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There is abundant clinical and physiological evidence to sug-

gest an intimate role of the thyroid hormone in the regulation

of protein metabolism. In man cretinism is usually associated

with dwarfism (3), and thyroidectomy in immature animals re-

sults in retarded growth which can be corrected by L-thyroxine

administration (4, 5). In mature animals thyroid dysfunctionis

generally accompanied by changes in nitrogen metabolism as

prominent and characteristic as those observed in oxidative and

energy metabolism (3).

A possible relationship between thyroxine and protein synthe-

sis has been suggested by the studies of DuToit (6), who reported

an increasedrate of amino acid incorporationinto protein in liver

slices from rats pretreated in vivo with L-thyroxine. The present

paperdescribes a similar stimulation of aminoacid incorporation

into protein in cell-free rat liver homogenates after the adminis-

tration of L-thyroxine in vivo or its addition in vitro. A reduction

in the rate of amino acid incorporation has been observed after

thyroidectomy. Some characteristics of the thyroxine effect are

described, and evidence is presented linking it to the mitochon-

drial fraction and possibly to oxidative phosphorylation.

EXPERIMENTAL PROCEDURE

Materials

Chemicals--The following compoundsof the highest grade of

purity available were purchased from commercial sources. AMP

(Pabst Laboratories and Sigma Chemical Conpany); creatine

phosphate (California Corporation for Biochemical Research and

Sigma); a-ketoglutarate and succinate (California Corporation

and Nutritional Biochemicals Corporation) ; pL-8-hydroxybutyr-

ate (Nutritional Biochemicals); pi-leucine-1-C"™ and p1-valine-

1-C™ (Nuclear-Chicago Corporation); sodium i-thyroxine (Cal-

ifornia Corporation, Sigma, and Nutritional Biochemicals). For

many of the experiments L-thyroxine was recrystallized once or

twice from dilute ethanol-water solutions of the commercial

preparations; the effects observed with recrystallized L-thyroxine

were at least as great and usually greater than those observed

with the original commercial preparations.

Tetraiodothyroacctic acid and sodium L-triiodothyronine were

generously provided by Dr. A. E. Heming of the Smith, Kine

and French Laboratories. p-Thyroxine was obtained similarly

* Preliminary reports of portions of this work have been pre-

sented (1, 2).

from Dr. L. Ginger of Travenol Laboratories, Inc. and Dr. T. F.

Macrae of Glaxo Laboratories, Ltd., Middlesex, England. Crys-

talline creatine phosphokinase, prepared by the methodof Kuby,

Noda, and Lardy (7), was the gift of Dr. F. Friedberg.

Animals—Sprague-Dawley male rats were used in all these

studies. Animals weighing between 90 and 150 g were preferred

and were used in the experiments on the effects of thyroxine and
its analogues in vitro. For studies involving pretreatment pro-

cedures in vivo, animals weighing between 70 and 100 g were

selected, but they frequently attained weights up to 250 g by the

end of the pretreatment schedule. The specific pretreatment

procedures are described below. All animals were fed Purina

laboratory chow ad hibitum except for a 12- to 18-hour period im-

mediately before they were killed, during which time they were

deprived of food.

Methods

Preparation of Homogenates—Homogenates were prepared

fresh for each experiment, and the homogenization procedures

were performed in a room in which the temperature was main-

tained at 4°. The rats were decapitated, and their livers were

quickly removed and transferred to a 0.25 m sucrose solution

previously cooled to 0°. When oncechilled to that temperature,

tissue fractions were maintained between 0° and 2° through all

subsequent operations. Thelivers were wiped dry on absorbent

paper, weighed, and homogenized in portions of 1 to 2 g; cach

portion was first minced withscissors and then homogenizedin 5
ml of 0.25 m sucrose per g of tissue by means of a motor-driven,

loose-fitting, all-glass Potter-Elvehjem homogenizer. The mo-

tor speed was the minimum required to prevent binding of the

homogenizer pestle, and homogenization was continuedfor only

about 35 seconds regardless of the degree of completeness.

Fractionation and Reconstitution of Homogenates-—Fractiona-

tion of the crude homogenate was accomplished by modifications

of the method of Schneider and Hogeboom (8). Three different

procedures were followed according to the nature of the experi-
ment; these will be referred to as Procedures A, B, and C. All
centrifugations below 15,000 x g were performed in a Servall

refrigerated centrifuge; for higher centrifugal forces a Spinco

model L preparative: ultracentrifuge was used.

Procedure A: This procedure was used in most experiments.

Intact cells, nuclei, and cell debris were removed from the crude

homogenate by centrifugation for 10 minutes at 700 * g. The
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TaB_e I

Effect of L-thyroxine pretreatment in vivo on px-leucine-1-C'4

incorporation into protein®

The system contained the following components (in umoles):

sucrose, 150; AMP, 5; potassium phosphate buffer, pH 7.4, 20;
MgCl, 5; potassium a-ketoglutarate, 50; p-leucine-1-C™(specific
activity 5.33 or 5.47 uc/umole); 0.8. In addition, 0.45 ml of ho-

mogenate prepared by Procedure A or 0.15 ml of each of the ho-
mogenate fractions prepared by Procedure B was added. The

reaction mixture was brought to a final volume of 1.7 ml with wa-

ter. Incubation time at 37° was 60 minutes. Radioactivity
measured with end window Geiger-Miieller counter.
 

L-Thyroxine
Control rats pretreated |Effects of pretreatment

| rats
Assay

 

 

A Jor

e.p.m. per mg of protein./30.4+2.8 |41.4+3.7 |+11.04+3.8 |+42
mg of protein N per

flask<<7. bys -n@l.aaite 2.230. 11/2. 12-£0.30 —0.11+0.30

* Rats were paired according to age and weight.. One of each

pair received almost daily intraperitoneal injections of 100 ug

of sodium L-thyroxine in 1 ml of 0.01 n NaOH for6 to 16 days
(mean = 10 days); the other received equivalent amounts of the

NaOH solution alone. On the day after the last dose, liver ho-
mogenates were prepared simultaneously from both animals, and
pu-leucine-1-C"-incorporation activity in both preparations was
assayed in a single combined experiment. The values presented

are the means + standard errors of 8 such paired experiments; %
represents the mean of the individual per cent effects.

