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SUMMARY

Forty-one carcinogens and four noncarcinogens is-crc tested for mutagenic activity and the
kinds of mutational events produced by the active compounds in bacteriophage T4. Twensty-

five carcinogens, including matmy hydrocarbons, is-crc presumed to have no mutagenic ac-

tivity because they were not toxic to Escherichia coli BB or to T4 phage. Four carcinogenic
inorganic salts and five chemical carcinogens (N-hydroxy-1-naphthylamine, �V-hydroxy-2-

naphthylamine, N-hydroxy-2-aminofluorene, lO-formyl- 1 , 2-benzanthraceime, and uL-

ethionine) were toxic but not mutagenic to intracellular T4 phage. One compound of definite

but low chemical reactivity (the glucuronide of N-hydroxy-2-acetylamimsofluoremme) is-as not
mutagenic by direct treatment of T4 phage. Six chemically more reactive carcinsogens (8-
propiolactone, propane sultone, N-acetoxy-2-acetylaminofluorense and its 7-fluoro deriva-

tive, glycidaldehyde, and nitrogen mustard) were mutagenmic to T4 phage. Time types of
mutations induced by each compound is-crc determiimed. The possible relationship betw-eenm

carcinogenesis and mutagenesis is discussed.

INTRODUCTION

In this laboratory we have lonsg been
interested in the cellular and molecular
mechanisms of chemical carcinogenesis (1,

2) . A hypothesis we and others have con-
sidered is that the mechanism of tumor
induction involves a mutation as an essential
step. However, this hypotimesis has remained
unresolved sinsce it is-as introduced by
Boveri in 1895 (3).

An approach to the validations of this
hypothesis would be to determine the muta-

tional activity, if any, of a series of carcitso-

genie compounds. A number of suds studies
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have been undertakens with nmansy test sys-

tems (Drosopli ila, Neurospora, I 7cia faba,

bacteria, bacteriophage) (4-10). Some of
these reports must be imsterpreted with cart-

tion ons two grounsds. First, time insductions of
gross chromosomal aberrations by a cons-

pounsd is msot sufficieimt proof of mutagersicity
unless these aberratiomss arc slsoivn to be
heritable. Sceonid, time measurenment of ye-

version frequencies is subject to large clonmal
fluctuatiorss, so that inmereases less thans 10-
fold ins magmsitude may msot be signi.ficamit.

The unsderstanding of carcimsogensesis has

beeis advansced by time realization that nmany
carcinogens are chemically itiert anmd must be
metabolically consverted in time cell to tins

‘ ‘ultimate’ ‘ eareinsogenie fornm. This ultimate
form of time earcirsogens is comssidered by .J. A.
and E. C. Miller to be cimenmieallv reactive
and to act as ams elcctropimile (11, 12). Many
cimcmieal careimmogcnss are msot nietabolized by

time organsisms used for testinsg mutagenms, amid
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thus time possible nmmut.agemsic activity of timeir
ulti umate caicimsogeisic nmi(’tabol ite (s) eansmsot

be (ietermimied. \Vc have takems advanmtage of

time recenst kmiosvledge of time nmctabolisnm of

carcitmogemms atsd have inelu(ledl ins our study
th(� imigimly carcinogemmie esters of N-imydroxy-
2-acetylanminsofluoremse flildi sem-eral otimen’
cile’nmii(’ally reactive tumumor imsitiators, isimicis
i_n.m‘ I)rcsummmablY ins tins ultimate earcitsogensic

fomtmu.

‘i’ime usefulness of otmr study hma,s beets
greatly iniereased by time dleterflminiatiOls of time

Sj)eCiliC types of nsutatiotms imsdtmeed by these

e()nmpt)umsds. lor this ptmrp�se ise imave ens-

l)l( )Ved baeteri ( plmttge T4 , because mmmutarmts
are (‘�L51lV (letected amm(l time types of muta-

tiotms its(h.lccdh canm be quickly amid rciiably
deternmniedh. A depenidlable (letermimsation of

time nsutat.iotmal activity of carcinogenic eonm-
poutid under standard coisditiomms its onse
org:nrmismmm comnl(l add! conmsiderably to oimr

unit lerstaimdimmg of timeir modes of actions
t( )5V�tt(I getsetic mmmaterial.

EXI’EItIMENTAL i’ROCEI)UFIE

1/�� T4 Baetei’iop/ia�,e 8Systein

.‘ (letaile(h (lescriptiomi of time T4r11 test

svst(’mmm is 1)rovided by i�uI. H. AdhItfl55 (13)

atitl (. S. Stcmmt (14).
,l,ii(, stan(hird (wild t��pe) ‘[4 cohiplmage

(‘otmtailms a segnmemmt of DNA calledl time rII

regiomm. Timis segmmmetst is 1.5 � of time getionmme.

i{(’plicatioms of �f4 isit.iiin time mmomipcm’missive
imot Ls(/ieljc/iia co!i KB requires a fumse-
tiOlitil ru regiomi, svhiereas replicatioti is-itisins
tiit’ pemnsissive imost _E. co�’i B (hoes msot.

I’oru’ai-(l inutatjoit . ‘I’iie stock of tsornmal

�)image is treated ssitim a nmimtagens. If time
mmmintageni is cimemisically reactive, time free
pimage ti’(� treate(h directly. If time mutagcn is

n( )t (1 It iimicallv react ive , T4-inmfected E. co!i

B an.t’ I reated durinsg phage rephieatioms. If an
alterations its time base seqinensee is instroduced
itmto time ru m’egiomm such that ot�e of time tsso

ri I l)0lYP#{128}’Ptidht�s iS imot ftnnmetiotsal, tisen the
mmmutamst 1)la(lue (lvsed area) formsscdl ommE. coli

B ssill ap��car large ams(l imave a simarp edge.

‘i’imt’ I10t�ti5tll �)image l)m’o(hlnc(’s a snmallcr, finzzv-

e(lgeth Pladlue . As poimsted out above, time rh
nstntammt pimage isill msot give a Pla(lue oIl .E.

(Oh h. H, ivhsereas time statsdard! pimage is-il!.

Other large-plaque i’ numintanits occur, but

these sviii gross- oti E. co!i KB. Trcatnmmetst of

a msornmal �)image stock ssith a nmutagemm is-ill

clmammge time frequenmcy of rh nmutansts from

time spommtammeoins level, nmear :� x 10-i, to

over 30 X 10-�.

Back-mutation. ru I)oimst mutanmts (de-

fused beloss) cans be reverted to time stamsdard
state by trcatnmemst svitlm time appropriate
mutagems. The process corrects or suppresses
the error ins sucis a way tlmat nI funsctioms is

restored!. A constrol stock numigist have 1

stansdard pliage 10� nmutamits, svlmereas after
treatmemst it could imave 1000 stanidard
pisages ‘ l0� nmutanmts. rFii iVOllid! be a 1000-
fold! immerease its the freqrnensev of revertants.

Less thans a 10-fold itserease is nsot comssidered
sigmsifieamst , because timese small frequenscies

simow large fiunetuatiotms ins stocks of size near

10� j)hages.
Detertimi,iation of ty/)e of 1.11 ututant. Ins time

presemst isd)Ik, nmutansts that shmosv no spomm-
taneorns revcrtamsts mi S X l0� phages are
assunmed to be e.rte,i(le(l (/e!eiions. These are
deletiomss Of mmmore timams one base pair. \Iu-
tanmts that have a simmgle base pair alterations
are called /)oint in utants amid cans be (liviCled

into btse 1)it1t� transitions, franmesimift, amid

n5�I)n55t�ti5e mimutanmt.s. All poimst nmutanmts 51)015-

tanseouslv give rise to somise revertaists durimig

grosvthm . ‘lime frequemicy of sponstamseosms

revertamsts its a stock of sucim a nmutanst van’ies

betsveeis 10-m tstmd �

Tiaii.s’itioi, itiniants: quati ine7/eytosine.

