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CHEMICAL CARCINOGENESIS

Melvin Calvin ' ' : .

Laboratory of Chemical Biodynamics
University of Catifornia

Berkeley, California u4720

ABSTRACT

The first step in the gcneration of a matignancy seems to be a
transformation in the genetic apparatus ot a singlé'cell. The
ultimate nature 6f the cancer which appears is a result or the
interaction of that change with the control and regulatory appar-
atus of the whote animazl. It appears that the praumary cellular
change which may be induced by physical, chemical or biological
agents (or a combination of them) may be soimnething which is conmon
to all carcinogenesis. The nature of that primary change and how it
may result from the action of viruses, chemicals and radiation (or

interaction between them) is the subject ot this discussion.

-

To be presented at the International Conference on "Ecological Per-
spectives on Carcinogens and Cancer Control', Cremona, Italy,
September 10-19, 1976. '

The work describe herein was sponsored, in part, by the National
Cancer Institute (through Grant No. 2 POl CA 14828-04), in part by
the U.S. Energy Research and Devclopment Administration and, in part,
by the Elsa U. Pardee Foundationfor Cancer Research.



INTRODUCTION

\ =l

Chemical carcinogenesis is a term which is used to describe the
fact ﬁhat many kinds ot natural and synthetic chemicals present in
our envivonment could conceivably be components in the.triggering, or
genesis, of malignancy. It has been known for over a hundred years that
“a component of soot is indeed a principal sourcé of certain kinds of
cancer, and it has been known for the last twenty years which component
of soot is most active in this regard. Since this early recognifion,
the mmber of chemicals (natural and synthetic) which have been desig-
nated carcinogens has increased enormously, usually by virtue of some
kind of epidemiological study:or nore recently and, more frequently,
by deliberate screcning programs with animals of various kinds.

The structure of today's discussion 1s: Firsf, is there any
Chemiéal event, or cormon chemical property, of these chemicl materials
which has been recognized and is there any common chemical reaction
which they perform; and, secondly, is there any common mechanism of
vachieving the biological consequences which we know these chemicals

have.
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CHEMICAL CARCINOGENESIS

VA good deal of progress has been made during the last two dccades
in 1eafning'nmre about a whole variety of organic'chémical carcinogens,
and a rather straightforward view of chemical carcinogens has émerged.

" These maferials do indeed have a property among them which is recog-
nizable, that of electrophilicity in their initial structures. A
group of chemicals of this type is shown in Figure 1, and it is pos-
sible to see that there are two types of electrophilic chcmicai
carcinogenic reactions, enzymatic and non-enzymatic. We will be
principally concerned in this discussion with the enzymatic reactions,

but both types have cross-linking characteristics.

Those chemicals in the lower part of Figure.l arc known to func-
tion in the same way as the non-enzymatically active chemicals, but they
require an enzymatic transformation to produce the electrophilic recagent
;which will then attack some of the cellular nucleophiles. One of
these chemicals, acetylaminofluorene (AFF), is known to go through the
identical sequence of oxidations to give hydroxylamine and then the
ester 6f hydroxylamine»(either sulfate or acétatc) which gives rise
to an electrophile by Virtue of the loss of tﬁe anion, loaving.behind
a nitronium jon instead of a carbonium ion. The product of that reac-
tion has been definftely.established, and.it has rathef unique char-
acteristics. .The methyl group is oxidized tojgiVO, eventually, a
hydroxylamine, and the same sequence of events occurs with the

acetylaminofluorene. The two nitroso compounds can give rise to

‘methylating diazomethane ig_situ; by virtuc of a sequence of oxidations.
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The diazomethane, in;tufn,bcan methylaté the various nuclebphiles.

