C for nuclei. The volumes 
of the protein solutions were 0.4 ml plus 
40 ,ul of isotope solution. The medium 
consisted of 0.05M tris-HCl and 0.01M 
EDTA, at pH 7.0 for mitochondria and at 
pH 7.4 for cytosol and nuclei. In studies 
of mitochondrial protein binding a gener- 
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sought. The actual protein concentra- 
tions were determined subsequently and 
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Thyroid Hormone Action: The Mitochondrial Pathway 

Abstract. The subcellular compartments have been investigated to compare pro- 
teins capable of binding triiodothyronine and thyroxine; specific binders have been 
found in cytosol, nuclei, and mitochondria from rat liver and kidney. The binding 
protein from the inner mitochondrial membrane had the highest association constant 
(>1011 liters per mole), suggesting possible direct hormone action on the mito- 
chondria. Binding of hormone analogs was found to be related to known physi- 
ological potency, and stereospecific discrimination between L- and D-thyroxine was 
observed. The saturable receptor was found in the mitochondrial membranes of rat 
liver, kidney, myocardium, and skeletal muscle but not in mitochondria from the 
unresponsive tissues: brain, spleen, and testis. Oxidative phosphorylation by mito- 
chondrial vesicles from hypothyroid rats increased after the addition of physiological 
concentrations of triiodothyronine, which corroborated direct hormone action on 
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Fig. 1. Interaction between rat renal cytosol 
binding protein and 125I-labeled TS with and 
without the nonradioactive competing ligand 
T4 at 1.5 ,M (Scatchard plot). 

were found to vary from 0.05 to 0.42 
mg/ml, without any detectable influence 
on the binding constants obtained, de- 
spite the almost tenfold range of protein 
concentrations employed. 

"Free" and "bound" fractions of 
intact nuclei were separated by centri- 
fuging the nuclei at 10,000g and com- 
paring the radioactivity in the nuclear 
pellet (bound) with that in the super- 
natant (free). In the case of the protein 
solutions, incubation was terminated by 
the addition of 0.2 ml of dextran-coated 
charcoal [Norit A and dextran (molec- 
ular weight, 60,000 to 90,000), both 10 
g/liter], as previously described (8-10). 
The charcoal pellet (free hormone) 
and supernatant (bound hormone) 
were counted in a Packard Auto-Gamma 
spectrometer. The lowest additions of 
labeled T, sometimes resulted in val- 
ues for bound hormone as low as 25 
counts per minute (cpm) above back- 
ground, so that prolonged counting was 
needed to achieve a statistical accuracy 
of about 5 percent. The association con- 
stant (kA) was determined by plotting the 
ratio of bound to free hormone (B/F) 
against bound hormone (B) in a Scat- 
chard plot (11, 12). Addition of 1000-fold 
or greater excess of "cold" hormone 
gave nonspecific binding, which was 

subtracted from each experimental 
point. The findings with dextran-coated 
charcoal were corroborated by data from 
classical equilibrium dialysis (8, 9) with 
cytosol, the only protein readily avail- 
able in sufficient amount for replicate 
studies with 1-ml quantities in a dialysis 
bag. 

To determine the association constant 
of the hormone analogs D-thyroxine (D- 
T4), tetraiodothyroacetic acid (TA4), and 
3 '-isopropyl-3,5-diiodo-L-thyronine (3'- 
isopropyl-3,5-T2), we used the equation 

r kBA i -t a-s t [B] 

where kA is the association constant for 
labeled T3 or T4 alone, kA' is the associa- 
tion constant for T3 or T4 in the presence 
of the competing (nonradioactive) lig- 
and, [B] is the concentration of the com- 
peting ligand, and kB is the association 
constant of the competing ligand for the 
primary site previously determined for 
labeled T3 or T4 alone. 

We have used Eq. 1 to study binding 
by weaker competing ligands for primary 
binding sites (13), based on the formula- 
tion of Edsall and Wyman (14) for the ef- 
fects of competition between different 
ligands for the same binding site. Such 
an experiment is illustrated in Fig. 1. 

The number of binding sites was de- 
rived from the intercept on the abscissa 
and calculated as number of sites per 
cell, based on recovery studies and pro- 
tein determinations, plus the value of 
1 x 108 cells per gram (wet weight) of rat 
liver (15, 16). 

