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INTRODUCTION

Explanations‘of EQW thyroid hormones function Wéré offeféd
even before the chemical identities of the hormones were established.
After the isolation of thyroxine from tﬁyrqid glénd by Kendall (1)
“in 1914? the properties df the hormone were appfeéiated. The
analogue of thyroxine33,5,3'—triiodothyronine (T3) was isolated
from beef‘thyroid and characterized by Gross and Pitt-Rivers in
1953 (2).‘ Much effort was dirécted toward tﬁe elucidation of the
mechanisms of action of thyroid hormones. The number of préposéd
mechanisms has accumulated over»the years, whereés the acceptance of
any given explanationhas varied according to the extent of under-
'standing about the metabolic activities of the.cell at that time.
A suécession of ideas has not yet aﬁswered how the hormonés elicit
their multiple biological actions,

The éain physiological actions of thyroid hormones at whole body
level are as follows:

,(é) The calorigenic action or capacity to stimulate basal

metabolic rate (BMR).

Foster;(3) in 1927 observed that tissues from thyroidectomized
rats showed a decreased oxygen consumption while those tissues
isolated from thyroid-fed animals showed a chara;terisﬁié higﬁ

oxygen consumption. Whether or not the calorigenic action is a



direct expression of a fuﬁdamehtal molecular action, thé relationship
between BMR and thyréid hormoneé ié quantitative if thevéaministration f
_6f éxcessive.amouhfs‘of the hofmonésvis avoided (4, 5).

| (b) Growth‘aﬁd deVelopment  ” |
:‘> Thyroid hormones ére‘indispensable for general body growth and
matufafioﬁ of special tissues, such aé bone and the central nervous
- system of most vertebrates. ‘The wéll»known dﬁarfism aésociated with
~ hypothyroidism at early stages‘in 1ife:is a ciassical examplé.
Uﬁlike the calorigenic action, the growth proﬁoting effect of the
hormones diminishes With the age of the animal. |

(¢) Anabolic and catabolic effécts with respect to proﬁein,‘lipid,
and other body constituents.

It has been known that hypothyroid subjects have a lower capaéity
to synthesize protein than do eﬁthyroid sﬁbjectsg"The administration
of T3 to ﬁypothyroid sﬁbjects restored the low rate of protein |
synthesis to normél, while administration of the‘éame dose of T3 to
normal subjécts'caused an apparent lowering of thé rate of protein
synthesis (6)o _Thelloweriﬁg of serum cholesterol in‘hypefthyroidism-
or‘after thyroid hormone adminiétration emphasiées the‘catabolié
‘action of the hormonesb(7)°

Among other celiulaf and éxtracellular compqneﬁté whose 1evels‘
or .turnover ratés afé’influencéd by,thyfoid hormones are: qarbo~

hydrates, minerals, water, electrolytes, vitamins, and coenzymes.



b.v(d) Iﬁfluenﬁe on physiologiéal‘functions of‘organs.
A number of important physiologicél functions, sﬁcﬁ as skeletal
musﬁle efficiency, eiectrical activity of brain, cardiovascular
function, spermatogenesis, ovulatioﬁ, and- lactation ére direptly
Jor.indirectly undervthe c6n£rol of thyroid activity;
Over the yéafs, thyfoidvhormonemindﬁced morphological changes

in mitochondria have been observed both in vivo and in vitro. Tapley
et al. (8) reported that at:lO"5 M thyroxine caused & rapid swelling
| of mitochondria. Mitochondria from brain, spleen, and testis of
‘hyperthyroid animals do not sﬁell and do hotkconsume oxygen as fast
upon treatment with thyroid hormone, whereas mitochondria from liver,
kidney, and muscle tissues do swell and consume more oxygen (9, 10).
Administration of thyroxine resulted in‘an increase‘ih the number of
" mitochondria as well as of cristae mitochondfia (11). Furthermore,
mitochondfia iéolated from thyroxine-treated or hyperthyroid rats
have been shown_tovﬁe more fragile than those from normal rats,
and mitochondria from hypothyroid rats were less fragiie (12).
Thyroxine-induced mitochondria swelling could be revefsed'by ATP
in vitro which was recognized as a physiologically reversible
phenomenon (13). Thyroxine aﬁalogues with biological activities also
“induced swelling buﬁ‘thebrelationship between the biological activity

and swelling action was not quantitative (9, 12).



Lardy, Martus;‘énd Lipmann reported in 1951 that the addition
of thyroxine to isolated liver mitochondria uncoupled oxidative
phosphorylation (14-16). TLater, Brouk (17, 18) ohsetved that the
addition of thyroxine reduqed the P:0 ratio of mitochondrial
particleso. Such an inhibitory effect ﬁas associéhed with the
inhibition of ATP—32P e#change by thyroxineo. They then éuggested
‘that the inhibition of the terminal phosphate transferring steps of
the ﬁhosphorylation provided the basis for some'hf‘the action of \

thyroid hormones (19).

The significance of the effect of thyrhxinevon the morphoiogy
of mitochondria in relation to intracellulér prdcésées ig vivo
hlargely remains as speculation, since it‘is an open question Whether
,.the uncoupling of oxidative.phosphoryiation produced igkyiggg with
thyroxine is related to the physihlogical effehts of the hormone
in vivo. Suggestions were ﬁade that thyroxine,exerts its effect
on mitochondrial membranes by altering‘the entry and exif of
" substances invhived‘in cellular respiratory éctivity and energy
metabolism (20). As yet there is no conclusive evidénce for such a
regulatory role. |

Tipton et al. (21) 6bserved in 1946 that the administration of
desiccated thyroid prhduced an increase in skeietal muscle succin-
oxidase activify. Enhéncement in the activity of such enzyme wés

also observed in heart, liver, kidney, and brain of hyperthyroidism



(22~24).> Since then actiﬁitieé Qf‘various enzymes havevbéén noted
to be altered by the in vivo adminigtration_of_thyroid hormones .

_DeToit (25),réported in 1952 that tﬁe incorﬁoration of»
radioéctive alanine into protein in liver slices ﬁas.depressed after
thyroideétomy and‘stimulated after the administration of large doses
of thyroxine. This suggésted thatvhofmones ﬁayvregulate<thé quantity
of enzyme(s) rather than act.on individual énzyme(s) and it became
appéfeﬁt that the regulation of protein.and nucleic acid turnover
may be an imﬁortant 1o¢us of thyroid hormone action.

Sokolbff and his qolleagueskundéftook to study fhe effects of
fhyroid:hormones on the iﬁcorporation éf labeled amino acids into
proteins‘byrcellmfree preparations‘(26-33). Their findings were
that the rate of amino acid incorporation into protein in cell-free
rat liver homogenates was sfimulated by L-thyroxine administered

in vivo or added in vitro. Thyroidectomy resulted in a reduction

of fhe,incorpora;ioh‘rate 27). Thé in vitro effect of L;thyroxineb
‘was dépendention‘the presence of ﬁitochondria:and an oxidizable
substrate; their feplacement by a creatihe phosphate-ATP-generating
system eliminated such effect (32).
, D;therXine, which ié physiologically inactive, failed to
stimulate amino acid incorporation into protein iE.YiXQ; but when
- added direétly to cell-free homogenates, it was as potent as the
L-isomer in unéoupling oxidative phosphorylation (34, 35), ﬁito~,

’chondria1~swelliﬁg, and amino acid incorporation (27, 32). -On the



othe; hand;_tﬁe pﬁysiologicaily activé aﬁélogue, L~T3 was
.veffeC£ive in stimulating the inédfporation of aﬁino acid into protein
When'admiﬁistered ig‘zigg, but was much 1ess.éffe¢tive when added
_ip.gj_fg_g‘q_‘v(26). ) | |

Sokéloff et al. (27—33) theﬁ concluded that the stimulation of
“protein synthesisvig_yigzg by thyrbxiﬁe was localized at the steps
involviﬁg éhe transfer of soluble RNA—boqnd amino acid to micro-
somal or ribosomal protein in protein biosynthesis. The soluble
RNAramino acid transfef hypothesis was supported by the fact that
the calorigenic action of thyroxine was inhibited by puromycin
Which is bélieved to inhibit the step of final assembly of new
protein at ribosomal‘level'(36).

Since in 31559 D-thyfoXine was just as efféCtive aé Lwthyroxine,‘
while L-T3,was less effective in stimulating aminb acid’incorporatipn
into protein, and no stimulatdrﬁ effect Qn‘profeinfsynthesis was
observed ﬁhén L-thyroxine was added to liver of thyroidectbmized’
rats, it seems unlikeiy Ehat the soluble RNA~amine acid transfer step
in protein synthesis is the ﬁrimary site of actiom of ﬁhe hormdne. In
‘addition, the stiﬁulation of protein synthesis,by-thyroid hormones was
. noted to occur some time after the administration of the hormone to an
intact rat (375} |

 Tata and his colleagues,(38) reported that the rate of .

incbrporatioh of amino acid into protein by microsomes from livers
of‘fhyroidectomized rats was half or one~third'tﬁat of normal rats.

Microsomal RNA content was also lower in the thyreoidectomized rats.