The polycyclicAaromatic hydrocarbons (PAHs) have remained a
mystery for quite a ldng‘time because they are really not reactive
molecules. 1t is only in the last decade that the nature of the acti-
vation of PAlls has begﬁn to be wnderstood. In general, they are acti-
vated by an oxidation mechanism. Much of today's discussion will focus
on how the»PAHs are activated and what ﬁhe reactions in the cellular
material are aé a result of that activation. That particular type of
reaction, therefore, will serve as a model for the nature of the
chemistry, biqﬁhemistiy and biology which are involved in carcinogenesis.

Three diffcrent macromslecules which conceivably could be target
molécules for any of thecse electrophilic reactions are shown in Figure 1.
We have known Tor some‘tims that 1f you tréat a cell or cell suspension
containing all of these wolecules with active (activated) materials,
they will be covalently linked to all three components: DNA, RNA and
protein. In principle, we do not know‘ﬁhich of those targets is
the critical one. However, circumstantiallf, and because of the nature
of the biological cffects of the chemical carcinogens, it seems almost
certain that the important target is the DNA itself since the trans-
formed- cells behaves as a mutatéd cell, i.e., the tfansfqrmed condi-

-tion reproduces continuously, which is one of the qualitieé of tumoro-
genesis which makes us believe that the DNA is the important target
rather thén RNA or protein which would not "remember' these events and
continuously reproduce the transformations in the cell.

Having reéognized that the product of the activated carcinogen
AFF with guanosine has been identified (Figure 2), let us examine
that product. The AFT has been acetylated after oxidation, followed

by loss of acctate anion, lcaving the nitronium behind which can



bccome an electrophiie on a collection of DNA bases. It has been shown

that the nitronium ioﬁ attacks the #8 carbon atom of guanine selectively
and produces the type of product shown. These experiments done about

half a dozen years ago were the first case where the electrophilic reaction
Qf a chemical carcinogen with DNA compoﬁents was firmly established.

It is interesting to note that while the unsubstituted fluorene
works and the 7-fluorofluorene works, the 7-iodofluorene does not react
ﬁith INA components in this fashion. Two consequences of that fact have
been reéognized. One is that the hydrogen compounds and the fluorine
compoﬁnds are both carcihogenic, whereas the iodine compound from the
reaction is not carcinogenic. The second consequence resulting from
biophysical studies_is that acétylaminofluorene and the corresponding
fluorine compound affect the helical structure of the DNA whercas the
iodo compound does not. The argunent is that the carcinogenic compounds
can intercalate into the DNA molecﬁle to begin the chemical reactions
which follow from it. This is a reaSonable, circumstantial argument
that the first step is intercalation. Part of the reason that this
type of molecule is such an important and selective caréinogen is the
fact that it can intercalate in the DNA in a rather special place and
perform a rather speéial reaction iﬁ that place. This knowledge has
been one of the starting points of our work on chemical‘carcinogenésis.

About five years ago we began the study of the question of why
smog, tobacco smoke and, as it.turns out, any combustion product Qf_
organic matcrial, contain carcinogens and what the individual carcino-
gens are. It turns out that the principal carcinogen contained in all
of the organic combustion produéts is benzo(a)pyrene, whose structure

is shown in Figure 3. To a chemist it does not secm to make sense that
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a molecule as ndn—fUhé%ibnal as benzo(a)pyrene (BaP) should be so effective
in a biological system. It is a very potent carcinogen and is the princi- |
pal éource of lung cancer, for example, and is present in all organic -
combustion products. How doesﬁhc BaP become a reactive material and
vhat are the reaction products?
Tor the last fifteen years ticre has been a continuing worldwide
study on the réactivity of benzo(a)pyrene. (This work has been done
mostly in the United States and Enpland, with some effort in Franﬁe.
However, the I'rench study was dominated by the ideas of a theoretical
organic chemist to the effect that the important pléce and reactive
position of the BaP is the 4,5-double bond (K region), and the French
researchers spent their time and effort trying to show that the reactive
product had scmething to do with these two positions on the molecule.)
The conviction of‘the activity of the K-region epoxide was not S0 wide-
spread in Ingland and the Unitcd States where people recognized that
reactivity could be anywhere.on this molecule,
The problem has ultimately been solved by examining the BaP
metabolites in animals and in animal cells. There are many\products
of such a chemical carcinogen, and almost every position on the mole-
cule has been oxidized during the course of the metébolism. Which |
reaction is the important one, or are they all sidg reactions which -
really are not 3mportant in relation to carcinogenssis?
This is a iypical problenm created by a mutégen because of
the nature of biological systems vhich are not simple reproducible
chemical syétems. The dominant reaction products may have very little

