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SUMMARY

Actinobolin, an antibiotic with a broad spectrum of I )iological activity, has beeti studied
with respect to its metabolic effects iii mammalian cells. In mouse Adenocarcinoma 755 cells,

both in vivo and in cell culture, actinobohn inhibited the synthesis of protein and DNA,
but exerted a much smaller effect� on the synthesis of RNA and had no effect on the synthesis

of soluble purine derivatives. The rate and extent of uptake of [3Hjactinoholin in cell cultures
suggested passive diffusion across the cell membrane, with no sul)sequent covalent bonding

to cellular constituents. In a cell-free system, containing washed ribosonies an(I 100,000 X
g-pH 5 fractions from mouse Adenocarcinoma 755 cells grown in culture, actinobolin

inhibited the incorporation of labeled ammo acids in the presence of endogenous messenger
or of polyuridylate. At higher concentrations actmoholni inhibited the incorporation of
thymidylate into DNA in a crude I)NA synthetase system. These results suggest that the
primary metabolic effect of actinobolin in mammalian cells is on l)roteill synthesis.

In the cell-free system actinobolin (a) did tiot inhibit the formation of aminoacyl-tRNAs.

(b) did not cause the release of peptides from previously charged ribosomes or prevent such

release by puromycin, and (c) inhibited the binding of [14( �1phenylalanyl-tHNA to the poly U-
ribosome complex, but not the binding of po1y U to ribosornes. These results show that
actitioboliii acts at a late stage of protein synthesis, perhaps by competing with aminoacyl-
tRNAs. Such an action would he compatible with the fact that actinobolin contains an
i�-alanine moiety.

INTRODUCTION

Actinobolin, an antibiotic isolated by
Haskell and Bartz (1), has a broad spec-
trum of antibacterial activity (2) and is also
active against certain experimental tumors

and leukemias �3, 4). Recently reported
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studies on aetnioholin have shown it to be a

(lerivative of L-alanine (5-7), and the struc-

ture shown below has beeii assigned (7) . In
spite of a nuinhet’ of investigations, the pre-

cise tno(k of action of this compound is still

U11(lPfihicd. Growth-inhibitory effCCts of acti-

o=#{231}- CU - CH3
OH NH �H2

HO � C H3

nobolin against Eseherichia coli were re-
versed by certain metal ions and by a

variety of metaholites, among which phenvl-
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alanine was the most effective (8). Actino-
bolin is a good chelating agent (1), but
results with both bacteria and leukemia-
bearing animals suggest that its cytotoxicity
cannot be attributed to removal of metal
ions (4, 8) . Iii E. coli, actinobolin inhibited
the synthesis of protein and RNA and
caused the production of filaments; inhibi-
tion of HNA synthesis appeared to be a
consequence of inhibition of protein synthe-
sis (9, 10). We report here stu(iies of the

effects of actinobolin in mammalian cells
and in cell-free systems that indicate that
the primary metabolic effect is on a late
stage of protein synthesis and that the
mechanism of act ion may he competition
with aniinoacyl-tB�A for binding to the

l)olysomes. A preliminary account of some

of these results has been presented 11)

MATERIALS AND METHODS

La inpo 1W (15 (Ifld 111(1 ((11(1 is. Act iflOl)Olifl

sulfate dihv(lrate was a gift from Dr. Jolni
Dice, Parke, 1)avis and ( oinpany, Detroit.

r#{231}j� following were the sources of other
conhl)ouhl(ls afl(I inatetials: Miles Pharma-

Centi(al (‘onipany. Elkhart Indiana, poly
U, [2-’’C]poly 1’. 70 5, 50 5, and 30 S ribo-

SOuls and riluosounal subunits from E. coii;

New Englaul(l Nuclear Cofl)orat ion Boston,
so(lulnl � 1fouunate, 2_i ( I glvcine, ( Me-
�HJthv1m(line, I 4. 5-�II] lcucine, and the
following uni fouinly labeled �‘ ( count )oun(ls

glutanuine, phenylalanine. alauuine, lcueine,
Ivsine. and )henvlalanvl-tR\.\. ; Sch�varz

I.al)oratories. ( )rangelnirg, Ne�v York, �2-

1 1(� 1iui(li11(� �1uI(l I 2�’’(� I thyinidylate : �ignia
C’helni(al (“)un�)auuy, ‘t 1�ouuis. l)1’uiI__

vat e kiintse. Act inol )oliil \V�ls t iit iate(l 1)1
catalvt Ic gaseous exchange by New England
Nuclear (1orpouat ion, all(l the puo(luct was

purifie(I in our laboratories by recrystalli-

zation to constant specific activity: the
recrystallized sample was shown by thin
layer cluroiuuat ographv to contain essentially

all the H label ( 90-97� and by bioassay

to be ((luivalelut to unlabeled act moluolm in

inhibiting E. coli. The final product had a

specific activity of 150 /LCi/mg and yielded
only one radioactiyc spot (detectable liv
11(lioltuIt ography) upon 11cr chromatogra-

phy in the following solvents: ( a� equal

volumes of 93.8% 1-butanol and 44% aque-
ous propionic acid; b) isobutyric acid-
concentrated NFI.10H-H2() (57:4:39, v/v/
v) ; (c) 2, 2, 3, 3-tetrafluoro-1-propanol-
H20-90% formic acid 25:15:0.5, v/v/v)

(d) 0.1 M sodium l)hosphate tI)H 6.8)-
solid (NH4) 2S04-l -propanol 100:60:2,
v/w/v) ; (e) methanol-concentrated HC1-
1-120 (50:17:33, vv/v) ; (1) 70% aqueous
2-propauiol in au NH.; atmosphere.