> Statistically significant effect; p < 0.02 as determined by

method of paired comparison.

 

supernatant fluid was decanted and centrifuged at 54,000 x g
for 60 minutes. The 54,000 x g supernatant fluid was decanted,
and the combined mitochondrial and microsomal fractions con-
tained in the sediment were resuspended in 0.25 m sucrose to a

final volume of 1.4 ml perg of original liver weight. Thefinal

homogenate was reconstituted by mixing the mitochondrial-

microsomal suspension and the 54,000 x g supernatant fluid in
proportions of 2:1, respectively; its composition was such that

0.45 ml, the aliquot addedperflask, contained mitochondria and
microsomes equivalent to the yield from 200 mg and supernatant
fluid equivalent to the yield from 30 mgofliver.

Procedure B: This procedure was followed in experiments re-

quiring more complete separation of mitochondrial, microsomal, —
and supernatant fractions. After removal of the intact cells,
cell debris, and nuclei as in Procedure A, the mitochondria were
separated by centrifugation of the homogenate at 15,000 x g
for 15 to 20 minutes. The 15,000 x g supernatant fluid was

then decanted and centrifuged for 60 minutes at 105,000 x g to
remove the microsomes. The mitochondrial and microsomal
fractions were each suspended separately in sufficient amounts of

0.25 m sucrose to yield final volumes of 0.7 mlper g of original
liver weight. When this procedure was used, 0.15 ml of each of
the fractions, the mitochondrial suspension, the microsomal
suspension, and the 105,000 x g supernatant fluid were added

separately to each flask; their combined contents were approxi-
mately equivalent to those of 0.45 ml of homogenate prepared by

Procedure A.
Procedure C: This procedure was used in experiments designed

to test the requirement of mitochondria for the thyroxine effect
in vitro. The crude homogenate was centrifuged for 15 minutes
at 10,000 to 13,000 x g to removeintactcells, nuclei, cell debris,

Thyroxine Stimulation of Amino Acid Incorporation Vol. 236, No. 3

and mitochondria. , The sediment was discarded, and the super-
natant fluid was centrifuged at 54,000 x g for 60 minutes to
separate the microsomes. These were then resuspended in 0.25
msucrose to a final volumeof 0.7 mlperg of original liver weight,
and the microsomal suspension and 54,000 x g supernatant fluid
were mixed in equal proportions.

While the 54,000 x g centrifugation was in progress, an addi-

tional crude liver homogenate was prepared from anotherrat.

Intactcells, cell debris, and nuclei were removed as in Procedure
A and discarded. The remaining homogenate was centrifuged

for 10 minutes at 8,000 x g to separate the mitochondria which
were then resuspended in 0.25 sucrose to a final volume of 0.7
ml per g of original liver weight. Preparation of fresh mito-
chondria from a second homogenate was necessary because no

thyroxine effects in vitro on amino acid incorporation into protein

could be obtained with mitochondria prepared from the first
homogenate and allowed to remain isolated while the micro-

somes were being seperated.

The composition of the two mixtures obtained by Procedure C
was such that 0.15 ml of the mitochondrial suspension and 0.30 ml

of the microsomal-supernatant mixture contained amounts of

their respective fractions approximately equivalent to those
present in 0.45 ml of the combined mixture prepared by Proce-

dure A,
Incubation—Incubations were carried out in air in 25-ml Erlen-

meyerflasks shaken at a rate of 92 oscillations per minute in a

Dubnoff water bath maintained at a temperature of 37°. The
components of the standard system are described in Table I. All

solutions were preparedin glass-distilled water and were brought

to pH 6.6 to 7.6 before addition. When addedinvitro, thyroxine

solutions were prepared fresh for each experiment as described
in Fig. 1 and were added after the addition of homogenate but
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Fig. 1. Effects of various concentrations of L-thyroxine added
in vitre on DL-leucine-1-C'* incorporation into protein. The as-
say conditions were the sameas those described in Table I, except
that in addition, experimentalflasks received appropriate amounts
of sodium u-thyroxine dissolvedin 0.1 ml of 0.01 n NaOHforfinal
thyroxine concentrations of 1.3 X 10-4 Mm or less and in 0.3 ml of
0.01 N or 0.1 ml of 0.04 n NaOHfor higher concentrations. Con-
trol flasks received equivalent amounts of NaOH. Homogenates
were prepared by Procedure A. Incubation time at 37° was 25

minutes. @——@, experimentally determined percentage of
L-thyroxine effects; numbers adjacent to points represent num-
ber of experiments from which mean and standard errors were
calculated; thyroxine effects at all concentrations were statisti-
cally significant (p < 0.02). O——O,theoretically calculated
Meg** concentrations on basis of known additions of Mg** and L-
thyroxine and assumption of the Mg**+-thyroxine compoundre-

ported by Lardy (11) containing 3 thyroxine moieties per atom of
magnesium and having a solubility product of 1 X 107!”.
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before the addition of MgCl. Potassium a-ketoglutarate and

pL-leucine-1-C" were added last, and incubation was begun im-

mediately after addition of the latter. Flasks and solutions

were kept in ice between all additions. The reaction was termi-

nated by precipitation of the protein with an equal volume of

12% trichloroacetic acid.

Purification and Counting of Protein Samples—The precipitated

protein samples were purified according to the procedure de-

scribed by Siekevitz (9), homogenized in acetone, and plated by

suction on metal-ringedfilter-paper (Whatman No.1) planchets.

Sample weight was determined from difference in planchet

weights before and after plating. Radioactivity was measured

with an end window gas flow counter, except where expressly

stated otherwise. Sufficient total counts were collected to ob-

tain a 3%coefficient of variation after correction for background,

and counting rates were corrected for self-absorption to infinite

thinness. Corrections were also made for zero time control

values obtained in separate flasks in which the reaction was termi-

nated with the trichloroacetic acid immediately after the ad-

dition of the radioactive aminoacid; zero time values were almost

always well below 1 c.p.m. per mg.