to do with thébiological consequences of the molecule. It may very
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- be some trivial step, or‘side reaction, which is actually the crucial
one for the biologicai consequences of carcinogenésis.

It appears that the 1,3- and 6-positions of the benzo(a)pyfene‘
are the most active with respsct to either oiidation reactions or photo-
chemizal reactions. OQur first efforts in this area were some photochemi-
cal experiments using BaP as one of the chemical reagents with a nucleic
acid component (N"mcthylcytosine) as the other reagent to see if the
reaction occurred. Tt was known that when BaP was paintel on the skin
of an’ enimel, it would produce skin cancer. It was also known that
when illuminated it would produce an even more severe skin cancer.

The effect of light on this type of a chemical carcinogen is shown

Jin Figure 4, and the isolation of the product showed that the #5
position acted as an electrophile on the N-methylcytosine. This re-
sult also gave us a clue that'it would be possible to activate the

#6 position of RBaP. We therefore pfoposed to activate the #6 position
of BaPl (or the #1 or #3 positions) by the conjugated bond system which
lies between them. This was actually translating photoattivation into
.chcmical activation. |

It turned out, however, that this type of reaction is not really
imporfant. At vamus laboratories in the United States. and England
experiments werezperformed to extract the metabolites of BaP and test
them to see if they are more potent chemical carcinogens.than%he
original material. On. the other hand, we have used BaP, activated it
with aryl hydrocarbon hydroxylase (AHH) (an enzyme) to try and coupl

- the BaP with a nucleic acid, or nucleic acid analog, to deduce what
has happened in the product. Both approaches have actually converged

and have come to the same conclusions within the last year.



®e

. -‘8-.

Aryl. hydrocarbon hydroxylase (AHH) is an enzyme which will oxi-
dize the hydrdcarbonl(BaP; for example) with a cofactor such as reduced
pyridine nucleotide and oxygen; the AHH will epoxidize this hydrocarbon
in various positions. All of the products of the reaction have been
extracted, and it has been shown thét this epoxide has been created
by a mixed function oxidase which is present in low levels in most
ranmalian cells, If the mammalian cells arebexposed to an aryl hydro-
carbon, the cuzyme is induced to much higher levels. The AHH is an
iron enzyme, and a good deal of effort has been devoted to learning
how the ivon ¢ azyme works. Many things can induce the AHH to raise its
Tevel in mancdion ce}ls; Onc of the oxygens of the AllH is involved
in making #n cpoxide and the other is involved in making water
with a reduct 3 agent, The epoxides can then undergo a hydraticen
reaction which invblves_opening the cpoxide with water to produce
a diol (Figure §5). In gencral the reaction occurs as follows: A
double bond on the AHH reacts with an:éxygen atom to form an epoxide;
the epoxide, with water, opens to form the diol. This particular se-
quence of reactions can be accomplished in most mammalian cells.

The ANII can act on all of the positions in the benzo(a)pyrene,

but none of the derivatives (except the ones shown) turn out to be

‘better carcinogens than the starting material; this is the crucial

fact to remcuber.  We have learned fhis only recently by using a
combination of synthetic and enzymatic techniques.

