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ABSTRACT- Increased syntherh of hepatic ensymes due to hydrocortisone 

to preceded by m increase in the rats of synthesis of nuclear RNA. Pulse- 

labeled RNA from liver nuclei was fractionated by a differential thermal 

phenol procedure, and the laberod RNA of each fraction waus characterized 

by sucrose gradient centrifugation and base cornpooltion analysl .  Hormone 

treatment Ancreases tho rate of synthesis of tkree types of RNA: (l) the 

nuclear precursor to ribosomal RNA, (2) a rapid turnover component with 

bass composition slmilar to the tissue DNA, and (3) transfer RNA. Much 

of the total isotope incorporation into transfer RNA a n  be traced to tum- 

over of the terminal adanylate residue, but this type of lrbeling i s  insanai- 

tive to the hormone. Tho steroid also stimulates isotope incorporation 

into tisaua precursor pools. Tho effect i s  abollshcd by actinomycin and 

thus is secondary to the homomi stimulation of RNA synthesis. Growth 

honnong ~timuletes RNA synthesis in both intact and adrenalectomieed 

rats, but Inducer; the rapid turnover enzymes (tyrosine transaminnos and 

tryptophan gyrrolase) drily in the presence of hctlonol odranala. It 

therefore seems that glucocorticoids initiate both a generalized increase 

ln synthesis of RNA and o selective induction of apeclfio enzymes. 



Control of metabolism through lnductlon or repression of the aynthesis of 

spsalfic enzyme protolns is now v ~ e l l  ostabllshed In microbial syotems, whera 

metabolitco of the affected enzyme are generally the induclng or reprossing agents. 

Intcnelve study of this mode of control of protsln synthesis has led to  the widely 

accepted view that regulation of the activity of specific genetic loci, resulting 

in dlffcrentlal rates of synthosb of opeolfic ~ R N A S , '  is responsible for the 

differential rate of enzyme synthesis (Jacob and Monod , '61) . As yet there 

ls no unambiguous evidence for thlr type of matabolite-lnitlrted control 

rnechanlsm in msmmallan systems. But tho synthesis of enzyme proteins is 

controlled in mammalian systems, and it is now becoming apparent that this 

control lo mediated by hormones. The hormonal mode of control of protoln syn- 

thesis has only recently been recogniead, and study of its mecheniem is only 

beglnnlng. We wlll 8ummarlze here our studies on the role of'RNA synthesis 

in the induction of hepatic eneymes by aclranal starold hormones. The date 

do not yet provide a definitive descrlptlon of the mechanism of hormonal 

enayme induction. They do indicate clearly that a mechanism more complex 

than ralective activation of the mtruotural genes crnying lnfonnatlon for the 

enzymes induced is involved in this mode of enzyme induction. 

RNA 8 ynthes ls during enzyme induct ion 

In these experiments we have employed the technique of pulae-labeiing 

as an approximation to e measure of the rate of in vivo RPJA synthesie. By 

severaly limiting the time of exposure to the isotope we can exclude the pos- 

slbllity that changes ln the rates of rerrctions involved in the rnat6bolic utili- 

a t i o n  of RNA mry lead to  an rrtlfactual change ln the rate of Isotope incorporation 



into RNA . In the earlier experiments measurements of RNA radloectivlty were 

routinely corrected for variations in the radioactivity of tissue phosphate pools. 

Ao will be shown8 thfs procedure is essentially correct, but somewhat imprecise, 

Dstails of the experlmentel procedures can be found in the original publlcatlom 

(Kenney and Kull, '64; Greenman, Kenney and Wicks, '64; Greenman, Wicks and 

Ktsnnoy , ' 6  5; Vvrlcks, Crecnman and Ksnney , '65). 

\N~en hycirocortisons is administered to  adrenalectomized rats accumulation 

of the lnduced tyrosine transminaao begins after a lag of about en hour, In- 

croasod aneymo synthesis is preceded by an increase in  the rate of nuclear 

RNA eyntheele, but lnbellng of cytoplasmic RFJk is unchanged (Figure 1). These 

rosulta are kinotlcally conshtent with tho lnterprotation that the initial response 

to hormone '1s an tzcreeu ecl synthesis of one or more nuclear RNA components, 

which in turn results in increased enzyme synthesis. Inhibition of enzyme in- 

duction by actinomyoin, a result irnpllceting DNA-directed synthesis of W A  

(Greengarrd, Smith and Aes , ' 63) , is also consistent with this conclusion. 