Both the capacity to incorporate. amino acid into protein and the
microéomal RNA:protein ratio returned to‘normal after a single
injection of thyrbid hormones. Similar rgsults wére observed byA
Bronk (39). |

" Time studies on the response of cellular acti;ity'to‘a single
injection of thyroid hormomes to thyrdidectomized réts during the
latent period of hormone action by Tata and his associates (37, 38,
40-45) indicated that the sequence of events'wefe: stimulation‘of
the turnover and synthesis of rapidly labeled nuclear RNA, at 3 to &
hours aftef the hofmone administration; stimulation of RNA polymerase
in liver nuclei, at 10 to 12 hours; stimulation of amino acid incor-
poration into mitochondrial and mierosomal protein, and mitochoﬁdrial
respiration, at 30- to 36 ﬁours. ‘They were, however, unsuccessful
in demonstrating the stimulatory effect of thyroid hormones on ﬁNA-
dependent RNA polymerase activity when the hormones were added in
vitro to isolated nuclei. Also thus far, no‘reports have appeared
-which demounstrate a hormonal stimulatory effect on nuclear RNA
-synthesis in é céll—free system.

Considering the fact that the stimulation of nuclear RNA turn-
over and DNA-dependent RNA polymerase activify preceded that of
cytopiasmicbprotein syﬁthesis and being well within the latent
’ pefiqd of BMR stimulation (which was about 45 hours after thyroid

“hormone administration), it might be suggested that the site of



action of thyroid hormones may be either in the nucleué or at
some steps fegﬁlating nucleic acid metabolism. The~§alorigenic
and growth-promoting actions of the hormone may Be\mediated-tbrough
the control of protein synthetic activity. . Such an hypothesis was
supported by the reports which indicated that protein synthesis
~inhibitors, such as actinomycin D (suppresseé m"RNA'formation) 46,
47y, 5—f1ﬁorouraci1 (acts as an anti-metabolite for RNA»synthesis)
(36), puromycih (inhibits the final assembling sfep 6f new protein
at ribosomal level) (36), and starvation (affects turmover of RNA
and protein synthesis, etc.) (48), suppress not only the growth-
promoting action but also the calorigeﬁic action of the hormone (42) .
Therefore, a normal function of protein syntﬁetic mechanism is
essential for thyroid hormones ta elicit their calorigenic and growth-
promoting aétionsn

Early in 1960, Finamore and Frieden (49) had shown that RNA
turnover and synthesis in tadpole liver was markedly.stimulatedv
by thyroid hormones. Frieden (50) then indicated that thyroid
hormone-induced metamorphosis iﬁ frogs and toads was accompanied by
dramatic chénges in the protein and enzymatic constituents of
aimost every tissue. These changes in prdtein distributibn wére
accompanied by Stimuiationﬁof-labeled amino acid incorporation into
proteins (51, 52). Later Necheies (53) observed that at a concen-

tration of 10"7 M, L-thyroxine stimulated purine biosynthesis and the



incorpo?ation of glycine—Z—lqc into the RNA of rabbit bone marrow
élicesf More recently Nakagawa et al. (54) have sﬁown that thyroid
hqrmones enhanced new ribosomal RNA synthesis in tadpole‘liver bfe—
ceding the induction of carbamyl phosphate’éynthetase as an early
bresponse to‘L—thyroxine treatment. Kim and Cohen (55)7also presenﬁ
evideﬁce that thyroid hormones increase the template activity of
the chromatin of tadpole liver but the hormoneé have no effect in
vitro. These reports strongly sﬁggest that the effect of thyroid
‘hormones on cellular metabolism is mediate& through the nucleus
| pf the,éell. |

vCahilly and Ackerman (56) observedvthat liver RNA content in
the hypothyroid rats was significantly less than that of nbrmal
rats and a decreased liver prbtein synthesis in goitrogen;fed rats
‘was increased by thyroid hormone treétment. They also indicated
that the‘availability of purine nucleotides were somewhat éistﬁrbed
in hypothyrbid‘raté.

As a consequence of the investigation of the effect of thyroid
hormones oﬁ the biosynthesis of purine nucleotides, Mah and Ackerman

N (57) demonstrated that L-thyroxine at 10“5 M or L-T, at 1077 M when

3
added to the supernatant fraction of rat liver stimulated the

. s . 4 . . . o
incorporation of glycine~l- C into total purines with a preferential
- stimulation of the incorporation into adenine. Later, it was shown

that the reaction stimulated by thyroid hormones (1Of9M of L-T4 or
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10 5M of L-thyroxine) is the conver51on of IMP to AMP (58) Theify
subsequent work indicated that ‘the °L1mu1atory effect on AMP

synthesis.from P by-thyroid hormones is through the enhancement
of adenylosticcinate :synthetase activity. This enzyme catalyzes

o » Mg'H‘

the reaction: IMP + aspartate - @pp—— AMP + fumaric acid +
GDP -+ orthophosphaté. ‘This enzyme hés been partlally purlfled

from the soluble fraction of‘rat liver (59).

The ighyigig’responsevof the enzyme to D-thyroxine and other
’aﬁalogues which are physiologically inactive, was well correlated
with their in vivo effects. Analogues which are physiologically
active also stimuléted the reaction in vitro.

later, it was observed by Al-Mudhaffar and Ackerman (60) that
adenylosuccinate synthetése acti&ity was low in iat brain and testis,
and the enzyme isolated from such tissues did not respond to»thyroid
hormones as did the liver ehzyme; Since the respiration of bréin and
testis tissues ﬁrbﬁ adult animals does not respond to thyrqid
hormone status (61), the above observation Was significant. It is
known (62) that thyroidectoﬁy has little or no effectvon respiration
of rat brain or testis, whereas the respirétion of‘othgr tissues such
as liver, kidney, heart, and skelétal muséie falls rapidly to |
levels characteristig of the hypothyrbid conditi@m; |

Since the earlier observation by Mah and Ackerman (57) suggested-

that thyroid’hormones inhibit the synthesis of GMP from IMP, this
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pathway was'investigéted further. IMP-dehydrogenase, which -
catalyzes the reaction:

+ ~

YIMPV+-DPN xanthine~5'~ph05phat;‘+ D?NH1+>H+Y
was'partiélly pufified from rat liver (60). It was found that the
enzyme activity was inhibited both by LT, at 107 M and by 1-
thyroxine at 16;7 M. D-Thyroxine shbwed no inhibitory effect, and

other analogues, inactive in vivo, also failed to inhibit the

reaction, whereaé analogues, active in vivo, inhibited the reaction.
: The present studies wereicoﬁcefned primarily with fhe investi;
gafion of the in vitro effecf of thyroid hofmones on_tﬁe incorporétion,
of orotic acid~6—1éC into nuclear RNA in a cell-free rat liver

system wifh the‘inclusiqn of IM? in the'inéubation medium and the
‘effect of different ratios of ATP/GTP on the incorporation of

UTP-3H into nuclear RNA in a purified rat liver nucleil syépem.

If the sites of action»of thyroid hormones are the hormonal

‘control of adenyiosuccinéte synthetase and IMP-dehydrogenase as
- proposed by earlier observatioﬁs (57—60) and 1ocalized outéide of

the nucleus?vone should be abie to‘demonstrateka thyroid‘hormoﬁe~
induced stimﬁlation of.nuclear RﬁA.synthesis in witro by the :
~inclusion of IMP in the incﬁbation medium using rat liver Eémo-
‘ genates as enzyme sources. Infview‘of-this, an iﬁ‘XiEEE system has

been devised.
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Since thyroid hormones were observed to stimulate AMP'synthesis
“and inhibit GMP synthesis, it éuggested that thyroid hormones maintain

a high cellular AMP/GMP ratio, The qﬁestion then érises; how does a
high:AMP/GMP ratio produce»éffects attrig;téble tqkthyroid hormones?‘
Itbwaé easy to visualize that a contrél of AMP synthesis would regulate
‘the availability éf‘adenine nucleotides for ATP synthesis in the
mitdchondria,_thereby broducing other éffects as a result of an
allosteric effect of adenine nucleotideé on cerﬁain key enzymes (63).
However, the significance of an inhibition of GMP synthesis by the
hormone was hof clear. An iE XiE£2 system was needed to investigate
this aspect further.. |

It was then reasoned that if thyroid hormones exert ﬁhéir_effect
by stimulating AMP synthesis concomitant with an inhibition of GMP
Sjnthesi; (57~60), or by maintaining a high AMP/GMP ratio, a high
ATP/GTP ratio would Be one possiblebresult of these effects. There-
fore, a high ATP/GTP fatio in the incubation medium should stimuiaté
nuclear RNA synthesis. To test tﬁis hypothesis, an in XiEEQ system
‘was a1$o devised; |

The results demonstrated that thyroid hérmones stimulated the
nuclear RNA synthesis iglxigggvin cell-free rat liver homogenate
_%ystem in the presence of IMP. No stimulatory effect was observed

when IMP was feplaced by AMP and GMP in the system. There was also -
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3H into nuclear

no effect by the hormone on the incorporation of UTP-

RNA in igolated‘nuélei systems. This is evidence that;thé site of
action of the hormone is in the cytoplasifi at the reactions concern-
ing the metébolism of IMPvto AMP and GMP. It was also observed that
“a high ATP/GTP ratiobstimulated nuclear RNA.synthésié and the relative
concentrations of the purine nucleotides in the system was the key
factor in observing such a stimulatory effect. Therefore, the
maintenance of a high cellular adenine nucleotide/guaﬁine‘nucleotide
ratio is a possible consequence of thyroid hormone aqtion in_the

cell.