The sequence of cvents in these transformations seem to be
as follows: The Allil cpoxidizes the 7,8-positions of the BaP (or
the 9,10-positions). The 7,8-epoxide, upon hydration, gives a 7,8-dihydro-
diol; a sccond cpoxidation is even faster (with the first époxidation

it was necessary to cpoxidize a partly aromatic double bond). The

-
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The 9,10;doub1e bond.is no longer aromatic and it is very rapidly
gpoxidized (like styrenc) and the 7;8-dihydrodibl does not build up. The
7,S—dihydrodiol—Q,10-epoxide is the most potent carcinogenic derivative
of BaP. In fact, it is important to coﬁsider the stereochemistry of that
carcinogen. The one formed enzymatically is more carcinogenic.

This result, which was the combination of metabolic and carcinogenic
studies, has focused-our atténtion on the (a) ring as the crucial, active
position in the benzo(a)pyrene molecule. However, it is still notlknown
what this material is reacting with and how. |

Many of the BaP derivatives have been synthesized in our 1abordtory,
but we have not uscd many of them as stoichiometric rcactants with |
known bits of DNA, We are in théprocess of doing that type of experi-
nent at the moment. This is actually a combination of synthetic organic
chemistfy’and biochemical enzymology. It is known that the diol is a
trans-diol, but, more important is thg@eometric relation of the epoxide
to the 7-hydroxyl. The 9,10-epoxide and the 6-hydroxyl derivatives
of BaP are E£§§§_t§ each other, which is the most effective carcinogen. :

Using AHH from induced rat livers and a variety of DNA analogs
as substrates, we fdund, befofe we even treated.the complek with
the AIll, that only guanine-containing polymers would intercalate the
BaP to any extent. Calf thymus DNA will intercalate véry little;

Poly(A) will nét intercalate the BaP product at all; and the poly-
meric pyrimidines are not successful in this type of experiment.
Poly(G) is the most sucéessful polymeric material for this- type of
a reaction with chemical carcinogen, but this material is only a
model, It will be necessary to use genuine DNA for the final

consluvie result to this hypothesis,
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The results of,optical’measuremeﬁts on the model substances
‘and the products ofthc reactions of diol epoxide and activated BaP with
AlH and with Poly(G) ind DNA are shown in Figures 6 and 7. The enzymatic
hydrolysis of the Bal-poly(G) product gives an absorption with two
rather sharp peaks which are characteristic of 7,8,8,10-tetrahydro
bcnzc(a)pyrcnc'in which the benzenéFing is completely hydrogenatcd,
leaving a pyrene nuclens; the absorption spectrum is actually character-
istic of pyrene. This was the first clue that the product activated
BaP with Poly(G) was i reaction which had destroyed the 7,8- and
9,10-double honds of the BaP but had left the pyrene aromatic nucleus
intact. There dre six positions which apparently were not touched.

The fluorescence spectrun of the product was more critical, show-
ing the fact that thc chemically hydrolyzed products were similar. The
emission spectra of u tetrahydrobenzpyrene is about the same,'but has
a different rclative fntonsity. This difference is an important com-
ponent in gathering our information about the ultimate product. The
emission band (380) it less intense than the second (400), whereas in
a simple tetruhydrobenzpyrene (7,8,9,lO—tetrahyerbenzpyrene) the first
band is always the mo-t intense in fluorescence. There'is one model
case, howcvbr, in which the first fluorescence (emission) band is less
intense than the second, and this occurs with 10-hydro£y—tetrahydro-
benzpyrenc. In tﬁc ]Orpoéitioﬁthere is é-substitution other than hydro-
gen. This example is the only one which shows the first fluorescence
emission less intense -than the‘othefs. That fact indicates that there will
ultimately be a tetruhydrobenzpyrene product, but it will also have a

