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sUM 01 .�1tO

Drugs hoovitig various noodes of inotenomction �vitii I )N�\. ovo’n’o e’xmotomiooo’el foor t heir e’ffet’(s Otto

B:N-A synuhot’sis ito L1210 tell cultures. ‘fo�’o musj)(’cts of itNA s�’oothesis o�’e’ro’ o’niuplooosizool

effects 1)11 cbumoimo lemogths of 1�i”o’A. iomolec’ules synmtho’size’oi ito time’ jore’se’tote’ of olrug, oonoel sele’ctivo

imohibitieomo e)f mmucleolmon 45 S BN�k synthesis. ‘Floe’ drugs studietl oqope’ooro’el t oo foul! mu o thureo

grouj)s. ( r�e OtOj) I (mtctinmo�onoyciro, dauioonmyoinm, muriel ot)t(1P’eepinu) couuso’el noooode’routo’ no’oluctiono Ito

chain lermgt-bo t)f nmucleophasmie RINA. minool ni:urko’d so’lo’etivit�’ ito itoloihit boot oof nucleeolmun 45 S

I�NA. s�’iothuesis. (�rotl!) II (mtiotionaioiytino, noitrogen noustmonol, ouroel e;onul)t o)thoo’rito) caused

marked ne’duction in 1{�”.A ciuaino lemmgtlo in both nucleoplomsno oooiel niuio’lo’olus, ootod olid not

selectiV(’ly inuhmibi(- muimele’ohur 45 S 1(NA synotimesis. Coonmptootloecino, hoooweve’r, differed froom I hoe’

first- tw’o mo timat 1U\A ciiouinisevenmtually appnooucloed moornmal le’nogt his if sufficio’tot tinoe was

ailow’ed. (nioup III (proflavimo, ethiolium, tomod elhiptieitme’) did root i)r000llle’e’ R NA olmouirm shoonto’to-

hog and luotel modenmote selectivity jim inhibition of nucle’colmun45 S RXA svnotloe’sis. Seonomo’ eof those

findings ceould be imoterpre�e’d ho tennms of knoownm noodo’s of inoto’rouotioono with l)XA. Ito I000rtieu-

lan, it is proPosed (boat the olegree (of reV(’nSihihity cof tloe’ I)NA-itoloibitoor ooonmtolo’x is mutt inopor-

(ant, althoourgim moot e’xclusivo’, elo’tonniinoummt of tho’ type of HNA svtuthue’sis effects produced.

t xTnoon)Uc’l’n(oN

Manmy choemo otloenapo’ut ic ago’nots mtppo’ar

to exent thmein effects by jootenacticono ovitho

DNA. After pboysicochoo’noical studies cof

sucim imotermuctiomos, a secootod step would he

to detennoinuo’ tio(’ effo’c(s 0000 DNA fuoictiono

in cells. We adeln(’ss oourselves ime’r(’ to (hoe

functiono: HNA synotluesis. mo particular,

two aspects of HNA sytutloesis are enopiia-

sized: s�’notboesis of H-NA tom(oleCules with

abnoonnoally simoort chmairo le’oogtlos, amid selec-

tive ituhuibi(iomm ouf s\’nuthmesis of roucleoolar

45 S RNA.

Abroornmally slmeoot I{NA nooole’eules, pro-

duced by prenmatuno’ clomti Ii ternminoat ioino,

nmav imao’t’ I)noofotllod o’ffe’cts 0000 cells. Sb oIl -

cried messo’nogen HNA moo(olecUbe’s, if tratos-

551

lato’ol, (0011101 ge’noe’nmul 0’ 001)100 tituumul 100101 1010’

cioairo, mu- humus ho’e’oo oobse’rvo’el foon thie’ o’tIo’ct

(of nit o’avieole’t lighot 0)10 /�‘.sc/oem’ic/o iu co/i (1, 2).

Ito adeht io too, i�r ooluct into oof mthouo ornmal lv

shourte’too’d nuuclo’ar RNA 1100 ole’cttio’s, ott as

vo’t uooobe’te’nromiioe’ol t’uooctioooo, ceoulel move

einastie (‘OOOuSe’OIIOO’tOOO’S. W/o’ o’xiotoore’ hoot’ (hoe

questieooo eof whoat I\’toes oot’ agonots flint

Produce such slot ort o’noo’ei H NA (l000loos.
‘floe select lye’ inoloihit ie too oof outdo ‘eolar

HXA svoithuo’sis hoots ho’o’oo a coonomnooto fitoolinog

wit ho ioihuibito ots eof H N.-� syoothoosis (3 1)

In a prevloous immti)t’o (7) wo’ poiioot ed ootIt I hat.

ant lonanmvcino is e’xco’pt-io oooal ioo that it do to’s

000)t cause sutelo so’lo’ct ivo’ iouhoihit ie001.

suggesto’ol thoat this intLy 1)0’ o’o’Intto’d leo the’

ini’o’yo’n’sibilitv oof t hoe’ hiooehioog oof mtoutioranoo\’cino
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1 J( � IKohti, itooptoblishoed obseo’vtot otis.

to DNA. Ito (hue present weork, w’(’ further

test this idea w’ithm otboen drugs.

:#{176}slo)st-of time ageoo(s studied were selected

onm the basis of ktoe)w’lm on sttsioo’cto’ei romodes of

imo(o’nac(-ionm ovit-lo DNA.

