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ABSTRACfE. fIrradiatioh of benzo[a]pyréne l_with 1-methylcytosine
.hydrOCh]orfée gg_(mOIaffratio 1:10) at 3500 R in methanol-acetone
produces the 6-(1-ﬁethylcytos-5-yl)ebenzo[a]pyrene 3. The
structure of the photoproduct shows_ the hydrocarbbn bound

through the_most active 6-carbon atqm to the nuc]eophilic 5-
position 6f the base. The specifit'substitution of both moieties
combined with other data allows us to understand the carcihogenic
activity‘of the hydrocarbon (reported in the previous paper of
the present issue) and theréby to propose a possible mechanism
of their linkage in vivo. In this model, the K region does not

, play7a'role in»triggerihg the cancer process.



'Introduction

Forty years have elapsed since:fhe firét po1yéyc1ic aro-
matic hydrocarbon dibenzo[a, h]anthracene ‘(Kennaway, 1930) was
found to be carcinogenic. S1nce that time many of the poly-

condensed aromat1c compounds have been isolated and an exten-
‘s1ve research act1v1ty 1n1t1ated with the hope of f1nd1ng a
re]atlonsh1p between carcinogenic act1v1ty and molecular |
structure. The reso]ut1on of this first step conta1ned the
hooe of Shedd1ng 11ght on the1r 11ke1y mechanism of carcino-
genesis. | | | |

Unfortunately, the results have been unsat1sfactory so far.
The major goals offer1ng a cha]]enge in this field can be for-
mu]ated'w1th.the fol]ow1ng questions: ~What is the distinctive
feature of these hydrocarbons that render them spec1f1ca11y
carc1nogen1c? Are the hydrocarbons Egg_se or some metabolites
the u1t1mate carcinogens responsible for the cruc1a1 reaction
with the ce]lu]ar receptor? Is the reaction phys1ca1 or chemi-
cal? What is the essent1a1 cellular receptor w1th which they

interact? What is the biologica] specificity capab]e of pro-

' vok1ng the 1rrevers1b1e change from the norma1 ce11 to the neo-

p]ast1c cell? All these questlons st111 await a def1n1t1ve

: answer..
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Pullman and Pullman (1955) from MO céltu]atiens on these
hydrocakbdné.succeeded to some extent in correTating the car-
c1nogen1c act1v1ty with the re]at1ve1y high e]ectron density of
the meso phenanthren1c double bond (K region) and ‘the rela-
tively low electron density of the meso-anthracen1c pos1t1ons’
(L region) They have proposed further that the critical
react1on in cancer 1nduct1on is an add1t1on of the K region to
the essent1a1 cel}u]ar componentfe»

de]ahd (1964) postulated that the K regioh eboxide, which
presumab]y m1ght be a metabo11te of the hydrocarbons, is the
u1t1mate carcinogen. |

Dipple et al. (1968) offer an“é]tefnative hypothesis. The |
ultimate carcinogen for unSubstituted aromatic hydfocarbons is
the carbonium ion carresponding to the open form of the K region
epoxide. As far as the initial tr1gger1ng of the carc1nogen1c
process is concerned, several rival theories have been suggested
in the past years.. . |

A 11ne of thought (Boyland, 1962; Pltot and Heidelberger,
1963) argues that the chemical agents bind to_the protein repres-
sor holéeUles which govern the expression of the geneme. ‘The

imbalance of the genetic information originated by this
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nndifiCétion can.provoke a loss of résponse to the growth; '
regulating mechanism of the cell. On the other hand, the
somatfc.mutation theory, for the firSi'timé formulated by
Boveri (1929),suggests the nucleic acids as the essential
cellular target. In such a case, the iﬁportancérof'the DNA,
as ckitical cellular Cbmpbnent, Compared to.fhe RNA, can be‘
considered directly proportional to the extent of valfdity of
the central dogma (Baltimore, 1970; Temin and Miiutéhf; 1970).

Strdng support could be provided to the mutational assUmpf

_ tion of tumor initiation, if the different structures of the
ultimate chémica] cardinogens'aré capable of modifyihg the
nucieic acid bases and thereby of produéing a common biologi-
~cal effect.