The nmutamit has a guammimme,/’/eytositse (U ‘ /C)

base l)11i1’ itt time niutatst. site, sslmereas time

stammdar(1 pisage imtts ami ademmimse timynmimie
(A/,’T) base lair at time sanme site. These
nmintamst.s tire revertible by 5-bronmouraeii, 2-

iumminopurimie, ttti(himydn�)xylanmimme (15). Hy-

droxvlamiuitme insduces ommlv G’/C to A//’T

base ltmir tramisitionms (16). .)-Bronmoumacil
insduces nsainmlv ( ,�,/C to A /T base pair
trammsitiomms (15). 2-Anmimsopurinse causes trati-

sitionms in both (lirectiomis, altlmough it siigistiy

favors A ‘T to G’/C eotsversiotms (15).

Tia ii �‘it io ii Hi U tait is: a(len Hi(’ � /1/i ylnine.

These hmam�e ati A1’ ‘T base pair at the nmutanst

site. ‘11mev an’ revertible by 2-anmimmopuritme

but nsot by 5-bronmouracil or imydhrOxylafliimme

(15).

Fi-antes/i ift in utants. These ttn�e nmutatits

timat have onme base pair td)o few or too nmmamsy.

As a conseqinetsce, the readinsg of time cistronm

is simifted out of the proper franme. ‘i1hese
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mutamits are revertible by proflavins (17) but
msot by 5-bromouracil, 2-amimsopuritse, or
hm\-droxylamimse (15-17).

Nonsense ‘mutants. Time codoiss of msois-
semssc misutamsts specify terminmatioms of the

growing polypeptide cimaini (18) . Certain

bacterial strains (‘ ‘suppressor strainss’ ‘) are
able to translate timese eodomis and inssert an

anminso acid. Noissense mutamsts are cisarac-
terizcd by their ability to grow- oms timese
bacterial strainss but msot oms otisers. Time
DNA se�iuences for time msonisenmse mutansts
are (19) : anmber, ATC/1/TAG; oeimrc, ATT
/TAA; UGA, ACT//TGA (sense straisd
first).

Phage strains. Timese strains is-crc ob-

tamed fronm time folloiving insdividuals : S.
Brcnsmser, T4Bo5 , an osmotic rcsistamit T4
pimage; amid S. Cisanspe, X-24, atm oeimrc
mutant isolated by Benzcr amid (1imanspe

(20) ansd discussed by Katz (21).
Bacteria! strains. These straimss is-cm’e ob-

tairsed fronm time follosvinmg individuals : S.
Bremmmmer, B amid BB (Berkeley), is-ild type
straimis pernmissivc for rh nmutamsts; KB
(Bemszer) , a is-ild type strains nsonspermissive
for rh mutaists; CA,J64su+uGA , a UGA sup-

ircssor (22) ; J. Weigle, C600(X)-su�ii , anm
amber suppressor; CR63(Xls)���u+i , si�� amber
sup�)rcssor; C. I”uerst, Y10-siPin , tin timber

suppressor ; and E. Orias, 2320-RS(X) -su�chr.,

ams ocimrc suppressor (23).
I(lentity of nnutants. Tiso mintamsts cans be

lrovems to be idemitical or differenmt by time
Betmzer cross tecimmmique (24). E. coli B cells
at.c imifeeted simimltamseouslv is-itis time tsvo
�)image nmutatsts. If timere is nso increase its time
frequemscv of rII+ (phage isimicim svili gross-
Ott E. coli KB) ins time progemsy, time mutants

probably are idemstieal. Becainse of extemssive
rceombinsatiols ins phmage T4 , tsso nonsidentical
nsutatsts is-ill give rise to manmy rII+ pisages.

c/i emica!1!J Reactin’e Cai�cino(Jen s

�3-Propio1actone treatment of bacteiiop/i age

7’4. T4 bacteriophages is-crc censtrifuged at
27,000 x �, for 1.5 imr. Time supermsatamst
fractions isas discarded, timid a suspemssion
nmediunm eomitaimiinsg 0.07 �n XaCl, 0.01 �n
MgCl2 , ansd 0.05 :si Tris buffer, l)H 5, ssas
added. Time titer ivas 1 X 1012 �)images/nml.
Tss-o nmilligrams of /3-prol)iolaetonse were
a(l(le(l to 1 ml of pimage suspemssioms. After

20-40 mnins at 37#{176},time phages ivere diluted
10-fold inito a (�uenmeimiIsg nmediunm cotmtaitsinmg

Tryptonse broth , 0.04 ii sodiimns thiosulfatc,
1 � Casanminso acids, amid a fesv drops of
cis!orofornm. Tim is staisdan’d quemmeiming solu-

tions isas used for all other chemically
reactive earcinsogenss tested.

Time treated stock had ant m’ nmintamst to

nsorma! pimage ratio X 10� of 50, with 2.9 logs
of phage killinsg (0.2 � survival).

Propane sWtone. T4 pimages were treated!

at 37#{176}for 1�4 hr sviths 1.6 mg of propatme
sultonme l)en nmilliiit.en’ of pimtige suspcnssiomm.

Time pimage stock (r : nsornmal X 10� = 5.9)

is-as prepared in time stmnme svav as ins time
f3-propiolact omme experinmemsts . Time treated

stock hind ans r mmmutanst to miormal phage ratio

x 10� of 110, with 2.S logs of killinmg.

7-Fluo,’o- N - aeeto.ry-2 - acety!am inofluoi’ene.

The pimages used for 7-fiuoro-N-aeetoxy-2-

acetylamimiofluoretic, glycidaldehyde, intro-
gems nmustard, ssmmd the glucuromside of N-
lmvdroxv-2-aeetvlanminmofluoremsc were pun-

fled by the sammie procedure used ins the �3-

propiolactonme tneatnmenst, except that time
susl)emssions mimedhum eomstaimmcd 0.006 Lu Tris

buffer, pH 7.2. Otse nmihliliter of pimage stock
(r nmutamst : msonmumal X 10� = 3.7) ivas treated
isitim 230 �zg of 7-fiuoro-X-tseetoxv-2-aeetvl-

anminmoflimorcnme in) 0.05 mis! of dhnmethvl sulfox-
ide for 2 hr at :37#{176}.Th#{128}’tneate(i stock imad tins

I. mutant to mmornsal ratio X 10� of 13, isitlm

3.9 logs of phmage killing. Umscler timese comdi-

tiomms 500 j.mg d)f N-aectoxv-2-aeetvlamimmo-
fluorenme svere needed to produce time sanme
toxicity.

Glycida!de/iyde. Simmee glycidaldehmydle temsds
to polymerize to fornm ams immsoluble, anmon.-
phorms nmass, it was impossible to determine

time exact comscemstrations of time active commm-
pound used. Liquid glyeidaldeimyde is-as
diluted! 300-f�ldh insto time phage stock timid
Lslloised to react for 30 nmimm at 37#{176}.TIme

treated stock had sins r nmmutamst to nsonnmal
pimage ratio X l0� of 42, svitlm 3.9s logs of

killing.