Act100e)nuycino, conIc out’ the’ nooomst e’xtenmsively

st-ueli(’d DNA binoeh’ns, appe’ans too act (imnough

time conmbinoeel a(tieono eof an inotencalatinug

chnomophooone aoool to Pair euf cyclic I)01Y

1)eI)tido’ Si(le chaiois which fold itotoi time DNA
noinoo)r gnoeo\’e (8, #{182})). ��lthoooitgho (hoe bimmdinog

is rue ot covalent , olissoociat ie uru of t hue complo’x

is de’layed.

liaunooimvcir o, al t hueoughu ooo ot doe ‘nmoical ly

n(’late(l too actioooonmvcino, ne’so’nnblo’s (hoe latter

iii timat- it ioa.s tori ititercalatimog (‘horoormoo)i)hom’e

PIUS tO side chaioo tioat- is nequiro’el for tigimt
bitodirog. Like tue birodinug of actitoonTo.yciim,

that (Of elauooeooioveinu is tighot atud toommco-

�‘alenit, atod is toot quickly ne’yersible (10, 11).

ITnohike’ actiooonoyeioo, w’iuicim is mono emotinely

netit roil noioolecirle, eiaunoommmycino carnie’s a

Ijiositivo’ change otto time side’ (humtilo, wioicio is
essenotial for tight binding.

Ni(nogeno nmustmtnei (HN2) is oooue’ of (lie

oldest aimd best studied bifunoctiounoal alkylat-

inig agents. It binods coo’alo’nutiy to DNA amid

forms inutenstratud cross-links (12, 13). ‘Floe

binodimug is moot reversible’, except slowly anod

imudirec(lv by depunimoatiorm (13, 14) or

DNA repair (15, 16).

Anothmnamycino, altioeough moot- a classical

alkylatioog agent, bitools irne’ve’nsibly to

DNA, probably thunougbo (lie fornoation (of a

covabe’tmt bond (17). ‘flue noeole’eule is un-

changed amod nonuplanan, anmd lacks side

cioainms, tbme’neby diffenitog from ootloo’n DNA-

bimodimmg drugs except alkylatirug agents.

Pnoflavimm arid etboidiuno are flat, posi-

tively cimarged nmiolecules (boat- binud by

intorcalation (18). The’ binuditog oof pnoflavin

is napidly nevensible (19). Ehhipticimme has a

similar moio’cular shoape’ amod cboange amid

produces time 1)NA viscosity (loanges cx-

I)eCted for imo(e,rcalatioon.t
Condycepimo (3’-ole’oxyade’nosinoo’) is acti-

��a(ed in (hoe cell too become an aooalogue of

A’FP whicbm is inmcoonponated ioOto) gnowiiog

HNA chaimms, (he’neby termimuatioug (bmem

(20).

Camptotimeciru, althmougim a prompt ammd

neversible irmboibiton of HNA svnmtimesis (21,

22), does imot- al)Pean to_u imm(eract witio DNA

(hinectlv. t � immecboaimisni eof action is umm-

knmo owno.

‘fime finoelitogs I)re’senmte(l siooo�’ a nelation-

Simil) be’tw’eeni (hoe nno(le of inmtenactiomo with

DNA atmd time’ patto’nni 0)f ioobmibi(ionu of IRNA

svnu( hmesis.

MATERIALS ANI) METHODS

i)nugs, 0 obt-ai rood t hone uuglm Drug H eseanch

anod I)o’ve’lo opniemi( , Natic ommal C1anoce’r Imosti-

(ute’, ove’ro’ dissolved ItO noetioamuol eon water

anod stored at - 20#{176}.(‘oootnoi co’ll cultures

ne’co’ivo’el soolvo’not instead of drug solutioim.

Anmtlmnamvcinu noethoo’l (‘(hoer, w’imicbm is rapidly

io�’dnolyzo’el to free anothuranmvcini (23), ovill

be nefenned to) as anutimnaniivcin.

[2_t4Ch]Urielinuo (40-5.5 nooCi ‘nmnooooh’) atOdi

[G-#{176}H]unidimoe ( 15-25 Ci- nonoole) , cobtainued

from Schow’anz Bio)Ho’seandio, os’ero’ addled! to

cell cultures t(0 givo’ finoal ceotmcenutna(iouis o)f

0.04 anod 1.0 �eCi/nml, nespectivo’lv. The

fiooal nmoolan coonocenotmaticonos o�’eme e’( 1uahized

by adding appno opniat(’ aoiie outots oof troolabe’led

unidinmo’ too (hoe’ #{176}H-labe’lo’d c(onmpoutmel.

‘[hoe (‘xp(’ninoe’outs w’e’ne’ carried (out OOtO

Li 210 cells gnoowirog o’x�)1uroenutially ito spitmnuer

flasks at 6-9 X 10�’nol ito HP\1I 1630

mo’diunm supplo’noeno(ed with 20 c; fetal

calf senunm, i)eioicilhiti, anmd stnepte)mvcitm

(24) . Drug-(no’ate’el ce’lls were labeled (mm
(hue’ cooom(inued I)reseIuce� of drug) with [:OH]_

unidiooe ; commt-nol cultures were labeled ovith

[‘4C]unidinoe. After (ho’ appropriate’ unidine

inoco)nponat ion peniods, cultures we’re rapidly

cooolo’el to 0-4#{176}by pouninmg theno (note) frozen

0.9 #{182}�. NaC1 solutiomms. I)nug-tneated anod

co)ootnol cells we’re tlm(’n conobinued ito matched

pains, so (bat all funthoor processiomg amid
anmal�’sis w’as olonue eon inotenmoally conotnolled

mixtures.

