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INTRODUCTION

It may be usefu] to }ntroduCe the systeh in which we are attempting
to study the-proce§s of the conversion, or transformétioh, of living ée]]s
into a condition which simulates, or'mbde1s, the cancerous one. It has
been known‘fér'about 50 years. Raus was the first to clearly demonstrate
that it was possbee to produce a tumor in the chickens by the use of a

clean viqu'preparation. It took almost 40 years before it was recognized

, _that this experiment constitued the béginning'of a really important era

in virology and in oncology. . Following this, aboui ésdozen‘years ago, it

became possible to count viruses (virions) by a technique called focus

~ formation. This technique resembTes'very much'the phage assay technique.

In this, é gel containing the uniform bacterial inoculum is first pkepared.

A virus assayvis made by taking a dilute aliquot df-thé virus suspension,

‘infecting the bacterial plate, and wherever a sing]evvirus infects a bac-

terium, that bacterium will eventually 1ysé,']iberaté more'virus (phage)



part1c1es, resu1t1ng in a small c1ear ‘spot in wh1ch wou]d otherwise be a
'crowded plate un1form]y clouded with a bacterial popu]et1on. This resu]ts
inethe.abi1ity‘to actually oount the phage;parti;]es,frln'the oase.of
anima]Aviroses, a related techhiqUe is used, partioulér1y with the onco-
genic vfruSes.  In thisfcase;'the:overéll-olan is.r?fomuch thefsame,
but‘inSteed of_aipour_p1ate ofjbaeteriaiICUItureZWhithi100k5-c]oudy and
where the clear spots are counted, 'the technique is . ouﬁte the reverse

A smooth, un1form Iayer of an1ma1 ce]]s is 1nfected w1th an a]1quot of

the v1rus wh1ch is being assayed, and allowed to grow from 3-7 days.

Then, those oe]]s which have been infected by the y1rus and which are

* transformed by'thé virus show, not as clear spots'in'a'uniform-background;
but as h1gh11ghts, because the cells which have been 1nfected by the
.oncogen1c virus and transformed grow - rapldly and bu11d up ‘in Tittle mounds
which can be seen es high, dense_cell populations 1nstead of a single
monolayer of ce]]s."Figures 1 and 2 mi11 show this_phenomenon. The
original use of,theftechniQUe of focus formation wés to oount the oncoe
genic virions, just es'the bacterfa]'plate was"used.to count phage par-
tic]es;:fljh recent years theisyStem has been turhed;ér0und:' Not only

is it osed to count virions, but the idea that these‘foCi might.be con-

_ s1dered as models of a cancer system has ga1ned some s1gn1f1cance,

this is the kind of ‘a system wh1ch I will be d1scuss1ng

F1gure 1 shows ce]]s in t1ssue cu]ture, through an opt1ca1 m1croscope,

- _show1ng the nuc]eus of . each cell, with the cell membrane around the outer L v

edge. You can see that the cells are in some kind of commun1cat1on with
-each other; you can see the strands of contact between,them. Actually,
this picture shows the beginning of a growth on the plate; when the plate-

is completely fi]]ed, the cé]]s will be in contact all around, on all

;
i



sides of.thefr_cytopjésmic membrane,:and-grOWth wi]ihstop when the cells
reach:that'perticu1ar stage of conf]uence'inIWhichhtheyvare'in contact
w1th each other At that t1me apparent]y some "s1gna]s" are passed between
them whlch stop the ce]] growth. Th1s is a mode] for norma] growth by
norma] ce]]s When the cells are 1nfected by oncogen1c v1ruses, either
RNA or DNA v1ruses, the s1gna]1ng system is somehow broken down, and the
ce]]s do not cease grow1ng when they reach conf]uence They overgrow
each other, ‘and ‘the "foci" deve]op, as shown in F1gure 2. The pi]esboft
cells (foci);twhich night be,taken to represent‘mode]s of tumors in the
whole aninaT;_appear as light4ref]ecting'pi]es on theaplateﬁ on the
right—handfside'of the figure'ft'is possible to see fnoividua] cells
pi]ing'on-tOp of.each other. -Thevfoci can be CObnted:'each one representing
a virus 1nfect1on wh1ch has transformed a ce11 wh1ch then grows into a

_ group of ce]]s failing to show contact 1nh1b1t1on In a sense, this

t1ssue cu]ture represents a model for the who]e anjme], and the focus
represents the cancer. | . :

What type of viruses are we ta1k1ng about’ wevuse oncogenic viruses,
some DNA, and some RNA viruses. A common DNA v1rus which infects mam-.
ma]ian_ceils is SV40, the simian virus No. 40, whichvwill.infect'and
transform tissue cultures of monkey cells. A commoanNA virus is murine
sarcoma virus'(MSV), which,‘ingturn, infectsvanditransforms'a mouse tissue
culture. We will be concerned a1most exclusiyely?nith_the RNA type viruses,
a]thodgh‘some of the'dtscussion wii] be relevant tobthe:DNA viruses as well.