Fractionation of puls e-labelad RNA 

In order to  determine what kind of RNA is synthesized in response to 

hormorrrrl stimulation, we used a bractionatlon procedure originally described 

by Georglov, Samarina , Lennan, 8mlrnov and S sverteov ('63), a eparatlng nuclear 

RNA into four fractions by repeated phenol extractions at  successively hlgher 

temperatures. Eesentially all of the RNA that ie labeled in a brief exposure 

to  isotope was recovered, and the RhTA present in each fraction was cheracts- 

rieed by centrifugation in aucrose gradients and by detmlnationa of base 



composition s f ta  alkaline hydrolysio. These procedures enabled us to  identify 

each of the three major RNA species, end to  deternine whother hormone treat- 

ment stimulates the synthesis of one or the other of thaas specios. 

Ribosomal RNA --Approximately 05% of tho total W A  of rat liver is  found as the 

18 S and 28 S structural RNA components of ribosomes. This RNA is characterlted 

by high content of G and C (ratio ATU/G + C = 0.63). In the brief lebeling 

period8 thet we usually employed no isotope can be detect& in the ribosomal 

RNAser se. However about 4596 of the total 3 2 ~ - R N ~  formed (&xcludlng labsling 

due to turnover of the tcrmlnel nucleotides of W A )  can be identified acJ a &re- 

cursor form of ribosomal RNA. The precursor RNA is synthesized in  nucleoli 

(Perry, #64; Purry, Svinivasan and Kelly, $24) as a high molecular wclght fraction 

that is subsmquently transformed into the 18 S and 28 S ribosomal PXAs (Tarn8oki 

and Mueller, '62; S chewer, Lotham and Darnell, '6  3; Perry, ' 64; Peny et el, '64) . 
Extraction of liver nuclei with phenol at 45 C releases much of tho pRNA into 

the aqueous phase. Treatment with hydrocortisone :or two hours causes a 

doubling of tho rate of g3NA synthesis (Tablo 1). If an isotopic precursor (T-1) 

Is administered for e period of t ime  su£flclently long to pumlt conversion of 

pRNA to yRNA, the hormone affect is apparant on tho lattw component as well 

(Figure 2). Thus we, concluded that ayntheoir of the major RNA component of (F-2) 

the llver, ribosomal RNA, is stimulated by tho homono. 

DNA-like RNA - Thh component is not readily identiflabla in function61 tsrma, 

and we have used the operational designcttion MDNA-Ukeea (dRNA) to  idcsntlfy 

the rapidly-labeled RNA that la mlativdy rich ln A and U and thus resembles 

the liver DNA (ratio A + U/G + C = 1.34) . About 50% of the total pulse-labelad 



RNA ia identff id as M A  by base composition and by its extenoive heterogeneity 

of size distribution. Phenol extractton at  85 C in the preaence of detergent 

ylelda a fraction that is largely dRNA, and hormone treatment doubles the rate 

of labullng of this component (Table 4. By comparlPion of the ratios of percent 

of labeled RNA formed to percent of total RNA we can arrive at an approximrtlon 

of the rolativo turnover rates of the various RNA species in vivo. This calcu- 

lation shows that the turnover of dRNA is 50 to 100 times faster than that of 

rRNA or W A ,  while twnover of the latter two RNAs tB of tho mtlme order of 

magnitude (Table 2). Rapid turnover is e property associated with the concept (T-2) 

of mRNA, as are DNA-like composition nnd olee heterogeneity, and it Ls thus 

probablo that mRNA i s  the proper functionai designatton for what ws;, term clRNA- 

final ldentif lcation of the BRNA component in functionel terms m w  t , however, 

await the development of meaningful functional asaaya . Whatever tho proper 

designation of ciRNA, it is apparent that honnono treatment stkauiates Lta 

labeling to  the aeme extent as that of pRNA. 