#{163}VitlO(jCti inustaid. The pimage stock was
treated for 30 nmims at 37#{176}isith 10 �ig of
msitrogems nmustand per mmmilliliter of pimage sus-

peIssioms Time treated stock imad sirs r nmuttsmmt
to msornmal ratio X 10� of 17, witim 3.08 logs
of kilhimmg.

G! 1WU1() it i(le of #{163}V-//ydroxy-2-aceiy!a in in o-
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fi mwrene. Time plmtsge stock ssas tm’ettted for
24 imn at 37#{176}amid! pH 8.3 is-ithm 5 nmg of eom-
poutid per nmilliliter of pimage suspenmsioms.

The treated stock 1usd tins r nmutarit to normal
rttt�o X 10� of 3.�, ivitim 4.7 logs of killinsg.

TIme eonmtrol htid ans r nmutanit to imormmmttl ratio

x l0� of 3.7.

Citeiti i(’aIIy _\on react ice (‘ai-cino�je its

Toxicity to bacteria. A gross-tim curve of

viable bacteria is-as deternminscd for all cimem-

ical lv nioniretictive carcinogenms , wimicim is-crc
tL(!ded to E. co!i BB ins M-9 nmcdiuns (13).

ilutayenesis of intrace!lular /)/ta)/e. If a
conmpounsd isas foutsd to be toxic to bacteria,
it is-its tested for mutagemmie activity toivard
T4 pimage grossinmg its E. cvii BB (a permis-

sive Isost) imm \I-9 mediuns. The mmrtmbcr of
insfectitig �)images per bacterium (nmultiplieity

d)f insfectioms) ivtis betweems 7 timid 10. Time
btsctenia were infected inmmediately after
additions of the eonmpoummd, amid time sus-

Ienmsioms ivas imicubated at 37#{176}for 25 nmimm ins a
shaker baths. The suspenmsions is-as timens diluted
20-fold imsto fresim, ivarm IM-9 mediuns (ssitis-

out time compoumid), amid growthm is-as eon-
timmucd for ams addit.ionsal 90 nuts at 37#{176}its

the shaker baths. A few- drops of chloroform
were added to lyse time btieteria, amid the
sample isas censtrifuged to remove time

bacterial debris. Time titer of time phmagc its
the supernmatamst fraction (mmumber of phages

per milliliter) and burst size (niumber of
pimages jer baeteriinnm) is-crc determi mmcd
(13).

lime size of time burst immdicatcd toxicity.

Time imnstreated constrol had burst sizes of

100-200, isimereas a toxic eonmpound added
irs concenstrtitions appropritite for mutagenmesis

produee(I burst sizes of 0.010.5.
The rtstio of r nmutatmts to ivik! type phage

was a mmmeasure of mutagencsis. Several

tiioitsamii! plaques ivere exanmimsed to dieter-

nmine timis ratio. Eacis plate is-as seeded ivith
about 108 (�‘ (O!i B cells imitis 1000 phmages

anal immeubated overnmight, amid time resulting

1000 plaques isere exanmitmed. The cimaracter-

istic large ansd cletmr plaque mimorpimologv of
time nIl nmutanmts ivas etisily distiniguisimed from

tInt’ smimall atid fuzzy-edged wild type �iaqrnes.

1)iinei/iijl sulfoxide. I)inmetimvl sulfoxide svas

used to solubilize time earcinsogenss mm mmstinmy

eases. E. (O!i ins eitimer statiomsarv or growth

1)isasc tlI5d! T4 pimage gross-insg its E. coli ms-crc
botis umsaffectcd by 4 #{182}�dimetimyl sulfoxide.
I�ree T4 phage ivas msot affected by exposure
to 13 � dhmetimvl sulfoxidc for 2 imr at 37#{176}.

RESULTS

Time forsstsrd mutations assay detects
agents thmat cause ans irsactivations of gene

funsetioms thmat is heritable.3 Sitsec ti mutagens
causes random lesions throughmout time ge-

imonme, toxicity is-ill occur because of the

imsactivations of critical genies. If nso toxicity
is secns ins a bacterial assay at time maximuns
concentrations timat cats be insed, the corn-

pound is not assayed for mutagemsic activity.
Tivensty-five eareinsogeims amid four mson-
carcinsogeiss nsot toxic to E. coli BB are 9 , 10-
dimethyl- 1 , 2-bcmmzanthraecmme ; 1 , 2 , 5 , 6-di-
benzantisraeenme ; 3-nmetlmVlchsoltmmlthmrense ; 3 , 4-
benzopyremse ; 10-hvdm’oxvnmetim�-l-1 , 2-bets-
zansthsracemse ; 1 0-nmmethvl- 1 ,2-bemmzansthiracense;
10-metlmvl-4-fiuoro- 1 , 2-bcnzanmtimracemse ; 10-
methyl-3-fluoro- 1 , 2-benszanstlmraeenc ;4 1 , 2,
3 , 4-dibemszansthnaecnse ;4 9-mcthmyl-1 , 2-bens-
zacridinse ;4 9-metimyl-3 , 4-benzacridine ; 1 , 2,

5 , 6 - dibemszansthmracense - 9 , 10 - ensdosuccinmate ;4

tricycloquinsazolimse ; 2-methyltricycloquitm-

azohine ; afiatoxin B1 ; p-toluanmide, N-iso-

proj)yl-a- (2 - methylhydraziiso)imydrochloride

(Natulans) ; N-methyl-4-amimsoazobenzcmse;

N - bemszoyloxy - N - methyl - 4 - amiisoazobemm -

zeric ;5 N , N-dimethyl-4-amimsoazobenzcime ; 2-
aminsofluoreime ; 2-acetylamimsofluorenme ; N-
lmydnoxy-2-acetylaminofiuoremse ; N-aeetoxy-
4-aeetvlttnmimiostilbene ; N-acetoxy-2-aeetvl-

amimsophcnsanthmrcnme ; N-aeetoxy-4-acetyla -
mimsobipimemmyl ;5 4-di nmethsylamimsoazobenmzemse
N-oxide ; 2-napimthylanmimsc ; diethylnitrosa-
mimic ; amid din’metlmyhsitrosaminsc.

Careuto�jen ic Compoutuis loxzc But VOt

Mulayenic to T4 Phaije

I’our imsorganie salts ivere toxic but isot

mutagemsic to intracellular bacteriopimage T4.

a Gross gemm(’tic lesions suds as chromosonmal

breaks, giant translocatiomis, ammd cisemical cross-

linkage are usually lethal (mmommheritable) ammd

therefore omilv represent toxicity . Nitrogemm mmsiis-

tard is an exanmple of a chemical that produo’es

nmaimilv mmommlserita.ble gemset ic defects.

4 Not cntrcimmogeimic or von- weakly carcimmogeni(’.

Weakly toxic.
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These compounds {NiSO1 , 300 �mg/ml;
Co(N03)2 , 600 �tg/ml; CaCrO.1 , 100 �ig/ml;
Pb(CH3COO-)2 , 600 �g/mJ] were tested in

i\i-9 medium with various concentrationis of
Mg2� (0.001 mr, 0.0001 u, aisd nmo Mg2�)

presenst durinsg the first 25-mm exposure. By

contrast, usirsg lois- �\(gi+ concentrations,
Orgel and Orgel (25) and Dernerec et al. (4)
showed that Mn2� is mutagenic for both T4
phage and bacteria. Manganese ions, hois-
ever, does nmot produce tumors in birds (26) or
in humans (27-29). Lead acetate (30), cal-
cium chromate (31), and cobalt imitrate (32)
have been reported to be carcinogenic. Dival-
ent nickel compounds are very carcinogemsic
(32), although nickel sulfate has nsot been rc-

ported to cause tumors.
Five carcinsogenic compounds {N-hydroxy-

1-napisthylaminme, 25 �g/mJ; N-hydroxy-2-

naphthylaminse, 50 ,�g/ml; N-hydroxy-2-
aminofluorense, 20 �og/ml; 10-formyl-1 , 2-
benizanthracense (33), 1000 �g/ml; and
DL-ethionine, 1500 �mg/ml} is-crc toxic but nsot
mutagenic to intracellular bacteriophage T4.
N-Hydroxy-1 -naphthylamine (34) amid N-

hydroxy-2-isaphthylamine (33, 34) have beens
reported to cause mutationis in bacteria,

although we consider that the significansce of
the mutagenesis data presented in those two
reports is marginal (less than a 10-fold its-
crease in the frequency of revertants in
back-mutations experiments).