Animals and ccii cultures. For studies of

the effects of actinobolin in viva, C57 black
mice bearing subcutaneous implants of
mouse Adenocarcinonia 755 were used. The

principal cell culture used was a line of
Adenocarcinoma 755 established in culture
in our laboratories and grown either on
glass or in suspension culture under the

same conditions (lescrib (1 for H. Ep. No. 2
cells (12). Proce(luIues have been described
elsewhere for the isolation and a�sav of
cru(Ie protein, so liii )le puuiiues, and po1y-

nucleotides fuom solid tumors (13) and for

assay of ineorporat iou of l)1eeursol’s into
1 )NA, RNA. and protein of cell cultures
(14); details au( given in the tables and

figures.

1-�rotein 51/11 thesis iii ?itlO. From a(leno-

carcinoma cells grown in suspension culture,

ribosomes and 100,000 >< q-pH 5 fractions

were prepa rc I as dec ui 1 ed elsewhere (15)
by methods that are essentially those of
Littlefleld and Keller (16 and liNeal and

�riffin (17) . All compounds afl(I cell frac-
ions were ma( Ic up in standard buffer of

the following counposit ion : 0.005 M MgCl2,
0.025 M KCI, 0.25 M sucrose, 0.05 M Tris

HCI (pH 7.6 ( . and 0.006 M mercaptoethanol.

The stan( lan! assay mixture contained the
following in a final volume of 0.5 ml: phos-

phoenolpyriivate. 2.5 1�moles ; pyruvatc ki-
nase, 5 p�g; ATP, 0.25 1tmole; (�TP. 0.0075

1�molc ; radioactive amino acid. 0.005 pinole
21 unlabeled auniulo acids, 0.025 1tmole of
each; ribosomal suspension, 0.1 ml; 100,000

X #{231}j-pI-I5 fraction, 0.2 ml; and standard
buffer to voliuune. In some experiments the
10,000 >( q supernat ant fraction was sub-

stitiutcd for the uihosomes and the 100,000

)( q supeunatant fraction precipitated at

1il1 5. At the end of the incubation, samples
were prepared and assayed for ‘�C by a
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modification (15) of the method of Mans

and Novelli (18), which involved precipita-
tion of protein on paper discs and assay of
the discs after extraction with cold trichlor-
acetic acid (for isolation of protein plus
aminoacyl-tRNA) or with hot trichlorace-
tic acid (for isolation of protein). Any devi-
ations from the standard conditions are
noted.

Sucrose density gradients. Analysis of
fractions by density gradient separation in-
volved the use of 10-30% or 10-40% gradi-
ents prepared from ribonuclease- free su-
crose. The sample was placed on the top of
a 30-ml gradient which was centrifuged at
40 for2hrat25,000rpminamodelLor
model L-2 Spinco centrifuge. E. coli ribo-
somes and subunits with sedimentation co-
efficients of 70 5, 50 5, and 30 S were used
as markers. Fractions of 1 ml each were
collected! and their ultraviolet absorption
was determined. Radioactivity was deter-

mine(l by collection of the sample on a
Millipore filter with pores of 0.45-,.t diam-
etei (19), after which the filter was placed
in a vial (containing a standard scintillator
mixture: 4 g of 2,5-diphenyloxazole and 50
mg of 1,4-bis{2-(5-phenyloxazolyl) I hen-
zene per liter of toluene), which was then
assayed in a Packard liquid scintillation
spectrometer.

Binding of poiy U and tRNA to ribo-

somes. The Millipore filter technique of
Nirenherg and Leder (19) was used to
study the effects of actinobolin on the bind-
ing of I ‘4Clpob’ U to ribosomnes and {14C1
phenylalanyl-tRNA to ribosomes in the
presence of poly U; details are given in
Tables 4 and 5.

J)\T synthesis in vitro. A crude DNA
synthetase system was prepared! from H.
Ep. No. 2 cells in culture as described else-

where (14). The method of Bollum (20)

was used for the preparation of DNA
primer and for the assay of DNA polymer-
ase activity. The assay invol�’ed determina-
tion of the incorporation of [2-14C}dTMP
into acid-insoluble material.

RESVLTS

Uptake of actinobolin and effects on cell
growth. Actinohohn was not highly cyto-

FIG. 1. Inhibition of growth of Adcnocarcinoina 755

cells in culture by actinobolin

Cells in suspension culture (10’ cells/mi at, the
initiation of the experiments) were allowed to grow

for 72 hr in the presence or absen(e of actinobolin.

Cell counts were made at the indicated times in a

Coulter counter. The ordinates are the ratios of the
number of cells at a given time to the number at the

beginning of the experiment. See the text fo,’ refer-

ences to medium and culture conditions. O--O,

Control; #{149}- S act inoholin, 0.07 mu; �---- �,

actinobolin, 0.14 mM; A-A, act inoholin, 0.56

mM.

toxic to Adenocarcmoma 735 cells. The con-

centration required for 50% inhibition of
cell proliferation after 72 hr of exposure
was about 7 X 10� M (Fig. 1). In animals
the daily tlose for inhibition of tumor
growth is about 1000 mg/kg (3). These
levels of aetinobolin are 7-20 times greater
than the amounts of cycloheximide that
produce toxicity to cultured cells or to ani-
mals (14, 21, 22). The amount of 1111]
actinobolin taken up by cells (0.08 1�Ci/g)
was somewhat less than the concentration
of actinobolin in the medium (0.15 p.Ci/
ml) (Fig. 2). This result indicates that
there was no extensive formation of co-
valent bonds or tightly bound complexes
l)ctween actinobolin an(I cellular constitu-
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2. ( pti(A’/ /t ‘II /0111 ‘II 1/11’1/101/011/,,

‘11 10)11/lI f/Olfl/l �0’fr 1/ //./ /1 .I/I///)1 II .�I()l/ (‘/1/1/1/

1(1 1 lit (‘1’ ol 1(1(111 (lii (Ill ii liii I ig 1 � Xliii;) 1(1)’

1. g 1 >c I0� ul toll-, ‘11 :1(1 il// /10/110 \V;i- i/lIlt/I to

givt 1 lii�il (/10(0111 lot 0/11 i (1.10 �.( i I jig titl.