Nuclei w’o’ne fractioomoato-’d anmel HNA

purified as described e’lso’whmere (7). In
brief, nuclei weno’ iscolato’el by gentle ho-

mogenizatiomo mo pioospha(e-buffened NaC1

coim(-ainmimmg 0.2 % Tnitomo X-100 amid 2 mom

MgCl2, follow’o’d by co’tutnifugation timnough

50 #{182}‘sucnose-2 noon MgCI2. Nuclei o�’ene

fractionated inmtoo noucleolan anmd moucleo-

I)lasmic fractions by a slight modificatiomi of
(hoe hmigh-sal(-J)Xase nme’t-lmod of Penomami

et a!. (25).
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‘Fim(’ nmudlear pellet was suspo’oode’d ito

Imigh-salt buffer (0.8 oo XaC1, 0.05 on ‘sIgCi5

anmd 0.016 ot Tnis, pH 7.4) m000(1 digested for

1 miii at 37#{176}�vitiu o’1e’ctroopbooro’ticall�’ 1)uni-

fied 1)Naso’. ‘floe’ ooucle’ar digest was co’motni-

fuged timn’eouglm a 15-30 � gradietot of su-

crose ito boighu-salt buffe’o’ four 15 mmmiii at 17,000

rpm. Time’ lip�)et’ p(Ontie)tO cof the gradio’mot

cotostituto’d thue’ noucle’eoplasnmic fractiooro. ‘Flue

moucle’eulan noato’nial so’dinmemoto’ol ((0 time’ bottom

of (boo’ gnml(hietot, w’hoere’ a laye’r ouf homely

ground. seOli(1 sucre)se’ had be’eou placed (0

I)nev(�not losse’s e)f rouclo’eolar n-iate’nial Iuo’ to-)
adheno’noco’ too (hoe’ tube’ beottoooo. ‘Fhe nouclo’olar

fractioomu was oecoovo’re’d by (lissoolvimug tloe

solid sucro oso’ in imigho-salt butler. Both frac-

tionms we’re’ I)no’ciPi(at o’el with etimaimoul atuel

digeste’eI w’itio Proonuaso’. RNA was tboe’to

purified froonm time’ fnactieoios by o’xtnactioono

w’i(-io a nmixtuo’e (of j)hme’mOo)l, rometacoesol, amid

S-lovdnox\’quinoe uhine (26) at (10#{176}.Cbolonoofo unno

o�’as added to o’ach o’xtrac(iooni prior too re-

moval euf time’ phmetoool phase. Tho’ purified

RNA ot’as pre’cipitate’(l with ethanol amid

(hero dissoth’e’el ito arid s(’dimo’oote’(l through a

gradient oof 15-30 � sucrose ito (hoe’ same

A B

2000-

I2OO�- I -�

800#{176}-

400

FRACTION NUMBER

Foe;. 1. o-Sodinoentation patterns of R.\’A front

nucleo!ar (A ) , it oic’!eop!asomoic’ (1/), and cytcup!a.s’iioic

(C) frao’/ioits after 10-mimi- !abe!in,q with f5-’H Jot-ri-

dine

Cetot n’ifugmut into woos pemfomruoed at 22,tX)0 ‘pEn foot’

16 hr at 20#{176}ito oooo SW 40 o’ootooo’. The dio’ectiotu cuf

sedimeostat ioooo is ft’ooruo right too left. 0- - -o
mae!iomoct ivit v ; �- -, absoomlanoc’e at 260 tom.

20 0 -- 0 20

FRACTION NUMBER

ml

2�

0

EFI”E(’TS OF DNA-REACTIVE DRUGS ON RNA SYN’rHEsts

FIG. 2. ,S’eilimmtentationt 7)0//eras of li�VA froimi

iooic!eolar (_4 ) (00(1 nol(’!eop/asimomc (1/) fractions

after 10-pit in !abe!ing with iitetioy!-’ C}ntethiono FtC

seulvo’oot . Se’dirno’ootatioono \\as darnio’(l ooul at

22,000 rpm for 16 iii at 20#{176}ito a Spinoco

SW 40 nootoor. 1ractiooros ��‘cro’ colle’cted di -

ro’ct lv in scirot illat ie too vials anod ehige’sto’d

witbo ‘NCS” (Nuclo’ar-Chmicageo).

OIESU LI’S

‘Flue’ so’dinme’oot atie on pat t o’nios oof jomniso’-

labo’le’el HNA froono t ho’ ooucle’oolar, oouclo’oo-

plasnoic, aooel cyto oplasrnic tract ieoims of uoo -

t-no’ato’d L1210 co’lhs (Fig. 1) aro� similar to)

�s’1uat bias be’e’oo feouood ito eothoe’r rapidly Proo-

lifo’ratinug ce’lls (27). ‘floe’ ootmcle’e than fract iO 010

simows time’ expected 45 5 peak, with a

sioeoulobo’n 0)f a nmoore’ sloowly so’din’oe’ntirog nia-

tenial (panoo’l A ). Ito (boo’ ooucle’eoplasmic frac-

(ion, tlmene is time usual hrcoaol sedimo’totatioomo

distributieomm (panic’! B). Thmo’ cvteoplasnoic

niboosoonmal RN�\. peaks aro’ nuoot vet labe’le’d

(panuel C).
hoe’ se’dime’notat iOtfl j)at te’roos oof t hoe’so’

fnactioonos shmeow (boat there’ is toot appreciable
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FmG. 3. Effects cof drooqs on synthesis pa/tents of ii too/ear I/.VA