Carcinogenic, Chemically Reactive Compounds

Toxic and Mutagenic to T4 Phage

�3-Propiolactone. This compounsd is a nsonso-
funictionai alkylatinsg agent. Used at high

doses in a semssitive strains of mice (35), �3-
propiolactone is a moderately active tumor
initiator. It is also a moderately active

mutagen (9). The primary chemical reactions

with DNA is an attack on msitrogen 7 o)f
guarsosine (35) . Figure 1 shoiss the various
consequensces of this reaction. Acidic condi-

tiomss favor depurination (37) , whereas basic
conditionss favor rinsg opensing between
carbon 8 ansd nitrogen 7 (38). There may be
a scissions of the DNA chain after depurina-
tions (39).

$-Propiolactonc-treated T4 phage under-

goes a time- amsd pH-dependemst loss of
viability (storage deatis) (Fig. 2). After 115
hr at 25#{176}there is-as a 2.6 log decrease irs

0 CH2CH2COO

H\�A�N-CHQ

H2N’�J��H

eOH f

H2�X� �
R H�

0 fH�CH2COOH
H�N

H�N�N N

FIG. 1. Reaction of �-propbolactone with guano-

sine and derivatives

7 - (2-Carhox\-et livl ) guammi ne is I ime �ri nmarv

product obtaimmed from hydrolysis of mouse skin

DNA treated in vivo with (3-propiolactomme (35).

Ams imscreased ionizations at N-i of 7-(2-carhoxv-

et hyl)deoxygua nosi nse nmay cause mispai ri mug With
thymidimie durimmg replicatioms (36). Other coumse-

queimces of the reaction of $-propiolactomme with

deoxyguanosine include depurinmation, which is

favored under acidic comsditiomss (37), amid rimmg

opemmimug, which is favored under basic conditiomms

(38).

viability at pH 6, is-Imereas there was a 5.3
log decrease at PH 8. Umstrcated phage
simoiscd no loss of viability on incubation

under comparable conditionms. Since storage
deaths was accelerated by basic conditions,
it is unslikely that depurinsation alone ms-as time
lethal cvenst. Rirsg openling, ss-Imicis is favored
by basic conditiomss, may have been time
cause of storage deaths. Nitrogen mustard,

whicim also attacks X-7 of guarsine, did nsot
cause storage death. Pimages treated is-iths

propanme sultone, glycidaldcimyde, and N-

acetoxy-2-acetylamimmofluorcnse also did isot

undergo storage death.
Table 1 shosss the types of nmutamsts pro-

duced by /3-propiolactorse ummder msondepuri-
nations amid depurimmatiomm conditions. Sixty-
onse per cent of time mutants (msonsdepurinsa-
tions comsditionms) arose by a G//C to A1�,/T
base pair transitions. This is ins agrcemenst
with time primary cimenmical reactions with
DNA guansine (35). Frameshift amid large
deletions mutationss is-crc also produced by

this treatmenit.
A �3-propiolactone-treated T4 pimage stock
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a See EXPERIMENTAL PROCEDURE for a nmore detailed explanation of nmutation types.

pH 7

8

Time (Hours)

FIG. 2. Loss of viability of T4 phage treated with

/3-propiolactone : time (lfl(l pH dependence (storage

oleath)

One nsiililiter of pimage suspemmsiois was treated

with 2 mug of �i-propiolactomme for 20 miii at 1)H 8

ami(I 37#{176}.TIme treated phage was diluted imi time

qimenclsimsg rnediumim to stop the reactiomi. After 30

titus, sanmples were adjusted to p11 6, pH 7, amid

1)11 8. These samples were nsaintaimsed at 25#{176}for
115 hr amid tise viability was deternmimsed at immter-

vals. (�oitrols were mmot treated with /3-propioln c-
10mw.

is-as mainstainsed for 54 isv at pH 6 arid 25#{176}to

determimse w-hetimcr depurimmatioms is-ould
cimaisge time mutationmal spectrum. The results
(Table 1) slmosi only a nmarginal shift ins thse
types of mutatioiss produced. Time half-life
of time glycosidie bonsd is msot knowms under
these eonsditionss; however, at pH 7.3 anmd
37#{176}time half-life is 150 imr (39). There is-as iso

detectable increase in time ratio of r mutammt
to nsornmal pimage ins time treated stock maims-
tamed for 54 hr at pH 6. Several other experi-
nmensts usinmg loiver doses of �3-propiolactonme,
desigmsed to detect an imserease ins the over-all
frequency of mutatiomss if due to depurina-

tionm, failed to simois- any ehsamsge.
In order to confirm thmat �-propiolaetonie

J)roduccs G//G to A//T base pair tranmsi-
tionss, various G//C nmsutamits si-crc tested for

their ability to revert to time wild type ivitim
tisis treatmenit (Table 2). All G//C mutammts
tested (five shmois-ns ins Table 1) reverted

signmificantly. Timis firnmly establishes that
/3-propiolaetonse iisduecs guanine//cytosimse

td) adenine//timvnmitse base pair traissitiotis.

It imas becms postulated! (see ref. 14) timat

onse could determinme time oniemstations of a

mintammt base pair in time nil segmemst by

TABLE 1

T4r11 titutants pro(luced by j3-propiolactone

Nondeptmriisatiomm comiditions : The r miiutammt to mmormmual ratio X 10� its time untreated stock was 3.3.

After treatment with 5-propiolactomme the r nmutant to imornmai ratio X 10� was 50. Therefore less than 8%

of the nmmmtammts collected were of spomstamueous origims. T4 �)hage (1012’rmml) was treated with 2 mg of �3-pro-

1)i�1tctomme per mm�illiliter of pimage suspensions mt pIT 8 and 37#{176}for 24 nmmin. The reactionm was stopped by
(lilutiomm of the phage imm the stamsdard quenching solution. The treated phages were plated immediately
omm E. coli I 0 nmirminmize (lepurimmmt iomi and ring opetminmg.

i)cpurimmatiomu conditions : The r nmutaiit to mmormal ratio X 10� in the ummtreated stock was 3.3. After

treatment the freqinenmcy was 35. Therefore less than 10% of the mutants collected were spontamicous.

Conmditions for treatment witim )�-propio1actomse were the same as above, except that the treated sanmple
i\.as nmaimmtaiime(1 at pH 6 ammd 37#{176}for 54 hr before platitmg on E. coli B.