| EXPERIMENTAL PROCEDURE

Materials

Reagents

Orotic acid-6-1%c (specific activity, 4.18 mC per mmolé) was
.purchésed from New England Nuclear. Uridine 5'—triéhosphate?3H
tetralithium (UTP;BH) (specific activity, 2.24 C per mmole), cytidine
5'-triphosphéte (cTP), adenoSine(5'—monopﬁ§sphate (AMP), and guanosine
~5'-monophosphate:(GMP) were obtained from Schwarz. Inosine 5'-
monophosphate (IMP); adenosine 5'-triphosphate (ATP), uridine 5'-
triphosphate (UTP), and d-ribose5'-phosphate were pufchased from
Sigma Chemical Co. Guanosine 5.triphosphate (GTP) and diphbspho~
pyridine nuclebtide (DPN+) were products of Calbiochem. ‘ActinOn
- -mycin D was purchased from Merck. éharp and Dohme Reéearch Labs.
Deoxyribonuclease‘l (DNase) was obtained from Worthington ﬁiochemical
Corp. 2-Mercaptoethanol was purchased from Matheson Coleman and Bell.
L—Thyrpxine (L-T4) and 3,5,3'-friiodo-Lwthyroxine (L—T3) wére the
products of Sigmé Chemicai Co. L—Thyfoxine was recrystallized from
stium carbonate and ethanol by a method deséribed by Harington (64),
mp 232—2340; and LlT3 was récryséallized in'boiling 2N HCl as described
by Pitt-Rivers et al. (61), mp 201-203°.

Sprague-Dawley malelrats,‘8j9 weeks of age, were used
throughout these studies. Rats were fed a diet containing 1%

sulfaguanidine until growth arrest was established. After

14
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the fifth week of goitrogen feeding, such rats gain less than 3 g .
per week and weigh 110-140 g (65) due to an almost complete cessation

of thyroid hormone synthesis.

Methods

Préparation of Homogenates

Homogenates‘wefe prepared fresh for\ea;h experiment, and the
homogenizatioﬁ procedﬁres were performed in a rooﬁ in which the
temperature was maintained at 40. The rats ﬁere killed by a blow
on tﬁe head andrdécapitatéd. Their livers were quickly removed,
chilled, weighed, -and riﬁsed once with 0.25 M éucrose cdntaining
1.8 mM CaClz_and 1-mM 2—mercapt§ethahol ?reviously cooled to Oo.
" Tissues were maintained between Qo and 4° throughout all subsequent
operations. After draining off the sucrose.soiution, the‘livérs
were minced first with-scissors in a,sméll beaker and then homogenized .
inv2 ml of 0.25 M sucrose {containing 1.8 mM. CaCly and 1 mM Z;mercaptq~
ethanbl), per g of tissue by means of a motor~dfiven, loose-fitting,
all-glass Potter—ElveHjem homogenizer.b The héﬁogénization was |
continued until no more lérge pieces Qf tissue was visible.

Preparation of Nuclei

 MNuclei from rat livers were prepared by the method of Blobel ard
Potter (66) with slight modification according to the nature of the.

experiment. Seven milliliters of'homogenate, prepared as described



ébQVe were pipetted into a'polyallqmer tube that fits'the‘SW 25,1““
‘ Spineo rotor. fo this was.edded 14 ml of 2.3 M sﬁcreée;in TRM (0.05 :
v M-Tris«H01, pH 7.5, at 25%; 0.025 M KC1; and 5;005 M Mgclz) by means |
o of ateyringe with a 13-gauge needle. Thié was fhoroughly mixed
wifh the 0.25 M sucreee hoﬁbgenate-by ihversion.. The mixture Was‘
_then’uhderlaid ﬁith'7.0 ml of 2.3 M sucrose in TKM.with a syringe ‘
aﬁd a 13-gauge ﬁeedie. _The‘tip of the needle was placediét the
" bottom of fhe tﬁbe aﬁd the heavy’eucrose solﬁtion intfoduced,
fdrcing the‘lighter homogenate upward. After 2 hours Centrifugatioh
7 "at 25,000 rpm in a‘Spineo SW 25.1 rotor (53{500}{ga§) ae 00-4°,vthe
éubernatant was deceﬁted. The wall of the tube waSpwiped_dry With‘
tissue paper wrapped areuﬁd a‘sﬁatdla.’efhe white nuclear.pellet‘
‘Wes taken up in cold de-ionized Watervand anelyzed forveuelearvﬁNAv 
- and DNA, or taken up iﬁ 0.25 M Sucrose:.l.S ™M CaCiz and used.in
. the procedures described4ender incubation System IT below.
Iﬁcubation | | o
~ Two different>systems were followed aecording to the nétﬁre of B
. the experiment; these wili be referred_tobas Systeﬁs I and II. |
Syetem I: TIncubation was earried out in airAin polyaliemef centrifuge
‘tubes shaken continuouslylatv370. The‘components of the'ineubetioﬁ '

mixtures and the specific incubation conditions were described in -the
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1egends‘to the tables. Ali solutions were prepared in Tris-
phbsphatevbﬁffer (0.05 M5>pH 7.4) and were brought to éH 7.0-7.4.
L-T5 or L—thyroXine,whenvadded ig’yigggs,was;first dissolved in a
small volume of 0.01 N‘NaOHg and then diluted to appropriate
concentrationsbwith 0.05 M Tris~phosphate’buffér (pH 7.4). The v»
liver hémogenates werevadded last to the reaction ﬁixturé. Tubes
and solutioﬁs were kept in ice between all additions. Incubation
was begun after the feaction mixtures had been mixed thofoughly.
At the endbof incubaﬁion, the reaction was ferminated‘by rapid
.cooling in ice (67). Nuclei wére isolated by a modified pfocedure
~of Blobel and Pqttef (66) as follows:

’To the terminated reaction mixtures were added 3.0 ml of ice
cold‘Q.417 M sucrpsé in TKM and miééd, 'To this was addédvlé.o mi pf
2.3 M sucrosé in TKqund mixedifhoroughly by inversion. bFinally the
mixture was underlaid by 7;0 ml of 2,3 M sucrose.in TKM.‘ After
centrifugation at 53,000 # gav‘for 2 hours, the nucleaf pelléts wefé
takeﬁ up in.cold de~ionized watéf and transferred to é 15 ml round
“bottom polyethylene centrifugé tube and subjected‘to analysisvfér
nuclear RNA (68) and DNA k69).

System IT: Nuclel were fifst isolated from liver homogénates, as
&eécribed abpvé_with a 1.5-hour céntrifugatioh time. The ﬁuélear |
Vpellets from thg three centrifuge tubes wefe pooled and were washed

once with 0.25 M sucrose: 1.8 mM CacCl, and céntrifuged at 5,000 rpﬁ’

2

in a Servall refrigerated centrifuge to remove excess sucrose. The

supernatant was discarded. The nuclear pellets were resuspended in-
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0.25 M sucrose: 1.8 mf cacCl 'ﬁsing a Potter-Elvehjem homogenizer and

v 2
added to the reaction mixture;' Incubation was carried oﬁt’in air in
15 ml found boﬁtom polyethylene centrifuge tubes shaken continuously
at 379. The componentS'of.the incubation mixturesvaﬁd thevspecific
incuﬂétion conditions were described in the legends to the tables.

Ail solutions wére preﬁared in Tris~phosphate buffef (0.05 M, pH 7}4):;
1.0 M 2-mercaptoethanol. Tﬁe ﬁuclei suépenéiohé were added last to
the mixture. Tubes and solutions weré képtAin ice until the reéctioﬁ _
waé initiated. Ihcuﬁation was begun aftef,thorough»mixing of the
'vréactioﬁ mixtures. The reaction was terminated by répid cooling}in
ice,‘and subjected fo nuclear RNA preparation (68). | |

Nuclear RNA

Nuélear RNA:waé analyzed by the method of Schﬁidt'and Thannhéuser
with modifications fecbmmended by Munro and Fleck (68). io the
isolated nuclear pellet sﬁspension of System 1 or fhe terminated
réaction ﬁixture of System IT was added one-half volume‘of ice-doldav
0.6 N pefghloric agid. After thq?ough mixingband standing for 10
: minutés in ice, the tube was centrifuged, and the supernatant fréction
(acid—soiﬁble) was. discarded. The érecipitate was waéhéd twice with
one volume of ice~c61d-0.é N perchloric acid equal to ohé?half the
originél volﬁme.‘ Excéss‘écidbwas drained‘offlby inverting the'tube
briefly on thé filter paper. To .the tissﬁelrésidue,é ﬁl'of 0.3 N

KOH were added and mixed. After incubation for 1 hour at 37°, the
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digest was cobled in ice;‘and the protein and.DNA.wefe precipitatéd‘
by adding 2.5 ml of cold 1.2 N perchloric acid. After 10 minutes
standing in'ice, the precibitafe was sepafated by centrifugation.
Onékppréipn of the Subgrnatant was transferred'to a scintillation

' counﬁing Qial aﬁd counfed for radioactivity. ihe precipitate was
»waéhéd twice with 1.5 ml of 0.2 N perchiofic acid. The remaining
supernatant fluid froﬁ the firsf centrifugation andithe waéhings were
combined. The ultravibiet ébsorption‘of the solution at 260nm;&as
measured in a Gilford Optical Densify Convertor, Model 220 and a
Beckman Spectrophétometer. The poﬁcentration of RNA.was>calcu1ated
on the b;sis that oné optical density unit at 260 my of the RNA»(aftér
alkali hydroljsis) corresponded to 32pg of RNA per ml for rat 1iver‘
- (68). |

Measurement of Radioactivity

Samplégvcontaining 140 of 3H wefe‘measured in a Nuclear-Chicago
Liquid Scintillation Counter. The éounting efficiency was 60.3% for
orotic acidw6—14C ahd Qas 4.3 for UfP-BH, Avpreset background counts’
of 38 counts per minute was adopted by the counter and éll'radioactive
meésurementsHweremcorrected for background. The scinfillétion fluid
contained 4.0 g of 2,5~diphenyloxazole (PPO), 0.05 g of 1,4—bis~2;
(4-méthy1—5-phenyloéaéolyl)benzene (POPOP), and 120.0 g naphthalene
in 1.0 liter‘of p-dioxane. Fifteen millilitefs of the scintillation |
fluid were added diréctly to 1.0 ml of radioactive ribonucleotide

solution.
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Miscellaneous ‘Methods

DNA contents of an aliquote of nuclei suspension used per tube

were estimated by the method of Webb and Levy (69).