Figure 3 shows an electron micrograph of a sectipn.of a special strain
of Balb cells.infected'with murine. Teukemia virus (MLV). The more standard

type_Viruses‘are_shown on the left-hand side of-thelfigure. These are



the Type C v1ruses w1th the nucleoid in the center and caps1d around .
.the outs1de, representlng a]most comp]ete murine ]eukem1a viruses. In
the upper rlght hand corner of Flgure 3 are visible four 1nvag1nat1ons
of the vacuo]ar membrane show1ng the 1n1t1at1on of the encapsu]at1on of
the Type C v1ruses which ultimately c]ose to g1ve what appears to be
_‘a ce]]u]ar membrane coated v1r1on, ment1oned ear]1er This part1cu]ar
strain of cells, ca]]ed Ba]b Uc1-B, is a variant ofvthe ordinary strains
and,iehsubject’to transformation by”MLV a]one.“We'Wili speak more of
the significance of this fact later. |

It is believed that the outside membrane ofﬂtheUVirus'hasvmany:‘
" of the seme‘qUQTitieé es the cell membrane itSeTf..'Fina]]y,-we'be]ieve
that'the_e]dhgetedkpeculier shabes fn‘the center bf.Figure'3 are the
unfinished Or:aberrant sarComa‘virus‘partic]es’in_fhié seme'ce]]‘>As
far as we een tell, the cell does not produce infeetious sarcoma virus,

but the aberrant part1cles are v1s1b]e, 1nd1cat1ng that at ]east some

- of the virus genome 1is present In this f1gure,»you can see represen-

tat1ves;pf'the_two_RNA viruses -- the sarcoma virus and leukemia virus --

both of which are RNAQbased. The}sarcoma virus 1S'the one which produces
the transformation of ordinary'tissue culture cells; the leukemis virus

"by'itself;‘in an ordinary tissue cU]ture;}does,notiiransfbrm'the cells.

e
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A MECHANISM OF CELLULAR TRANSFORMATION

'-With'this_introduction, I wish now to turn to the discussion of the
‘possib]e way in which the RNA oncogenic Type C Vifuses wére conceived of

as introdu¢ing the necessary information into a cell to transform it from

‘normal to neop]astic growth. The basic idea is that somewhere in the RNA

of this sarcoma virus is gqntained a suitable collection of.genes (one

gene or several) which code for certain kinds of proteins, which, in turn,.
trénsform, or make, the necessary components'of the'§é11 membrane so that .
'it no longer can receive the message to cease growing; with the result that
it continues to grow and overgrows its neighbors. This last process is
pretty far aiong in the phenotype, or read oQt, of the results of the onéo-
gene which‘fs présumed to be present'in this RNA virus. How can such a
transformation in an animal cell be produced, in which the genetic informa-
tion is nof'stored in RNA but, rather, in DNA? The suggestion was made,
about six-yéars ago, that RNA viruses, in order to»Eeproduce themselves,
had tovfirst'make a copy of their RNA into DNA, andvthen from that DNA,
using a DNA-dependent RNA polymerase, could make:more.RNA; which, in turn,
can create_more‘virus.]' RNA virus rep]icatioh'was blocked by actinomycin D,
which we know complexes only with DNA and not wifh.RNA or the enzyme, and,
therefore, there must be a DNA mo]eﬁu]e in the cycle of RNA virus reb]icaf

tion. This was the basic idea for introducing the suggestion. About

- three years ago, it was shown that the RNA viruses contained in their protein

structdre an‘eniyme which was capéb]e of copy%ng an ﬁNA'temp]ate into a DNA
2,3 1his was then called RNA-instructed DNA ppolymerase (RDP),
been given the name reverse tranécriptase; for a while, it appeared
that only tumor viruses and only tumor cells contained theAreyerse

transcriptase activity; however, it has since turnédeut that this
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type of'a;tivity’has been ﬁhOWn,to reéide fn éever§1difféEent kinds bf"
:pfotein; ffom_differeht sources. Théresappeaf to"be:ﬁuiffple‘enzymes,
with differeht temp1até specificties; dnd'differeﬁtlsubstrate spé¢ificites.
I will uéezthebterm “réverse'tranécriptase éctivityf;to cher the whole
group,_and féfek.to,it'onTy in térms"df being able to;copy ah RNA Strand
intb'é.DNAfsffand; without trying'tOFSpéCify the défai]s of the ‘template
sbebificffy;xﬁﬁe primek'spéeifi¢ity of_substiéte'speéﬁfitity.
Howmcan"fhi§3ehzyme bé'impdftant'fn the trahsfbfmatioh process? One

can imagine its importance in the Vifa1.keplicatfon progeSs;‘bdt how can it
be impdrtaﬁt fn transformation?4v  Figure 4 shows;HSéhématically, a possible
function bf,keverse trénscriptése (RDP) in'onCogéhééiE by RNA viruseé.

You can see herein also the Ee]} rep]ication process, with the DNA of

the ceT] being copied in bits énd’pieces into RNAlby'a DNA-depehdent ,.
RNA po]ymgra%ei (DRP),»which giVes thé messenger ﬁNA,_which, in turn,
thrOQgh'muitiple stép§ makes_thevhécessary proteins f6r structure,

enzyme and cell construction. This is the nbrmai”flow of information

in the fepiication'of'a ce]]Q: If, however, you infect 'the ce]]ﬂwith

an onCOQenfc RNA virus -5i;g;,'insert some RNA information, if there is
such a thihg as reverse tfanscriptaSe‘activfty, then RNA could be copied
-back into DNA, and itrcould also copy the viral RNA. - If the gene§ res-
ponsible fofifhe 1iffiﬁg of the restfafnt on growfﬂ are contained in |
‘that vir31'RNA,'it WOuld.be,copied into the DNA by-the enzyme. Then,
‘there are at least th other enzyhes involved. One of them would have

fo break open the DNA; this is called a c]fpping eni'in Figure 4.