Nondepurination Depurination

ipe of mutationa
conditions conditions

No. of Per cent
mutants of total

No. of Per cent
nuutants of total

Franueshift 19 20 16 34

U /C -3 A/T traimsitiomm 35 36 12 26

A /T -� (i//C tramusition 6 6 1 2

Large deletioms 12 13 8 17

UGA (C C -� A T tramisitiomm) 13 14 2 4

Anmi)er ((1/C -� A T transition) 11 11 7 15
Ochre (G1”/C -� A /T tranmsitiomm) 0 0 1 2

Total 96 47
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C H�,CHC
‘H

GJycidaldehyde

,CH2CH2C�
H C-N

3 CH2CH2C,

Nrtrogen Mustard

CH2

CH�/0

0

Framesimift rnutamsts
FCO (+)
FC1 (-)
No. 104

No. 89
No. 49

G//C nmutammts

A-17
A-S
A-7
A-36

3.78

3.00

2.95

3.70

3.70

3.48 1200

2.91 370

2.43 620

3.48 93

3.30 64
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asking whsetimer a base-specific mutagels is-ill
produce time revertanit phenotype is-hems the

treated pimage is ehialleniged ons time selective
host immediately after treatment, or is-hetimer

atm instervenirsg round of growths ons time per-
missive host is required to unnmask time re-

vertant phenotype. Were this supposition

true, a mutagens w-imich reacts specifically
witim cvtosinc should nmot in gcmmcral cause
immediate reversion of a mutamst tistst im-
mediately is reverted by a guanitse-specific
mutagen. We have tested this postulate by

askinsg wimethmer nI nmutants is-imichm revert
upon hydroxylamine trcatmenst amid im-

mediate cimahlenmge also revert ispons �-

propiolactonse treatmemst and immediate

T.inimE 2

Backward at utagenesis: reversion of frantesh ift a ad
G//C T4r11 ntutants by �3-propiolac1one

The treatnmetst comsditiomms were time same as imi
Table 1. The franimesisift mutammts FCO (+) and
FC1 (-) were collected by Crick (40). The otlmer

frameshift nnutants were produced by treat mnemmt

with �3-propiolactone. The U//C nmutamits were all

mis-sense amid were produced by trenttnment with

2-aminsopurimie. The logs of killiimg after treatnmemit

imidicate the extemst of reaction wills f3-proj)io-
lactomse. A 10-fold increase its f(revertamits) over

the comstrol value is commsidered sigtsificammt back-

ward nimutagemmesis. For exanmple, this woinld be 1

nornnal T4 1)acteriophage/i06 nsutammts converted

to 10 mmornmal bacteriophages/106 nimutamits by the

treatnmemst. The reversioms of these nmimtamits proves

that $-propiolactomse causes (//C to A/IT base

pair transit ions.

Increase

Mutant Logs ofkilling

in f (re-
i-crtants)

over
control

Propane Sultorie
o� ,CH3

COOH C

H�H

N-(2-AcetamidofIuorenyI)� -D-g�ucuron:de

FIG. 3. Structures of co?Ptpoun(ls

eisallcnsge. Our results mmcgate the sup���osi-

tiors : all mutants immediately revertible by
lmvdroxvlaminse is-crc also imnmediatelv re-

vertible by fl-propiolactomse. rfimus timis
nmetimod for determimsitig base pain oniensta-

tions does not appear to be valid.
All except omme of mimic franmiesimift nsrnt.amsts

( five sisosvn ins Table 2) examimme(h were

revertible by I�-PnoI)iolactonse. \.ll these
nmutants sscre tested! more thami omicc, with

time same result. Time data ins(lieate t.imat
,3-prol)iolaetomse cams revert frtt nmmeshmift mmminta -

tid)n5S.

Piopane sultone. PIOl)alie sultoise (st n’tic-

tare in 1�ig. 3) is a nmoisoftmmsctiomsal alkylating
agemst. Its httlf-lifc its ssater constaitsinig 2.8 %
dioxamse at 20#{176}is 14 imr (41). Propamie sult.omie
at a hugh (lose is a potemit skins tummmor itmitia-

tor.6 It also 1)no(lmnees sarcomas witis simmgle or
repetste(! immjectioms (42). ‘1�able 3 simosis time

t�1)cS of nI nmmmtamsts l)rodlnee(l by pm’oj)amle

sultomme. Base pain tnammsitiomms aeeoummt for
77 � of time nmutationss (tsomssemmse nmutatmts

inseluded!). i�ilost of these are G C to A T

tramssitiomss (nmomssense nmutansts �)robttbly arise
ins tins is�tv). Timis compound is a very Potemit

-fold nmutagemm.
.�V-A ceto.ry-2-a(’etylaneinofluorene (iIt(l 7-

Go fiuoro-N-acetoxy-2-acetylantiitofluoie,te. �Flme
42 strinctunes ammd imsterconsversionms in t/vo of time

50 simmmimmofiuoretse denim-atives (1 1 , 12) are -iiosvns
1(X) its Fig. 4. r#{231}i �)m.inmary chemical neactioms (if

61 N-aeetoxv-2-aectvlanmitmofltnorenc is svitim car-

bon S of guanitie its DNA (11, 12. 43). Timese

esters of 2-acetvlanminofluorenie are (hmenmi-

cally reactive ansd are stronsgly earcitiogemmic

6 C�. T. B(Is%-demi amid H . i�;:. Bouti%-ell , private

o-onmnmummi(-aliomm.



No. of Per cent
mu- of total

tants

�11 26

S 19

9 21

10 24

3 7

1 2

42
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TitHE 3

T4r11 ntutaitls in(/tue(l 1n� propane .ctiltone

�fhe r nmimt atit I (I miornmal rat in )< 10� imm the mmmi-

treate(I sto-k was 5.9. After treatment the Ire-

�III�mm(v � 1 10. Therefore less timami (i�� of time
mush ants (olleoteol were sPoilt amicoims. � phage was

reateol wit ii 1600 �g of ProPmtmie suit omie P�’

niiliiliter (If pimage simspemisiomi. The treatnment was

carried ommt at 37#{176}for 1� hr. Time react ion was

stoplwd by dilimi iomm of the phage imito the stamidar(l

(�uemmchirmg sulutiomi.

Type of mutation induced

(//( -‘ A//T transitiomm

A//T (;//(‘ I ramisitiomi

Franmeshi ft

IJ(A ((//C -‘ .%//T trammsitiomm

Aimiher (G//C -‘ A//Tt

I rammsitiomt

Large (leleIi(Imms

Tot ml

(N-OH-AAF) � S04-AAF)

9
� CCH3

N
0CCH3

�-Acetoxy-AAF)

7�JN’3

2 -Acet.yiamnof Puorerme
(AAF)

1’
Iv

�NH2 ��N’#{176}

2Aminofpuor-ene � � 2-Nitrosofluorer.-

(2-AF)’� (N-OH-4FP

Fiu. 4. Intereonversion.s of (zntinofltiorene (leriva-

tites in vito (11)

All compoumids shttwn are carcimmogemmic (11).

The n�)st Pr01)nti)le reactive form of 2-nicetylanmimmo-

fluorenme (AAF) in vito is time .V-sulfnste (11, 12).
* Not t oxic i mmt lie i)act en unm-pimage syst enm.

** Toxic i)lIt mmot mut agemmic I (I i mit racell ul sr T4

pimage.

*** Toxic timid mimutagemmic to T4 �)hage.

at local sites of imijections (11). They imave

beets foutsd to be mutagemsie ins bacterial

tnansformimsg I)NA (44). We have imsvesti-
gate(! time specific types of mutations itm-
duced.