 RESULTS

The Effect of Thyroid Horﬁone In Vitfo on NuclearvRNA_Synfhesis.
in order to demonst%ate'the effect of thyréid hormone-induced
stimﬁlation of nublear RNA synthesis iE YiE£2; rat liver homogenatesr
were incubated_with and without'3,5,3'~triiod6~tthonine (L-T3) at
10“9 M in a medium containing IMP,Forotic acid~6—14C, aﬁd substrates
necesséry fpr the éygthesis of AMP and GMP asvdesﬁribed in incubation
System I under 'Methods" and iﬁ Table I. Tablé’I illustrétes that

the addition of 10“9 M of L-T,y in vitro in the presence of IMP markedly

¢

increased thé incorporation of orotic acidw6~14C into'nucléar RNA.
The increase was more than 300% over that of the control.

From the results shown in Téble I, it can be seen that the
stimulafory’ effect exerted by L-T3 upon the rate of incorporation Qf
brotic acid~6~14C intq nuclear RNA reached a maximum. after a 2-hour
incubation time under the experimentai condition uéed. A 2-hour incu-

bation time was adopted from hereon unless otherwise stated.

The Effect of Hormone Concentrations In Vitro. In the experiment

shown in Table iII, the concentration of thyroid hormones added to

the system was varied. L-T3 at 10#9 M, was more effective in stim-

ulating orotic acid incorpdration into RNA than was 10 M, and

for L-thyroxine, a concentration of 10"5 M was more effective than

‘ 1Of7 M. These results parallel the effects of LwI3'and L~thyroxine

on AMP and GMP synthesis. It was observed that a 1Om9'M of L-T;

21
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was the optimum‘coneentration for stimulating'AMP synthesis and
1nh1b1t1ng GMP synthe51s. Stimulation of Avp Syhthesis by L-

thyrox1ne was optimal when the concentratlon of the hormone was

.. 10 = M (58). The experlments were handicapped by the fact that the

Splnco SW 25.1 rotor, used to 1solate the nuclei after 1ncubat10n,
- has only.3 cups.' Thus, only 3 variables could be»studled in each
experiment. 'Attempts to hold additional ineubatien vessels'in ice
‘ resulted in a rapid ioss of ngclear RNA. |

Effect of Inhibitors of RNA Synthesis. Actihomycin'D and DNase,

well khown as:petent inhibitors of bNAfdependent RNA Pelymerase in
Vbacterial'and mammalian systems (46, 47),.have heen reported hy
Sekoloff gg_al.(3?),»Tata and Widnell (37), and‘Nakagawa et al. (54) |
to inhibit the syntheSis ef RNA in both controi and‘thyroxine~ﬁreateﬁ
animals.‘ As can he seen in,Tahle IV, the addition of 26.611g’of DNase
or 30.0 hg of acﬁinomycin D to the incubation systems cauaed almost
complete inhibition of orotiC'aeid;lac incorporation into nuclear
RNA, whefeas the addition of L-T3 effectively s;imﬁiated the incor-
poratlon of orotic a01d—14C into nucleaf RNA

ynthe31s of Nuclear RNA from AMP and GMP as Affected by Thyr01d

Hormone In Vitro. 1In order to further,test the hypothesis that the
sites of action of thyfoid hormones are adenylosuccinate synthetase

and IMP~dehydrogenase (or the synthesis ofbAMP and GMP from IMP) L~T3’
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was added to a Wholé 1i§¢r homogenate system in which AMP and GMP | g
replaced IMP. As indicated in Table V, there‘was n§ stimulatory

effeét on nuciear RNA synthesis upon the addition of LfTs to the:
incuBation medium when AM? and GMP replaéed IMP;  Thus, fhe;

stimulatioﬁ by thyrbid hofmones was depeﬁdént on the presence>of

" IMP (Tables I-V). These results tended to suggest that the primary
hormone acﬁiqn occurred prior t§ the synthesis of nuclear RNA; or

prior to the formation of ATP and GTP in the cytoplasm of the cell.

This was invagreement Wifh the hypothesis proposed.

Effects of Purine Nucleoside Triphosphates upon‘the Incorporation

. 3 ,
of UTP- H into Nuclear RNA. Since the results (TablesI-V) demon-

strated that nuclear RNAbsynthesiS'COuld be stimulated by thyroid -
hormones in vitro, and if the hormones exerted their effect by
étimulating Avp synthesis concomitant with an inhibition of GMP
synthesis as suggested (5?—60), it seems likely that the hormones
would then régulate the‘qqantity of ATP and GTP, which in turn j
would enhance the synthesis of certain nucleic acids, thus indirectly
contrqlling the biosynthesis of specific enzymicbprotein(s). If |
this is correct, it should be possible to simulate the hormonal
effect on nuclear RNA synthesis by incubating isolated nuclei with
the propér'ratioks) of ATP and GTP. To test this hypothesis, an

in vitro system referred to és System II under '"Methods' was developed.

In this system, isolated nuclei were incubated with various ratios

- of ATP/GTP in the presence of MgCl, and constant levels of CTP and UTP-2H.
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In the first experiment of Table VI, the total purine nuc1¢o~
ti&e concentration was kept constant atb3.0]1mdle/l.5 ml, while the
ratio of AIP/GTP was varied. The iﬁcorpbration of UTf—3H into
nuclear RNA was incféased with increasing ATP and decreasing GTP‘
concentrations, or with iﬁcreasing-ATP/GTP ratios. When ATP/GTP
ratio was 3/1, the stimulatory effect on nuclear RNA s?nthesis was
50% more than when the rafio was 1/1. As the ratio increased to
5/1, the stimulatory effect was increased to more than 100% that of :
the ratio of 1/1.:

In Expetiment IL, the concentration Qf GTP was held constant
at 0.4511m01e/1.5 ml while the concentration of ATP was increased.
The results indicated that as the ATP concentration increased the

“incorporation of UTP~3H increésed. As the ratio of ATP/GfP varied
from 1 to 5, 10, and 20, the stimulatory effect persistéd with the
greatest Stimulation being observed Wheﬁ the ratio was 20/1;

In Experiment ITT, the conéentration of A:P was kept constant
(0.3 pmole/1.5 ml) while the GTP concentration was varied from.0.27
to 2.43 umole/1.5 ml. GTP appeared to inhibitinuclear RNA syhthesis,
and the inhibitory effect inéreased with increasing GTP. When the
ATP/GTP ratio ﬁaé kept constant aﬁ 10/1 while the concentration of
both ATP andvéTP Were increased at the same timé, the stimulatory
effect increased as the conéentrations of the nucleotides were

increased.
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The previous obseryations may be sﬁmmarized as followsﬁ
(1) At a fixed ATP concentratién,.the incorporation'of UTP—3H

.into nucléar RNA inﬁreaéed as therGTP conéeﬁtration decreased

’ aﬁa it decreaséd as the GTP éoncentration inéreésed.

(2) When the GIP concentration was fixed,.the incérporation of

.UiP~3H increased with increasing ATP concentration.l
(3) The concentration of ATP relati§e to GTP, or the ATP/GTP ratio,‘

‘was. the key factor affecting UTP~3H incorporafion'into nuclear

RNA. vAs long as the ratio was greater than oﬁe,‘even with high

GTP concentratiéﬁ, the stimulatory effect upon -the UTP-3H

incorporation contfibuted by ATP Wouid overcome the inhibitory

effect exerted by GTP.

(4) Whén the ATP concentration was 1ower.than that of GTP in the
System, a decrease in RNA syntheéis was obsered. In other
words, an ATP(GTP ratio less than omne iﬁhibited nuclear RNA |
synthesis. As cén be-seenﬁinlExPeriment 11T ofvTable Vi, an
increase in fhe GTP concentration from 0.27 to 2.4311m01e
‘resulted iﬁ a decrease in the specific activity (cpm per pg
nuclgar RNA) from 87971 to 296.6.