Cells were eXpo)se(1 too (1mg for 30 � (90 mimi. iou the case ouf anthraoioycioo) monod thcou allowed to iou-

eorpo)rat 0’ lH]inojolj tue for 10 onioo . iou t toe po’eseooce of dotog. Coooot o’ol cells t�’ere labeled -ivith f’#{176}Cjtoridimoe for

10 mm, The ratio of #{176}11to ‘4C o’adioooctivit-y added to the ccli cultures is indicated by an arrow in the

upper left of eacbo panel; the solid line in the upper portion of each panel represents the 3H:#{176}4Cratio

measured for each fraction from thue sucrose gradient, The sedinoentat ion distributions of labeled RNA
are normalized to unit area under eaclo curve. #{149}-S, #{176}H;0- - -0, ;�, A�o� , Panels A, C, and E
represenot nuc1eoplo-o�smic fractions; paooels B, D, and F, nuo’leolar fractions. Drug treatments (oouonbers

mo parentheses are the extents of itohibitiomo of radioactive uridine inocorporatiomo into the nucleoplasmic
and nucleolar frao’t-ions, respectively) were carried out as follows, a. Group I: panels A and B, actino-

mycin D, 0.188 �M (65%, 94%); Panels C and D, daunonovcioo, 4.8 �g/nol (81%, 97%); panels E minod F,

cordycepin, 100 �cg/ml (71%, 96%). b. Group II: panels A amid B, arotloramycioo, 0.32 �n (79%, 78%);

panels C and D, 11N2, 2O�t (75%, 84%); panels E aood F, camptot-hecin, 12�t (72%, 74%). c, Group III.
panels A and B, proflavin, 7 ,�g/ml (65%, 91%); panels C arid D, ethidiirrn, 50 /hg/ml (65%, 93%); panels

E and F, ellipticine, 2() ��on (75%, 90%).



EFFECTS OF DNA-REACTIVE DRUGS ON RNA SYNTHESIS
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Cnoss-coonmtamimoati(onm. Time lack of significant

c000taminoati(oto of time nucle’eolar frac(hoto by

moucleoplasmic IINA is showrm b�’ tIme low’

level of radioactivity iii time’ bo(teonm timinel

of time gnadiemmt (panic! A). Time lack eof (hoe

converse conmtannimua(ioti is shmow’im by (hoe’

abse’noce of a signuificanit 45 5 peak ito panic’!

B. The lack of cy(opiasmic contaminuationo

of both nuclear fractionos is sbooavni by (hoe

absemmce e)f time nHNA optical denosity po’aks

seen iii the cvte)plasnmic fraction. ‘Fhmese

criteria are also a guide’ to de’(ectimog peossiblo’

drug effects on the fnactioomiatiomi. No suchm

effects were eviclemmt, altimoouglm imo some cx-

perimemmts detectable cytoplasmic nINA

peaks were present in time nuclear fractions.

Puise-labelimog w’i(ho [met/iyl-’4C]methmiomminoe

was used as a furtimer check on the fractionoa-

tion procedure for L1210 cells (Fig. 2).

Most of (-he labeled material in (hoe non-

cleolar fraction (panel A) is either in (he

45 S peak or in moore slowly sedimenm(ing

material. The toucleoplasmic fraction (panel

B) is free of appreciable contanoitmat-iori by

methylated high molecular weight RNA.

This fractionation arid sedimemmtatiorm

procedure was used to study the effects of
drugs on RNA symmthesis pattenmos. All (hoe

drugs used are inhibitors of RNA syn(hmesis

arid were tested over a ranuge of commcenmtra-

(ions. The time of exposure of drug o�’as

usumtll\’ 30 noin, foolloow’o’dby a lO-ommin unidioie

inucoonponatiooo pe’rieoel in (hoe’ coototioouo’d

1)no’se’nmce’ ef (Irtog. Example’s o)f time o’ffects

i)ne ueiuce’d by \-‘anio oils drugs, shoo�vni ito 1’ig.
:�, -��e 5(’lO’cte’d to give’ mo coomparable se’t e)f

data. Time (‘xanmple’s hoave’ conopaoablo’ (‘X-

((‘tots of iouhibitioono eof uniolinoe’ ioocoorpooi’atiotm

imito nuclco Oj)lotsnoic HNA. I)nug o’xpcosune

tinmes wo’ne’ 30 nmito ito all case’s, o’xe’o’j)t for

ano(imnamvcimu. .F’on anuthnaniycitu, a PO-nomiom

expoosuro’ time w’as chmose’oo fo on. cc onopanise on,

bo’cause of thi(’ appano’out (lo’lay ioo (hoe’ full

de’veleopme’mit oof (he’ otnothoranmoycioo offo’ct (7)

however, time’ obse’rvat io onus to ho’ pr(’so’tut ed

were verified also witim 30-noino tno’atnmo’oot-

(moe.
Time sedimemmtatiomo Pat tennis of toe‘wly

symmtim(’sized HNA sbmoowno in Fig. 3 are

imornoalizeel too the utmit area utmder o’achm

curve to facilitate conmpanisono bet-weeni

drug-treated (S) arid coontrol (0) curves.

The oven-all extetmts of inuhuibition of radio-

active unidirmo’ irocorporat ion are givemi ito

(-he leg(’nd. Tue ratioo iof inoc(orpona(io)ti of #{176}H

(treated cells) to ‘4C (conutnol cells) is plotted

in the upper boalf of e-’acio panmel; thm(’ #{176}H:

ratio expected for unoiooiuibited cells is ioodi-

cated by au arrow at (hue upper left of each

panel.