(:1111 11///ti’ (/1’ S Iii’ ;itloi’ tilt ;i/i/llti/(1l //1 tCtitI//l1()lit(,

lll-iiil -;iiiiplos lie (‘lilt tie were t’eittuvc/l lot’

i;-’-;iV. 10(11 s;iiii1de \V;i� cent i’ilitgt’dit 11)111) ;-� q 1111’

111111, hId I Ito i’t;.�i/lltal It’ll- Welt’ \Valte/l I lute

tililtS l)\’ (tIlt rulug;llt//ti ��‘itli ).t4�.’� >S i( 1 S//lilt i//il.

i’lw (‘011 l)cllit W;iS SIISI)etl/lt’/l il (Lt41 Na( 1. tiol the

-�ltSl)ttI�-.i/Iti \\‘;io ;iS.-/;iV(’/l 1//i’ ‘II III It/tilt/I -ciiitill;i-

ti/UI -1)011 tI 1111(1 (‘1’. 111(10 \V;(’- (‘SHill tolls’ I/I ‘11 it

lu �to’ /11(1 :11)/I 1/i I’ll ��‘o’-lit’-

(hIS, luc;ttt�o �itc!t htt�0(’5��5 sltottld l)t’otttol 0

(:Oitt’(’tttt’ttloit ol tICI iht(tlt(tlitt itt Ito cells.

‘Flit’ Iit’’-l \Vte-.li lt’ttutt liii lttlt’vo�l td (oils t:ott-

I alhtt(i ().(1(� //( 1, \\‘itlolt \V(tlll(l cOt’t’(Sl)Ott(I to

‘oil ;ttttuttal iou of u Itt’ t’t’lIs ��‘ut It 0.4 nil of

uttt’Iiuutt ut us ;tls(t })Osstl)l(’ t hat I Ito wash

t’oiitO\’t’( I -Oltt(’ 0(1 lttOlOtiltt l’t’ottt �\‘iI 11111 1ito

toll. ‘Flu’ s(’t’OIt(l 0111! 11111(1 �v�t�ltt’� (o)tttttjit(’tl

)‘ssttttlttll)’ lit) I’t(ljOtcti\’jIY. ‘Flttts, tilt’ (‘out-

ltuuttoi ttttottttt�’ ((1 t’ttljottI i\’tt\’ itt I Ito coils

(till itt tia’ lit-i \\‘;tsit \\‘Oi’O Ito gt’oott’t’ ilutotu

�vtittlti u’’stlIl (tout t’tjuililtrat uott of hue cells

\vil ii the Iui((hiliIit. �Fltese I’(’sIiltH sttggest , but

t lo not � t lint lOt iIlOl)OliI) (Ilt()s cells
l)y l)it5Si\� tIif’I’usion.

A ttelnJ)ts to (lemon st tote binding of

(1(tinobolin. Act inobolin ��‘tis incl.,Ibttte(I sep-

arately with tRNA, rihosounes, � U, the

100,000 X �frpH 5 ft-action, or the complete

stantlarti incubatiOn mixtuu’e. After incuba-

tion for 20 uuiltu, the mixtuue was poured

onto a Sd )lla( hex ( -25 column and eluted

with stauutlartl buffet, pH 7.6. flue piesenec

of these otheu (Ollstituellts did not alter the

(lilt 101) ultt ei’n pu’o( lucet I I )V act inobolin
alone. I’his result shows that there was no

format ion of covalent bonds l)etW’eelI ac-

tinoholin auttl the otheu’ constituents of the

nucultation mixture, 101(1 1(150 suggests the

It l)sence of st i’ouig Se(oi)t Iauv bontling forces.

Sin(c these results ��‘eu’c all negative, the

elutiouu profiles hid’ hot P1(’s(’i)t(’tl

lletaboli( etje(’ts in intt’l(’t (‘c/is. In soh(l

A IeIio(’al(il)Oi)Itt 755 in i ‘ito, ttctiiuobolin

\V115 without (‘fie(t ott the incouporat ion of

I II(� I forinate into soluble purine (leriva-
t ives, I)ut 111a1’k(’tllv iulluilflte(l the ineorpora-

I i(L)lt of I 1( ‘ fou’utthttt’ ittto) l)i’�.A. anti pro-

I out itteoi’pot’;tI ion 01 fou’ittttte itito H�?’�_A.

\Vht’- iii liii tut (‘(1 Ii) It ntueht suna hot’ o-xt i’utt

‘l’ai)ht’ Ii. lit cell euhtitt’es itt #{189}tititocai’-

einoutitt 7’i;’i. aol iutotltohtut iltitiitit(’tl titi’ sVti-

I lusts ()f ltt’(tIt’Itt loUt! I )NA to ti 11111011

gI’t:tt el tNt t’ttt I itlolt t itt’ sytti hesis of H NA -

as iutthucatt’tl ltv ils ollt’els ott tue tttiiizttt lout

ttl tit\’lttl(hitt(’, i(’tlciIt(’, tOil! ut’iditte (Fig. 31
111(51’ i’llt’t’t� (If ilCtlttt)l)ttillt hilt’ (jlli(litht-

I tvi’iv sitttiitti’ It) titotsi’ (tf evo:lotitexuuttjtlo,

tt kitowit �“I(t’tlfi( ittitiltitot’ (It j)l’OttiIt syui-

tltt�i�-. (14. 22/.