Another would seal up the new piécevof DNA from the virus into the cellu-
ar DNA; this is‘cé]ied a}]igaée enz in Figure 4. flf so hapbeﬁs that

_enzymes of_this type have been known for some time; but in the last
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few months I have heard descr1pt1ons of very specific enzymes from the
SV40 v1rus, for examp]e, and from other sources. 6,7,8, 9 There appears
to be an enzyme wh1ch clips a piece of DNA at a'specffic place and allows
the right sets of base pairs to be exposed to complete~a covalent linkage
: soO a piece‘df new DNA can match‘up'nith'it. This WOUJd be fo]]owedvby
andther enzyme. There are ‘thus at least twolmore enzymes involved in
this insertipn:process to get the viral RNA information into the cellu-
]ar'DNA and thus make a permanent change in the ce]i.'If the information
came from anlqncogenic'RNA virus if would have to‘go_through the enzyme
(RDP)to get fhere. This is what focused our attenthn on that particular
enzyme. . ‘Ydu will see later that it will be neCessary_to expand that

- view somewhat and involve the other enzymes as well.

The hasis for this additional concern lies in thevdiscoVery here in
‘Berkeley a year or two ago of a variant strain of Balb/3T3 mouse cells
.wh1ch had been carr1ed in tissue culture for many years. Normally this
Balb stra1n can undergo transformat1on, that is, focus formation, by
" infection of a mouse sarcoma virus (MSV) only. When the ‘sarcoma virus
| is'dfluted eut of the m.xed preparation of MSV and murine leukemia virus
(MLV) to the peint where no MSV‘and only MLV virus is present, the ordinary
”strain of Balb cells is‘not transfonned The new ce]] type which was .
' deve]oped at the Naval B1omed1ca] Research Laboratory and has been given

8 is a strain which differs from the parent in that it

~ the name UC1-B
'e1s suscept1b1e to transformat1on and focus format1on by MLV a]one
:w1thout the co- 1nfect1on with MSV

| As w1]] be d1scussed in deta11 1ater, drugs have been found which
can 1nh1b1tvth1s MLV transformat1on w1thout a correspond1ng]y 1arge in-

hibitionfdf'the replication or multiplication of the leukemia virus
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itself. Thus, evidence has been:obtained for the participation of addi-
tional enzymes in the transformation process, other than those required
for replication of thevirus, which are sensitive to‘this class of drugs
(rifamycin derivatives) It is these en7ymes wh1ch have yet to be identi-

fied and to wh1ch we will refer again later.

RNA INSTRUCTED DNA POLYMERASE (RDP) AND'INHiBITORS

Here I W111 discuss pr1mar11y the nature of the RNA- 1nstructed DNA
po]ymerase and how we can block it from funct1on1ng If we can prevent
the RDP fromvfunct1on1ng, the 1nformat1on from an RNA oncogenic virus
will not behab1e to get into the DNA of the Ce]],hand,'therefore, the
celi could not‘be transformed. The.presence of'thié particu]arbenzyme
is not a sufficient condition‘for transformatfon.but it is a necessary
one for transformation'by an RNA virus. If this function ié stopped,
there would then‘be some way of blocking the transformation of mammalian

cells into‘tumor teT]s by an exogenous RNA virus.

Drugs 3 _ _
- We' then turned our attention to chemical methods of 1nh1b1t1ng that
'part1cu1ar enzyme act1on 10,11 It did not take 1ong after the descr1pt1on

of the RDP to have a number of materials appear wh1ch seemed to have some
spec1f1c 1nh1b1tory act1on on the reverse transcr1ptase " The material

which turned out to be one of the most effective. was a mod1f1catlon of

| ~an ant1b10t1c wh1ch had been deve]oped for TB 1nfect1ons (The r1famyc1n

B 1tse]f was d1scovered about 1958 1n a Med1terranean soil and" was found

v’v”to be part1cu1ar1y effect1ve aga1nst tubercu]os1s ) Th1s ‘was one member

}d of what has. turned out to be a class of antibiotics known as the ansa- _

antibiotics because of the nature of their structure. Four of these



ansa-antibiotics, including rifamycin, are shown in Figure 5. The char-
- acteristic structure of these antibiotics is an aromatic ring which is

bridged by é Iarge_alibhatic ring,'which is called the ansa'rfng because

of the nature of its bridgihg effect. It turned out that the material

which first showed up as an inhibitor of the RDP function was a derivative

“of rifamycin B.

1t was a1so shoWn that it was possible to.méke.many»chemica] modifications
of the basicsrifamycin B structure, with many functional groups. It.turn-
ed out thaf most of the dérivatives Were those of substitution at the No.
3 position of the naphthalene ring, Where a whole series'of derivatives
can be made. Figure 6 Shdws_some of the various derfyatfves which have
been made*from the rifamycin B, and most of them are actually deri?atives
df-the73-position of the fifamycin through the aldehyde. The rifampicin
is:the matefia] which was finally broughtvto the mafket as the drug of
choice for tuberculosis, and its modé of action\had been delineated as

invo]ving thé inhibition of bacteria]'DNA—dependent RNA polymerase. In

“our”studieSIWe have focused on RNA?instructed DNA polvmerase from the

virus or the cell, and you might wonder what the ré]ationship is between

these and the bacterial enzyme. Both of these materials are nucleotide

po]ymerasés,'and one might eXpect that the antibiotic inhibitors for

nUc]eotide‘bo1ymerases'mightvhave some re]ationshfp to each o’cher‘.]z?]3

That is at leastvpart of the reasonphat.the rifampicin and its derivatives
were tried on the ROP. It turned out that the'dimethy]benzy]desmethy]

rifampicin (DMB)-is very effective on the MSV RDP at almost as low a

dose as rifampicin‘Was:effective‘against the DNA-dependent RNA polymerase
"in E. coli and other bacteria. And it is much less effective againét |