Aiscellaneous Afethods—Protein nitrogen contents of the

homogenates were determined by the micro-Kjeldah] technique.

RESULTS

Effect of t~Thyroxine Pretreatment in Vivo—In order to deter-

minethe effects of hyperthyroidism on the rate of pi-leucine-1-

C* incorporation into protein, experiments were performed on

matched pairs of control rats and rats made hyperthyroid by pre-

treatment with L-thyroxine in vivo as described in Table I. From

these results it can be seen that -thyroxine pretreatment. leads

to an increased rate of amino acid incorporation into protein

which cannot be attributed to a difference in the protein nitrogen

contents of the two homogenates.

Effects of Thyroidectomy—lf the observed effect of thyroxine

administration to the animals represented a physiological action

of the thyroid hormone, then hypothyroidism might be expected

to result in a reduced rate of amino acid incorporation into pro-

tein. To test this possibility, matched pairs of control and thy-

roidectomized rats were prepared and studied as described in

Table I. As can be seen fromthe results summarized in Table

II, thyroidectomyresulted in a significant reduction in pi-leucine-

1-C™incorporation activity which could not be explained by any

difference in the protein nitrogen contents of the homogenates.

Effects of Various Concentrations of L-Thyroxine in Vitro—The

addition of u-thyroxine directly to the flasks also resulted in ac-

celerated rates of pi-Jeucine-1-C™ incorporation into protein."

In Fig. 1 are graphically summarized the effects of various con-

1 The additional C4 incorporated into protein as a result of the

action of thyroxine appears to be almost wholly present in the

form of earboxyl- or a@-amino-bound leucine-1-C™. Treatment

of the purified, precipitated protein with ninhydrin, alkali, or

thioglycollie acid as described by Siekevitz (9) results in small

decreases in the specific activities of the protein from both control

and experimental flasks, but these decreases are proportionate,

and the pereentage thyroxine effects remain essentially un-

changed. On the other hand, almostall the radioactivity present

in acid hydrolysates of both types of protein is released as CMO:

by ninhydrin, retained by the cation exchange resin, Dowex, 50W-

X8 (hydrogen form), and travels in a single peak with the same

Rv as the pi-leucinereference compound on Whatman No. 1 paper

chromatograms developed in cither of two solvent systems (n-

butanol-aeetic acid-water, 4:1:1, volume per volume, and 80%

aqueous phenol).
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TaBLe IT

Effect of thyroidectomy on px-leucine-1-C™ incorporation

into protein®

The conditions were the same as those described in Table I.

Homogenates were prepared according to Procedure A. Incuba-

tion time at 37° was 25 minutes.
 

  

  

Assay Control rats

|

eerie! anyroidectomy

aA %*

¢.p.m. per mg of pro-

tem... eee 29.4+3.4 |20.143.4 | —9.343.8> |—28

mg of protein N_ per |

flask 2.24+0.10!2.33+0.12'+-0.09+0.10bccn eens |

* Rats weighing less than 100 g were paired for age and weight;

one of each pair was surgically thyroidectomized and the other

subjected to sham operation. Paired rats were treated identically

after operation until they were killed. Possible complications of

the associated parathyroidectomy were avoided byeither the oral

administration of 0.6 mg of dihydrotachysterol every second day

or the additionof 1 g of calcium lactate per 100 ml of drinking wa-

ter during the first 2 postoperative weeks. Completeness of the

thyroidectomy was evaluated by growth curves based on almost

daily weight (10). In a few instances, the presumably thyroidec-

tomized rats failed to show the characteristic retardation of

growth (4,5); they and their matched partners were then excluded

from further study. Liver homogenates were prepared simul-

taneously from matchedrats 28 to 4Idays after operation (mean =

32 days), and their pu-leucine-1-C™-incorporation activities were

assayed in paired flasks. The values presented are the means +

standard errors of 8 such paired experiments; % represents the

mean of the individual per cent effects.

> Statistically significant effect; p < 0.05 as determined by

method of paired comparison,

  

centrations of u-thyroxine in experiments with normal rat liver

homogenates. It can be seen that the thyroxine effect increases

with increasing thyroxine concentrations, ranging from +3.5%

at 1.3 X 10-77 mM to +77% at 3.9 x 10M. It should be noted

that these are average results; in more active preparations con-

siderably greater effects have been observed atall concentrations

within this range. Ata concentration of 6.5 x 10~* M, the thy-

roxine effect abruptly changes from stimulation to markedin-

hibition. The mechanismof this striking reversal is unknown,

but if one assumes the formation of the magnesium-thyroxine

compound described by Lardy (11), containing three thyroxine

moieties per magnesium ion and having a solubility productof 1

xX 10~7, then it can be shown by the appropriate calculations

that the reversal occurs at the thyroxine concentration at which

the Mg++ concentration begins to decrease rapidly because of its

precipitation by thyroxine (Fig. 1).

In contrast to the usual metabolic responses to thyroid admin-

istration in hypothyroidism, the u-thyroxine effect im vitro on

amino acid incorporation inte protein was considerably lower in

homogenates from thyroidectomized rats than in the normal rat

preparations.? Possible reasons for this reduction in sensitivity

after thyroidectomy are currently under investigation.

Amino Acid Specificity—As can be seen from the results of the

experiments summarized in Table ILI, the L-thyroxine effect im

vitro on amino acid incorporation into protein is not limited to

leucine; it occurs to an equal degree with valine.

Substrate Specificity—In most of the experiments described in

2], Sokoloff and 8. Kaufman, unpublished observations.
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TasB_e III

Comparative effects of L-thyroxine in vitro on pu-leucine-1-C'4 and

pu-valine-1-C' incorporation into protein

The assay conditions were the same as those in Fig. 1, except

that the pL-leucine-1-C" (specific activity = 5.47 uc/umole) was

replaced by equivalent molar quantities of pi-valine-1-C™ (spe-

cific activity = 3.05 uc/ymole) in the flasks indicated. Homogen-

ates were prepared according to Procedure A. L-Thyroxine addi-
tions to experimental flasks were sufficient to yield the final

concentrations indicated. The incubation time at 37° was 25
minutes.
 