'Since a high ATP/GTP ratio does_indeed enhance‘RNA.synthesis,
it seems likely thaf the stimulation of RNA Synthesis by‘thyroid
hormones is due to the fact that the hormones stimulate AMP syﬁthesis;‘
.theféby maintaining é high cellular adenine nucleotide/gﬁanine

nucleotide ratio.
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The time,étudiés, as shown in Table VII,.indicated:that the
specific acti&ity of nuclear RNA increased ub to 60’ﬁiﬁutes
‘incubationi After 75 minutes incubation the specific activity, of
. the RNA was approximately bne—half of that observed after 30
minutes of incubation.

Effects of Ribonucleoside Triphosphates, Actinomycin D, and DNase

on Nuclear RNA Synthesis. As can be seen in Table VIII, the addition

of 10 pg of actinomycin D or DNase to the system resulted in a
marked inhibition of UTP~3H‘incorporation into nuclear RNA. Also
the incorporation waé dependent on the presence of tﬁe three nucleo-
side triphpsphates;'namely, ATP, GTP, and CTP.

In order to furthér test the hypothesis tﬁat iﬁe enhancementv
of nﬁclear RNA.éynthesis by thyroid hormones is the'result of the
stimulation of AMP synthesis and the maintenance of a high ATP/GTP
rétio, L-—T3 >(10"9 M) was ‘added to systems containiné ATP/GTP ratios
bof 1 and 10. An increase inkRNA synthesiS‘was_again observed in
a system with an ATP/GTP ratid of 10 as compared to a ratio of 1,
and there was no additional stimulation of ndclear RNA synthesis upon
- the addition of L-T3. |

In view of these results, it may be concluded that undef the
;experimental'conditiéns deécribed, ﬁhe nuclear ﬁNA synthesized
was a new syntﬁeSis of DNA-dependent RNA and it was the result of
the stimulatory effect enhahced by.the high ATP to GTP ratio iﬁ.

the system.
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‘Since no additional stimulatory effect on nuclear RNA synthesis

was inducedvby L—T3 when added at 10-9

M to the. complete SySteﬁ
regardless of the relati#e cdncéntrations betweeﬁ ATP~and GIP, if
was cénclﬁded Lhat fhyroid]hormonés are iﬁeffectiVe,ih‘promoting
nuclear RNA.syntheéis at the ﬁuclear‘level, or thé site‘of action
of the hormones is not in the nucleus nor is it concerned with the
transport of the nucleotides into the nucleus. Thié observatioﬁ -
vsupports the hypofhesis that the site of action of thyroid hormones
is in the cytoplasm and the results summarized in Table V suggested
that the hormone exérts its effect prior to the synthesis of AMP
and GMP. | |

The experimental data shown in Table VIII suggested that L-T

3
3
stimulated UTP- H incorporation when the ATP/GTP ratio was 1. This

was.tested again and the résults are summarized in Table IX. UTP“3H
was incorporated into RNA to the same extent whether L-T3 was
present or absent. L-Tj inducedlno stimulatory effe;t when incﬁ;
bated with isolated nuclei. These results further strengthened
the observations and interpretations made‘in Table VIII, i.e., the
- primary sites of action of‘fhe hormbnes,afe adenylosuccinate syﬂthétase
and IMP~dehydrogenaée in éytoplasm. The éossibility of the nucleus
as a ﬁrimary target 'site of the hormone action could be excluded.
~ When thé concentrations of ATP and GTP were varied from 30 to

300 pmole/1.5 ml while holding the ATP/GTP ratio at 1, the rate of

RNA synthesis apparently was ' not affected. Again, it was the
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ATP/GTP ratio but not the concentrations of the individual purine
nucleotide itself playing'the key role in regulating the syntheéis

of RNA (TablesVIL and IX).



DISCUSSTON | e S

An in vitro system for studying the effect of thjroidvhormones
on RNA synthesié has been deviéed. This investigationvprovides_
‘evidence thét>£hyroia hormones added to cell-free r#t liver,homogenates
ih‘tﬁe presénce of IMP stimulatéd nuclear RNA,syntheSis. It was
i demonstrated (Tablesi»V)‘that the raté of incorporation of orotic
acid—6—l4c into nuclear RNA was promoted by tﬁyroid hormones. ' No
stimolation was observed if IMP was replaced by AMP. and GMP,Ifhus
the hormonal effect on RNA éynthesis was.IMP dependenf. AA’biphasié
éffect of the hormoneswas ouggested by the obserﬁation that L~T3 at
10—9 M was ﬁore effective in stimuiating RNA synthesis than was 10-7M‘,

! M (Table TIT).

and 10—5vM of L—thyroxine was more effective than 10
These observations correlate well with the biphasic effects of the
hormones on AMP and CMP synﬁhesis noted by others (57-60).

bThe iﬁcorporation of UTP~ H into nuclear RNA was enhanced when
the ATP/GTP_ratio in the inoubation'ﬁedium was greater than one
(Tables VI-IX). It was obsofved that the relative concentrations of
the purine nucléotides had a profound effect oo RNA synthesis. |
Therefore, fhe stimulation of RNA.syntheois by. thyroid hormones may
" be a consequence of the hormonal stimulation‘of AMP synthesis‘énd the
inhibition of GMP synthesis (57, 60). A high cellular ATP/GTP ratio

would be one result of these effects, since the ATP and GTP levels

-afe dependent on the AMP and GMP levels. Thytoid hormones had no

29
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efféct on thedincorpofationvof UTP-?H into RNA which isveﬁideﬁce
.thatkthe éite ofvécinn of thé'hormoﬁes is not in the‘nucleﬁsznor is"
it congerned»ﬁithvthe transport'of the nucleOtides-into.thevnuqléus.bg
The site‘of aCﬁion is_in»theicytoplésm, i.e., theiéonversiondof P
‘to AMP and GMP. L o S |

| Since a high cellular’ATP/GTP ratio as a coﬁséquencé of thyfoid
hbrmone“aCtioh stimulated the nuclear RNA synthésis and such a
' stimulation was markedly inhibited both‘by.actinomycinﬂp and DNasé
(Tables IV and VIII), it was reasoned that thg hormone-inducgd
nuclear RNA synthesis is DNA—dépendent. a o

»» The in yiig responses of nucleic acid synthesis to th&roid,
hormones have been well ddcumented, such as, an increase in the
synthesis and turndﬁér of rapidly labeled nuclear RNA, an increase
~ in the DNA-dependent RNA poiymerase actiVity after the iﬁ Xizg’admin-
vistratibp of L-T3‘£d thyfoidectomized rats by Tata and Widnell (41,‘44),
an increase in RNA turnover folléwing L«thyroxine'treatment in tédpole.
1ivér by Finamqre and Frieden (49), and a tﬁyroxine-ihdudéd.synthesisb
of a differeﬁf kind of RNA in‘tadpole b& Eaton, Cory, and Friedén (76).
Kim»and Cohen (55) also demonstrated that the administration of L- x
thyfoxine to tadpoles resulted in a mddificafion of_chromaﬁin tora
d more efficient teméiate for RNA syﬁthesis. H9wever,_attempts fo
demonstrate a hormone—induced stimuiation of RNA synthesis‘ig vitro

were not successful. Widnell and Tata (41, 44) were unable to



31

demonstrate any stimulatory effect of the hormones on RNA.polymerase
~activity in XEEEQ:. Kim and Cohen (55)‘also‘repor£ed that the pre-
incubation of Both intact nuclei and isolafed shromatin with L-
 thyroxiﬁe in vitro did not improve the_templéte efficieﬁsy of
'chromatin for RNA synthesis.
The successful demonstration of an in vitro stimulation of nuclear

RNA synthesis by thyroid hormones in this investigation resulted from
‘the inclusion of IMP in the incubation mediﬁm: along with sther
necessary substrates and cofactors for RNA synthesis. That the
metabolism of IMP is the site of action of thyroid hormones stems
| from the observations made by‘Mah and Ackerman (57, 58) and Al—MudHaffar
‘and Ackerman (60) in which it was observed that thyroid hormones
stimqlated the incorpofation of glycine-1- 'C into total puriné with

a preferential incorporation of the label inﬁo adenine and that the
hormones stimulated adenylésuccinate synthetase activity. Also, GMP
synthesis from IMP was inhibited by the hormones due to an inhibition
of IMP-dehydrogenase,activity.