" other mammalian polymerases.
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This type of observation created the"bpportnnity‘for the'chemists and
biochemiSts to syntheSize'additionaT active cOmpounds' which, of course;
are still- ba51c mod1f1cat1ons of the original structure of the r1famyc1n
W1th the except1on of the d1methy1benzy] compound (DMB) and the r1focty1-
oxime compound ‘which we obtavned or1g1na]]y from the manufacturer
(Gruppo Lepet1t, Mllan, Ita]y) they were made in the Taboratory in
‘Berkeley.'® It turns out that T will discuss the DMB, as that is the
one we received-first'and the one which is”aTSOhnon-toxic to the mamma’-
ian cel systems which we are using.-,The”rifoctyloxime,sfor example,

“ turned out_to:be toxic to the mammalian cell.’ The,most'important of
the various derivatfves nhiCh have been synthesized'in Benkeley-is the
rifazacycTo¥T6 which.is even more effective as an‘inhibitor"of~the}
~ reverse transcr1ptase enzyme activity than the DMB. ]4‘ I wish to describe more
of'the chemistry involved in theSe‘synthéses,and the biological observations.
as weT] ) | _ |

In order to study the effect of these: drugs on the act1v1ty of the
enzyme, it was necessary, of course, to have some pur1f1ed enzyme available.
The typ1ca] method by which the enzyme was f1rst demonstrated and on which
most of the work,1n the literature today‘has been based, was dependent
'upon a pre]1m1nary purification of the virions themse]ves Then, the sus-
pen510n of the virus part1c1es is broken up, d1sassemb]ed with su1tabTe
detergents, thus T1berat1ng the enzyme The 1ncorporat1on of the var1ous
rnucTeot1des into nucTe1c ac1d can be measured upon various tempTates, |
such as po]y rA:oligo dT. :The assay is actua]]y not very def1n1t1ve,
eXcept_that it does demonstrate that an RNA strandyis cobied into a DNA
strand. ItFWas difficult to obtain clean enzyme fromvthe virion TtSeTf,

partly because the virion contains in it its own RNA as well. The cells
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whichvhad beén transformed by the MSV (MLV) was'our printipa] source, but
here also ‘the presenée of virion is not eliminated.

\  Figufe~7'shdws the extraction procedure. The cell layers, which are
growh in the cell medium, are scraped 6ff the bottles in Which they are
grown; the cell-free supernatant contains the virus. Most of our work has
been done with the cell extracts. After the cells are washed, we get a cell
pellet which:cah be broken up and precipitated with_ammoniﬁm su]fafe. The
ammonium Sulfate pellet was resuspended in a detergent (Triton X-100, for
example) aﬁd the material was then centrifUQed. ;The'supefnatant:is called
the cell extract. In effect, the res&]t is a Tritoh.x-loo supernatant
veither from the cell or from the virion. HoWéver, the cell extract has a
much highef total enzymé activity than the Virionﬁextract.]s

Furthek'purifications to obtainvmore ﬁigh]y purified material have
turned out to be not as simple as we had hoped. The enzyme itself is very
]ipophf]ic, which is one of the réasoﬁs for the use of detergent in the
first p]ace. ‘It turned out, however, that the actfvfty of the enzyme
itself seems to be depéndent-Qin fact, it is very dependent--on the

16 This is not due to solubilization in detergent

presence of the detergent.
micelles. Tﬁe detergent, of course, does help to solubilize the enzyme
and take it.out of the particulates so it won't centrifuge down, but it.
also is eSséntia]-for the full activity of the_eniymé itself. We learned
of the éffect of the detergent on enzyme activity by trying to separate
~out the enzyme activity from the detergent extract. When we performed |
.thafvoperation, we loét the enzyme activityl Then, we considered that

perhaps that was merely the enzyme precipitating, but that turned out not

to be the case. It was the enzyme being inactivated by the absence of a
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suitable ]ipophi]ie'material. We ‘were abTe to'showhthis by adding detergent
‘back again"to}the extract and'recoyering thé-enzymelattivity.__'
Detergents B | . | | E
Thisyphenomenon,'showing the’recovery of enzymedaetiVity with detergent
add1t1on, is shown in F1gure 8. The detergents we used for th1s exper1ment
;were non1on1c and a]1 of them conta1n in them a polyethylene g]yco] chain.
So we then 1ntroduced po]yethy]ene g]yco] 1tse]f as a mater1a] in the solu- ‘
Jtlon, and the . po]yethy]ene glycol does not’ act1vate the enzyme However,
the detergents wh1ch contain the*po]yethy]ene g]yco1_do act1vate the enzyme;
The recovery of.enzyme aetivity_is approximately oneéthird to one—haif of
the origina]iactivity‘present{' The same effect is observed no matter which
nonionic detergent_is used, and the activation curve'of the enzyme activity:
is dependent*upOn the molarity of the detergent and:not On'the critical
'mice11e t:'o_n.centrat’ion.]6 o - The formu]as of ‘the nonionic
detergents which we have used in these experiments are shown in”Figure 9.
The firstftWohdetergents (Triton X-100 and Triton Xj]0j7) are’aiky]_aromatics
on polyethyiene g]y¢o1; the Triton DN-65 is a mixed a1ky]‘on a'mixture of
ethy]ene and_propylene ylycols. Brij-35 is the simplest detergent which We.v
used' hut it has a']ong ethylene glycol tail. . All'ot the nonionic'detergents
do have an effect on the enzyme activity and all of them activate the enzyme
to the same extent on a molar basis. | |
This 1ed us to the conv1ct1on that there was a. 11poph1]1c site in’
: the enzyme which perhaps represented and might be 1dent1ca] w1th, a site
at which the enzymev1s bound to the membrane. This wou]dvalso be the
areaSOn that detergents are required to remove the enzyme'from-the ce]li