Transfer RNA - In our studies on labeAAng of tRNA we hava usually axtractad 

tho tntlre liver homogenate, rather than the nuclear fraction r r  In the studles 

described above. Phenol extraction of liver homogenates at  3 C yields a 

fractlon which contoins most of the unlabeled RNA and about 30% of the 3 2 ~ - ~ ~ ~  

formed in a brief labeling period. The labeled M A  sediments with a peek a t  4 8. 

Much of this 4 8 RNA is not transfer RNA (Greenman, Kennay md Wlcks,  '64). 

but appears to be partially degraded' chains of dRNA and pRNA. Transfer RNA 

was isolated by salt fractionation and WE-chromatography and identAfied by 

i ts  ability to act as acceptor for amino aaids in aminoacyA-RNA formation. After 

alkaline hydrolysis much of the 3 2 ~  of tRNA is found as CMP, reflecting turnover 
4 



of tho -pCpCpA tcrmin~nus of the pol~nucleotlds chain. Thel ta~nin.1 nucleotldes 

ern be selectively removed by partial phosphodtestwase digastiofi (Anthony, 

Stnrr, Kern and Goldthwnit, '631, When thts is done it becones apparent that 

turnover i s  limited to tho terminal adcnylato, and thbt this labsting t s  essentially 

inr ens itlve to hamone treatment. Alkaline hydroly9f sr of the remaking W A  

ylsMo a pattern of 32~-labcllng that is indicative of $e, now synthesis, and (T-3) 

hormone treatment c~thulstes thts synthesis to the same extant as that of pRNA 

Specificity sf enzyme induction 

The experiments sumrnatfzed above cloerly indicate that synthccil:, of all 

three of the mefor RNA species of liver is stimulated by hydrocortisone. The 

hormonal mode of enzyme induction is thus apperently not c.rgisfncd by modals 

wherein enzyme synthesis Is controlled by mRNA levels ntona, However, we are 

left with the difficult problem of aeconclfing a general increase In tho oynthests 

of PSA with what appears to be apoctfid induction of aeleetad enzymes, One 

solution to  the problam 4 to assume that one of the other of those rasdts 4s 

incorrect, e .g . ,  perhaps aneyme inductton 1s riot roelly spscffic at BU. Suppart; 

for this suggestion cnn be found in %Re fact that two rapidly itlduced enzymes, 

tyros lne trana@minase end Zryptophon pryrolase, and induced ot identical xatas 

, and to the oilme extent by hydrocoxtisono. Eech of these enzymes has a 

turnover time (haU-life) -- in v i m  of 2 to 3 hr, and thus both rate and extent 

of enzyme induction rppwr to be sVtct1y a fundon of Wnover time,  Thia L 

entirely consistent with a rnecherntsrn wherein synthesio of aU the liver proteins 

1s increa~ed, $Inch spactfic protoins would then be expected to increase i,n 

amount at rates determined by their half-life. 



Growth hormone end enzyme inductlon -- If the Intetptatation given above & correct, 

we would expect that any m a n s  by which hepatla protein oynthesie 18 increased 

would result in apparent inductions of the Game enzyme tha: are induced by hydro- 

cortisone. Growth harmone is known to effect increases in hepatic protoin syn- 

thesb (d. Komer, this volume), and i* a recent study Talwar, Qupta and Oms 

('64) damonstratod increased synthesis of both pRNA and dRNA following growth 

hormone treatment. Synthesis of tRNA was not studied, but in all other respects 

the hepatic response in RNA and protein syntheses seem to be nearly the same, 

whether stimulated by growth hormone or by gluaocorticoida. However growth 

hormone does not result tn induction of the enzymes induced by hydrocortisone, 

ff  the test animals are adrenalectomized (Figure 3). We ostablishd that growth (F-3) 

honnone does stimulate RNA synthesis in the absence of ndrennls (Table 4) and (T-4) 

hence it la clear th~t, not withstanding the slmllarity in response of RNA syn- 

thealo, a spdcific action of glucocortlcoids is necessary for inductlon of these 

enzymes. Thls is substantiated by the sllght inductlon which does occur in 

the animals with functional ddremls. It would thus appear that enzyme ln- 

duction is selective and not a consequence of a general increase in protein 

synthesis. 