Three major drug effects arc’ see’oo: (a)

selective inhibitiomo of tmucle’ohan 45 5 RNA
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F’oo;. 4. .Uo-Iatop’e ext-mo/s otf lit/?!I)i/l(o?l (Of ra(lioactip’e nri(line incorporatioit into noio’leola-r and nucleo-

pl(io’iiPj( .lu’,\.4 , de-ternpi,oe(1 b!/ ex/)o-rt iitcit-tS .si,moilar to those shown in Fig. 3.

Paouel ,4 , grotop I olo’togs : #{149},ao’tioootoovt’ioo (O.O3-O.l88-,.zmoo) ; 0 , (lau000Jfloycito (1-5.1 �tg tool) ; L�, cordycepin

(87-1(X) �.ig/ml). Panel B, go’eotop II chugs: #{149},aoitloraoooyciou (0.08-0.84 �n) ; 0, coomptothecin (0,5-12 �M)

�, nit rogeni nouostmord (4-50 pM). Pmo-too’l (‘, groolop III drttgs: #{149},ellipticine (2.8-20 pot); 0, ethidium (5-50

pg/mi); L�, proflmovioo (3.5-1.1 pg/toil).
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svnot Ito ‘sis. (� h ) I 000 oohtio’t it ooo 0 0!’ sloe ott 0 ‘toed 11 N.-�

cioaino- itt thuo’ oou(le’oolan’ f’n’mto’tiooni, amid (c)

elo’doe’OosO’(! se’ehioioo’ootatiooro t of’ ooirclo’eoplasnoic

11 NA.

So’lo’e’t ivo ‘ i nohuibi t io too oof to mob ‘e thor II I\.-�

s�’nit loesis i’ l\’J)ifie’Ol by mootinot 0010vo’inu ( I’ig.

3mt, j)01n0(’l I:?).‘flue’ 45 S 1oo’ook ito (lie’ 50(11-

nieoitmotio no J)oot t OttO 15 0 ol)hi te’o’:ot e’eI , moral t hoe’

rmm(io o -ho ow’s mo shooor’p oliJ) met 45 5. ‘Fhuo’ oover-

all iouhuibitio too 0 of H NA svoot lue’sis is nouolo

greater ito thoo’ nomne’le’oolao’ f’o’ae’tioooo thmmioo in

(-hoc’ooucli’oploosnooic fnooo’tiotoo. ‘Floe’ so’le’o’tivity

of t hoe’ inhibit ioooi out’ ooucle’o that’ II \‘�� svio-

thuo’sis is oomooo’e’ st rikioog ott drug 000000(01-

tratiounus heowen’ thuano (hoe o�’ out’ Fig. 3 (which

w’o’n’o’selected too 1)0’ hoigho e’oooouglo too o’mouse’

exte’ousive’ ioohuihit ioumo e of nouo’le’o oplasnoie II NA

also o) . The’ selectivity coven a ta olgo’ oof olnug

conoe’e’rott’atio otis is illust toot ed ito Fig. 4.

Thoo’ go’e’ooto’st so’lo’otivitv is f’oouonod wit ho

ml(’t mo ooiov(’ito, oIa iii oourn ci no, a tool o’e oo’elvo’epi to

(p:oroe’l A). There’ is tutu se’le’(’tiVmtv wit ho
anothn’anovo’ino, HIN2, oor catompteuthiecino (panoe’l

.1?), aouel loot o’rnio’oliato’ se’le’o’t ivitv ��itho

l)t’oofloovmto, ‘thoiehiuoo, mooool o’hhijotie’iooe’ (p:onoe’l
(#{176})

Slot tot o’nuo’ol oouo’le’oolmoo’ II N�-� o’hoaioos were

pro oduo’e’olby cells t ro’moto’ol wit ho 0001t-hoo’anom\’cilo,
HN2, mono! c’atioptot loo’eino ( Fig. 3b, l)motiels

B, I), ooooel I”, o’o’sjoc’o’tive’Iy) . .-�lt looouglo 11\2

anoc! e’aniopto ot hoe’c’ioo shocow a duo oot 45 5 iou

time’ n’ootioo 1)10its, thoeo’e’ is nooo oovo’o’-ahJ selective

inhibit iooo of’ nmuo’lo’oolar II � svnotioe’sis.

1-hotho’o’, time’ so’olinioo’notootiitmo of nomost of (he

liobo’ho’el nuc’leolmon’ II NA is shifted below

-45 S.

1)ecn’e’mose’el so’olioooo’motmttioono of mme�vlv syn-

t hoo’sized, nuioc’lo’oplmtsoiiic’ RNA is typified

b� aim(hnmmnm�’c’in (1”ig. 3b, panel 4) Time

shift to 0 t’o’elmoco’el oedinoo’notatiomo is reflected

iou time’ slope’ o)f the’ #{176}Fj: 14( ‘ t’ml(-ie) plot, w’iii(’ho

shuo�vs (hoe’ nc’hmotivc’ lao’k of i’apidlv sc’di-

uooe’n(imog RNA prodluceel imi the drug-t-reato’d

cc’Ils. Thois effe’o’t is molso se’etm with nitno-ogen

nmustanel mommelcminoptothoc’c’inm (Fig. 3b, l)aImelS

(_‘ ammd E) mine!, loss prominently, with

ac’tinonovcimo, eluaomooooovoino, aimd condycepin

( 1”ig. 3mm, 1)mttO(’lS _-1 , (‘, armel E) . (The drop

iou �H: 14(1 natuo tic’mtr (hc’ (cop oof these grmmdients

is pmmntitillv duo’ to (hoc’ prc’sc’noce of label in

(lc’gnaded DNA.)