membrane,]s'



-13-

The faet:that'variable detergent'Was aiWays preSent in the'enzyme
assays (in the']it ) he]ps to account for some of the var1ab1]1ty of
| activity and of 1nh1b1tor qua11t1es wh1ch were . reported for various drugs
The ab1]1ty of the drug to inhibit the enzyme act1v1ty is also dependent
.upon the presence of detergent but it is at a comp]ete]y different level
_ (cr1t1ca] m1ce]1e concentrat1on) of detergent that the drug 1nh1b1t1on is
_Iaffected.nghe re]atiVe activity of some of the rifamycin derivatives on
the enzyme action, at two different detergent 1eve]s,'is'shown in'Figure 10.
You can see that the r1focyt]ox1me and the r1fazacyc1o 16 are the most
active. Even the ]arge dimeric molecules are active. v Not1ce-also the
amount of drug requ1red to reduce the enzyme act1v1ty to one-half 1n the
-presence of the detergent (Tr1ton X- 100) The amountpof drug requ1red for
inhibition is higher at the higher detergent ]evei. ‘This gave us some
concern,‘because in the literature you will find that:there'are'many reports
of drug act1v1t1es without careful spec1f1cat1on of how much detergent was
--used. You can see how sens1t1ve th1s inhibition 1s to the presence of
detergent. ‘ ‘

Whyvshou]d the drug inhibition be dependent uponvthe detergent concen-
tration? The obvious answer turned out to be that the detergent.forms

micelles and the micelles are, in effect, a 11p1d phase The drug has

"h]1p1d so]ub111ty and goes into the m1ce11es in compet1t1on w1th the

-enzyme. In effect there is a competition between the m1ce11es and the
enzyme for the ]1poph111c drug Th1s is actua]]y what.the:s1tuat1on 1s,
and the 1nh1b1t1on t1trat1qn-of the RDP - by DMB and}rifazacyc]o-lﬁlis -
“shown in Figure 1. There were two different ]eve]s‘ofldetergent concen-

tration and two different drugs. You can_see that’the rifazacyclo-16



(the c1rc]es) at very 1ow detergent ]eve]s 1s extreme]y act1ve. This
accounts to some extent for the arguments that the chem1sts and b1o- o
chemlsts have been hav1ng as to wh1ch of the drugs are effect1ve and
| which ones are not. ~ The quest1on now arose as to whether we cou]d show
this was m1ce1]e extract1on of the drug from ‘the enzyme The resu]ts of
bth1s exper1ment are shown in F1gure 12 Here we have only one drug present
v(r1fazacyc]o 16) and three d1fferent detergents, and we ‘are show1ng the
percent of 1nh1b1t1on of the contro] acttv1ty as’ the,funct1on of.the amount
- of detergent used.ﬂ We have a constant”amount of drugyand are changing the |
amount of~deterqent ~ ‘As we increase the amount'ot detergent ‘the drug
fbecomes tota]]y inactive, and almost 100% of the enzyme act1v1ty is exhibited;
: at ]ower detergent 1evels, the drug 1s working. The same effect shows for
a]] of . the var1ous detergents tr1ed-—Br1J -35, Tr1ton 'X-100, and Tr1ton'
DN-65 You can see’ a]so that the drug ceases its act1v1ty 1n proport1on to- |
the amount of m1ce]1e format1on ' I be]1eve that there is: ]1tt1e doubt ‘that
these two phenomena are re]ated to each other The'drug is removed from
the enzyme by extract1on 1nto the m1ce]1es The eva]uat1on of a drug enzyme
1nteract1on, therefore, depends a great deal upon nature of the drug and the
nature of the detergent which is 1n the medium and the concentratlon of the
]detergent in the med1um , : o |
The next step was to show that the drug actua]]y is in the micelles.

'The resu]ts of an exper1ment in wh1ch the drug 1s passed through a ge]

| permeat1on co]umn in the presence of detergent is shown in F1gure 13

IWhen there are no m1ce11es, the drug comes out as free drug,_ as the amount
- of. detergent 1s 1ncreased to where most of the detergent is in the m1ce]1es,'

most of the drug comes out ‘in the detergent micelles.
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We thought for some time that other cdmponents of the assay mixture
might affect the drug activity, and; in fact, they.do;_ The bovine serum
albumin (BSA) has a very high lipid content, and it can act in the same

way that the micelles do, and the effect'of sb]ubiiiZation'of DMB with

'BSA is shown in Figure 14. The tritiated drug (DMB), without any BSA,

comes out as a simple molecule very late. As BSA is added, the drug comes

out with the BSA peak and the higher BSA ratios give more of the drug in

- the peak. Hefe, again, is another variable which must be considered in

these enzymatic assays.