Oxygen consumption was measured at 
37?C in a Clark oximeter in both intact 
mitochondria and mitochondrial vesi- 
cles. Only preparations showing active 
respiration were used for studies of 
adenosine triphosphate (ATP) forma- 
tion. Oxygen consumption was observed 
to increase within I to 2 seconds on addi- 
tion of T3 at final concentrations as low 
as 5 or even 0.5 ,uM, but not at lower 
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Fig. 2. Interaction between T3 and rat liver 
mitochondrial membrane protein (Scatchard 
plot). Our preliminary estimate is that there 
are approximately 2000 primary mitochon- 
drial binding sites per hepatic cell. 

concentrations. We also examined the 
effect of T3 in vitro on oxidative 
phosphorylation in isolated mitochon- 
drial vesicles prepared from hypothyroid 
rat liver by digitonin treatment (7) fol- 
lowed by 15 seconds of sonication. The 
mitochondrial vesicles were incubated 
with 32P for 2 minutes at 37?C in a buf- 
fered medium containing 5 mM succi- 
nate, I mM phosphate, and 1 mM adeno- 
sine diphosphate (ADP) atpH 7.0. Incor- 
poration of 32P was measured in a liquid 
scintillation counter after extraction by 
Pullman's procedure for [32P]ATP (17). 

The data in Fig. I illustrate a binding 
study with rat renal cytosol, showing a 
primary class of binding sites. Table 1 
shows mean values obtained in about 150 
experiments with cytosol, nuclei, and 
mitochondria, which show successively 
greater binding affinity. The values of 
Table I and Fig. 2 represent experiments 
with partially purified mitochondrial pro- 
tein material. In Sephadex G-200 gel fil- 
tration of mitochondrial membrane pro- 
tein (5), the main protein peak emerges 
early, soon after the void volume. The 
peak begins to emerge a single tube after 
the position of the immunoglobulin G 
peak, determined by prior calibration of 

Table 1. Association constants (kA) for the interaction between cellular constituents and thyroid hormones or hormone analogs. Values are means 
? standard error of the mean. 

Constituent kA (liter/mole) 
and tissue t T D I - _ and tissue 

T3 T4 TA4 D-T4 3'-Isopropyl-3,5-T2 

Cytosol 
Liver 2.3 + 0.6 x 106 2.0 + 0.3 x 105 

Kidney 3.3 + 0.4 x 106 8.9 + 1.6 x 105 4.9 + 1.3 x 105 

Nuclei 
Liver 5.0 + 2.1 x 108 1.9 + 0.9 x 108 
Kidney 

Mitochondria 
Liver 1.9 ? 0.2 x 1011 9.4 + 2.5 x 1010 2.2 + 1.4 x 109 1.1 + 0.5 x 1010 2.4 ? 0.5 x 1012 
Kidney 2.0 + 0.4 x 1011 6.2 + 1.1 x 1010 5.3 + 3.3 x 109 1.3 x 1010 4.3 ? 0.9 x 1012 
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the column with human serum. This frac- 
tion appears to have a primary class of 
binding sites with an association con- 
stant for T3 greater than 1011 liter/mole, 
the highest observed for any subcellular 
component (Fig. 2). This specific binding 
was observed in such fractions obtained 
from inner mitochondrial membrane. In 
contrast, material from outer mitochon- 
drial membrane or whole unfractionated 
mitochondrial protein reveals an almost 
horizontal line on a Scatchard plot, sig- 
nifying a large number of low-affini- 
ty, high-capacity, virtually unsaturable 
binding sites. Data from hypothyroid and 
from normal rats did not differ signifi- 
cantly. 

Mitochondrial preparations from myo- 
cardium and from striated skeletal 
muscle showed highly specific binding 
similar to that observed with material 
from liver and kidney. However, mito- 
chondria prepared by similar methods 
from rat brain, spleen, and testis (18) 
failed to show specific, saturable bind- 
ing. 

Table 1 shows that T.3 is bound with a 
higher association constant than T4 for 
all subcellular moieties. The most exten- 
sive analog studies, carried out with 
mitochondrial protein, showed that T4 
was more firmly bound than TA4, which 
was in turn more firmly bound than D-T4. 
The highly active synthetic analog 3'- 
isopropyl-3,5-T2 was the only compound 
with a higher association constant than 
T3 itself. 