Time nsaini tnamssitionmal evemit ivas tins A//T

to G//C commvcrsions (Table 4). This ssas
ummexpeeted, sinmee timese eompouisds react

J)rimaril�T ivitim guamminie ut vitro (11, 12 43).
Hosvever, ans adenmimsc-2-acetylamimsofiuorene

prodhuet is also produced ins time eimcmical
netmetions to 1 % o)f time extcmmt founmd with

guamsosinse ( 1 1).

Sinsee N-acetoxy-2-aectylaminmofiuoremse, 7-

flumoro-N-acctoxy-2-aeetylaminofiuorene, mu-
trogen mustard, ansd glycidaldeisyde showed

otslv iscak on’ moderate mutagemsic tictivity,

it is.as decided to cross time eareinsogen-
i msdiuced nmuttmmsts ssitim sponstamseous rh

mutansts collected fronm time unstreated stock.

Muttmmsts cams be proved to be identical or

differcmst by usitig the Benszer cross tech-
nique (see description of T4 system unsder
EXPERIMENTAL PROCEn)URE) . Time same T4
phmage stock was used for time pnoductiors of

nI I nmutamsts by 7-fiuoro-N-aectoxy-2-aeetyl-
amimmofluoremse , glycidaldehyde , amsd msitrogenm
mustard. Temi nI mutants svere collected
frons time unstreated stock. One wtss aim amber,
omme ivas a G//C mis-sense (5-bromouracil-,

2-amimmopuninme- , amid hydroxylamine-revert-

ible) , ttmsd eight is-crc framesimift mutamits.

Thsrec of the framesimift mutansts is-crc the
same.

7 - Fluoro - N - acetoxv - 2 - acetylaminiofluo -

remie-immdueed nmutamsts is-crc crossed ss-iths time
appropriate spommtamseous mutansts to deter-
mine identity. Of tbmc 53 mutansts, the omse
amber mutanst amid 16 of time 30 framcshsift

mutaists is-crc pre-existinig arid spotstanseous.

Nomsc of the 2-tscetvlamitmofiuorensc-imsduccd
O/1/C nmutamsts collected isas identical with

time otse spontaneous (/1/C mutanst. If the

data ins Table 4 (7-fiuoro-N-acctoxy-2-
acetylanminsofluoremie) arc recalculated, cx-

cludinmg time pre-existing sporstanseous mu-
tamsts, A//G to G//C base pair trammsitionss

rcprcsemst 37 %, timid! frameshift mutants

39 %, of time total rh mutanmts collected.
Examinsationi of various nmutansts immback-

muttitiomi experiments si-as consistent with

time forwttn! nmutatiomm data. We also un-

equivocally esttsbhisised timat treatnscnt with
7 - fluoro - N - aectoxv - 2 - acetylaminofluorene
insduccd A//T to G//C base pair traissitiotis.
We treated atm oehrc nmutant, N-24 (DNA

code word, ATT//TAA), and obtained a

70-fold increase over time isormal rcvcrtants



Total
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7 Sanmple obtained fronmi C. C. Irvimig.

TUlLE 4

T4r11 mutants induced by .V-ace1o.ry-2-ace1�/lant inofitiorene and its 7-fluoro derivative

7-Fluoro-�V-acetoxy-2-aoetvlntnmitiofluoremie, 250 �g in 0.1 nil of dime! hyi sulfoxide, was added to 0.9

ml of purified T4 1)acteriophage stock at p11 7.2. The mixture was incui)ate(I at 37#{176}for 45 nun. Time reac-

tion was stopped by dilution of time suspemmsiomm 10-fold ins the stamidard quemmchimmg solut ion. Temm ti I mutt-

tants collected from the ummtreated stock were crossed with the carcimmogeim-induced tuiutamsts to deternmimme
idemmtity. Thirty-two per cent of time mmmutaimts collected were of spontaneons origimu. For I reatnmemmt wit Ii
_\r_acet oxy-2-acet yl anminofi uoremse , t Ime comudi t ions we re idemi t icai except t ha t I ime commcenmt ta I lots ( if .V-

acetoxy-2-acetylaminofluoremie was 500 /4gm! of pimage solutiomm. Time phage stocks (150(1 111 these two ox-

perimemsts were differenmt . The r nmutanst to nornimal ratio X 10� for the stook tmsed its the .V-acetoxy-2-
micetylaminofluoremie experimumemit was 3.0. After I remitment the frequency was 12. Therefore 25�� of I lie

mutanmis collected from the treated stock were spotitatmeomms imu origin.

7-Fluoro-.V-acetoxv-2- AV-:�cetoxy-2-

acetvlaminofluorine acetvlarninofluorine
Tvpeofmutation -- �- -- - __-- - - -

No. of Per cent No. of Per cent
mutants of total mutamits of total

.-\ /T -+ (1C transitioim

(C -* A//T transition

UGA (GC -- A�/T trammsition)

Anmber (G/C -� A1T trntmmsitiomm)

Large deletions
Franmeshift

13 25 8 23

0 0 0 0

2 4 4 11

1’ 2 1 3

7 13 5 14

30 47 17 49

3553

a This ansber nmutant was spommtammeoins.

b Sixteemi of these franumeshift mutammts ivere sponstanmeous.

and, at the same time, a unsiformlv stimmmu-
latcd trammsitioms of time last base pair of time

code isord of time ocisre mutamst (T//A to
C//G), which is-aSs detected because timese
arc amber mutants (DNA code word, ATC/
/ATG). Belmans el a!. (34) have reported
preliminary fimidirsgs (iso dtttti) to) itsdieate
timat N-acetoxy-2-acetylamimsofiuoremse caused
G//C to A//T base pair tramssitiomss.

The glucurommide of N-imydnoxy-2-aeety!-

aminofluorcne (Fig. 3) is-its also) tested for

mutagenmic activity.7 This conmpoumsd pm’o-
duces chemically the same I)rimany guanso-
sine product as N-acetoxy-2-aeetylanminso-
fluoremse, but to a nsucii snmalicr extemst (45).
Atmotimer deoxyguarmosine product timat lost

the ttcetyl group is time nmajon conmpounsd
formed (45-47). TIme glucunonmiole is more

reactive unider basic corsditiomss timttn at pH 7.
Althougim ample toxicity is-as obtaimied, timere
was no mutagemmesis. Repeated imsjcetioms of

sodium amid calciunm salts amid time tniacetvi-
mctimyl ester of time glucurommide of N-imy-

droxy-2-acetylaminofluorensc produced onmc,

omme, atsd form i� stsm.co)rmmtss , respectively , i mi each
group of 16 rats (45). Time conmml)oulmd is

either iveakiv ctsrcitsogemsie on miomictmneino-
gemsie, 0.11(1 its msmetabolisnm amid excretions iii

the nit imave beets stu(!icd (4S).
Glyczdalde/t!Jde. [ic types ()f ni I msmutamsts

insduced by glycidaldelmyde , a sveak ca neimmo-
gets (49) (structure, 1’ig. 3) , are simowni in

Table 5. Ten spontaneous nsintamsts fnomms the
umstrcated stock is-crc crossed ssitis time glycid-

aldeimyde-imsduced nmmutammts. None of the

glycidtsldchmyde nmutansts sins the sanme as time

10 sI)OIstaI meosis nmutatmts . ‘�I’i mis demomsst ntstes
thmttt tmlnsmost all of time mssutamits collected! ms-crc
imidneed by time glyeidtsldclsyde trcatmmmenmt.