substitutent on the #10 position, probably bearing an unshared electron

pair.
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The fluorescence information tells us that ihé guanine is on the
#9-or #10-position, with two hydroxyls on the_7f.and 8-positions of the
BaP ring. When yaiexamine the strucfure of tﬁe 7,8-diol1-9,10-epoxide
of BaP, you can begin to surmise what the reactioﬁ product really is.
When the 7,8-cdiol-9,10-epoxide reacts with the guanine of the Poly(G),
fhe obvious place for the cpoxide to open is such as to put the .ar-
bonium conjugate witﬁ the pyrene. This is a stable carbonium ion and
we then have an ciectrophilic reagent. So far, the only model we have is
that of'thc g-position of the guanine asthe electron-rich position, as
cvidenced by its reactions with acetylaminofluoreno,ishown carlier.
1 have therefore surmised that one pssible product of the reaction
betieen the activated and intercalated benzo(a)pyrence is an electrophilic
attack on the #8 carbon aton of guanine. We could then remove the C-8
proton to the epoxy-oxygen, insert the double bond again, with the
resulting product being 10—(guanyl)n7,8,9-trjhydroxytetrahydrovenzo(a)—
pyrene. Alternatively, we could ring-close to give a ring-closed product,
because when we treat the ultimate reaction product with toluene sulfpnic:
acid, we do not find a new double bonds If there were a hydroxyl at
C-9 and a hydrogen at C-10, we should get a double bond upon treatment
with toluehc»sulfonic acid. An alternative point of C-10 carbonium
ion attack would be on the exocyclic nitrogen atom of the guanine,
giving a simple?C~10 N-substituted C-9 hydroxylatéd 7,8,9,10-tetra-

hydrobenzpyrenc derivative.
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BIOLOGICAL CONSEQUENCES OF CHEMICAL CARCINOGENESIS

Tt is now necessary to introduce the concepts that arc curfcnt
in the chemical and viral cancer community in discussing the biological
consequences of chemical carcinogenesis. The process of viral transformation
is shown diagraﬂmﬁtically in Figure 8. Here the black spots reprcsent
pieccs‘cEDNA.ﬁontaining information which, when integrated into the
chromosomal DNA of the cell, will transform it into a tusmor cell.

11 the virus simply infeéts,'thyreplication of the virus lyses the
cell, and the cell is not t'ansformed. However, some part of the
viral genome is integrated into the cellular genome, and the cell can
be transformed into a tumor cell. If a cell is transformed, such cells
overgrow cach other, creating foci (individual cells piled on top of
-each other). Cell transformation.by virus can be assayed by focus-
formation, indicating the degrce'of viral transfbrmatioﬁ of the
original cell culture.

The insertion of the oncogenic information, or the whole viral
genome (or some crucial part) which contains the oncogenic information
into the chromosomal‘DNAJoccurs through a mechanism as yet unknown.
The scheme for cell transformation, including chemical‘function, is
shown in Figure Q; Here it is seen»é DNA virus gets inside the cell
through the fuﬁction of Various nucleotide hydrolyzing enzymes (endo-
nucleascs, exonucleases,lligaées) which can insert bits of DNA into
the chromosomal DNA. The result is chromosomal DNA coﬁtaining some
conbination of the viral DNA which gives rise to the transformed cell.
(For an RNA virus it is necessary to go through a special enzyme,

RNA-dependent DNA polymerase (RDP) to make a DNA copy of that RNA
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virus and insert that. Both viruses act by inserting bits of informa-
tion fepresenting the viral oncogenic information into thenchromosome
of the cell.) |

If we had an RNA virus and it had to go through RDP to get to
DNA to be inserted and transformed, and'if we could specifically block
thie enzyme, we coulé then prevent cell transformation by that virus.
This experiment was done several years ago because there was a drug
awilable which would inhibit that particular reverse transcriptase
enzyme., We were able to o thatparticular type of experiment, using
synthetic modisications of the drug, rifamycin (the chemical formulas
of which ave given in Figure 10), and information concerning the effect
of these drugs on cell transformation is giveﬁ in Table 1.