We have shown that there are several drugs which are potént enzyme
inhibitors. Is this a cTue.as to the ability of fhe'drug to prevent the
focus formatioh, i.e., to prevent the transformation of a cell into a
cancer cei] by the virus?. This wou]d.require a measurement of the ability
of the vifus to transform cells in the preéence of different amounts of
drug, Without affecting the viability of the ce]]s'ﬁhemselves. " In other
wbrds, you mustn't hurt the ability of the cell to grow and divide, i.e.,
relative 1nsen$itiv1ty of DDP and DRP. Table 1 shdws.some of the more
recent resU]ts;'comparing'RDP inhibition by seven different rifamycin
derivatives and three different detergent concentrations.. Table 2 shows
the focus jnhjbition of MSV ih Ba]b/3T3 cells. by DMB._ In.eaéh'case, the
level of 50% fnhibition is of the order of 2-3 ug/ml;'which gives pretty
good COntroi, and.when the concentration of drug is increased to 8 ug/ml,
there are no foci present at a11.  werhave studied .the ability of cells to
grow and multiply in the presence of theée drugs, and thendrugs are not
cytotoxic.ét low concentration. Having done this experiment with DMB,
we decided_td compare the effects of DMB and rifazécyc]o-lG on the in-

hibition of focus formation of MLV on the special cell line, UC1-B, and
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Table 1.  Concentration (ug/ml) Yielding 50% Inhibition
or the RDP | o

Rifamycin_Dérivative' ‘, 3 I Triton X-100- Concentration

0.005%  © 0.0125%  0.025%

Rifaldehyde octyloxime = - 6 - 16 . 48
Rifamaziﬁe'{,f, S Y o f1;,22 s
‘Rif-urea . | 27 R I 60
Divifampin - o REEEERTY B g 35
Rifazabicyclo-9® 12 . 2 %
Rifazacyclo-16 ‘ ‘; "41'-. ;  2 BRRE |
Dansyldesmethylrifampicin o B 3
Aminodesmethylrifampicin - . 55 44 135
| DMB—oxidiéédb o B - S 1000 .
DesmethyTr%famPicin | . s 100 :.‘.{,  - --
Rifampicin’ b. _ > ]0 0 | 400 -
Spin-1abé1éq rifampicin 1 | - > 275 .
v Spin-]abé]ed_}ifampicin 2 | - 1 -- o 500

Tetrahydrofuran was used 1hstead of DMSO.

bQui‘none fqrmaqf'DMB. v : : _ ‘

‘Assays Were_done'as deséribed in Methods. DMSO was 1.0% or 1.0%/100 q
derivativé,,whichéver ié gréatef.v Protein was 0;45 ug-2.5 ug with an

activity of 200-62 pmol/hr/ g. |
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3Tab1e~2,. Focus Inhibition of MSV in Balb/3T3 Cells by DMB -

Experiment - DMB* Average _g  L% of Contro1

Number - - o (yg/m1) ~ # Foci - Foci
1 0 a3 100
‘ o 6 14
10 0 - 0
n 0 597 .. 100
301 | 50
16 2
155 | 0 150 3 100
' 3 70 | 47
v 0 159 100
o 13 S 8

0 | 0

“*Drug was present in the medium throughout the experiments, the duration

of which was 7 days.



e
' how_it wasJaffectedbe'amphotericih*B. The resuits]are'shown in Table 3,17
‘We haye expected the rifazacyclo-16 to'be'anﬁeven'bettertinhibitor of‘
focuS'formationvthan DMB because, as'seen:in Tab1e I,Jit'will inhibit the
RDP act1v1ty at about one- f]fth the concentrat1on wh1ch was requ1red for
DMB to produce the 1nh1b1t1on We were surpr1sed to note in our f1rst |
exper1ment w1th r1fazacyc10-16 that equa] amounts of r1fazacyc1o 16 (1n
this case 6 ug/m]) produced much poorer inhibition (14% 1nh1b1t1on) of focus
formation than_DMB at the same level (46% 1nh1b1t1on) It was at this
point thatvwe suspeéted that*the_failure of r1fazacyc]o-16 to live up to
its promise as indicated by its enzyme'inhibiting:capabiTity'when used on
whole an1ma]s m1ght be attrlbuted ‘to its 1nab1]1ty to penetrate the cell

membrane. It had been prev1ous]y shown that amphoter1c1n B, a fungicide,

18,19 »20 enhanced

.when used on_yeast on conjunction w1th other antibiotics
the effectvof antibiotics; this was believed to be byIVirtue'of its
ability to a]]ow the ant1b1ot1c to penetrate the ce]] membranes in this
case. It was for th1s reason that amphoter1c1n B. was tried in the focus.
inhibition test as well. | o

Other Enzymes

We have'just now begun to expand our efforts, now that}we have deter-
mined a method for getting the drug into the ce]ls.stWevnow want to extract
the enzyme to which the drug has been bound. Therehis a.reason to believe
that one of the other enzymes, other than the RDP, is. even more sens1t1ve
to the drugs than is the reverse transcriptase. Therevare at Teast two
other enzymes 1nvo1vedf-one that_breaks the DNA strandhand the other that
1nsertsvinformation into the DNA. One. or the other,of the second stage

enzymes in the insertion of new information from an RNA or DNA source is
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Table 3. Effects of Amphotericin B’ and R1famp1c1n Der1vat1ves on Mo]oney

Leukem1a Virus Transformat1on of ucl- B Ce]]s

Rifampicin Derivative ' Average # Focx Formed
| ng/ml With Amphoter1c1n B W1thout
(1 #g/m1) - Amphotericin B
D1methy1benzy]desmethy1 o %S-' . T 4
r1famp1c1n | 0 298 (100) 287 * (100)
| | 3 180 (60)* 234 (80)
6 42 (14) 157 (54)
2 0@ . 0o
Rifazacyclo-16 ‘, 0 298 287
3 284 (94) 291 (91)
6 30 (10) . 251 (86)
12 0(0) | 0 (0)

“*Figure 1n'parenthesis: percent of control.