P1’/ltLII Xyiill((51.’/ /1/ 1(t)/i. itt tile h)t’(ti(’ilt-

syit tin ‘sizu ut g s’vsl (‘hit oi it toitito 1 ft’outi At hotuo-

tot u’cittoutttt 755 ‘oils, toctiutoltohin iutltihited

liii’ ittt:t)t’j)ot’tlI lout ol I(itt’ttylttitOttiU(’, ii’ttciiui,

gliltatttitte. 111111 iysiuto ittld) jtu’oloitt itt the

1)t’t’settte of t’ut(hotgeltt)tts ttn’sso’ltget’ ( lable
2/ - 10(11 tti�it tltt’ Itoh’ I-st ittittlated hteou’-

ltot’lttit)tl � l(It(’ttYhtttlittt’ hi’ug. 4/ . Suutet’ tteti-
10)1)01111 WIts i0’-t’(l 1t5 thi’ sttiltttt’, it was uti’c-

t’sstot’v lit o’-I;tltiisit that sitUate itself tiiti utot

uttitiltit I)t’ot(iut syltth(’sis tiata shuowing that

-ttll’hott’ lhit(’�- itttt alit’et I htis syst 0111 ate shown

Ill Fug. 4. hit’ totssui 11111 �‘ t itttt tOetiflol)ohiIl

tttlii’ilt ttct III’ ctitttpiexing poly U wtts ex-

t. ilil It’ll 1� t itt fact I litit IttO I’t’asuug 1111’ eOIt-



INHIBITION OF PROTEIN SYNTHESIS BY A(’TINOBOLIN 437

Mol, P/turrnacol. 5, 433-445 (1969)

‘FABI,E 1

LJJ’ert”i 0/’ (IctinobOlin on ,s’ijnthes’ts of D\_t , I?._\.t , Ullil protet n hij .1 (l(’ItOCUl’(’( 110111(1 -‘�“� 11) OhiO

(157 black mice hearing 12-mv-old implants of A(iehlotarcihlonla 755 wet’e giveti an itit raperit oneal ilije(’t ion

of actinoboli n sulfate (2.7 rlinloles/kg - One hour later t his treat met it was repea Ied, and imme(l mt ely there-

after each animal received an iii) raperitt)neal inject iot t I tf sodi urn ‘�(‘l6 u’m:o he (10 /,L(li/25 g; specific activity,

1.95 mCi/mnude). Fotit hoots after ailminist ration of forniate, the animals were killed 111(1 (lie t(tnioi’s Wel’(’

homogenizetl atid ext t’acted wit it colil I t’ii-liltn’acet mc acid. Ili(liVidIt:tl pu1’nie� were isolated from tile soluble

fraction 1(11(1 from (lie DNA anti l� N A fractions (If the residue (see 1 he text for i’efet’etti-es ((I met 110(15) - The

crude 1)1-01 Clii fiat-I lou Wa_s t lie 1’(’si(ll tO’ fl’ll)lillii ig fl’ 01) (‘Xi ‘ott it (II (If 0 1)0 ott i( Ill of I lie ho nu genii I (‘ 11) (‘(‘0’ 111)1(5

wit ii hot 5% 1 richh u-acet i at-ni,

to) iVit (‘5

,\.i’itl-sululdc I )N ,\. I N_\.

l�i’toit’iti .\.tl(’thiti(’ I lv�)ox:uiit 11110’ ;\.oleiiitu’ ( 0010 ,�tlt’iiitic I iIIOtiltiO

(otitt’ol

Treated

(‘/)S/ji(/

o.o:;:;
I) ))t)1

(‘/)S//i(/

32 .2

1.4 3.1

(‘/)s/p(/

I) 15 t)

(109 1)06

(‘/)s/ji(/

1)72 1)47

1)59 (1.24

ccitt 101 ion of l)olv I - hio I not ath’(t I lie

activity of act inol)oliii in inluibitiuig l)i’oteilu
synthesis Fig. 3( - [‘h(’ coluceult ration of

actinoholiii required to iiiluiliit protein syii-

hesis iii t hu(’ ccli- fuec syst em \VRS iiot much

greater than the amounts required lot’ in-

hihit ion of cell growth (Fig. I ( or inhibit ion
of prOt(’iIu synthesis iii nit act cells (Fig. 3

The pies(’n(’(- of act iiiobolin tlid not. affect
lie differences in P 4(� I phenylalaninc incor-

j)ou’htt ion between the lu-action insoluble in

col I t 1-1(11 louacet ic a(i( I ( 1)uot cm plus amino-

aeyl-tRNA ( 11)1(1 the fraction insoluble in

hot. t I’ichloracctic acitl ( protein) ( Fable 3) -

These (lata in(iicate 1 lOOt act iI)Oi)OliI) is

TAIIIF: 2

fit/it hi/to?) ��!/ (1(101)01)0/ill (If 0?)(‘o/’/)O/’tItloll) of

(llfli?t() (1(00/S iiito /)1’Ot(’il) l)!/ It (‘(,/i-;f(’(’(’ S!/�’1o’110

The (‘010(111 ioons were I ho sd I )f the sI atitia i’d :i�s:o\’

(see the t(’xt ) - The values given ate oiet’ivcil fo ni

(Ietetfl)itiat i((tis of iii(’ol’I000t’at 1/Ut aft(’i’ :0 40-mitt

11i(’(titl(t 11(11 I)(’t’1000 I.