Because of the low.effective‘concentration of the hormones on
adenylosuccinate synthetase and IMP-dehydrogenase, the high corre-
lation of the effect of analogues with their in vivo responses and
the importance of the purine'nucleotides to RNA synthesis and energy
metabolism, these two'enzymes were seriously considered as the
~ sites of‘thyroid'hormohe action, or the primary actioh of the

‘hormones is tﬁévcontrol of the conversion of IMP to AMP and GMP.
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‘ Alsé, it was observed by Necheles (53)vthat.L?thyroxiné_at'io—7 M
stimulatéd‘purine biosynthesis andjthis suggested thaf thyroidlhormones
may not act directly on the nucleicfacids théméelvés but rather by
controlling the availability of purine nucleotides for RNA synthesis.
It is of interest to note that the effect df thyroid hormones on
‘adenylosuccinate synthetase and IMP~dehydrogenase is biphasic. It
'waé obsefvedk(58) that the stimulation of AMP synthesis‘or.the |
. activity of adenylosuccinate synthetase was maximal with 10-9 M of
L—T3kor 10-5 M of L-thyroxine. As the concentration of the hormones
increased, the stimulatory effect decreased. It was‘alsovobserved
that. the maximal inhibitory effect of fhe hormones on IMP-dehydro-

7 9

genase occurred with 107" M of L—thyrdxine or 1077 M of L-Tv, and

as the concentration of these hormones increased, the inhibitory
effect decreased (60). The biphasic effects of the hormones have

also been’nbted'by other workers. Necheles (53) observed a peak

stimulatory effect on protein- synthesis when L—thyroxiné'at 10,7 M

was added to rabbit bone marrow slices. A slight variation in

hormone concentration from 10“7 M caused a drastic decrease in the
. | s
stimulatory effect. Malic dehydrogenase was inhibited by 10 M

-6 :
and stimulated by 10 M of L-thyroxine (71). As observed by Sugisawa

/ M stimulated liver succinic dehydro-

(72), L—thyroxiﬁe at 7 x 107
genase, but 1.4 x 10_6 M inhibited this enzYme. IL~thyroxine and

'L—T3 stimulated ascorbic acid oxidase at low concentration and
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inhibited it ‘a't highv cbnée#tfatién (73). It is known that small |
-doses of thyfoid hbfmones‘pfométevbody gfowth whereas large doses
will arfest growﬁh or eve? cause a substantiél Weigﬁt loss (74, 75).v
Similafly, tﬁe éﬁabolic éffects’df’the hormoneé.on protein,and lipid
metabqlism_and on glycdlysié at neéf ﬁhysioldgical_levél can be
réversed with'largér or pharmacological doses'(76)3 Thése'obser~
vations tend to suggestvthét‘the biphasic effect which ﬁas beeﬁv
'obéérved in both intacf animals and isolated tissue sysfems is one
of thevchafacteristics of thyroid hormoﬁe effecté.

It‘is ﬁot clear at this'point why,thyroid hormones should inhibit
"GMP synthesis; - It may imply a role for guanine nucleotide as én
inhibitor of some kéy enzymes Or as a repressor. Itbis-also possible
that it may have some physico-chemical relationship to the stability
of'hiéfoﬁe—DNA cbmplex. Further invesfigation on this aspect ié
needed. . From the results of Tableé Vi-IX, no definite conclusion coﬁld
be‘reaéﬁed as t&fﬁhether.GTP function as an inhibitor whose effect
was overcome by ATP, éinée the iphibition of nuclear RNA'synthesis by |
 'GTP>couid be demonstrated only Whén the level of GTP concentration
_was.equal to that of the ATP; regardless of the concentrations Qf
each individuél puriné nﬁcleotide; n§ inhibitory effécf by thebGTP’
:éould'bebdemonstrated (Téble x), and ﬁhen the GTP concentration was.
1ess than that éf fhe ATP, a stimulation of RNA synthesié wés
observed (Tabie VI). One might reéson that an ingreaSevin nuclear

RNA synthesis by a high ATP/GTP ratio was merely due to an increase
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in the supply of energy by ATP to the system This'does notiapnear,
vto be the case, since the results in Tables VI and IX 1nd1cated
' that an increase in ATP concentration did not result in an increase~:
;1n 'RNA synthesrs as 1ong as the ATP/GTP ratio was one., It 1s more “
likely Lhat a thh cellular ATP/GTP ratio as a result of thyr01d :
hormone action enhances the synthesis of a»spec1f1c RNA-whose pro-
&uction is favored. . | |
,vIt is clear that nucleic acids play an important role in

protein biosynthesis, and the role of thyroid hormones in controlling
"~ purine nucleotide metabollsm (57 60) and in regulating nucleic acid
metabolism (37 49 53 54 70) have been demonstrated. These
accumulated results lead us torpostulate the following working
hypothesis: The sites of action of thyroid hormones are adenylo-
V'succinate synthetase and IMP-dehydrogenase which result inﬂa B
:stimulation of‘AMP synthesis concomitant with anhinhihitionbof éhP
SYnthesis; mThe net effect is the maintenance of a‘high adenine
nucleotide/guanine nucleotide ratio; A high ATP/GTP ratio enhancesv
'l the Synthesis of a Specific RNA which promotes theisynthesis of .
‘specific enzymic protein and consequently leads tova specificv
biological effect which results in a characteristic phy51olog1cal
:zactlon.‘ A high AEP/GTP ratio produced by thyr01d hormones functions
‘as a mechanism for enhancing the transcription of DNA to m~RNA and
the translation of‘the m—RNA to specific protein synthe31s. Also,; v}

control of adenine nucleotide synthesis would indirectly affect
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:other metabolic péth&ays by Viftuébof the facf that theée nuéleoé
tides are allostericvéffectors of a nﬁﬁber of key enzjﬁés in glycolysis
and tricarboxylié acid cyc1e f63).k . |
Thyfoidrhormonés'maintain a high ATP/GTP ratio whigh may, in
turm, direct the‘synthésis of a specific RNA rich in adenine‘
»ﬁdcl@otide conteﬁt. The‘possibilitﬁnthat a high ATP/GTP ratio is a
mechanism for directing the synthesis of a épecifié RNA is strengtheﬁed
by the observation of Eaton, Cory, and Frieden (70). Théybrepéfted
| 31243 fold increase in AMP/GMP labeling pattern of liver RNA frdm
: adenine-8-14C fbllowing a 2-day exposure of tadpole’to.L~T3,,and
7¢onc1udéd that a diffetent kind of RNA has been syﬁthesized.
Adenine rich nucleic acids have been isolatedvfrpﬁbdifferent
. tissues. 'Hadjiv;ssiliou and Brawermaﬁv(77) have isolated’avnucléic
acid from rat liver with low guanine and cytosinevbut’high édenine}
'From Héla‘cells, Salzman, Shatkin,‘and Sebring (78) isolated a
'm—RﬁA.with a félatively high AMP.céntent as compared to GMP.. Thev'
~ synthesis of such a RNA molecule wouid be affected if the supply of
AMP was limited as‘WQuld occur in hypothyroid rats;v A rapid re-
appearancé of such a molecule;wouldvbe expected after hormone
administration. | S
If the functionlof thyroid‘hormones is to‘ﬁaintain:a supply of
adeﬁine nucleotide for the syntﬁeéis of specific RNA(S) as pfo~
posed, it may be exﬁectéd thét‘the activities of certain enzymes
would be controlléd indirectly by the hofmones'thréugh.tﬁeir control-

of purine nucleotide synthesis. For example, Tatibana and_Cohenv(79)
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_have demonstrated an lnductionvof thebge_ggzg synthesis.of cerbamyll
phosphete synthetaée in tadpole liver By thyroid hormones. The
synthesis of this enzyme may have followed the éynthesis of a

m-RNA rich in adenine.

As pointed out by Tata and his collaborators, the o&erall
increase in cytoplasmic orotein synthesizing caoacity and the
‘stimulation of BMR after "acute" administration of thyroid hormones
were proceeded by several hours by an enhanced tornover of nuclear
~RNA and a rise in the DNA-dependent RNA polymerase activity of
nucleus (37, 38). Theee observations, along with our present
.findings, suggested that genetic expreesion in the nucleus prior to
the formation of cytoplasmic protein may be ao important 1oeus of .
tﬁyroid hormone action. Regulation of nucleic and protein synthesis
may not be the only mechanism of thyroid hormone function, but
"the problems deserve to be explored further.

As reported by Kim and Cohen (55); admlnistration of L“thyroxine
to tadpoles caused.the modification of chromatin preparedifrom,
liver nuclei, to a more efficient template for RNA synthesis., The
addition of (NH4)2804 to nuclei caused a dissociation of about 15-20
percent of nuclear histone assoc1ated with chromatin and resulted 1n»

an increased RNA synthesis. When chromatin prepared from both
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thyroxine¥treated and control tadboles were deproteinized with CsCl,
the deproteinized DNA showed equal template efficienéy with a four~—
fold increase in RNA synthesis. They suggested that'the moiécul¢
invqlved in repression of genetic activity is protein in nature.

Frenster (83) suggested that nuclear polyénions, RNA and protein
may be involved in the regulation of genetic ex@ression by their
- association Qith the nuciear ﬁistone fraction. There is no evidence
-as yet‘of any direct hormone-histone interaction. .Recently, it has
beén shown by Hurlbert et al. (80) that histones are involved in
control of RNA_synthesis in nucleoli by selective suppression of DNA
templates other than the templatelfor ribosomal RNA, and since a high
ATP/GTP enhances nuclear RNA synthesis, it could be the result of a
direct involvement of ATP and GTP in genetic expression by their
. association with nuclear‘histone. Instead/of the possible direct
interaction of thyroid hormones with histone, the hormone may modify 
the protein moiety associated with thomatin via ATP and GTP. These
nucleotides may exert their effects independently on the same targét
.site but in opposite dire;tionsﬁ ATP, for instance, may incfease the .
template efficiehcy.of chromatin for RNA synthesis through deprotein-
zation or derepression, while GTP prevents the derepression of a
- repressor and the transdription of DNA to m~RNA. .The net result
of these effects will depend on the relative importancé of the
individual effect in the systém and the relative concentrations of

these purine nucleotides present in the system for such function.
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It was diséovéred in this study that the relative COncenfratiQns
of purine nucleotideé had é profound éffecﬁ on RNA synthesis. It
may suggest a contrpl mechanism involving both buriné and_pyrimidiﬁe
hucleotides. For exaﬁpie,,by controlling the relative levels ofvthese
‘nucieotides, other metabolic pathways could be affected.