Nucleotlde pools; effect of actinornycin 

The obvious alternative solution to  the reconcffletion problem discussed 

above ia the poaslbiltty that the general response tn RNA synthesis is in- 

correct, and represents an experimental artifact. Such an enor could come 

about if the primary action of the hormone was to  increase the rate at which 

isotope Is incatporrted into nucleotide precursors of RNA, and subsequent 

incorporation of the nucleotldee lnto the various RNA species would yield 



an apparent increase ln ovara l  RNA oynthesio. This possibility was invasti- 

gated with a technique doscribed by Ycas and Vincent ('60), in which the entire 

tlsoue hornogenata is subjected to  tho condition8 of alkallne hydrolysis re- 

qulrad to  digost RNA to constituent 2' - 3' nucleotldas. Alkali also causes 

hydrolyo is of nucleoside triphos ghates to the nonophosphate level, and 

hence after incubation the mixture contains the precursor 5'-nuclootides and 

the product 2' - 3'-nucleotides. Tha adanlne nucleotldes of ouah digests were 

separated by chromatography on Dower - 1 columns and DEAH papers. The 

results of ouch an oxptrlmont, where effects of actinomycln on tho response 

to hormone were also studied, are presented in Table 5 .  The llmitod enzyme (T-5) 

induction seen after 2 hr of hormone treatment was completely abolished by 

actinonycin (cf. Grsrngard et 81.. '63). An unueunlly large lncrease in Pi 

specific activlty wvas appreciably reduced by the rntiblotlc, which inhibited 

RNA synthrslo h control anlmols by about 50%. Synthesis of RNA (mealsure8 as 

3' - AMP) was doubled by the hormone, but not in animals glven both honnons 

and actinomycin. Labelkg of the RNA pecmor, 5' - AMP, was incrglaod by 

homong treatment to the extent of about SO%, but thls lnma8e8 too, was 

abollohed by actinomycin. This stirnuletion of tha labeling of pracuraor 

nucleotides fs  secondary to the hormonal stlaiulatlon of RNA synthesis, and 

probably reflects reilearp e of feedback inhlblt ions of the type studied by 

Wyngaarden and Ashton (' 59). 

mile the enhancement of nucleotide eynthesis 1s secondary to increased 

RNA synthests, i t  does lead to increarjad labeling of RNA that fs  greater than 

the actuai incroaae In RNA rynthaab. Meatsuromonts of the rate of RNA syn- 

thrsio must then be corrected for thia effect, and thlr can be done by rnaasurlng 



radioactivity of So - nucleotlder and correcting M A  moaruremente appropriately. 

'Jtranafer RNA was lrolrted from the name livers used in the analyr ee of Table 5. 

When corrected for 5' - AMP, internal labeling of tRNA waa increased by tha 

hormone to about SO%, and labellng due to tormtrul turnover war complrtoly 

unaffected. Thus it is  clorr that euller expuhen t r ,  wherein RNA measure- 

mentr were corrected only for Pi radioactivity, have indicated a hormono effect 

aomswhat lamer than the actual incroase in rat6 of RNA synthsslo, Nevertheless 

tho roaulu indicating increased aynthssis of all  throa species of RNA us 

essontlaAly corroct . 
The dllemkra than remhins, for we observe hormonal stimulation of the 

synthesis of all  major species of RNA and rpociflclty in the response of aneymo 

synthesis. It 18 possible that there u e  spocific effects on RNAs within the 

throe cat.gories examined, and that our analyses thus fu have been too gross 

to detect these changes. Thir cm be tested by further fractionation of aach 

type of rapidly-lebeied RNA. A rocond posribllity ir that specificity in enzyme 

synthesb reflects an unknown mechanism of control at  tho level of trenolatlon, 

i. e . , in the final a s  s ambly of amino acid8 . The exic tonce of control mechanir mr  

of this typo, and their signific8nce in the hormonal mods of induction, u e  

ouggestd by the recent repression studio8 of Ouren, Howoll, Tomkins and 

Crocco ('64) . 
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1 .  Tha various RNA species &cussed are abbrevletad as follow t mRNA, 

messenger RNA, M A ,  DNA-like M A ;  rRNA, ribosomal RNA; pRNA, the 

nuclear precursor to ribosomal RNA, and tRNA, transfer RNA. The designations 

A, G , U and C refar to adenylio, guanyllc, uridylic end cytidyiia acids, 

respectively. 