  

|: +1
Peterhead | Amino acid iControl] Thy- L-Thyroxine effect

i roxine

| eb.m. dine protein A cp.m./me %

- . |
Experiment I :

13 108M | pL-Leucine-1- | 87.71 4701) +9.3 | +25
| cu |

| pL-Valine-T- | 19.4) 23.2) 43.8 | +20
cH

luxperiment 2

6.5 X lO’ M | pi-Leucine 1.) 33.6 43.2 +9.6 +29
| cia |

‘Valine rng tat) 44.0 | pad
re | |
| 4 |

TaBLe IV

Substrate specifictly of i-thyrorine effect in vitro an

pi-leucine-1-C™ incorporation into protein

The assay conditions were the same as those in Fig. 1, except

that the nature and quantity of substrate were as indicated.

Homogenates were prepared according to Preeedure A. The

quantity of L-thyroxine addedto the experimentalflasks was suffi-

cient to yield a final concentration of 6.5 & 1075 m.

time at 37° was 25 minutes.
Incubation

 

+1
Control Thy-

roxine
Substrate L-Thyroxine effect

c.p.m./mg protein| A c.p.m./mg %

None........0....000 0000 cece 13.5 14.9 +1.4 +10

Succinate (50 umoles)............ 24.5 24.9 +0.4 +2

a-Ketoglutarate (50 umoles).....| 19.3 32.2 +12.9 +67

pL-8-Hydroxybutyrate (50 umoles)| 44.8 57.7 +12.9 +30

pL-8-Hydroxybutyrate (100

pmoles).. 0.0.0... 0. eee eee 56.0 66.6 +10.6 +19
 

this report, a-ketoglutarate was used as the oxidizable substrate.

Thyroxine effects in vitro were also observed, however, with other
substrates, but the magnitude and consistencyof the effect varied
considerably with the nature of the substrate used (Table IV).

When succinate was used, the results were erratic. With some

homogenates the thyroxine effect with succinate equaled or even

exceeded that obtained with a-ketoglutarate, but usually it was
much lower, often being absent or no greater than occurred with-

out any added substrate. Differences in the control rates of

amino acid incorporation did not appear to be involved in this

variability, for very similar rates were achieved with both sub-
strates. In contrast to the inconsistent effects of thyroxine in

vitro when succinate was used as substrate, the effects of thyroid

pretreatment of the animal in vivo were just as great and con-
sistent with succinate as with a-ketoglutarate.

Thyroxine Stimulation of Amino Acid Incorporation Vol. 236, No. 3

Of the substrates tested, pi-G-hydroxybutyrate was associated

with the highest rates of amino acid incorroration into protein,

and the thyroxine effects in vitro obtained with it were almost
always at least equivalent on an absolute basis to those obtained

with a-ketoglutarate (Table IV). Frequently the effects with

pL-@-hydroxybutyrate were greater, sometimes so much greater

that despite the higher rate of amino acid incorporation, the per-

centage effect also exceeded that obtained with a-ketoglutarate.

Doubling the total pi-6-hydroxvbutyrate concentration did not

materially alter the results.

Surprisingly high rates of amino acid incorporation and thy-
roxine effects in vitro were occasionally observedin the absence of

added substrate.

was probably the glycogen contained in the liver homogenate, it

is likely that glycolytic processes were contributing to these re-

sults.

the oxtdation of its products by the tricarboxvlic acid exele which

was supporting the amino acid incorporation, the effects of fluore-

acetate were investigated. In Table V itis seen that £2 « 104

M fluoroxeetate reduces the amino acid incorporation rate onby

slightly but virtually eliminates the thyroxine effect in the ab-

sence of added substrate although, if anything, enhancing it in the

presence of added a-ketoglutarate. The results cbtained with

Since the chief source of endogenous substrate

In order to determine whether i¢ was glycolysis itself or

this inhibitor sigeest that although glycolysis can support ania

acid incorporation, it cannot lead to a thyrowne cliect in vitro

unless its products enter into the triearboxylie acid evele. This

interpretation is in agreement with the results of experiments

desertbed below tidicating that hoth mitechoneria aid a sub-

strate for oxidative phosphorylation are required for the thy

roxine effect.

Specificity of Thyroactine Compound ~ja order to evaluate

further the physiological significance of the thyroxine enhance-

ment of amino acid incorporation into protein, the effects of

several thyroxine analogues andderivatives with varying degrees

of physiological activity were investigated. p-Thyroxine is

known to have onlya fraction of the calorigenic effect of the

naturally occurring L-isomer (12, 18). The effects of the two

optical isomers on amino acid incorporation after pretreatment

of the animals in vivo are compared in Table VI. In agreement

withits relative lack of physiological activity, p-thyroxine admin-

istration in vivo in doses in which L-thyroxine was quite active,

TaBLe V

Effects of fluoroacetate on L-thyrozine effect in vitro on

pu-leucine-1-C™ incorporation into protein in presence

and absence of added substrate

The assay conditions were the same as those in Fig. 1, except
for the absence of a-ketoglutarate or the addition of fluoroacetate
in the flasks indicated. Final fluoroacetate concentration was

1.2 10-3?m. Homogenates were prepared according to Procedure

A. w-Thyroxine additions to experimental flasks were sufficient

to yield a final concentration of 6.5 X 10-§ m. Incubation time

at 37° was 25 minutes.
 

+ 1-
Control} Thy- t-Thyroxine effect

 

Substrate Inhibitor
roxine

c.p.m.jmg protein| A c.p.m./mg %

None. ............ None 13.5 15.4 +1.9 |+14

None............. Fluoroacetate 12.0} 12.5 +0.5 +4

a-Ketoglutarate...; None 26.7 34.2 +7.5 {+28

a-Ketoglutarate...| Fluoroacetate 23.4 33.7] +10.3 {+44
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TaBLe VI

Effects of t-thyroxine, p-thyroxine, and L-triiodothyronine

pretreatment in vivo on pi-leucine-1-C™ incorporation

into protein*

The conditions were the same as those described in Table I.