It will be worthwhile tobinvestigate and tb characterize.
: differént RNA mdleéules in thyroid.hormoﬁe deficientvand nofmal rats.‘
Characterization of different RNA molecules syntﬁésized és-a conse-
quencé of thyroid hormone action may provide evidence for the syﬁthesis of
a specific RNA as suggested’Bvaéton et al. (70).‘ Forvexamble, an
‘increase in the synthegis of a m~RNA rich in A + U as a feéult of
'thyroid hormone action, would.indicate abselective contfol of the
synthesis of a épeéific m~RNAAby thebhofmone, and expléin the
specificity of biological action of the hormones.

The concentration relationship between nuéiear RNA and DNA és
a consequence of thyroid hormoné aétion and a compariéon ﬁith that
of the normal rafs ﬁayvbe inveétigated.' If thyroid hbrﬁones are to
>stimula£e nuclear RNA’synthesis without affecting the DNA éqntent in
the procéés, an increaée in the nuclear RNA/DNA rétié iﬁ the hormone-
treated animalé w111 be expected. |

By using a m-RNA resﬁltiﬁg froﬁ the action of thyroid hormones

‘as a template, a particular protein can be synthesized in vitro. By
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“aﬁalyzing the émino acid éomposition and pattern of the.synthesized
v‘prbfein m01e¢u1e and comparing thém with known enzyﬁic protein
molecules, it may'provide direct evidence for the'hormonél_control
6f Ehe synthesis‘of a speéific protein as proposed. Thé Sequenée»of
events of thyroid hormone action on protein synthesis aﬁd‘the site
of action may be clarified.

If ve are to assume that the AMP/GMP ratio réguiates the ATP/GTP
ratio, an increase in the AvP/GMP ratio in a cell-free liver homogenate
may be expected to prbduceba similar stimulatory effect on nuclear RNA
synthesis as was observed in an isolated nuclei systém wifh an increas- .
ing’ATP/GTP ratio.

Itvwill be of great importénce to determine the distributiqn of
the nucleotides in rat'tissues in different thyroid states and to
compare them with the distribution of nucleotides in normal rats, ahd
to establish the level and pattern of free ﬁucleotides in various
subcellular fractions since they are fundamentai structural units of
nucleic acids, function as a source of enefgy, and are allosteric
regulators of specific eﬁzymes in glycolysis and the tricarboxylic
acid cycle (63). |
| The immediate experiﬁents to be followed along‘this line of
sfudy will be‘the iﬂ vitro study of nuclear RNA.éynthesis in

“subfractions of nuclei.
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ijWhatéver the site of éctién of ﬁhyrbid hormdnes is, our
hybothesis'is“compatiblé witﬁ the physiological role éf the‘
hormones in growth and develo?ment, basal metabolic raté,:anabolic
effecés on protéin, lipid, carbohydrate, and ofher boayléonstifuénts
':asrwell'as on mitochondrial reépiration. This occurs‘by ﬁay of

selective control of nucleic acid and protein synthesis by regu-

lating the synthesis of purine nucleotides.
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. SUMMARY

lvAn iﬂ vitro systeﬁ forbstqdyiﬁg the effect of thyroid‘hormonesv

~ on nuclear RNA synthesis was devised. Tﬁis investigation provides
evidence that thyroid,hofmones added to cell-free rat liver
.homogenétes inithé’preSéncevof MP and hecessary suﬁstrates stimulated
the incorporation of orotic acid-6-14c into nucleér RNA. 1In ofder |
vté observe‘thekstimulatory effect exefted by thevhormohes, it was
necessary to inélﬁdé IMP into the medium as a precursor of purine

v nuéleotides.' Thus, the hormone-induced stimulation of RNA synthesis

- was IMP—dependent. It was observed that L-T, at 10—9 M was more

effective in stimulating nuclear RNA synthesié than was 10'-7 M, and
-10.5 M of L-thyroxine was more effective than 10"7 M.
| If thyroid hormones exert their effectsbby'stimuiaﬁihg AMP
éyqthesié concﬁmifant‘witb an inhibition of GMP syﬁthesis, the‘-
1maintenance of a high ATP/GTP ratio would be ome result of these
éffééts. When an isdlated nuclei éystem was incubated With‘various‘
vratioé ovaTP/GTP,.it.Waslfound.that.the incorporation of UTP-3H into
vpucleaf RNA was enhanced when the ATP/GTP ratio was greéter than oné
as cbmpared to thét when the ratio was one, and it was inhibited when
" the réfio was less than one. The relative concentrations éf fhe
 purine nucieotides was observed to have a profound effect on nuclear

" RNA synthésis. DNase and actiﬁomycin D markedly inhibited the stim-

ulatory effect exerted by a high ATP/GTP ratio.
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Thyroid hormqnesAhad no effect on thg,incorporatignlof UrTP- H
into nucyear RNA.which is evidence that thé site Qf action of the
hormoﬁeé ié not in:the'nuéleus ﬁof igvit céncerned_with the_transpdrt'”
of the nucléotideé info the nugleus} The site of action of tﬁyroidb
"hbrmoﬁes ié in the'cytoélasm, i.e., the éonversion‘of IMP:fo AMP énd
'FO'GMP; | |

The accumulated results lead us to’postulate the foliowiﬁg
'khypothesis: Thevsites of action of thyrbid hormones are adenylosuccinate
synthetésevand IMP-dehydrogenase Whiéh result in a stimﬁlatioﬁ of
AMP synthesis concomitant ﬁith an inhibition of GMP synthesis. The
bneﬁ éffect_is'to maintain a high adenine nucleotide/guanine‘nucleotide
rétio. It wésvbostulated that a high ATP/GTP ratio enhances the
synthesis 6f a specific RNA which promotes the synthesis of a specificv
énzymic protein and consequently leads to a specific biological

~effect and a characteristic physiological action.
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TABLE I

; .. . S ' . T 14
“Effect of L-triiodothyronine in vitro on orotic acid-6- 4C

incorporation into nuclear RNA

CQmplete'system (in pmoles): . Tris-phosphate buffér, pH 7.4, 100;
- +l ,v
" DPN , 20; IMP, 80; GTP, 4; ATP, 4; d-ribose-5'-phosphate, 80; L~
HPO, , 40;
14 2 &
MgClz, 20; orotic acid-6- € (specific activity, 4:18 mC per mmole),

aspartic acid, 80; L-glutamine, 160; succinic acid, 40; Na
0.299 (1,576,606 cpm); and 2.0 ml of whole liver homogenates equivalent
.to the yield from 0.67 g of fresh livér, prepafed as described under
"Methods." The final concentration of L—T3 when added was 1077 M.

. The fiﬁal volume was 4.0 mlf Ipcubatioﬁ time at 37o was'2 hours.

 The reaction Waé términéted by rapid cooling in ice. Nuclear RNA

© was estimated by a modified Schmidt~Thannhauser procedure’(as »
described»undef "Methods'"). The concentration and the radioactivity

of nuclear RNA were determined after alkaline hydrolysis. DNA

content was measured.

Specific Activity LfT3oeff¢Ct

3

yA
mimole orotic . : Stimulation
System acid incorp. cpm per cpm per based on cpm
' per ;g RNA p & RNA pg DNA perpg  RNA
‘Complete 0.007 39 22 0
Complete + L-T 0.033 182 163 + 363




~ TABLE IT
Time course of the L-triiodothyronine effect on orotic acid-6- C

incorporation into nuclear RNA

~ Contents of the reaction mixtures and incubation conditions were
~ . the same as those described in Table I. Incubation time was as

indicated in the table.  The final conceﬁtration of L?TSFWas 10"9 M.

Specific Activityv

_ Ticubation mpmole orotic cpm per cpm per
- System : - time _ acid incorp. pg RNA ;g DNA
b : - (hour) -~ per pg RNA
Complete + LTy, 1 - 0.182 1025 162

100 m 2 1.038 5840 898

3 ' ~ 0.105 591 - 19
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TABLE IIX
Effects of various cbncentrations of L-triiodothyronine and

6rotic acidr6-14C into nuclear RNA

The components of the reaction mixtures and incubation conditions

were identical to those described in Table I. EXperiméntal procedures
) _ ' o .

- were described under "Methods." Incubated 2 hours at 37 . The final .

concentration of L-T3 and L-thyroxine were as indicated in the table.

Specific Activity Thyroid hor-

mpmole orotic " orotic mone effect
System acid incorp. cpm per. cpm per acid % Stimulation
- per pg RNA g RNA pg DNA incorp. based on cpm
’ . - % . perpg RNA
.Experiment I '
Complete | 0.14 7% 60 4.2 0
Complete + : _ v o
L-Ty, 107°M 0.28 1595 427 12.0 + 101
Complete + ‘ : SR ’ ‘
LTy, 1077 0.20 1126 325 8.4 + 42
Experiment IT
Complete 0.53 2976 --- 22,0 0
Complete + v - . ‘
LT, » 100’y 0.69 . 3853 —m- 37.7 + 30
Complete -+ o ‘ . B
L-T,, 10-5M 0.99 5568 - 40.7 + 87

4°
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- TABLE IV
Effects of DNase and Actinomycin D on nuclear RNA'synthesis_

The composition of the reaction,mixture was identical to those
‘de§cribed iﬁ Table I, except that L--T3 was réplaced by 26.6 g of -
DNase:or 30.0p g of Actinomycin D in the speéified tubes as indi-
cated in the table. The inhibitors wefe dissolved separately inv
Tris~phosphate buffer (pH 7.4, 0.05 M) and added. The final

-9 ' o
" concentration of L-Tg when added was 10 M. 1Incubated at 37 for

2 hours.
Specific Activity
" mumole orotic acid . . cpm per
' : incorporated per
System v B g RNA Hg RNA
Complete + L-T, . 0.35 . ' . 1952.90
Complete + DNase | 0.0 | 0.17

Complete + Actinomycin D v 0.0 0.10
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'TABLE V.