How s this vwork related to chomical carcinogencesis? I had the
idca that the ghcmjcal,trjggers integration of some enddgenous informa-

) in

tion which is/the cell and which is not being expressed. In order to
test this hypothesis, we triced to find.é system where the chemical
alone appears to produce a tuwr. We knew, for example, that there were
certain strains of rats wherc a single injection of a chemic carcinogen
such as dimethylbenzanthracene (DMBA) produced mammary turors in nine
weeks, killing all the animalsj.this result occurred each time the experi-
ment was performed. 1 felt that this resulted indicated that this patti-
cular strain of animals carries endogenous oncogenic information which
is triggered by the chemical cartinbgen. If it was an RNA virus, the
rifamycin should preﬁent or slow down the carcinogenesis, which actually
is the case. The results of an experiment of this type are shown in

Figuré 11,
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Thevconverse of this.former experiment has been done recently'using
a strain of rats which dées not produce a tumor at all with the carcinogen
~alone. lowever, if these rats are given an adenovirus at a suitable time
before administration of the chemical tarcinogen,-then there is tumor
formation. Adcnovirus alone has a certain rate of tumor production, the
ehcmical alene produces no tunors, but the chemical carcinogen wifh
thc adenovirus is much more than additive. This experiment is the

opposite of the first type where the animal itself carried the oncogenic

information which was not being‘expressod, presumably in the.form of
extrachromnsciml 1n101m;t10n or .in tho form of a putative virus. In the
experiments which 1 have just described, there is a strain of animal
wnich does not respond to the chemical treatment unless it also receives
the viral infoction.

Thosc.same types of experiments can be done in tissue cﬁlture where
the results arc somewhat more reliable .than the information obtained
from whole animal experiments. The viral transformation of hamster
cells following trcatmenf'by a chemical carcinogen (4-nitroquinoline
oxide, 4-NQNO) has been studied, as an example. The adenovirus alone without
the chemical txcatmcnt with 4-NQNO produces very few foci; with 4-NQNO
treatmont and virus, the number of foci increases; eventually the
chemical effcct on the repalr mechanism of the cell is over, and the
eXCess 1nto<latlol ceases. This results indicates a synergism between thc
chemical and vizd transformation, as indicated in Table 2.

How can this synergism be understood? The chemical starts a
process of manipulation of the cellular DNA to repair bt; the

repéir enzymes are operating to replace the defective DNA. If therc is
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a source of misinformation (oncogenic infbrmation) in the cell at the
same.time, there is A certain probability that the oncogeﬁic information
will be integrated into the cellular genome during that fepair operation.
It turns out that there afe'many different types of nucleic acid repair
enzymes, each one specific for a d;fferent type of error, and each onc,.
in some caseé, for different base sequence. It.is only relatively_redcntly
that the variety of clipping enzymes (endonucleases and exonucleases)
have become visible in reactions of this type. |

I want to suggest that the chemical (carcinogen) produces a dis-
tortion of sbﬂu kind in the DNA which, as avrCsU1§ of that distortion, isl

: _ picce
subject to the attempt to.replace the distorted/by the variety of repair
and replication enzymes which arepresent. If onCOgeni¢ infornation is
present, it has a probability'to be inserted. 1%0 chemical thus enhances
the probability of insertion of oncoéenic information. The chemical
alone is a mutagcﬁ, but is not a carcinogen by itself. The carcinogenic
result is : due to the presence of some"othor-piecc of information
which the chenical tiiggers to insert into the cell.

These speculations which I have just discussed are shown diagramma-
tically in Figure 12. The chemical carcinogen puts a "kink" of some kind
iﬁ the DNA to start the whole procesé, leading to an accelerated proba~_
bility of insertion of the ohcogenic infohnation which:is theré from
some other source. You have heard comnents to the effect that the test
for mutagenicity is a good enbugh test for carcinogenicity as well, but
I do not believe this is the case. All'carCinogensyare mutagens to be
'sure,.but all mutagené may not be carcinogens because the carcinogénic
information is not there. Mutagenesis generally leads to a 1ethai event.

I believe that a single point mutation, which is what the chemicals

can induce, cammot introducc cnough information to lead to transformation.