Focus inhibition assay was done as described in Table 2.



-20-

apparentlyfeven morevsenSitive to the drug than is”the reverse'transcrjp-
Ctase. | S o

Reference to F1gure 4 c]ear]y shows the p]ace in wh1ch these add1—
tional enzymes p]ay the1r role. We have called them, in Flgure 4, c11pp1ng
"enzymes, of wh1ch the restr1ct1on enzymes are a specific example Of course,
the restr1ct1on enzymes are on]y 2 Spec1f1c type of a genera] class of
»nucleases ca]]ed endonuc]eases wh1ch will clip one strand of a. double
‘strand.st: If, however, there_1s,a spec1f1city at;the“s1te of c]1pp1ng'
~such thatcboth specific”sites}are within‘a']imitedmnumber of bases of
each other, then both Strands.of the double strand mi11 be'c1ipped in
such a way as. to prov1de st1cky ends w1th a spec1f1c base sequence to -
be exposed of anywhere from four to elght nuc]eot1des - These spec1f1c
st1cky ends would then be found in both the parent DNA as well as in the
DNA copy of’the yfrelﬁRNA if they'are both clipped by the same clipping
enzyme with this same specificity This'wou]d provide a specific-mechan-
ism for 1nsert1ng the viral information in the form of the DNA copy w1th
the proper st1cky ends to f1nd a site 1n the ce]] DNA Fo]]ow1ng this
:?annea]1ng wou]d come the ligase enzyme wh1ch wou]d then link the new]y

found match1ng base sequences by a homopo]ar linkage, comp]et1ng the

insertion process.

" CHEMICAL AND VIRAL CARCINOGENESIS

~

Our primary concern has not been viral oncogenesis but chemical
~carcinogenesis. At about the same time that I learned of the reverse
transcriptase 'Ifa]so learned that a tumor which hed been generated by

'dimethy1benzanthracene and carried as an'ascites'for some time had the
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nRDP.activity inlit: It was th1s 1nformat1on wh1ch rea]]y began our work
", on v1ra] enZymes, wh1ch was preparatory for chem1ca] carc1nogen1c re-
dsearch | | |
As thlS work - progressed we were p]eased to 1earn that a rela-
s ,tionshlp between chem1ca1 carc1nogenes1s and v1ra]-carc1nogenes1s,has long
been know. Perhaps some‘ofAthe“ear1fest‘work fn this field was first un-
: eqUiyocalTy'demonstrated'by'F. Duran-Reynals as ear]y-as 19572] in whichb
the combined effects of Chemica]:carCinogens and yirUS infection were
,descr1bed Another unequ1voca1 demonstrat1on that'the administration
fof both chem1ca1 carcinogen and oncogenic virus enhances the probab1]1ty

22 ‘Much

of appearance "of neoplastic transformatTons appeared in 1965.
‘of this work has reoent]y been revieWed‘by'Maria Duran-Reyna]s.23 Most
A'recent]y;’this synergism has been described on:tisSUe.cu1tures-from a

“variety of cell Tines. 2 Here, again,fnot only was a synergism demon-

~‘strable but in some cases inFWthh'the‘virus was not-added exogenously

- the adminiStration of the chemical was able to.produce the release of -

| '::thevirion into the ’rnedium,'z'5 suggesting that the viral information was

present in the cell in ‘some form, perhaps as a p]astld or even in the

| nuclear DNA 1tse1f 26

A rather comprehens1ve review of the re]at1onsh1ps of various

;-endogenous v1ra1 1nformat1ona1 fragments, part1cu1ar]y in chick embryo

27

- cel]s, has been prepared by We1ss Here aga1n, it 1s ev1dent that

‘ f‘a var1ety of chem1ca1 carc1nogens, including condensed ring systems,

- ocan 1nduce the re]ease of var1ous forms of virions from such cells,

Vdepend1ng upon the part1cu1ar ]nformatJona] content of the cells.