itii�liti

(‘Oui((’ttll’ahi(oti S(tiostt’:II(’ liit((t’I)ot’;itt/)li

hiM % (‘o,)tr)ol

1 4 ‘4(’JPlietovlalatiitie 67

1 4 14ClLettcitie 63

1 4 14C1(lttt amine 47

2. S tt(’JLysitie 45

\\‘itliOtlt effect oiu the fou’nuation of aIIuiito-

lO(\ l-t H NAs -

,�t 11(1/CS i’it It SiI((’O-’C d(’l(Sit 1/ /i’(ldiCli ts,

Figure 6 shows I lid’ resit Its of (‘xp(’I-iment s

w’itlu the 10,001) >< q fraction, ii) Which pOl�-

T.�totj’: 1
l)i,florono’os � I4(’ (‘01)1(10/ li(’t/i’( (Ii (i’(1(’lions i 1iS(l//(1O/t

ii) cob! t1’)(’hlol’(lC(ti(’ (1(10/ (tO/I tltost i 1t,’Otl/(l)l(’ ill

1(0/ ti’i(’l(/Oi’(ICiti C’ (10-i/I fi)lb0/I’i 01/ ii) (‘1/ 1)/It ioit of

(‘(I/-flee p/epa/ut u;n-s’ 0/it/I 1’�( I/)h(’n!//(h/(IFt ito’

(111(1 (1(’ti 0(111(1111/

�1’lic to otitlititots �‘,‘ei’e I loose of I ii(’ St :ititlai’(l :iSs:i,\’,

wit Ii on iticotioatiootil)ei’iooh of 4)) mitt. The values

giv(’i 1 1 t’(’ I it(’ (hiflet’(’tii-es i’o.’stul I itig fl’ootli S/LI (I ‘aol it ti

oof t lie coo/Ltlts itt the ft’aclioti ilisol/tiole iti hoot I ti-

cli lo oi’ao’et it acid ft’o liii t lit’ coottits in I lie fi’acI it Iii

itistol/tiole iii t’toltl tt’i(ltloot’:io’(’t ic :i(’ioi, \:il/ies fooi’ ootit’

(‘XI)(’i’iI)i(’iit :0 I’d �1V(’t i , The tli:igiii I / tilt’ of t lu ohOot’-

etitt’s iii i�C o out ciii v:tt’i(’oI I tt’t \\‘(‘eli (‘Xpct’ilut(t its,

lout iii uioo (‘Xi)el’iuii(’uit (11(1 1hi(’1)t’(’s(’lio(’ (of aol iuioholiut

t’:t/ts(’ :1 tl(’i’l’(’aS(’ tti I hl(’ 01111(‘t’(’ttt(’,

.\o-tititol oooliti I )itl’ereuu-es ui

o’oouio’euilt’:iliotui ii(’ t((tit(’til

01/u t’/)11)

1) 54 452

0.51 435

105 352

1:15 422

1.62 441

2.03 423
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A

0.54 .35

ACTtNOBOLIN CONCENTRATION

(mM)

C

lit., 1. b.fT(’(’t’( of (u’t/ioo/)o/o,o 0!) 11/0’ /i10I/�(ItiOit of ,2_i4(’JtII,Jn/l/Io,), ..?�#{176}(‘J///’/i//?i(’, und t,_(.,;_iHj/eucine /l!/

_‘tolt’nocorco 110111/1 70-1) (-(‘II’S Oil (/////) /0’

Act ito ol)oolit i w:os addell to cells iii 5/ tspeuisi�oui e’utlt uii’e (1 0 oells/mh, fo olhoweo I I hit’ hat et’ by the labeled

l)i’e(-uuisoot’ i2-#{176}CII hymiihiuie, 2,0 uCt 2_ii(�1ttt_i(Iiua�, 6.0 �iCi ; :itol u-f 4,5-al I leuiciuie, 5.0 �iCi ; cotit t’ol t-uiltui’es

i-eceived only I he labeled (‘/)rnl)ioutuids. Tw(o houtrs after addil ion oof the labeled cotmpouttds, the cells wet-e

hau’vested, washeil fi’ec of niediutrn wit 11 09% NaCi solution, and cxl racted successively with I)oiliuig ethanol,

colol .)% an(l :3% aqoueo ON I richtlo or:u-et ic acid, ethanol, an(1 ether. The t’esidute, (Iissolve(1 in Hyamitie, was

assayed for #{176}Cand 11 in a hqutitt sciiitillatioui sl)ectrometer.

_‘s...Inhi1nt ion as a futtict mutt of aol iuioltohiit con(-euit ration: 0 0, f2-#{176}(’jutt’iditie; �-�- f�, [2-#{176}Cjthymi-

(line; �-------� [4,5-lljleutciuie,

B :tnd C. I tihihit ion as a f/hid i,oii of tiuiie at concent rat iotis of act itiolto (liii (when Puesent of 0.54 mu

f2-4CjThiymitlite (13): 0 0, o’otit 11)011 � treated. [2_0(1] t’ritlitie (C) : #{149}---�, cotitrol ;
I realeol, i4,-5-Ilileucitie (C) : � �, clotit rool; 0- 0, treated.

souuies were labeled with [1 i(� phenylalanine

by incubation of the compl(’te reaction mix-
tnt-c for 10 11111) 1)efOI’e the addition of in-

hibitor. Fhe I 0-mm incubat i�n gave heavy

labeling of the ril)OsOmcs I 10-mm control)
which ��‘tis increased by an additional 20-
nun incubation (30-mm control) . Actino-

I)OhilI l)rc\’(’ulted tile additional labeling
during the last 20 mm but did not cause

loss of the 1�C already associated with the
ribosomes at 10 mm. Puromvcin, on the
other hand, produced tile expectc(l release
(23) of label already associated with the
ribosomes. Actinobohin and puromycm in
combination were no 11101-c effective than

Pt11’OullY(iIl alone, Iii experiments With pun-

fled ribosomes ( Fig. 7), actinobolin, when

present throughout the incubation period,
produced a marked! reduction of incorpora-
tion of [lt(u1 phenylaianine into ribosome-

associated l)0l�’i)cl)t ides. When purified
ribosomes were fiist labeled with [14C1
phenylalan me, isolated by centrifugation,
an(l then remncubated in tile presence of

purounycin, the expected marked loss (23)
of the label from the heavier fractions
occurredi, with a concomitant increase in

in the lightet- fractions (Fig. 8). Actino-
bolin was without effect �n the previously

labeled 1-ii)osomes and did not prevent tile
action of puronlycin in causing premature

release of I)0lYl)ePtidi(’s.
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Effects of actinobobin, C!JCbO/t(’X/?nlde, a iod p/LTOflL�Cifl

on bindin � o,f L-[ ‘4CJp/ocn �j bu Ia ityb-1fi�VA

to ribosoines lit hoe presence of

7)ol//u!’idyliC (lCi(i

The read ion mixt tire contaitied ribosomes (0.25
mg of H NA); poly U, 5.6 �g (50 �.qimoles); atid

[‘4C]phenylalaiiyl-t.1INA, 10.13 �g (16 �mo1es of

i4C; 1.4 X 10� �tCi), in 0.1 ml of buffer, ph 7.6.