Time nmajor tnatssitiotial cmetst induced by
this nsutttgems is�as a A//T to G//’C comiver-
sioms (40 #{182}�). Timere is-as also a sigmmificamst

tsunmbcn of fnansmeshmift nmutansts (44 � ) . This

eonmmpounm(! reqmmires a muds larger �)h1age

killing timaim (.�-propioltictomme to 1)rodmnce time
sanie anmo)umst of nmutagetsesis. \Viths 4 logs of

ku limsg, glycidtsldchiyde treat nsent produces

about time sanme misutagemiemis u.s 2.9 logs of

killimsg ssitis #{237}�-pno)piolacto)msc.



T.imu�E 5

T4r1! iii i1(I?l Is ?fl(l�i(C(l b�j glycidaldeltyde

i’ime r muimntammtt 0 mmornmmsl rat io )< 10� of the mmmi-

I mOat ((1 1 ( i(� k wmts 3 .7 . Aft or I remit nuio’mit t ho ire-

(lm(ml(-Y sv:ss 42. Therefore the mmmmnimberof sponi-

Iamteoims nimmtammts mm the treate(l stock was less

tltimm #{182})(� � Nome of time mumutamits ms-ms ftunmtl to iI)e

i(1(tlti(al smith ammy (If 10 5I)(ItittttLe(IIli( nmintanmts

(0110(1 ed fromn t Ime innt real (‘(1 stoo-k. ( lveidalde-

hyde �vms (hI ImtO(l 30(-f�ld i mito I he pliage St15J)eni-

siomi mmul imlclmilate(l at 37#{176}for 3() mum,.

No. of Per cent
I vpc tif mutant mu- of total

tants

Fr:ummeimi ft

A//’i’ -‘ ( ;//(- t ramisit iotm

( ; //( - A//’F I ramisi t iomm

Large (lVlPt i(Itm
1( ;.� (( ; i(’ -‘ .\.//‘t’ tramisitiom,)

11 44

10 40
1 4

1((tai

T.�m4n.E 6

T4r11 in iIt(1�t IS t fl(/tiCe(l ��!/ a itrogen in listar(/

( )mte numillilitom (tf pimage solimtiomi isis treated

with it) �g (if mmilrogemm nmmmstarol for :3() musimmat 37#{176}.

‘Flto mo:((-tiuml�as Stol)l)e(l 1)V dilmmtiomm of time �)litge

imi Ilte I tmldam(I (ju(-ml(-himIg solution,.

Type (If nmutamit

Large dole! iomis

1(.\ o;//C -�

tmammsitiomis)

( ;//( . -+ ;�/rr t ramtsit iomis

Fmamumolmift

lot 31

#{176}1;igiit of t ime frtmimesiuift mimI antIs ‘msere found

to he sl)�mittsmm�I1m5 i ti origi ii. Therefore 32� of time

nnmmt intl S collect ((I isere spommt tmmeous.

.Vitrogen inustai(l. ‘lime types of nIh nm-

ttttsts inmduccd by mmitnogemi mmmlnstand! (struc-

tut�e, l-’ig. 3) tile simosvms ins ‘itible 6. Tets

sl)omsttmmmeous niimtamits from time unitreated
stock were crossed with time ciscnmieallv

in(!uced rnutamsts. Eight of time franmeshift

nmuttumts is-crc foumid to be idemstical isitii

sl)ommttmiscoims franmeshmift nsuttimsts collected
fn’onm time unmtreated stock. Noise of time other

nmutttmsts was spommttuicous.

�Fime mimain tramisitional event smas a G11/C
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to A/T eo)msvelsiomi. Tisese transitions
accounted! for 29 �:; of time isomsspontaneous

nmutanmts. Time nmajor nmutagctsie event was
time prodmmetiomi of large dlcletiomms, ivisicis

accounted for 47 � of time nsomsspontaneous
nmutanits. Since SO mmmanmy of time frameslmift

mutansts is-crc sponstamscous, it ssas not pos-
sibic to detcrnminme ivimethmer isitrogens mus-

tand imas this s�)ecificity. This conmpounsd is a
very inscffieicmst mintagemi (50). Even ivitim a
imigim extenst of reactions (as nmeasurcd by time

logs of pimage killing), there is.as omsly a very

snmall imsenease ins time miumber of mutants in

time stock. Timis eonmmpoumsd is also a very

insefficient earensogets (51).

1)1 S(US5ION
2 8

.-� 4 Twemstv -five cOtlml)olntids (immeludinsg 10

25 1)ol�e�elic imydrocarbonss or derivatives) tim at

are toxic timid caneinmo)gemmic to mammals svene
miot toxic to E. COli BR or to btscteniopisage

T4 amid therefore could! msot be tested for
niutagemmie activity. This lack of toxicity is

probably due citimen to tise absenmee of ens-
zvnmcsitm time bacteria ansd phage nseeessary to
metabolize time conspounsds to a chemically
reactive formmi oi� to the lack of permeability

No. of of time bacterial mmmembratmc to tlmcse corn-
nut- � 1)ounsds. Ins nmtsnmmnmaliams cells, nmammv of timese

tants cttrcimsogetms an’e chtmmmgcd to Ii ehmensieally

S 3-) rcaetiv-e fonnmm timid b�cdnmc eovalenstly boumsdto cellular eoimstitrnemsts (52-55) . (1ovalemst

4 16 bimmdinig ssitli somime mimacronmolecule is isrob-
4 ably msecessary to l)no(iuee the ettneimiogcmsic

12 48 event (1, 11).
� Nitse carcimsogemms ssere tested that were

toxic to imstraeellulttr T4 �)hage but is-crc msot
nmutagemss. 10)111’ of timese compoinnids si-crc

ean’cinogemsic ino)rgansie salts. By comitrast,
nsamigansese , siimicim is apparently nsot earcimso-

gemmic (26-28) , is a l)otcnmt nmutagenm ins btsc-

tenia timid phmttge (4, 25).

Table 7 sunmmnmanizes time results sic ob-

ttsinsed witis time six cimcrnically reactive

carcimsogemss. ‘ilmese finm(limugs imtiie clarified
thse nmodes of mimutagenie aetioms of several
cimenmicall�- rettetive comimpounds. Bnookes timid
Lamslev (36) I)m’opose(! timat time itscreased

ionmizatioms of tise hmydro)gens omi nsitrogcns 1 of

a 7-alkyldeoxygutttsosine mighmt etiuse it to

nmispair w-itlm thmyniminie durinig nepiicatioms.

Since f3-propiolactone reacts nmainsly is-itim



TimuE 7

5S’ii ?itntary (If results ob/ainC(/ ui/li six clietiti-ally reaelirc (ar(iFto(J(P(s

Compound (‘hemical reaction with I)NA lypes of mutation induce(l

ji-Propiolact �,nue ( imaimine N-7 , catmsinmg ring ( ; (. -. � ‘F li:,s’ 9�(i r I ranusi -

opemtimtg i)etmveemt N-7 amd humus

C-S ammo! also (lepum inal i(imi im-anuueslmi ft

‘Umuknmosvmi ( ( -s \ ‘� � )aS( pai r I nanisi-Propammc sultomme

\-Acet oxv-2-acet �-lamuminoflmno-

renue anal its 7-fluoro deriva-

live

(ilycidaldeluvole
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itrogen mumistard

(-8 of ginammine (nanjor) or uk-

nine (mainlor)

I�niknuu�vnm

itammimme N-7 (majon) and also

cross-li miki mug of gmmani no reSi -

olimes mu l)NA

t i(1t15

A/ ‘F -. (/ C limmse Pair trtmmmsi-
I i(In(s

Framumesiii ft

.-‘ �r -p ( � � � 113S( � I ramisi-

t ions

Framimeshi ft

A T - ( � ( base pair I ransi-

t momms

Franumeshi ft

Large (lelet iom(s

.1t F base limit I ranusi-

I ion,s

N-7 of deoxyguanmosinse in l)XA (35) amsd

cttuses prinmanily G/’C to A/iT base pair

trttmssitiomis, timis tYpe of mispainimsg seenms time
most probable cause of 13-PnoI)iolaeto)mme-

inmdimeed nsutagencsis. Our resin Its ivitim this
compoumsd shsoiv timat depurinsatiorm micithmer
enhatmeed time frcquctsev of mutansts mmor
causc(l ti nsarkc(l slmift irs time type of nmmntamits
collected.