As shown in Fig. 3, mitochondrial ves- 
icles from hypothyroid rats were capable 
of oxidative phosphorylation, which was 
stimulated by the addition of T3 in vitro. 
Since incubations lasted only 2 minutes, 
this represents a rapid effect, evident at 
the nanomolar level or even lower. The 
T3 was added to the medium, which con- 
tained succinate as the substrate, and the 
mitochondrial vesicles were added at the 
start of the 2-minute period. No stimula- 
tion was observed in mitochondrial 
vesicles prepared from normal rats. Un- 
coupling of oxidative phosphorylation 
was observed with dinitrophenol (DNP) 
at 6 x 10-6M, as well as T3 at the un- 
physiologically high concentration of 100 
,uM (Fig. 3). The uncoupling by DNP is 
the anticipated effect on the incorpora- 
tion of inorganic phosphate into ATP in a 
mitochondrial vesicle system carrying 
out oxidative phosphorylation. 

Some reservations must be enter- 
tained regarding the binding constants 
obtained from Scatchard plots of the in- 
teraction between T3 and the mitochon- 
drial membrane protein, as shown in Fig. 
2. The points illustrated in Fig. 2 repre- 
sent occupancy of approximately one- 
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half of the binding sites. Points repre- 
senting greater T3 additions (not illustrat- 
ed) usually reveal a flattening of the 
curve. In no case was a single linear neg- 
ative slope observed beyond the point of 
two-thirds occupancy. Flattening of the 
curve can be produced by the presence 
of other weaker classes of binding sites 
either on the major receptor protein itself 
or on other contaminating proteins. The 
data at hand do not permit discrimination 
between these possibilities. Neverthe- 
less, it seems reasonable to accept the 
values listed as first-order approxima- 
tions. Subtracting the contribution of 
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Fig. 3. Triiodothyronine stimulation of mito- 
chondrial oxidative phosphorylation. Sub- 
mitochondrial vesicles were prepared from 
the mitochondria of hypothyroid rats (see 
text). Incubation with and without added T3 in 
the concentrations designated was carried out 
in 0.05M tris-HCl buffer with 0.075M sucrose 
and 0.05M KC1 at pH 7.0 for 2.0 minutes in 
the presence of 5 mM succinate, 1 mM ADP, 
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control column shows the mean + standard 
error of the mean for 32P incorporation in 
quadruplicate incubation flasks. The first 
three T3 columns represent the means for du- 
plicate flasks ? deviations. The last two col- 
umns represent single incubation flasks; simi- 
lar findings were obtained in several such ex- 
periments. The results were interpreted as 
indicating significantly (P = or < .03) in- 
creased [32P]ATP formation in the physi- 
ological T3 range 0.5 nM to 1 lrM, but marked 
diminution at the high T3 level of 100 ,uM, 
signifying uncoupling of oxidative phosphory- 
lation which was almost as pronounced as 
with the known uncoupling agent DNP at 6 x 
10-6M. At 1 pM T3, the slight increase in 
[32P]ATP was not statistically significant. The 
1 pM values in the majority of such studies 
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sequence anticipated from physiological 
activity: 3'-isopropyl-3,5-diiodo-L-thyro- 
nine > T3 > T4 > TA4 > D-T4. The ste- 
reospecificity of discrimination between 
L-T4 and D-T4 is considered particularly 
significant. However, the correspon- 
dence between firmness of binding and 
biological activity was not precisely lin- 
ear. Thus, 3'-isopropyl-3,5-T2 is prob- 
ably not more than two or three times as 
potent as T3, but it is bound more than 
ten times as firmly. On the other hand, T3 
is bound two to three times as firmly as 
T4, proportional to their respective po- 
tencies in the maintenance of athyreotic 
myxedema in the euthyroid state. Al- 
though T4 is converted to T3 in vivo (19- 
21) it seems reasonable to consider that 
T4 possesses intrinsic hormonal activity. 

The stimulation of oxidative phospho- 
rylation in vitro presented some prob- 
lems of interpretation because of the 
very broad range of concentrations 
showing incremental stimulation. Since 
mitochondrial outer membrane was 
found to contain an excess of high-ca- 
pacity, low-affinity binding sites, even 
vesicles prepared after digitonin treat- 
ment were probably not devoid of such 
relatively nonsaturable binding sites, and 
thus effects might be observed over such 
a broad concentration range. The un- 
coupling of oxidative phosphorylation 
observed at the very high concentration 
of 100 ,jM may not have any counterpart 
in vivo. 

Extrapolation of the findings to the sit- 
uation in vivo will require further quan- 
titative data. Our preliminary estimate is 
approximately 2000 specific saturable 
mitochondrial binding sites per hepatic 
cell, which should be compared with the 
number of nuclear sites-about 15,000 
(our estimate) or about 5000 to 8000 (1- 
4). 