After iticubation at 24#{176}for 20 ruin, the entite mixture

wa�s poured onto a Millipore filter which had been

washed with 3 tnl of standard butler. The inCubation

vessel was washed twice with 3-mi pot-tiotis of the

standard l)uffer utsed for protein synthesis, and
finally the filter was washed wil.ht autothier :3-tnt

portion of l)ulier. The filter, :ofter drying at rootu

temperature or under a lamp, was assayed in a liquid

scintillation spectrometer.

lt4(.’] Pheuiyl-

Co ttiipoutid Concen- alanvl-t H NA

a(hded tratio)n i)ound

None

Actinobolin

sulf ate

Cycloheximide

Potron�t’cin

jiM ,.*iiioles

2.18

0.27 2.03

1.4 1.83

2.8 1.31)

8.4 0,96

1.8 2.01

3.6 2.16
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FIG. 4. Inhibition by (lCtiloObo/ut of incorpor(lhio?o of [#{176}(‘Jploenylabait inc into e:cui-t iisoloble material in a.

cell-free system from Adenocarcinoma 755 cells

The conditions were those of the standard assay described in the text. Left, inhibition no the piesence

and absence of poly U as a function of actinobolin concentration: 0-0, act inobolin; � actino-
bolin plus poly U (400 pg/ml). Right, inhibition as a function of time and the absence of effect of sulfate;
actinobolin, when used, was present at a concentration of 1.35 m�u. 0-0, Control (no actinobolin or

poiy U); #{149}-�, actitiobolin; E-�1, poly U (400 pg/ml); #{149}-#{149}, aclinobolin plus poly U (400

pg/mi); � Na2SO4 (2 mu). The ordinates are in units of picomoles of [‘#{176}Cjphenylalanine.
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The principal peak in tile PtOfiles of Figs.

�-8 corresponds to a value of about. 80 S, as

oletcrunined by tile use of 70 S ribosomes

fi-onl E. (‘oil as a marker.

Binding of aminoacyi-tI?AA (1�m(l poly U.
Actinoholiul inhibited the binding of Li�]

l)hd’i)Yla lany l-t H NA to mammalian ibo-
somes, an(I tile extent of inhibition in-

creased with the concentration of actino-

bohin (Table 4). The specificity of its action
is shown I)v the essential mactivitv in this

r(’sl)ect of both CVcloileximicle 011(1 puromy-
(‘ill, Whi(’hl inhibit protein synthesis in Vito

an(l in vitro at much lower concentrations

han those requited for inhibition by ac-

t illObOliul. Neit her act mnobohin, cyclohcxm-

_______________ mi(ie, nor ��uromvcm inhibited tile binding

Percent- of poly U to u-ibosomes (Table 5).
age of DNA synthesis in vitro. Because actino-

control I)Olifl illluibit(’(i i)NA syI)tilesis It) intact
cells, it was (lesmrai)le to study its effects in

100 a system in vitro. As silown in Fig. 9, ac-
tmnoi)olmn diti inhil)it tile incou-poration of

84 P”CIdTMP into acid-msoluble material in
64 a cru(le DNA polymerase system from H.
44 El). No. 2 cells. Sulfate ions, at concentra-

92 tions higher tilan thos(’ resulting from the

99 amount of actinobolin sulfate uSe(i, were

95 w-ithout effect. Because of the high concen-
58 tration of ttctil)0i)OliIl required for this in-

hibit ion, it was conceivable that any or-

78 game coml)oundl at tilis concentration
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I” it , ‘). i/I 0/01 Ic 0/ lot (/10 (‘1)0) o’tool i’(. ()10!/� t),f po/!/ ( ‘ to

/)!‘(‘/‘eit / (1(1 ‘it 0)1)011!)-, /1(//1(’O,// tiolo / 11, 11(1!) of in (‘o/’pO)’(II to!)

of f�( ‘J/)!/O it !/1’110 n/no Otto /1/0/I- 010 so! o,l,!e 111(u/eo’oou/

The o-oouoohutioouos ��‘eu’e I Ito se of’ I lie sI:iuoolai’ol:tss:o\’

see Ihue text :ouool lug. 4, exo’eI)t toot’the :oththiliooti of

I) ol�’ 1’ :ou,ol tot tuto0100 lu / , ,�t’t i/tool to hut, �vhieto l0i’(5(�t1t

�v:is :01 :o 0,0 ouooeuit ‘:01to out out’ I .�-o no�t, :ooh I lie iuto’oih0:0-

Iiouo I itute �v:ts 4)) tuoiuo. 0 E�_ ( oo/ottoll A -

:00-1 too 100 Iiuo, Ihie 001,0 / 0:010’ /5 It/ 0 / oils of �It’O 01/to los

tot’ I ( ‘f�ihieuiyl:tl:tniuoo.