Homogenates were prepared according to Procedure A. Incuba-

tion time at 37° was 25 minutes.
 

 
. t

Protein N per

 

Pretreatment agent flask Protein Pretreatment effect

|

mg c.p.m.fmg | A c.p.m./mg | we

7 Matched rat sets? |

Control...........2.14 + 0.1233.4 + 3.9)
L-Thyroxine......./2.13 + 0-10}0.7 AD47 3 + 2.261423
p-Thyroxine.....,./2.21 + 0.14/80.1 + 5.5.-3.3 + 4.0 |—6

9 Matched rat pairs? | i

Contrel...... / 12.25 + 0-1480.9 + 311

3,5,3'-Tritodo-L- |

thyronine...... ./2.08 + 0.13/35.5 + $-6/+5.4 + 2.3¢ 1422

  

  

« All values are means + standarderrors; % represents mean

of individual per cent effects.

’ Rats were matched into sets of three according to age and

weight. One served as a control, and the other two were pre-

treated with L- or v-thyroxine. The pretreated rats received

daily intraperitoneal injections of 100ug of sodium L- or b-thy-

roxine for 4 to 11 days (mean = 8 days). All rats of a set were

simultaneously killed 1] to 4 days (mean = 2 days) after the last

dose, and their amino acid-incorporating activity assayed in

parallel flasks.

¢ Statisticully significant effect; p < 0.05 as determined by

method of paired comparison. None of the changes in protein

N wasstatistically significant.

4 Rats were paired according to age and weight; one served as

a control, and the other was pretreated with L-triiodothyronine.

Pretreated rats received 150 ug of sodium L-triiodothyronine in-

traperitoneally on the first day and 75 wg on the second day.

Paired rats were simultaneously killed and studied on the third

day.

had no significant effects on amino acid incorporation into pro-

tein (Table VI). On the other hand, when added im vitro, p-

thyroxine was found to be about aseffective as L-thyroxine

(Table VIL), a phenomenon which has also been deseribed in

reference to the uncoupling of oxidative phosphorylation by

thyroxine (14). The striking discrepancy in the relative activ-

ities of L- and p-thyroxine when administered to the whole ani-

mal and when addeddirectly to cell-free tissue preparations sug-

gests that the lesser activity of the p-isomer in vivo may be more

a matter of cell membrane permeability or its more rapid deg-

radation and excretion (15, 16) than of stereospecificity on the

part of the enzymes involved.

The effects of the physiologically active analogue, 3,5,3’-

tniodo-L-thyronine, were almost opposite to those of p-thyroxine.

Homogenates from rats pretreated with triiodothyronine in-

corporated aminoacids into protein at substantially higher rates

than preparations from matched control rats (Table VI). In

vitro, however, the effect of triiodothyronine, thoughstatistically

significant (p < 0.05) was only afraction of the L-thyroxine effect

(Table VII). Tetraiodothyroacetic acid, another potent. thy-

roactive compound, was found to be even more active in vitro

than L-thyroxine (Table VI). Preliminary results indicate that

it is also active in vivo.

Mitochondrial Requirement-—In an attempt to localize the
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source of the increased amino acid-incorporating activity in
hyperthyroid rat liver homogenates, mitochondria, microsomes,
and supernatant fluid were prepared by Procedure B from the

livers of both normalrats and rats pretreated with L-thyroxine as

described above. Incubations were carried out with all possible

combinations of mitochondria, microsomes, and supernatant

fluid derived from these two sources. Theresults of a representa-
tive experiment are presented in Table VHT. It is seen that the

Tasie VII

Relative effects of L-thyrozine, p-thyrozine, L-tritodothyronine, and

ietraiodothyroacetic acid in vitro on pu-leucine-1-C™

tncorporalton into protein

The assay conditions were the same as those in Fig. 1. 1-Thy-

roxine or analogues added to flasks in quantities needed to yield
final concentrations indicated. Homogenates prepared by Pro-

 

 

 

cedure A. Incubation time at 37° was 25 minutes.

| Relative effect®

Compound |——e ——

1.3 X 1075 w | 1.3 X 107+

% | C%
L-Thyroxine. ..........00..-0-5- 100 (+18%)* 100 (+87%)*
p-Thyroxine................--5. : 98
Tetraiodothyroacetic acid. .....) 129 149

3,5,3’-Triiodo-L-thyronine ...... i 23 6

 

 

@ Meanvalues of 5 to 16 experiments in which effects of L-thy-

roxine and each analogue were compared in parallel flasks. L-

Thyroxine effect considered to be 100.

® Numbers in parentheses are the means of the actual percent-

age L-thyroxine effects obtained in this series of experiments.

Taste VIII

Localization of increased amino acid-incorporating activity in

homogenate fractions from L-thyroxine pretreated rats

The assay conditions were the same as described in Table I.

Incubation time at 37° was 60 minutes. Radioactivity was meas-

ured with an end window Geiger-Miieller counter.
 

Source of homogenate fractions added to flasks®

 

 
 

a Total protein®

Mitochondria Microsomes Supernatant fluid

” _ - c.p.m./mg

1 Normal Normal Normal 17.4

2

|

Hyperthyroid

|

Hyperthyroid | Hyperthyroid 29.3

|

3

|

Normal Normal ! Hyperthyroid 15.3

4

|

Hyperthyroid

|

Hyperthyroid | Normal 32.2
1

|
5

|

Normal Hyperthyroid | Normal 17.9   6

|

Hyperthyroid

|

Normal - Hyperthyroid 28.1

7

|

Hyperthyroid; Normal : Normal 31.2

8

|

Normal Hyperthyroid | Hyperthyroid 16.7

« Mitochondria, microsomes, and supernatant fluid were pre-

pared simultaneously by Procedure B (see text) from both normal

rats and rats made hyperthyroid by the daily intraperitoneal

injection of 100 wg of sodiumt-thyroxine for 7 days preceding the

day of experiment. The three homogenate fractions derived

from both types of rats were addedtotheflasks in the combina-

tions indicated.