Proptitme sultonic is.tts till effective traimsi-

tions nsutagets ins botim c!irectionms. Sinsce pro-
pamsc sultomme (lid nmo)t cause storage (!ettth, it

is umslikclv tisttt it rettcts extenssi’ielv smiths

nitrogen 7 O)f guanmimme.

Glvcidaldcimvde, N-acetoxv-2-acct�-ianmi-
nsofltmorcmse, amid 7-flrnoro-N-acetoxy-2-tseetvl-

aminsofluoremse caused! A//5f to C//C bttse
pair tranisitiomss. Although time 2-aectyltussi-
nsofluorenie derivatives in nmdergo ci tenmical

reactions primtsnil� svitim dcoxyguans()sinse

(11), it seenss likely fnons our data timtst
(Ieoxvademmo)si t5(� is ti me j )ninmary target is
DNA for time nmutagetmcsis imsd!uccd by these
coflspOuti(ls.

It is sseil knsow-ms that isitm’ogems mmmustam’d
induces extcnmsive cimnonmosomal abcrratiotms

( 10). Omic nmust be careful to remssenmber timat

the omslv kinids of nsuttstio)ns timat cart be mm-
volved in eaneitmogemsesis tire those that alter
rtsther thanm kill the cell. The obsenvtition of
cimronmosonmal abem’rtttiomms inmnmediatelv aft en

tretttmsmemmt is niot suffieienmt evidlenmee thttt

timese abem’nttt ioimms are cammdidates for eareimmo-

getmic nmlnttstio)Ims.
Time frtsnmeshift mmmutttnits l)n�(!ucc(i by nsost

of timese coml)oums(is nmti�- imot be nelem’ttmst for

sonmatic gm’owtim. 1ranseshmift mmmutatiomms may

occur O)Iml\’ (!unitsg neconmbimmation (56-SS),
amid nmitotie reconmbinatioms is a m’ane evenmt in

those ongtsnmisnss ins isitichi it cams be mmmeasune(l.

()inr results ivitim tue six cimenmictmllv reactive

carcinogemms imttve shmossmm that there is tin

(lmmtsmmtitative co)nneltttioms bet 55(115 � effo’c-
tivemmess of ti co)mnpomnnsd tss a timuttsgcmm in this

svstensm ammo! its l)o)temicv mis a cttncimmo)getm.
Proptstme smnitomme atsd /�-prO�)iOlttctOtmc 5V(’t�(5

time most i)�t0�mmt msmutttgemms ; I�l)r01)i0ltiCt0tm(�

is ts ii.ettk etmncitmogems. 5Iime nsost careinogetmic

of time six are time 2-ttcetyianmitsofluonetme

d!eniyatives, si-hicim tine m-o’n�- immefhcienst msmuttm-

gcmms. No single chitmntictenistic type of msmuta-

tioms ivtms itm(hnced by timese six conspolnns(ls.
iTimis htmst fimm(iilmg inm(iictst.es that if a cons-

pound is canciniogemmic because it cams inohtice

niutationis, mmmv type of go’tme-inmtictivatinsg

nmutatiomi is likely to suffice. �et cttncimmogetms

tsp�)ctmm’ to) iittvmi a grettt vaniatiomm its them

dose-nelateo! s�)eeificity for tmmnmoir itsdmnetiomi.

1’or exarmmple, 0.()04 �Lt5mOle of 9 , l0-dinmetimvl-

1 , 2-betmzatmthn’ttcenme is ‘oiuivtslenmt its tunmon-

immitititnsg l)otemscY t�) 240 �.Lmo)les of �3-

pnoj)iolttctolmme ins nmo)tns(5 skmtm, although 0.1
j.smole of time fonimmen eomsspounsd is boumsd pot’

nmole d)f 1)NA l)imosl)hmonmns (52) conmpaneo! to
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400 !.Lnmo)ies of time kitten (37). If time bitsdinmg
of the careiniogenm to I)NA pro(luecs a

nmimtatiotm tlmtit is responmsible for eareimso-
gemsesis, it is sti’ikinig thtst there is a 4000-
fold differenmec imm time ttnmoumst of timese corn-

pounm(hs boummd to 1)NA although tue eareinso-
gemsic response is equii’aletmt.

Time m’esults obttmimmo�J svithi ,3-1)nol)ioltteto)tsc,

l)ropttnme suito)tse , glycidaldel iyde , nitrogems
nuusttin(I, N-ticetoxv-2-acctvittnsitmofluorenme,
ttti(! its 7-fluono (!eniytstii’e support time

theory timat ehemiettllv reactive cttreitiogcmms
imtsVO’ ti nmutagcniie ctL�)tsemty . Time glucuromude
o)f JV-iiyd!noxy-2-acetylamsminso)fiuo)nemse, ssimichs

is chenmsicahlv netictive, svtts mint nmutagctmie.
Its ssetik ctmncmmmogetmie activity, liossever,
could nestmlt. frons bnettkdosvnm to �V-iivdroxy-
2-acetylttnmimmofluorene. It is ttlso clear timat

although a carcitmogenmie cotsspo)unsd mtty be
inactive mi a test systens for mimtagcnsesis, its

1)roxmmttl mo’tabolite cats be nimutagenmic, as ins
time ctsse o)f the ttcetVlttmimsofIW)ncmsc deniva-

tives (44).
ReC(’Imt ssonk mvithm nsansnsalittmm cell culture

svstenss imas shmown that rsmutationms cans be

prodilce(l by cimeniicals 51t5(1 detected insmnmg
olrug resistanmee on’ Iiutnita)tmal requmnernenits
t55 mssankers (59, 60) . ( ‘hmcnmsictml earcinmogemmesis
in iiti’o has been aeisicve(! its various nsam-
maiitmnm cell cimltune svstenms (61-65), timid

polycychic anonmtstic imy(!n’ocarbomms produce
tm freoiuensev of colotsies of transsfonrned tind

mttlignstmmst cells thmat is j)m’opo)n’tiotsttl to them’
cancitsogenmic activities in tito (62, 66, 67).

Attenspts tine miosv beinmg nmade its this
labonnstory to) :tssay cimemimictil muttigenesis
ams(l nmtihigtsant tnammsfornmmtstiomm its time same

ccii hitse. if successful, timese studies could

getienate ti pO)sit ive on’ miegat I’ISe c ilTelatiols
bctsseems eaneimmogemmesis titm(l mutttgetsesis ins
it svstenm comisi(lenably more relevanst timans
thmoso’ present ly ttvtu bible . L�nsfortu nstttely,
hmoimo’ver, cieti a conmplotelv conssistetst eon-

reltitmons, isimetimen positivo 01 tsegtttive, ssould

nsot cotmstitute a (lisa! proof of isimethmen o)r not

time nmechmansisnm of cimenmical cancimmogetiesis

itmvolm’cs ti. sotmstttic nmutatiotm.
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