r_Apparently'these bits of_virion'information are widely distributed in
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the towT:population; both'domestic and Wi]d;;andjare‘normaliy not visible
.;in the phenotypezunti] somevspeCia1tcoincidence of circumstance makes
the1r appearance poss1b1e |
Perhaps one of the most 1]]um1nat1ng b1ts of t1ssue cu]ture work
1nd1cat1ng the re]at1onsh1p between a chem1ca1 carc1nogen of the type
in wh1ch we are 1nterested name]y, the condensed r1ng ‘hydrocarbons, and
viral oncogenes1s is some very recent work descr1b1ng th1s synerg1sm
. as a funct1on of the_order»of'add1t1on of the two_umaterxa]s.28vaslng
rat embryo:ce]js maintained for as many as 40 passages-it has been
shown that the'chemica]‘carcinogen 3-methy1cho]anthrene (MCA) at suitably
‘chosen doses js~not effettfve in producing'transformation of this tissue
cu]ture uﬁigss_theﬁcu]ture has‘previous]y been exposed'and infected by-
a rat-adapted.Rauscher 1eUkemiaIVfruS‘(RLV) Furthermore, since treat-
ment by the MCA pr1or to RLV 1nfect1on does not produce the synerg1sm,'
even aft er a SJgn1f1cant number_of‘passages with the_v1rus,-the 1nd1-v
cation-is'that”nollong=liVed effect of the'MCA;'either?in the form of
an activated.tntermediate or in the form'of'a-prelimihary”action on the
:ce]]ular,components islcrucial; On the other handglsince‘treatment
with MCA}fOJTOWing infection with this RLV will show.transformation
: ;and usua]]y not before several passages after the treatment with MCA,
“the suggest1on here is’ clear]y that the carc1nogen acts d1rect1y on

’the package of oncogen1c 1nformat1on conta1ned in.the" RLV It is for

treasons such as th1s,,but Tong" before th1s part1cu1ar 1nformatlon

-'appeared that our. chem1ca1 carc1nogen1c activities were d1rected to- '
.ward the 1nteract1on of the chemical carc1nogen w1th a package of

cancer produc1ng information as represented by the oncogen1c v1rus
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ih the work-reported here; I havevanother.bft of evidence to

“add, demonstrat1ng the re]at1onsh1p between v1ra] and chemlca] carcino-
.gene51s That data is shown in Figure’ 15 We have a stra1n of rats which
upon two 1nJect1ons of d1methy1benzanthracene will within s1x weeks all -
deve]op mammary tumors. This is a good an1ma] system for exam1n1ng chemi -
cal caicinbgenic effe-ts. I was anxious to see if the drug would have any
effect in-the'lfve animals, and the resu]ts.of this.ekberiment show what
habpens'when'fhe drug is giVen'to.the anima]s_aftherlfhe injection of
_the cahcinogehic material. The carcinogen is 1njectedfduring the first
week, and the drug'is‘given at several'differenf concentrations and rates
for the fo]]pwﬁng‘IO-IZ weeks. The number of control animals (the animals)
which,recei?ed no drug) are shown in the circies. fhe animals 1in @he

ubper paftnof”Figure 15 are SpraguefDawleyvhats with the carcinogen and
| DMB compoundvinjeéted intraperitoneally; the animals in the lower part

‘of Figure 15 are LbngAEvans rats jnjected with trimethy]benzanthhacene 8
“and DMB-rifampicin injected intraperitoheai]y.- |
You will note'thét in’both cases the'onset of tumors is later with

the injection' of the drug and the average lifteime of the animals is from
about eight weeks to eleven to thirteen weeks. The onset-of the tumors is

29 The drug does not cure the

slower and the development is slowed up.
.tumors; or stop fhem, but it slows them down in their enset and progress. v
‘This may be due to the fact that the chemical carthernesis does not |
involve the {nsertion of a new piece of RNA or DNA into fhe cells, but
;the chemica] a]]ows it to-becbme expressed in some'Wéy.

The reason that the drug acts at all in the chemical carcinogenesis

is thatln order to keep the cancer growing at its full speed the RNA-

1nstructed DNA polymerase must play a role in the rep]1cat1on and division



7
of thevtqm6k ¢e]1s, This gives us some jUstificatioh for saying that the
- drug does. indeed slow down the onset of.fhe chemicéliy induced tumor and

s]ow:down~itsvu1timate developmenf.'
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FIGURE CAPTIONS

Nontransformed Balb/3T3 cells, 5500 x, showing contact
between cells (optical microscope)

MSV foci on Balb/3T3 cells (two magnifications: 10 x and 40 x)
(optical microscope)

Section through UC1-B cells showing both normal (MLV) and
aberrant (MSV) Type C virus in cells (magnification 240,000 x)
(electron microscope)

Scheme for possible function of RDP in oncogenesis by
RNA viruses .

Four ansa antibiotics, including rifamycin

Some synthetic modifications of rifamycin

Extraction scheme for RDP

Activation of RDP by nonionic detergents

Structural formula of nonionic detergents used in RDP acti-

vation. Those shown with ethylene oxide components indicate

the composition of the starting monomer; those shown with

polyglycol formulas indicate materials which have been

purified after polymerization

Relative activities of rifamycin derivatives in RDP inhibition
inhibition

Titration/of RDP inhibition by DMB and RC-16 at three

Triton X-100 concentrations

RDP inhibition by RC-16 and detergent micelle formation by
Brij-35, Triton X-100 and Triton DN-65 detergents

Solubilization of DMB in Triton X-100 micelles by gel
filtration (Sephadex G50)

Solubilization of DMB by BSA, gel filtration (Sephadex G50)

Prophylactic effect of DMB against DMBA and TMBA in rats
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XBB-727-3782
Nontransformed Balb 3T3/A3l cells (5500 x)
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MSV Foci on BALB /73T3 Culture

o XBB-713842
10 x Dark field illumination 40x
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XBB-723-1567

Complete MLV Aberrant MSV
C Type cylindrical and incomplete

Balb UCI-B + MLV ~240 K

Fig. 3
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RIDP EXTRACTION
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of RIDP activity. The numbers in parentheses are the concentronons of Triton X-100 .

in percem (v/v )

Fig. 10
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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