» Represents amino acid incorporation into total homogenate

protein and not protein of any specific homogenate fraction.
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increased amino acid-incorporating activity follows the distri-
bution of the mitochondria from the hyperthyroid rat, indicating
that the thyroxine effect in vivo is associated with the mitochon-
drial fraction.

This association did not necessarily prove that mitochondria
were intimately involved in the mechansim of the thyroxine ef-
fect; it could as readily have been explained by a concentration
of the injected thyroxine in the mitochondrial fraction (17, 18).

TaBLe IX

Requirement of mitochondria and oxidizable substrate for L-thyroxine
effect in vitro on pi-leucine-1-C'4 incorporation into protein

Homogenatefractions were prepared by Procedure C (see text).
The complete system contained the same conponentsas the stand-
ard system described in Table I andFig. 1, including 0.15 ml of the
mitochondrial suspension and 0.30 ml of the microsomal-super-
natant mixture added separately. The contents of the flasks
without mitochondria and a-ketoglutarate were identical, except.
that the mitochondrial suspension was replaced by 0.15 ml of
0.25 M sucrose solution and the a-ketoglutarate was replaced by
40 umoles of creatine phosphate and 0.25 mg of crystalline creatine
phosphokinase contained in an equivalent volume. Sufficient
u-thyroxine was added to obtain a final concentration of 6.5
10-'m. Incubation time at 37° was 25 minutes.

 

 

 

  

Ex- | |

peri System Control | LThy- L-Thyroxine effect
No. |

fp Oo c.p.m./mg protein A cp.m./mg| %

1 Complete......... See 26.9

|

33.0 +601 $23
| Minus mitochondria, minus |

| a-ketoglutarate, plus crea- !

tine phosphate, plus cre-

: atine phosphokinase 15.9 | 16.2 40.3 ; +2
| : Hl

2 | Complete...0..0..00.0000.... 28.4] 39.8) 411.4 4.10
| Minus mitochondria, minus : |

| a-ketoglutarate, plus cre- | |

: atine phosphate, plus |

| creatine phosphokinase. . . ‘| 10.6 42.8 +2.2 +5
  

TABLE X

Effects of b-thyroxine tn vitro on pi-leucine-1-C¥ incorporation into

proteins of various fractions of total homogenate

Incubationsin al] flasks were carried out under the samecondi-

tions as in Fig. 1. Homogenate was prepared according te Pro-

cedure A (see text). Sufficient u-thyroxine was addedto attain
a final concentration of 1.3 X 10-4 m. Incubation times si 27°
was 25 minutes. At the end of the incubations, the contents of

one pair of control and experimental flasks were separated into

mitochondrial and microsomal-supernatantfractions by differen-
tial centrifugation (see text). The protein of each fraction was

then precipitated, purified, and counted as described in the text.
Total homogenate protein was obtained from the contents of a

parallel pair of flasks which were notfractionated but. were other-
wise similarly treated.
 

Sample Control | +1Thy- L-Thyroxineeffect

 
c.p.m./mg protein

 
A c.p.m./mg a

Total homogenate protein....| 19.7 | 26.0 +6.3 +32
Mitochondrial protein.......) 14.7 | 14.9 +0.2 ) +1

Miecrosomal-supernatant pro- | |
tein. eee eee eee 23.0 | 33.9 +10.9 | +47
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Fic. 2. Time course of u-thyroxine effect in vitro on pu-leucine-
1-C™ incorporation into protein. The eonditions were the same
as those in Fig. 1. Homogenates were prepared according to
Procedure A. Incubation was at 37°. Each point represents a
separate flask. O—~-O©, controls; @—-—--@, plus 1.3 X 10°59 m
L-thyroxine.

In order to determine if mitochondria were actually essential for
the effeet, experiments were performed in which thyroxineeffects
i vitro were compared in the presence of mitochondria and a
substrate for oxidative phosphorylation and in their absence and
replacement by a creatine phosphate-ATP generating system.
Theresults of two such experiments are presented in Table LX.
In one experiment the control rate of amino acid incorporation
was higher in the presence of the mitochondrial system; in the
other the rate was higher with the creatine phosphate system;
but in both experiments the thyroxine effect, clearly apparent in
the presence of mitochondria and the oxidizable substrate, was
virtually eliminated by their replacement with a system gener-
ating ATPfrom creatine phosphate. ‘These results, when com-
bined with those of the fluoroacctate experiments previously de-
scribed (Table V), indicate that mitochondria and a substrate for
oxidative phosphorylation are essential for the thyroxine effect
on amino acid incorporation into protein,

Site of Proteins Contatning Additional Amino Acids I neorpo-
rated --Bates et al. (19) and McLean e¢ al. (20) have described
systems which incorporate labeled amino acids into cytochrome
«and other proteins of mitochonaria, and Drabkin (21) has re-
ported increased cytochrome¢ levels in liver and other tissues of
hyperthyroid animals. In order to determine if the mitochon-
drial requirement reflected only an increased amino acid incorpo
ration into cytochrome ¢ or other mitochondrial proteins, expert-
ments were carried out in which the mitochondria were separated
from the microsomal-supernatant fractions at the end of a stand-
ard meubation bycentrifugation of the flask contents at 8,900 x
@ for 10 minutes.* The protein from the individual fractions was
then precipitated, purified, and assayed for radioactivity in the
usual manner as described akeve. Amino acid incorporation
into total homogenate protein was determined in parallel flasks
by the standard method. From theresults of the experiment
presented in Table X, it is seen that the entire thyroxineeffect
in vitro, apparent in the total homogenate protein, can be ac-
counted for by the increased amino acid incorporation into the
protein of the microsomal-supernatant fraction. It would
appear then that although mitochcadria are essential for the
thyroxine effect, the actual effect is the enhancement of amino
acid incorporation into the protein of the microsomal-superna-
tant fraction, probably mainly the microsomal protein.