Iuoto’npm’o’tatio 000 of time’ o’ffc’o’ts on time imue’bo’oo-

plasmie poit(o’n’nos is o’oonmophcated by time

variability of t lmo’sc’ seelinoo’uota(ion patterns,

o’spo’eiallv imear (hue’ botteom e)f the gradient

(coommpare, for e’xamplo’, coon(no)l pat-termms in

I”ig. 3a, pane’ls A and C’). Timis is probably

omoused by aggro’gatioio effc’cts (28). Despite

(his variability, we-’ fioid (perhaps sun-

j)rismnogly) (boat mt’hoeoo moucleoplasmic RNA

fronm (re’ated amod o’omot roh e’c’hls, Imobeled with

:ojj arid 04(1 no’spectivo’lv, mine sedimeuo(ed

toogo’tioc’r, (hoe slo)j)e’ 0)f (hoe’ �H : ‘4C ratio

gives o’cumosistemit results. Nevertheless, the

(iues(i0000 nmust bc i’aiseel w’lmether (lois
cloamogc’ ito seehimo’mitatioto produced by
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C, group III drugs: #{149},ellipticine; 0, ethiclittoio; �, pl’oflavin.

EF1-’ECTS OF O)NA-IIEACTIVE DRUGS ON RNA SYNTHESIS

drug (reatnmemot is due to (mm) nc’eluo’tioooo imm

lengtim of the IINA (‘hoains syimthuesized

( whicim could bo’ caused by sc’lectivo’ ito-

hibitiono c�of synitboo’sis of loimgen chmmins, pre-

mat unc’ (ernmmmmatie)n oof growimug chmmi nos , on

chain scissiooo), (b) reductiomo ito (hoe extent

of aggregaticon, on (e) choatoge ito RNA con-

fornoatiomo. Ito w’o)nk to be nc’peor(ed subse-

cjuemotly, ovo�’ hmmivo’ found (hmmt time nc’duced

sedimentation pe’rsists 111)010 reac(iomi of time

RNA witim fonmalebe’hoyde, ioiehicmotinmg thom-it

time lengtlm of (hoc’ cbmains is i’eelu(’ed.

In orelo’r to oomako’ (hoe o’conmpmmnisooni oof time

cimain-simont(’moiuog (‘ffc’(’ts c)f various clings

more cjuammtita(ive, we related time slopes of

11-1#{176}:C’4 ratio plots to time exteumt of imohoibition

of unidine’ inmo’onponatiotm inoto 0 mOUd’ieophosmic

RXA (Fig. 5). [The slope’s givemo in Fig. 5

5 t�’ene’ remmel fronm plots of log (1-1#{176}:C’4) with

respe(’t- ho chiaitm length. Since thoc’sc’ j�1ots

generally hmoel a slight curvature, (boo’ e’sti-

mated sliopc’s mine oumly appreoxinmate’. Al-

teruma-( ivc’ met hooods of o’st ima( inmg slopes

from nmi(io picots, hooweven, produced the

same general pattern see’ni in Fig. 5.] By

view’inmg (he’ olm-o(a imi (bois way, it is possible

to place tbme drug effects into three groups.

Time largest cloaimo-shoorteninmg effects we’re

produced by mimothramycimm, nitneoge’n mustard,
amod campto(hecin (group II). Timese drugs

give points (hint fall above the topper elashoeel

line in Fig. 5 (pammel B). (Two 1xoin(s, at low
extents of inoioibition, who’re time error is

greatest, fail be’low (lois litmo’.) At (lie’ op-

posite extreme \�(‘ne proflavmnm, e’thuidiuno,
mooud ellipticine (group 111) , \vioi(’hm pre)(luo’e’el

Iii) chmammi simo)nteninmg mit mill (Fig. 5, l)m100(’l (1)�

Imo(o’nmediate bc’tweo�’um t hoesc’ os’eno’ act iouoo-

noycin, daunonmycino, atoel coorelye’e’pino (group

I) ; (ioese gave poitmts boltweemo (hoc’ dashed

linmo’s in Fig. 5 (paroel �-1).

Tioe quo’s(ionm may be’ raised w’imo’thoc’r (hoe’

decreased IINA ehoaimm lo’ngtios mono’ clue to

reduced chmain elonugat iooi na-to’s, so t lma(

10-mimi unidinme inmo’onpormotionm j)enio)(ls doi

000)( allow’ enougim tunic for (hoe e’hmtioos (ci

grow (0 tlmein full lenmgthos. Lonogc’r incoorpora-

(ion periods I)resetut the’ ceomplicatio)nm of

pnoco-#{176}Ssitmgof motocleolan 45 5 lINA, whmie’ho
generates lower molecular weigimt spo’eio’s ito

both moucleolus and mouclc’oplasnm. Ito the’ case

of group I agemmts, hmowe’ven, toucleolan 45 S

RXA synthesis is conmplo’t clv ioohoibite’d,

aiod we were able to show directly (hunt (hoe

sedinmentation pat tennis of moucleoplasnoic

IINA synthesized in time prc’semmce of moe-

(inmonmvcin are uumciumongo’el by mono increase’ ito

unidinoe incorporation time to 30 nun (7).