might be iiiiuiboitoi’v, That tile inhibition

is souiie�\’himit �l a-cu tic is shown l)V thi(’ fml(t

I iat itiet ilalic, mit (veil iligh it-u (‘OIi(t’uit ia-

bitS, oliol uittt. ilbhiib)it - [la-se results show

limit mitt iilol oliti 010(5 111liii)mt I)NA synthe-

sis in ‘0 too - I out t I nit t he (-outcent ititioll

ii((tSsmit’v is 11111(11 hiigii(’i- I bait t limit1(-quimeol

(‘tot ituliiboition of pt’otemti syittlit-sis ii) iiti’O,

I)il’-(’t’SSit)N

hit’ ‘(stilts 0I)tmliui(0! itithi(mIt(’ that tl)e

growl ii-iuihiiluitorv act itoii tot tel iutobooliui is

ohli(- to its dm11 )acitv to iii liiioit )t’ot (‘ill syti-

thi(’5l�. Althougim ao’tiiioltoliti mili-to iiliiihiteoi

I)NA synthesis 1)0th ii) iiitmict ((us miiitl in

((1 l-fie(- svst ellIs, the u’elat iVe (01 iceiit iat iouis

i’(’(ltliu’(t! lou iililil)itid)iI of I )NA mint! pro-

teiii sviit ilesis suggest that the’ Imitto-i-Pi0(’-

t’� i� the ptiiiimiiy site of mi(tioil, It is
\\‘(‘ll known that ill tilmiiiiiliahimiil cells (‘Oil-

o’oiiiitnut synthesis of uuoteiii is i’e� ltiiiet! fot’

syuit hiesis of I)NA auuol diat iuihiibitioui of
puot(mum svtmthesis th(’t’(-fou(’ pioduces a

inauketi auth umipni iuihiii)itioii of I )NA svn-

hiesis (see ref. 24 for lit etat uue (itmitiolls( -

Iii t his (oliileet ion it is Ii Iso I e1’t iuient that

gross effects of actimioboliti 011 the svuithesis

(of I )NA, HNA. ,iui(1 h)Ioteitb iii itbtIi(t cell’-

lAtttE -0

Lfjeet.s 0/ (1(1/0 itoboltit, c�jelo1oe.riiot 0/Il , (110(1ptIrOliO!/t-lF)

OFt folit(I11t(/ of f #{176}(‘J/)ol!/011’td!/1l(’ (IC//I to rt.bosonte.s

The’ it it-u ii oat io Ott mix to lie to It osist ed oof i’ibosoonoe�-

0,25 tug of UN,�, f’#{176}CJI)oolv 1 13,6 X 10� MCi:

1,4 jijimooles , :otool Ihe iiohoihit oou’ )wheti pt’esctil ) ito a

OoI:ol vooluinte of 0,1 tul of sI:tuool:ot’oI lu/tIler, 1)11 7,6,

The extetit 0of 1oiuoohiuog ��‘mos moss:tveol Iov I lie M ilhipou’e

filt Ct’ 1(011 l�t �u ie 0 lest’ ‘iIoe(l ito Thl tie 4, Aft ci’ it cuil o:t-

tio)tt mot 240 foot’ 2)) tniuo, the cut ire Iioixt utl’e was pooun’eol

oontoo a Milhipot’e fillet’. which w:ts thieti wasloeth wit hi

slmt t to Imot1)I louuII’et’, The fill eu wmos :is�:t’cet I toot’I t(’

Iio1//iolso’iuol(lot ioouo shoed u’oonietei’,

(‘001111)00//ui/I ( oo//(’(’l)- I’toi\’1

tohoItoh 1:01 ioout 000/0/

h�to’eto 1-

of

(0 01) ut 1

moo’ �iiiiiI:iu’ tot thioso’ l)iotlU(’(’(l by (‘\‘(‘lO-

mxii iiio Ic, mi � )(‘(ifbc iuilnl oitor of )1Ot (‘iii

synthesis thimit is wit bout efteet 011 1 )N_\

sviothte�i- lil ((‘1 l-tl-(’(’ sv�tt’ufls ( 14

Act iilob tol iii ii I liii ils tin- sviit hesis of i)i’O-

ciii mit mi pomult past t il(- foimatioui of amino-

micvl-tHNA-�. Ti it- only specific (Th’(t of

act iuioholiti iiott-ol ito tIn’ cell-fu’ce’ system

w’mi� mt (‘t’l(’reli(-/- wit hi tilt- Iduo liiig of

Pla’ilylmiimiiiyl-tH NA to the polv U-1ib)o�oumle
eou Ill) l(’x, Thus mitt iot i con It! o-xplamui tIie iii-

hiibdtioui ot’ pu’ott’itt sviithit-sms i’omodueeo! by

mict mob )oliui mino I is also an effect coiiipat ib 1e

wit hi its st ruet tu ic as mi 0 Ieuivat ive of a lauiiiic’,

�iuoce actiuioh)oiiui coumtmiills mill mimiilO mien!

moiety with a lie(’ miiiiino group, it. is (011-

eeivah )Ie that it coot lol i titetfem-e with plot ciii

svn t h(’sjs I �y tIi ic-ct co\’a leuit att achmettt t(o

hi(’ (it’\-elo� )il ig �)Oly�)eJ )titi(’ chain, as (10(5

)u i-ontvcmui ( 23) . Thtat mict inob)ohmn does not
act simiha dv to pulofliVcili is indicated by

tilt’ obseuvat ions I a ( that fliT] actmohtoliml
mtppmti’entlv was hot itself mncol-porate(l into