3 Before centrifugation the reaction was stopped by the addi-
tion of 10 ml of ice-cold 0.25 mM sucrose solution containing 1 mg
of nonisotopic pu-leucine per ml.
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Time Course of Thyrorine Effect in Vitro~ In order to determine
whether the thyroxine effect in vitro represented a true stimula-
tion of aminoacidincorporation into protein or merelya preserva-
tion of the initial rate, complete time-course studies were carried
out. Theresults of a representative experiment are graphically

illustrated in Fig. 2. [t is clear that the thyroxine effect is stim-

ulatory rather than preservative, for it appears while the con-

trol rate of amino acid incorporationis still linear with respect to

time. There is, however, a short latent period before the thy-

roxine effect appears. This lag period is followed by a 20- to

25-minute period of stimulation, after which continued thyroxine

stimulation ceases, and the control and experimental curves be-

eome parallel This pattern has been repeatedly observed in a

large number of experiments, which have delineated the duration

of the lag to a period between 5 and 7 minutes. ‘The same time

course is observed with all thyroxine conecntrations tested be-

tween 1.3K 108 mand 1.3 > 10 tm. Although the degree of

stimulation is greater, higher concentrations neither shorten the

lag pertod nor prolong the period of stimulation, and the addition

of more thyroxine after the initial stimulation is over does not

appear to restore the effect. The effect of tetraiodothyroacetic

acid, Which is more potent than thyroxine in this system, has a

siular time course including the lag period.

ffemination of Lag Period by Preincubation- -When the entire

svstem is preincubated for 4 minutes at 37° before the addition

of the labeled amino acid, the lag period is eliminated, and the

thivroxine stimulation is immediately apparent (Pig. 3).

To determine whether the elimination of the lag by preinceuba-

tion was thyroxige-dependent or the result of some other effect

umelited to the presence of thyroxine, the thyroxine addition

was delaved unfil after 10 minutes of incubation of the entire

system, As seen from the results dlustrated in Fig. 4, the Jag

period is still present under these circumstances, indicating that

thyroxine must be present during the preincubation for the lag to

be ehminated. The effect of preincubation on the lag is not

merely aomatter of duration of contact between thyroxine und

the homogenate (22, 23); preliminary exposure of the homoge-

mute to thyroxine at 0° for as long as 22 minutes does not affect

the lag.

Dependence of Elimination of Lag by Preincubation on Oxi-

dizable Substrate. When the substrate for oxidative phosphoryla-

tion is loft out of the system during the 4-minute preincubation

at 37° and added at the end of the preincubation together with

the labeled amino acid, then the lag periodis not eliminated(Fig.

5). tn fact, under these conditions the lag period is frequently
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Fig. 3. Time course of L-thyroxineeffeet in wtre on pi-leucine-

1-Cincorporation into protein after a 4-minute preincubation

at 37° of the complete system in the presence of thyroxine and

absence of the radioactive amino acid. The conditions were

identical to those in Fig. 2.¢ cept that the radioactive amino acid

was added and the incubation begun after the 4-minute preincu-
bation at 37°. Incubation was at 37°. O—--O, controls;
@ --—@, plus 1.3 & 10°° Mw Lethyroxine.
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Fic. 4. Timecourse of t-thyroxine effect in vitro on pi-leucine-
1-C¥ incorporationinto protein when L-thyroxine was addedafter
10 minutes of incubationof the total system. The conditions were
identical to those in Fig. 2 except that the L-thyroxine was added
at the time indicated by the arrow; control flasks received equiva -
lent volumes of the 0.01 N NaOH solvent at the same time. In-
cubation was at 37°. O——-O, controls; «A ——A, plus 13 x
1O-' aM L-thyroxine.
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Kia. 5. Time course of i-thyroxineeffeet in vitro on pi-leucine-
1-C4 incorporation into protein after a 4-minute preincubation
of the total svstem at 37° in the presence of L-thyroxine but in
the absence of the radioactive amino acid and added oxidizable
substrate. The conditions were identical to those in Fig. 3 ex-
cept that the e-ketoglutarate was added together with the pr-
leucine -1-C™ at the end of the preincubation. Incubation tem-
perature was 37°. O-——O, control; A——~—A, plus 6.5 X 10-5 mM
L-thyroxine.

prolongedor the initial thyroxine effect may even be inhibitory,
but ultimately the amino acid incorporation in the thyroxine
flasks is accelerated and surpasses that of the control flasks.
These results indicate that the thyroxine-dependent, reactions
proceeding during the preincubation, which are responsible for
the elimination of the lag, are also dependent on the presence of
an oxidizable substrate. They support the conclusions already
reached from the results of the experiments with fluoroacctate
(Table V) and creatine phosphate (Table EX) that both mito-
chondria anda substrate for oxidative phosphorylation are neces-
sary for the thyroxine stimulation in vitro of amino acid incorpo-
ration into protein.

DISCUSSION

Thefinding that thyroxine stimulates aminoacid incorporation
into protein in cell-free homogenatesis further evidenceof a role
of the thyroid hormone in protein biosynthesis. It does not ex-
clude the possibility of a similar role in other synthetic processes,
and infact there have been reports suggesting comparable effects
onthesynthesis of fatty acids (24), cholesterol (25), and glycogen
(26). Increased aminoacid incorporation into protein is not in
itself proof of a stimulation of net or protein synthesis de novo,
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but it is compatible with the physiological role of thyroxine in

growth and development (3-5), processes in which protein syn-

thesis is almost certainly involved. Also, Paik and Cohen (27)

have recently reported that carbamyl phosphate synthetase

activity is increased in the tadpole liver by thyroxine treatment,

and they demonstrated by immunological and Cleucine-in-

corporation studies that the increased activity is the result of an

accelerated synthesis de novo of this specific enzymatically active

protein.

Previous demonstrations of increased tissue levels of specific

proteins (21, 27) or enhancedactivity of synthetic processes (24-

26) were all obtained after pretreatment of the animal in vivo.

Such studies fail to distinguish between a primary effect of the

hormone and a secondary or adaptative change in response to the

gross metabolic alterations known to occur in hyperthyroidism.