For grooup II drugs (he complicationo of

nmucieolar 45 S RNA processing was cm-
cunmvented by (lie use of (oyocamycimm, atm

adenosine analogue (lint become’s incor-

ponateel into nuclecilan 1INA arid prevents
its processing (29). Toyocamycimo at a

concentration of 0.1 �.cg/nml 1)revented

uoucleolan 45 S RNA processing ito L1210
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‘Taken from ref, 33.

Not determined.

cells while imolmibi(ing unieline incoi’ponat-ion

into RNA by mmppo’oxinmately 50 % . Whemm

cells were treated for 30 noin with (ovocamy-

cm together w’i(im anthramycin or HN2

amid then labeled os’i(-h unieline for as loimg as

60 miii, t-loe marked redimc(ionms in sedi-

nuemotatioio of moucleoplasnoic amod moucleolan

RNA were still seemi. Time increase immlabeling

(moe front 10 too 60 nun did not sigimificantly

affect- the sedinooeiotht-ion patterns. It is

concluele’d that- the chain-shon(eniiog ef-

fects of these (mt�o ageiots are moot due simply

to slowimig of clmaiim elongation rates. Further-

more, the presence of toyocamycimo in thmese

expenimemmts anguo-�s agaimmst the possibility

timat (boo’ sloovlv sedimemmtimmg material is

derived from rapidly processed 45 S ribo-

somal precursor R NA . Camptothecium

differed from mmn(imnanmycin and nitrogen

mustard 1mm (bat- (he marked redttction in

sedimentation of umucleophasmic IINA com-

plete1�’ disappeared when tIme labeling time
was extended too 60 rain. Tiois result is

compatible w’itim mm-reduction imm (be cbmaimm

elongaticin rate as the pninuary act-ion of

camptothecin 010 nucleoplasmic RXA symm-

timesis. In the case of moucleolar RNA, how’-

even, the longer labeling time increased time

sedimentation only slightly. These findings

were of particular interest because, altiooughm

(hoe effects of canup(othee’ium On IRNA syn-

thesis were imm some ways similar to those

pnodu(’ed by the irreversible 1)XA biniders,

we could detect moo change in its abscorption

spectrum to support time pe)ssibihty of

interaction with DNA. Since e’amptotlmecin

reportedly causes fragmentation of DNA

(21), it load seemed possible thmat- fragnuenta-

tion of DNA on R-NA might be responsible

for (he observed shifts to slow-en sedimenta-

(ion of (hoe nucleoplasmic RNA. Timis pos-

sibility is now’ excluded by (hoe finding timat

nucleoplasnoie RNA noolecules of normal

size are syimtlmesized wbmen the labeling (moe
is ex(e’nded sufficiently to offset- a reduced

RNA clmain o’longatiomm rat-c. Furtlmermore,

w’e find timat RNA synthesized after ne-

moval of camptotheciio ioas mmonnoal sedi-

memotat-ioim patterns.

DISCUSSION

Tho’ nimme drugs stuclie’d can be tentatively

classified into tloree groups, based omm their

effects omm RNA syntlmesis (sunmnmanized in

Figs. 3-5 aimd Table 1).

Group I (actinomycin, daumionoycin, and

conely(’epin; Fig. 3a, anmd pammels A of Figs.

4 and 5) is characterized by selective in-

hibition of imucleolan 45 S IIXA symm(-hesis

ammd moderate reductiomo iim sedimmmemo(ation of

nucleoplasmic RXA.

Group II (amo(hnanovcium, HN2, and

camp(othecin; Fig. 3b, amod panels B of

Figs. 4 ammd 5) is chanac(c’nizeel by approxi-

TABLE 1

Tentative classification of drugs on basis of effects on RNA synthesis

Group Drugs Selective inhibition
of nucleolar RNA

synthesis

Production of
shortened nucleolar

RXA chains

Reduced
sedimentation of

moucleoplasmic

RNA

Inhibition of
nucleolar 45 S

RN;� processing’

I Actinonoycin

Daunomvcioo

Cordycepimo

++

++

++

-

-

-

+

+

+

-

-

ND.’

II Anothramycin
HN2

Camptothecin

-

-

-

++

++

-�--�-

++

++

++

-

-

III Proflavin
Ethidium

Ellipticinue

+

+
+

-

-

-

-

++
+

++
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2 H. E. Kaoon, Jr., A. L. Sooyder, and K. W.
Kohno, oontputblished obseo’vat ions.

mately equal inohibitioro of nucleolan ammd

nucleoplasmic RNA symothesis amod noanked

reductioto imo sedinuemm(-ation of IINA fnono
both these fractioims.

Group III (proflavin, et-loidium, amoel

ehlipticinoe; Fig. 3c, ammcl pamoels C of Figs.

4 and 5) is characten’ized by moderate’ selec-

tivity mo inimibitiomo of nucleolar IINA syim-

thoesis aimel little or imo change mm sedimenta-

tion of moucleoplasmic RNA labeled in a

10-mm unidine incorporation period. Lommger

incorporation ioeniods, however. show a
shift to aim increane in sedimentation. A

trace of (-lois effect, whicim will be (-lie subjc’ct-
of a sepmi-nate report, can be seemm in Fig. 3c,
panel A.

Some o)f thoese fitmd.iiogs can be imotenpreted
in terms of time imatune of time interactions of
these drugs writim I)NA (or related sites).