‘The introduction of %hat much information really means the introduction
of a large picce of DNA, or the removal of a large piece of DNA.

Using what we know ébout the'inserfion of known bits of DNA which
can be done in the test tube (I am presuning that the same kinds of cvents
go on in the cell) from one species of DNA, we can insert them intb another
species of DA using suitable clipping enzymes (exonucleases, enconucleases,
ctc.). VWaon tbe chemical carcinogen forms a covalent complex vith guanine;
the dovble helix nust be completely destroyéd in that vicinity, warping
the ecometry of the molecule. The benzo(a)pyrenebhas been comﬁletcly
intorcalatcd,'and when covalent iinkages are fqrmed and the guanine 1is
pushed out ofthe double helix, the helical structure is distorted around the
© vhere the carcinogch has formed the covalent link with a suitable |

base, 1

,_
W

diszortion will be recognized by a Variety of cnzymes which
must act uponvit by some mechanism. The spécificity of those enzymes
is 1ot yet kmown. It is also not kmown whether‘the cnzymes must be
induced, or whether tha'enzymcs>are aiways_present, and a clonal selcc;
tion process oﬁe‘ntes similar to that in which the antigen induces new
cells to make a particular antibody.

In any case, some event occurs which leads to'the begimning of
the.réhbval of this distortion by a restriction'enzyme. This‘may,lead to
insertion, leaving a gap behind with sticky ends (chafacteristic pieces
of DNA informatfon). The same clipping enzyme (endonuclease, etc.)
acting on exogenous information, or at least information which is not

_chromosomal in thc»cell; wiil_produce other such sites with complementary .
ends. It can thus produce a piece from an oncogenic virus with corres-
ponding sticky cnds which, in turn, can fill the gap. The breaks can |

be "sewn up'' with the ligase, resulting invthevtransformed DNA with

the oncogenic information inserted. This is not a real ﬁrepair“ mechan-

ism, at least it is not conceived of in that fashion. How the actual

T
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repair mechanism may work in this case, I do not know. The diagram gives
only onc concrete example of how information which is not in the chfomo—
"some could be taken and inserted into the chromosomal-DNA-as a result
of a chcmicél action by a particular type of a chemical carcinogen or
chamicnl mutaoen,

Most recehtly in our efforfs to definc and measure the diffzrences
between the pormel and transformed cell, we have explored a new methad of ;
probing th; characteristics of the cell surface, the rost easily accessible
part ofthecell for possible treatment. This new wmethod has not only yielded
inforiation on the differences between nomwal and transtformaed cells, but
also scoms very likely to provide a much better, simplor and more quanti-
tative wethed for measuring the rate of appearance ofvtranS{onncd cells
in a ccll posulation.

1t is clear that these two objectives -- (a).ro define the differ-
onees Lmtwoon't}c normal and transformed cell surface and (b) to be able
to measure the kinetics of transformation using the degree of that
differince -- are both extremely useful and inportant. The latter.: one wili;
of course, allow us to explore more readily that synergism for which we
have only the focus assay to guide us.

The method basically depends upon the availability of a chemical
reagent which will react rather specifically with free amino groups,
either terminal ends of proteins or other biological moieculcs, to form
a fluorescent product. Neither the reagent itself.ndr its hydrolysis
product is fluorescent. The reagent is not transborted across the cell
membfanc in a reactive form. Thereforc, when the cell is treated with
this rcagent, only the cell surface amino groups become fluorescently

visible.
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The fluoreséenf réagcnt aﬁd itévréaction are shown in Figure 13, ‘and

the results of treatiq;normal and transformed cells with this reagentv

are shown in Figure 14; Here it is clear that the availéble amino
groups on the cell surface for labeling are somehow reduced by trans-
formation. If the ceilvmembrane is broken and the entire protein»bopula-
tion of the cell (bo{h internal and external) is allowed to make contact
with fhe reagent, fhe difference between the two cell populationé is
very little, which is shown in Figure 15.