In the present study, the ability of thyroxine to stimulate amino

acid incorporation into protein was demonstrated not only after

its administration in vivo but also in vitro, indicating more

strongly a close relationship to the direct action of the hormone.

Uncoupling of oxidative phosphorylation has been suggested

as the mechanism of action of thyroxine (18, 22). Leucine and

valine incorporation into protein in the system used in these

studies is an energy-dependent process, and its stimulation by

thyroxine is inconsistent with the mechanisms generally implicd

by the concept of uncoupling of oxidative phosphorylation. TIn-

deed, uncoupling agents, such as dinitrophenol,* in concentra-

tions which measurably depress oxidative phosphorylation, also

inhibit amino acid incorporation into protein (9).2_ The abrupt

switch from stimulation to inhibition of amino acid incorporation

observed with very high concentrations of thyroxine (Fig. 1)

mayreflect its uncoupling action; but this effect appears to be a

qualitatively different phenomenon which may, perhaps, be

operative in extreme thyrotoxic states but cannot explain

manyof the physiological effects of the thyroid hormone.

Recently, Bronk (29) has reported that thyroxine stimulates

oxidative phosphorylation in submitochondrial particles, and

Dallam and Howard (30) have observed similar effects under

special conditions with intact mitochondria. It is possible that

the thyroxine stimulation of amino acid incorporationis related

to this phenomenon, but we have been unable to demonstrate

thus far that the amino acid-incorporation rate in our system is

limited by the amountof available ATP. In fact, lowering the

AMPconcentration, which probably lowers the steady-state con-

centration of ATP, enhances the rate, and replacement of the

AMPbyan equivalent quantity ofADP or ATP fails to increase

and may even decrease the rate of amino acid incorporation.

These results, however, are difficult to interpret because of possi-

ble complicating influences such as Mg++ binding by the nucleo-

tides, and further studies of the question are still in progress.

The possibility has been considered that the thyroxine effect is

related to the phosphorylation of some other nucleotide required

in the incorporation of amino acids into protein. GTP has been

reported to be an essential cofactor in the rate-limiting step of the

over-all process (31), and the greater and more consistent thy-

roxine effects obtained wtih a-ketoglutarate as compared with

4 We have recently observed that very low concentrations of

dinitrophenol and salicylate also stimulate aminoacid incorpora-

tion into protein in normal rat liver homogenates. However, in

view of the recent finding by Christensen (28) that these agents

inhibit protein binding of thyroxine, it is uncertain whether their

stimulation of amino acid incorporation is a direct effect or sec-

ondary to the release of endogenous thyroxine bound on protein.
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succinate could conceivably have been related to the coupled

generation of GIPin the oxidation of the former substrate (32).

The addition of GTP to the total system does indeed increase the

rate of amino acid incorporation, but identical stimulations are

observed with GDP, and neither nucleotide has any systematic

influence on the thyroxineeffect.’

Although the effect. of thyroxine on amino acid incorporation

into protein cannot be explained by its uncoupling action on

oxidative phosphorylation, certain aspects of the results suggest

that it is related to some interaction between thyroxine and oxida-

tive phosphorylation. The requirement of both mitochondria

and a substrate for oxidative phosphorylation for the over-all

effect and the lag period which can be eliminated by preincuba-

tion only if both thyroxine and the oxidizable substrate are

present, indicate a preliminary or intermediate reaction involving

both thyroxine and oxidative phosphorylation preceding the

effect on amino acid incorporation. These observations are

equally compatible with an oxidative phosphorylation-dependent

effect of thyroxine on mitochondrial membrane permeability (33,

34) or some other mitochondrial component, or, conversely, an

effect of oxidative phosphorylation on thyroxine. An activated

thyroxine intermediate, tetraiodothyroacetyl-CoA, has already

been suggested by LeBretonef al. (35, 36) on the basis of a CoA-

dependent thyroxine stimulation of glycolysis. No evidence has

been obtained to indicate the involvement of CoA in the thyrox-

ine effeet reported here. It is hoped, however, that studies cur-

rently in progress on the nature of the interaction between thy-

roxine and oxidative phosphorylation may help to elucidate the

mechanism of the thyroxine stimulation of amino acid incorpora-

tion into protein.

SUMMARY

1. u-Thyroxine pretreatment in vivo or addition in vitro in-

creases the rate of amino acid incorporation into the protein of

cell-free rat liver homogenates. Thyroidectomy results in a

reduction of this rate.

2. The increased amino acid-incorporating activity in the L-

thyroxine pretreated rats has been found to be associated with

the mitochondria! fraction. The L-thyroxine effect in witro is

dependent on the presence of mitochondria and a substrate for

oxidative phosphorylation; it is not observed when the oxidative

phosphorylation system is replaced bya creatine phosphate-ATP

generating system. Although mitochondria are essential for the

L-thyroxine effeet, the actual effect is to accelerate the amino

acid incorporation into the protein of the microsomal-superna-

tant fractions.

3. Time-course studies have demonstrated that the L-thyrox-

ine effect in vitro is a true stimulation of the rate of amino acid

incorporation into protein and not merely a preservation of the

initial rate. A short lag period in the appearance of the effect

has been observed which can beeliminated by preincubation of

the system with L-thyroxine, provided an oxidizable substrateis

present; preincubation in the absence of added substrate fails to

eliminate the lag.

4, p-Thyroxine, which is physiologically relatively inactive,

also fails to stimulate amino acid incorporation into protein when

injected into the animal in doses in which L-thyroxine is quite

   

active. When added in vitre directly to the cell-free homogenates,

p-thyvroxine 18 « as L-thyroxine. On the other hand,

the physislngienlly active analogue, 3,5,3"-trilodo-L-thyronine,

is effective when administered in vive but has very low activity
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when added in vitro. Tetraiodothyroacetic acid is moreeffective
tn vitro than L-thyroxine.

5. The possible relationship of the t-thyroxine effect on amino
acid incorporation into protein to the physiological role of the
thyroid hormone in the processes of growth and developmentis

discussed.
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