Anthmramycin and HN2 are known to bind

almost irreversibly to DNA. This couid be
responsible for time reduced average length

Of the nucleoplasm.ic I{NA symmt-hesized,

cit-hen by selective inimibition of the lomoger

transcription segnuents or by prenuature

termination of growimmg RXA chains (1).
The reduction in sedimentatiomm observed
in the nucleolar RNA, however, can be

explained only by the second possibility
(since 45 S imucleolan RNA sediments as a

homogeneous species).
Actimoonmycium and daunmomycimi bind tighmtly

to DNA, but the binding is siow’iy re-
versible. This sioov reversibility may cx-
plain time lesser degree of reduction imo sedi-

mentation of nucleoplasmic TINA. The selec-

tive inhibition of nucleoiar RNA synthesis

might be due to possible differences bet-w’een

the nucleolar amid nmucleoplasmic IINA
polymerases (30, 31) mm timeir ability to dis-

place these drugs from the template. Drugs

which bind irreversibly would noot- be dis-
placed by either emozyme, timus perhaps

accounting for the lack of selectivity ito the
case of anthmramycin atmd HN2.

The effects of camptothecin, aithouglm

similar to anthramycin and HN2 ito regard

to the factors considered here (Table 1),

must- be due to a differemot- meclmanuism.

Camptot-hecin differs from auo( hranmycin

and HN2 in thmat (a) nucleoplasmic RNA

chains eventually approach normal le’mogths

after lonog incorporation ( imes , compatible
witho a slowinog of ciomoinm c’loaoga(ion rate,
(b) RNA symmtioesis is rapidly neve’rsible
Ii1)0)mO ro’nmo)val of (lie drug (21 , 22) , anod
( c) we hommve not be’en able’ (oo detect any

ino(ena(’tio)n ovitho DINA. in euro. Cmonopto.-

(imecin has been reported to preieluce breaks

in l)NA (21) ; ot’e do moot sc’c’ at (lois time

imow’ to relate timis to (hoc’ c’ffects ion IINA

so’nt boesis.

lime effect� of condvcepino (3’-deoxymode’moo-

sine) , moltbmough sinoilar too timose of act-mo-
mycinm and daumoomycimo , apj )emmr (o-o originate

fnonm a different nuechanmisnm . Condycepin

becomes inconponmited iooto HNA ammel poe-
vents further chain grow’th. This readily

explains the reduced sedimemmt-ationm of

RNA. The selective inhibition of nucleolar
IRNA svimtloesis might be explaimmed by nela-

(ive imoabihity of thie miucleolar RNA 1)ol�’m-

eraso’ to displace (-he pne’matumnely termi-

imated RNA chain from thme template. Time

selective inhibit-ion of nucleolan IINA by

cordycepin has been reported PreviouslY in
HeLa cells (5). Time reduction ito seelinoemuta-

(ion of nmucleoplasmic RNA, looweven, was
noot detected in HeLa cells (32).

The compounds in group III (Table 1)
are intercalating agents. Timis type of inter-

action with DNA has beemm studied cx-
tensivelv wit-li proflav’mn ammel ethoidirom (9,

18) . Thoe complex of proflavium w’ith 1)NA

imas been shown to be rapidly neve’nsible,

w’ith a relaxation time of mm few’ mihhi-sec

omods (19). This rapid reversibility might

explain the absence of RNA chaimm-siiorten-
immg effects. An additional (‘ffect is imovolved,
however, since longer unidine incorporation

times’ disclose a chaimm-leng(henitog c’ffect.t

Correlating with (lois effect is immhibition of

time processing of moucleolan 45 5 RNA (33)
(Table 1).

Time classification proposed in Table 1

ioas time following limitations. (a) Studies

have so far been carried out nmainly with

L1210 cells; ove do moot- kioow wioe(hen the

same gemoeralizations ms’ill mipply to otloer
cell types. (b) A limited nmumber (of drugs
imave bo’cto studie’d; tIme validity on usefulroess

of time generalizatiomis for othc’n drugs re-
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000anims to ho’ elo’to’n’noiouo’d. (o’) 1)n’tmgs with

too(allv eliffo’ro’mot nooo’c’hoooooisnoos e tf mto’tioono nommov

fmill iOot(o to (‘0000000000 gt’oatjo. Ibis \\�05 5d’d’OO

ito (ho’ cmmse ouf (‘mtnOptotthio’(’ino.�1hhoe,quc’stiouoo

w’hmo’thmo’r time’ piovsm(oho ogical co 0005cR iue’n�’’�� ( of

the’ iroimibi(c’d ltN;� svtot hue’sis dlej)c’tl(l otto

(hoc’ t�’pcs o)f effects cato’gooo’mze’ol ito Tablo’ 1

ro’nomiioos ope’nu.

�\�\Iru , I’�iirnman’, mooto I \\�oo on oo n (34) n’eco’oot ly

rc’l)oortc�d (boot mo H(’La cells o’omnop(othc’o’mto

sc’Ie’ctively inohuibi ts uo’ielinuo’ inuooorponatioomm

iooto o t hoe imuclo’o olno’ fo’zoo’tio ito oooiel l)0’(0dt0(’0�5 a

Peak oif naehieotoctivitv ito time’ nou(’heoplasmi(’
fomie’tion at about 2�5 S. Tiio’se obse’n’vaticnus

c’e)tuld be brougiot inutou lmnmo’��itli e�tir fimmdimmgs

if it w(’re’ stippeosc’ol t iomot 5(flOl(’ of the radio-

activity e)f (Imo’ 25 5 1)d’oik moe’tumollv rcpn(’sermts

titto’lt’oolmot’ 1�i\A. o’hoainos, �vhomo’ho ito (bus case’

\\.e’o.e’ re’heascd ioutoo (hoc’ nouo’le’oplmisnioic fra(’-

t ic-on
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