An attenpt to detemine the nature of the particular proteins
which have beeﬁ deleted from_the cell surface upon transformation is
shown in the electrophorctograﬁ of Figure 16. One of the potentially
: fluorescent'pjoteins which is absent from the transformed cell mem-
branc is clearly shown as the missing band in this figure. Tt scems very
likely that this missing protcin in the transfomed ccll membrane is
identical with the large gxterhal Eyansfofmation sensitive (LETS) pro-
tein which has been described by other methods and whose detailed
character and function are yet to be determined.

Finally, we have used two fluorescent stains on the same group
of cells. The firsf is propidium iodide which enters the ceil and stains
the nucleic acid, the fluorestence intensity of which is a measure of
the amount of nucleic acid present in the cell. The other stain,
fluorescamine,.is uséd to labeled the cell surface, These doubly
labeled fluorésécnt cells are shown in Figure 17, and with such doubly
labeled cells and a flow microfluorometer (an instrument for measuring
‘the fluorescence intensity for individual cells) which can be set
to measure at least two different colors of fluorescence, we have been

able to disfihguish very clearly a population of normal cells from
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that of a population of transformed cells. Thé.data showing this capa-
bility are exhibited in Figure 18 in which particular populations of eaéh
of the cell types are'shown in thétop two panels. It is clear that the
ratio of surface fluorescence to nucleic acid fluorescence is very
much smaller for the transformed cells than for the nommal cells.
From our analysis, the population shown in the varioué panels of
Figurc 18 éontain transformed cells as follows: (a).4.5% transformcd
cclls; (b) 34.6% transformed cells; and (c) 82.6% transformed ceclls.

‘With this information, we are now preparcd not only to explore thé
nature of thischaracteristic sufféce protein which is absent from the
transformed cells but also to use this quantitative characteristic of
2 cell population to measure thecarcinogenicity of chemicals by a
quantitative determination of their synergisms with suitably transform-
ing virus. in a selected cell population. |

As this work proceeds, éhe more precise relationship between a
chemical's ability to induce muitations and its ability to induce
malignancy can be defined. In fact, it is very likely that this
kind of assay for cércinogens.will be the quickest and most relevant
‘one for‘quniﬁing chemicals in.our environment. | |

1£ our synergistic proposal withstands these tests, the obViQus
confirmatory éxperiment-will be to demonétrate the integration bf
the oncogenic information frombsome extemal viral sourceindﬁced by the

chemical. Plans are underway to accomplish this.
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" 'FIGURE CAPTIONS

Electrophilic nature of chemicalvcarcinogens

Products from activated acctylaminofluoreﬁe'(AFF) and'guanosine
Structurc ot benzo(a)pyrene and bénzo(e)byrcne

Photochemical coupling of benzo(a)pyrene to Ne-methylcytosine
Benzo(a)pyrené éctivation by microsomal oxidascs

Imission spectra of hylolyzed benzo(a)pyfcnc«Po]y(G)

Fluorescence spectra of benzo(a)pyrene covalently linked to

mnucleic acid

Transforming infection with SV-40 &fj)'us;

Scheme for cell transformation, including chowical function
Some synthetic modifications of rifamycin

Prophylactic effect of dimethylbenzyldesmethyl rifarpicin
against dimethylbenzanthracenc aﬁd trinethylbenzanihracene in rats
Schematic proposal for collaboration of chemical carcinogen
and oncogehi¢ information (Parts I and II)

Reaction of fluorcscamine with primary amines

Fluorescamine 1ébéling of intact cells

Fluorescamine hbeling of cell sonicates

Electrophoretogram of proteins deleted from cell surface
upon transformation |

Doubly 1abeled'Balb/3T3 cells (labeled with propidium iodide
and fluorescamincj ' V
Detection of transformed cells using fluorescent probes on

MSV-infected Balb/3T3 cells
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Photochemical coupling of BaP to N-methylcytosine
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~Transforming infection with,

for example, SV40 virus.
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