It might be supposed that at normal TX 
concentrations the specific mitochon- 
drial binding sites are largely saturated. 
However, the existence of an excess of 
nonspecific, low-affinity, high-capacity 
sites in the outer mitochondrial mem- 
brane must be taken into account. Mak- 
ing the speculative assumption that the 
intracellular free T3 concentration ap- 
proximates that of the circulating plas- 
ma, it may be estimated that approxi- 
mately half of the mitochondrial receptor 
sites would be occupied. 

The concept of a direct thyroid hor- 
mone effect on mitochondria has been 
supported by numerous previous reports 
(22-27), especially the findings of Bronk 
(22), which have suggested immediate ef- 
fects on oxidative phosphorylation. This 
concept is in no way incompatible with 
stimulation of nuclear transcription (1- 
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4), which is regarded as a probable sus- 
tained effect after a lag required for acti- 
vation of protein synthesis. The en- 
hanced sodium-potassium adenosine tri- 
phosphatase mechanism or "sodium 
pump" (28) is regarded as a major final 
pathway of energy expenditure. 

The binding of thyroid hormone by the 
proteins of the cytosol differs strikingly 
from postulated models for steroid hor- 
mone action wherein the cytosol recep- 
tor-hormone complex is "translocated" 
into the nucleus, apparently to stimulate 
the transcription of specific parts of the 
genetic message. In contrast, the specific 
T3 binding sites on cytosol proteins, 
which number more than 20 million per 
rat liver cell, may simply hold the hor- 
mone inside the cell, facilitating inter- 
action between a minute moiety of intra- 
cellular free T3 and the effector loci (29). 

The model we propose consists of an 
integrated sequence of actions of thyroid 
hormone at the cellular level, including 
direct effects on the mitochondria in ad- 
dition to stimulation of nucleic acid and 
protein synthesis by way of receptors in 
the nuclear chromatin. It does not ex- 
clude further possible routes of thyroid 
hormone action, including effects on the 
plasma membrane (30, 31), and incorpo- 
ration of the hormone molecule into 
tyrosine sites in proteins (32). However, 
on the basis of the available data, it 
would be most unlikely that binding of 
thyroid hormone by receptors in the nu- 
clear chromatin could account for the en- 
tire spectrum of biological actions, how- 
ever important such a mechanism may 
prove to be in growth and differentiation. 
The lag time before increased protein 
synthesis (33) shows that such a pathway 
must represent a sustained rather than an 
immediate or initial hormone action. In 
contrast, the activation of mitochondrial 
energy metabolism would seem a reason- 
able candidate for the first effects ob- 
servable, such as increased oxygen con- 
sumption soon after administration of T3 
to thyroidectomized rats or to myxede- 
matous human subjects. 
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age. We have investigated suppressor T 
cell activity in human SLE and report 
that patients with this disease lack sup- 
pressor T cells and that suppressor T cell 
activity is induced in vitro in cells from 
these patients by incubation with thymo- 
sin or cultured thymic epithelium (CTE). 

Suppressor T cell activity was deter- 
mined by assessing the effect of con- 
canavalin A (Con A)-treated lympho- 
cytes on the one-way mixed leukocyte 
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Fig. 1. Assays in normals. (A) The suppressor cell assay was performed as described (3). Repre- 
sentative data from one individual (autologous suppressor assay) are shown; they were similar 
in all 15 control patients. The allogeneic suppressor assay with normal suppressor cells gave 
similar results. Each point represents the mean counts per minute ? standard deviation of 
triplicate determinations. (0) Suppressor cells first incubated with Con A for 24 hours. (A) 
Suppressor cells first incubated with Con A for 48 hours. (B) The Con A proliferation assay was 
performed as described (11). Representative data from one individual are shown but were simi- 
lar in all 15 control patients. (() Cells incubated with Con A for 24 hours. (A) Cells incubated 
with Con A for 48 hours. 
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Induction of Suppressor T Cells in Systemic Lupus 

Erythematosus by Thymosin and Cultured Thymic Epithelium 

Abstract. Patients with systemic lupus erythematosus lacked suppressor T cell 
function. Suppressor cell activity was induced in cells from many of these patients by 
incubation with thymosin or cultured thymic epithelium. These results suggest that 
thymic manipulation may be a useful therapeutic modality in this disease. 
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