1)0 Ivpept a Ic chta ins in t lie- (cli- free piot dm1 -
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syntilesiziulg system, b) that actinobolin

did not cause- release of illcoullplete PolY-

pepticies, aiioi I C I thtat. aetinoholin didi blot

prevent, the mict ion of pumomvcin in causing

such release.
ActinOl)Ohin is mi potetlt chlelmlting agent

(1) , all(I chie’latie)mi mt,ust be taken into ac-
cOUlit. as a 1)Ossih)le expianatioml of some of

its effects, Chelat ion, howevci dio(’s not

appear t.o be a satisfactory explauiation of
inilibition of prot(’in syultilesis in tile ccli-
free system, because magulesium is tile only

ulletal iOll known to I)e required for this

sequence’ of react ioils, alit! a concentration

of actmuiobolin of 1 .4 lnst inhibits [)y 30-

40% in tue presence’ of Mg’’ at. a concen-

tration of 5 n�ii. Thlus, if all Mg� ions were

coinplexed wit Il act iiloh)ohin in a 1: 1 i-atio,
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l’u(;. 6. I’�ffee/.’i of to(’ftitobo!o.io (lit/I p000’Ollt!/t’/l) 01) !ube!onq of o’obosoiite,’o lnj ‘t(’iploeitijlalaittito’ (10(X)/I 1< q

fraction

The cotidit ions wet’e I hlo)se tof the sI atidmot’tl mtssav except I hat I he 10,000 >< g soipet’ttat :1101 ft’at iooti t’epl:tted

the rihoso)mes auth 100,000 >< g sutl)ertt:tlatit ft-mu-lion pret-ipitateth at 1)11 a. The d’oomplete system was ito-

Cui)ate(I for 1)) mitt hoefoire mo(I(hitio)tl of inhoibit ooi’; the itohtih)ittot’was atldetl, antI I hoe itocuil)atio)n was (‘00101 itioted

for 20 loom. A, Ten-mittute cotolt-tol. B. Thit’tv-tnitouite tout tool. C. Ptit’oonoyciti hICl, 50 jig/mg of tiboosomal

HNA. D. A(titiobohiti suilfate, 500 jig/mg of t’ibotsoomal l�NA. E. Attittooboolittsuilfmote(.50()jig/tug of t’ih)ttsottlimil

H NA) pluis put romvci to IICl ) So jig/flog tf i-il toosonon! U N’ A) - The 10-mitt atod 3(1-mi 100-00101 tO ohssitoow t he puo files

mit the end of the 10-mitt motod 30-mniti itoo’uilomitiootts.At I lie etod oof (hoe itiouibmot�t mo, moliqunots of the mixt uit’e

wet-c layeret.i 0010 In) toilouf 10) 40% suicu-tose, attol sepai’:o( io outs :otool :oss:oys were po’t’fo ot’tioeol os desct’ibetl ito (ito’

text. #{149}-- -�, Couttots pet’ tnitiuite pet’ ft-moo-Iioott ; #{149}‘-----S, opt it-md oletisitv at 26)) tnji.
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FIG. 7. Effects- o aeltnoboli,t 010 !abe!onq of i’ibosonoe,s- by [‘tCjpltcity!u!aitiite (purified ribo-somes)

The conditions wet-c those otf the stamidarel assay, except fm the presence of poly U (400 jig/mI) oi ac-

timlol)Olit) (3.9 moo). Actimiobtolito, whemi present, was added before the additiomo tot the enzyme fraction. After

a 40-mimi imiCUl)atio)n, the riboosomes weie separated by cemitrifugation and tesuispended in buffer; the sus-

petisioomtwas themi layered out .30 ml of 10-30% sucrose, arid separations and assays wet-c performed as describde

in the text. Left, control; light, actinol)olin present-s- - -�, Counts per mittute per fm-action; #{149}-#{149},

tile Mg�� concentration would be reduced
by only about 30%.

Moncrief aild Heller (25) recently
poillted out that a number of biologically

active compounds contain lactone rings and

postulated that they may act by acylation
of cellulai’ constituents. Since actinobolin

contains a iactone ring, which apparently is

readily opened at 1)11 values of 7 or higher
(1), such a mecllanisin is also conceivable

for actmobohn. That acylation or other co-
valent i)ond foruuation is not responsible for

the inilibition of protein synthesis produced

by actinobolin is indicated by the failure
of cells to concentrate actinobolin and by

the failure of ribosomes, t.RNA, and other

constituents of the cell-free system to

change tile pattern of elut.ion of act.inobolin

frobn Sephadex columns.
Tile chief interest in the observation that

actinobolin inhibits protein synthesis lies

in the fact. that actinobolin bears no ob-

vious close structural relationship to other

known classes of inhibitors of protein syn-

thesis, suchl as tile glutabmflli(le antil)iot.ics,

streptomycin and related compounds, and
chloramphenicol. Actmobolin is similar to
puromycin in that it contains an aminoacyl

moiety, although its mechanism of action
is clearly different, as shown in the present
work. The only know-n class of inhibitors of

protein synthesis to which actinobolin bears

significant structui-al similarity is that

represented! by lincornycin (26) and its

close relatives ceiesticetin and desalicetin
(27); lincomycin has been shown to act at
tile ribosomal level and to inhibit the bind-

ing of aminoacyl-tRNA to polysomes (28-
31). The structural similarities, which are
reasonably extensive, are shown in Fig. 10.
Both ant ii)iot ics contain a threonine-related

dipeptide unit. Munk et al. (7) isolated

L-alanyl-L-threonme as a permanganate

oxidation product of actinobolin. Hoeksema
et al. (26) identified! a derivative of D-allo-
threonine during structural studies on linco-

mycin. A configurational difference there-

fore appears to exist at the a-carbon atoms
of the two threonine-like units of the two
antibiotics. In a.(lditiofl, both molecules con-
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basic moiety of the antibiotic. The identi-

cal pK’0 value for iincomycin would suggest

tile possibility of a similar weak association
between the same sites in the antibiotic and
on the poiysoine.
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FIG. 8. Effects of a.cti,oobolin and /)0b)’0000JCt1) on release of J)t’pttdes ,/roflu preo’io/I.s’!!/ labeled ribo-some-s
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acyl-tRNA for polysomes without covalent

bond formation, a logical reactive site is the
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