The effect of L-triiodothyronine on the incorporation of orotic

aéid-14C’into‘RNA.when‘IMP is replaced by AMP and GMP

- Complete system (in pmoles): IMP, 2; DPN , 2; ATP, 0.1; GTP, 0.1y

d-ribose—5'~phosphate,v2; IL-aspartic acid, 2; L-glutamine, 4; succinic

acid, 40; MgCl,,

14

4
C, 0.299 (1,676,606 cpm). When AMP and GMP were

203 Na, HPO , 40; Tris-phosphate buffer, pH 7.4, 100;

orotic acid-6-

added in place of IMP as indicated in the table, the concentration

was 1.0 pmole each. The finéllconcentration of‘L~T - was 10“9 M when -

3

added. Incubated'at 37° for 2 hours. The experimental éonditions

were as described under Table I;

. Specific Activity orotic acid

: o -, mimole orotic cpm per incorporated
System ~ acid incorp. Bg RNA yA
..+ perBg RNA S
Complete ~ 0.0003 1.8 0.0063
Complete, ~ IMP 4‘ : L .
AMP and GMP 0.0004 . 2.3 0.0076

'Complete, - IMP + : B ’ o -
AMP, GMP, and L-T3 ' 0.0004 2.0 o 0.0066
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TABLE VI

Effects of ATP and GTP upon the imcorporation of UTP-3H=into

riuclear RNA

The éontents of the reaction mixture were (in pmoles) : .  ATP
and GTP, as indicated in the table; CTP and UTP, 0.03 each in
Experiment T and III, or 0.06 each in Experiment II; UTP~3H, 0.00223

(476,865 cpm); MgCl 7.5;.KC1, 1.5 in Experiment II; and Tris-phosphate

29
buffers, pH 7.4, 25; 2-mercaptoethanol, 0.5; and 1.0 ml of the nuclear
suspension containing approximately 90011g, 84511g?'and 531pg of

DNA in Experiments I, II, and IiIg.réspectively, in a total volume of

_ 1.5 ﬁl. _Incubated in air With shéking for.l hour at 370} The feaction

was terminated by rapid cooling in ice.. RNA was determined as

described in the text.
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TABLE VI

Addition

Specific'ActiVity..

‘ " mPmole UTP -
(ymole/1.5 ml) ATP/CTP incorporated cpm per UTP
. ATP GTP per pg. RNA ng RNA - incorporated
‘Exberiment I
1.50 1.50 1/1 0.014 200 14.0
2.25 0.75  3/1 0.022 323 21.3
2.50 0.50 5/1 0.033 489 34.7
 Experiment IT
0.45 0.45 1 0.0055 42 2.99
2.25 0.45  5/1 00083 e 3.4
:4,50 0.45 10/1 0.1504 1153 68.00
9.00 0.45  20/1 0.1751 1342 73.70
Experiment IiI |
10.30 | 0.27 1/0.9 0.060 879 ‘34.7
0.30 0.8  1/2.7 0.041 608 . 21.0
0.30 2.43 1/8.1 0.020 297 10.9
0.30 0.03 10/1 0.088 1200 42,7
0.90 0.09 10/1 ' 0.083 1228 | 46.6
2.70 0.27 10/1 0.086 1275 50.0
8.10>‘ 0.81 10/1 0,116 1714.‘, 56.0
s 243 10/1 0.118 1752 64.1
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TABLE VII

Time studies of UTP- H incorporation into nuclear RNA

The componenfs of the geactlon mixture were (inpmoles):
ATP,'O. ; GTP, 0.03, CTP, 0.03; UTP, 0.03; ULP~3H 0.00223 (476, 865
- cpm); Mgclz, 7.5; Tris-phosphate buffer, pH 7.4, 25; 2—mercapto~
ethanol, 0.5; and 1;0 ml of nuclear suspension cpntaining approxi-
mate1y~385p,g of DNA. The ATP/GTP ratio was 10/1. TIncubation time
was as indicated in the taBle. Incubation conditions and experimental

procedures were the same as those described in Tablé VI.

-Specific Activity

Incubation mpmole UTP cpm per ~ UTP
time incorporated ng RNA incorporated
(minute) per pg RNA v %
30 | 0.0004 5.0 0.14
45 0.0010 123 ©0.38
60 . 0.0014 . 17.3 ' -~ 0.45

75 0.0002 . 2.6 - 0.08
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TABLE VIII

Effects of L-triiodothyronine, ribonucleoside triphosphates, DNase
~and Actinomycin D on the incorporation of UTP- H into

nuclear RNA

The composition of the reaction mixture Waslﬁhe same as that
descripéd in Table VII. ATP concentrations of 0.3 ané.0.03ilmole were
‘ used. ‘In addition, 10 pg DNase, 10ug Aétihomycin, or 10'9 M L~T3.
‘ﬁas added as indiééted in the table. ©Nuclei equivaient to 359 ng
‘DNA were added to each tube. Incubation conditions and procedures

were identical to those described in Table VL.

o ' mimole UTP UTP
System incorporated cpm per  incorporated

per Pg RNA L g RNA %

ATP/GTP (0.3 pmole/0.03 pmole= 10/1)

Complete 0.0895 ‘ 1324 25.0
ATP omitted ~ 0.0001 | 2 6.03
GTP omitted | 0.0006 9o . 0.16
CTP omitted | 0.0064 o 6 0.10
Complete + Actinomycin b 0.0006 | 10 o 0.17
3 Complete + DNase : 0.0003 ‘ 4 ' J.0.06
Complete + L4T3 ' ©0.0847 ' 1253' 24 .4

ATP/GTP (0.0311 mole/0.03 pmole = 1/1) , .
© Complete | o 0.0496 733 12.3

Complete + L-T3 o C0.0667 . 987 15.0
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TABLE IX

L-Triiodothyronine effect in witro on DNA-dependent nuclear

RNA synthesis in nucleus

The components of the reaction mixture werebidentical to those
described in Table VII.. The purine nucléotides were tinllmole):'

ATP, 0.3 or 0;63; and GTP, 0.3 or 0.03. The ATP/GTP ratié was 1/1.
The final concentration of L~T3 was 10"9 M, when added. Approximately
835 \g DNA as nuclei were added im 1.0 ml to each tube. TIncubation

conditions and procedures were the same as those described in

Table VI.
Specific Activity
o Addition mpmole UTP yTP
‘System ATP/GTP incorporated cmp per incorporated
(pmole) © perng RNA 1 g RNA % :

Complete 0.3 /0.3 0.013  194.1 8.0
Complete + L-T, 0.3 /0.3 0.014 205.7 6.9
Complete 0.03/0.03 ~  0.016 - 225.7 7.7
Complete + L-T 0.03/0.03 0.015 215.4 8.3




AN IN VITRO‘SYSTEM FOR STUDYING THE MECHANISM OF ACTION OF -

THYROID HORMONES

'Ruei-Choo Chen Lo

ABSTRACT

The‘effect of thyroid hormones on nuclear RNA synthesis was
studiéd in YiEEQ' Results indicated that thyroid hofmones added to .
cell-free rat liﬁer homogenates, in the presence of IMP as a pre-
cursor of purine nucleotides and necessary substrétes, stimulated
o;otic acid~6-1 € incorporation into nuclear'RNA. The stimulatory
effect was observed with 10"9 M tfiiodo—L«thyronine thTS)énd'with
10-5 M thyroxine. | |

Thyrpid hormones had no effect on the incdrporation of UTP—3H
into nuclear RNA which is evidence that the pfimary site of éction of
‘the hormones is iﬁ the cytoplasm, i.e.,.the conversion of IMP to AMP
and to GMP. The net effect is to maintain‘a ﬁigh adenine nucleétide/
-guahine.ﬁucléotide ratio. The‘inéoyporation of UTP-H into nuclear‘
RNA was enhanced when the>ATP/GTP ratio was greater than one as coﬁ~
-pared té that when the ratio was one, and it was‘inhibitéd when the
Vfaéio was less than omne. The.relative conﬁentrations of the purine
nucleofides had a2 profound effect on nuclear kNA synthesis. DNase and
actinomycin D inhibited nucleaf RﬁA synthesis induced by a high ATP/GTP -
ratio. | |

Based on ‘these results, it wés propésed that‘thyroid.hormones
regulate the.synthesis of AMP and GMP from IMP and maintain a ﬁigh‘

adenine nucleotide/guanine nucleotide ratio which enhances the synthesis

“of a specific RWNA.



The significance of the maintenance of a high adenine nucleotide/
guanine nucleotide ratio and the consequences of the synthesis of a

specific RNA were discussed.
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