Tabla 1 , Hydrocorttsone affect on pub a-labeling of high molecular 

weight components of nuclear RP3A 

& , ' , : ,  

Extraction Major 3 2 ~ - ~ ~ ~  Relative Spacff ic Activity of,, 
C anditions Cornpw-mt Untreated + 'MycJsocortilaone 

Relative specific actfvlty & cpm per mg FW~/cprn per M cc mole Pi, 

Adapted from Greenman cbt al ('65). 
L f 



Sable 2. Esthated retathve turnover rhtea of liver RNAs 

Component % sf total* 3 2 ~ - R N ~  % of ~ o t a l  Ratio 
Formed in Pulse (a) * Livsr RMA (b) a h  

- .  *". 7 -e ~ . - CmL 

+ Excrludinq labellrig due to turnover' of tennhal A of ORNA 



TaWe 3. Distrlbutlcn of hotope In transfer RNA after limited 

Phosphod~este.ase treatment. 

H~drocortisona f Terminal Labeling Intunal. Labeling,Total cpm in , 

Treatment (a8 5'-AMP) AMP GhdP -UMP--'CMP - - . I 

-- 

Phosphodiesterascb (snake venon) treatmmt was for 1 br at 15* . Terminal 
labellng is that rendered acld-soluble by thls treatment, and was essentially 

all ln 5'-AMP. Intern81 labeling determined after alkaline hydrolyols of the 

RNA not hydrolyzed by the enzyme. The data are reaorded a s  cpm per nucleoUde/ 

cpm per ~l P mole acid-s01Ubie AMP, ans? haw been corrected for diffwent amounts 

of RNA recovered. Adapted from Wicks et a1 ('65). 



Table 4,  Growth hormone effects on RNA and en~~me'synthesla 
1 ,.-JC-= 

Treatment Relative Specific AGivity Tyrosine Transaminase, 

of Nudear RNA (Uaits/mg Prot sin) 
.L.I --"I.. . '. ' . .= 

Relative apecific activity i s  cpm per mg RNA/opm per L r mole Pi. 3 2 ~  was glvan 

20 min, and growth hormone (833, 3 XU/100 g) 4.5 hr before the animals were killed, 



Tabla 5.  Effects of actbomycln on early responses to hydrocortisone 

No Actlnomycin D + Actinomycin D 
Component Control + F Control + P 

Tyros h e  Transaminas e 26 a 2 63 & 4 23 & 1 20 S l 
CUdtr/mg prot~in) . . 

. Inorganic Phosphate 2.5 t .2  6 . 2 a  .3. i b 3  A .l 3 , 2 t  . 3  
(cpm/~ P mole) 

RNA -3' AMP 
1.1 & . l  2 . 2 *  .2  - 0.52 * .01 0.50 1: .07 

Actin mycin (150 crgAOO g) was given 3 hr, hydrocortieone (F 2.5 mgbOO g) 2 hr, 
and s2P (2 mc) 20 min before the urlmala were killed.  the^ data are the mean t 8 .Ha 
of 2 or 3 snimsls in each group, 



Legends to Figures 

, 1 2.187, Plgure 1. Stimulation of nuolaar RNA syntbssls durlng enzyme induotion. 

Relative specific activity is cpm per mg NU/cpm per I, mole Pi X100. 

horn Renney and Kull ('63). 

3 97 9 Figure 2 N ydrocortisone effecrt on synthesis of ribosomal RNA. 
14 Honnons treatment was for 4 hr , and C -oroticte 00 r c. S .A. 6 . 5  r a/v mole) , 

was given 2 hr befars the rrnimalo were kllled. The RNA was prepared by 

phenol - 6D3 extraction of the microsome fraction of Liver - from Greemnen 

14.165 Figure 3. Growth hormone effects on rapid turnover enzymes of rat liver. 