‘}The mutagenic properties of the acridine dyes attributed
to the/interca]atioh model with DNA,Fby ana]ogyj'suggested an
intercalation mechanism for the physfca]vbihdfhg of the aromaéic
hydrocarbdns to DNA'(Boyland and Green, 1962). However, carcino-
genic and ndh-cancinogenic hydrocarbons show an extent and an \
affinity of physical binding to DNA whicﬁ cannOt“be correlated

with the carcinogenic activity (Lesko et al., 1968).

ey
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Bfoekes and Lawley'(1964) found a re]ationship among chemical
complexes of DNA with anOmatic hydroeerbons and carcinogenicity
after pafnting mice with these compounds and isejating their DNA.
A'chemical 1fnka§e between benio[a]pyrene and DNA by the ection
of ultraviolet light (Ts 0 and Lu, 1964; Kodama and Nagata, 1969/
"1970) was also obtained. o

A covalent binding of benzo[a]pyfene (Leskovggjgl., 1969)
(or 3-me£nyicholanthrene, or’7,12-dimethy1benz[a]enthracene,~ “
Morreal gg.gl,. 1968) to DNA was induced by indine; hydnogen
’ peroxide'in“the presence or.absence of ferrons iqn and the as-
~corbic: ac1d model hydroxy]at1ng system. - ‘ |
~ The rat liver microsomal hydroxy]at1ng enzyme systems also
- promoted the same reaction between DNA and carcinogenic aromatic
hydrocarbons (Grover and Sims, 1968; Gelboin, 1969).

This paper describes the model photochemieel reaction of )
benzo[a]pyrene.lmwith-1-methy]cytosine g,' The elucidation of the
structure of the photoproduct displays the coupling positions for
the-compounds 1 and 2. The hydroeanbon is found to bind through
the most active 6-carbon atom to the nuc]eophiiic anOSition of
the base;  The specific substitution of both moieties taken to-

gether with otner data permits us to understand_tne carcinogenic



| . | |
activity of thevhydrocarbon (Cavaliéri and Calvin,.1970) and to

propose a possible mechanism of théir_]inkage in vive.

Results

- Photolysis offﬂenZO[Q]pyrene'1'énd‘of'1;vbthy1cytosine Hydro-

. chloride 2. A mixture of benzo[a]pyrené 1 (0.400 g) and 1-methyl- |

cytOsine:hydrochloridel 2a (2.570 g) (molar.rétio 1:10) is irra-
diated at 3500 R using a Rayonet Phdtochemical:Reacth‘in'400 m)
of a solution of methanol acetone® (70:30) for 24 hr.

'-.a

~ 2a, HCl at 3-N 3

]The protonation of the nitrogén~at'the‘3-position has.béen

c]early:demonstrated by'Mi]es*gggglg (1963). B
zin an alternate run, water replaced methanol with the same

‘results.
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Before the irradiation a stream of‘nitrogen was bubbled
through the solution for 1 hr. Under,these'ohotochemical condi-
tions on1y.the aromatic hydrocarbon was excited. At the end of
the photo]ys1s a small amount of a new compound shown to be 3,
in addition to the two starting mater1als, was detected on thin-
layer chromatography (tlc); it had an Rf value between those of
the hydrocarbon 1(less polarj and’ot the baseléa“ After the
evaporat1on of the solvents, the residue was treated with ether
and most of 1 was d1sso]ved The rema1n1ng so]1d was then d1s-
.solved in a mixture of water-chloroform and. the new compound was
extracted in the‘organ1c_solvent. The ch?oroform solution was
washed‘With 5% sodium bicarbonate end then with water.

After purification on column chromatography and then on pre-
parative tlc, the yellow compound'g_mas recrystallized from
acetone4hexane and had m.p. 331-33° (dec.). Tne elemental
analysis is consistent with 1:1 benzo[a]pyrene-methy]cytosine
complex. The spot of the compound 3 on silica ge1 tlc using the
aprotic solvent systems, benzene-acetone (r: 30) or pure acetone,
does not move. A. so]ut1on contaln1ng only 2% of water, using
éCetone-benzene-water (58.40.2), is sufficient to displace the |

same spot. No'dec0mposition of the compound g;is'indicated by
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tlc and ultraviolet (UV) spectra after boiling for 24 hr in
methano]4Water The product'is equally stable after treatment
with 1 N hydrochloric acid for 2 hr at 100° or with 1 N sod1um
hydroxide for 12 hr at room temperature. | '
When a mixture of 1_and l-methy1cytosinevg_rather than 2a

wes3irradiated_on1y trace amounts of the new product were re-

vealed'by tlc. The comparison of this produCt with the compound

3 showed the same Rf on tic and the same uv speCtrum. In contrast,

the non- carc1nogen1c benzo[e]pyrene 1 and 1-methy1cytos1ne hydro-
chloride 2a or 1-methy1cytos1ne 2, when photolyzed under the same
cond1t1ons, formed no new product |

A Chemtcal attempt to get the same'coupTing between thefcom-
pounds T'and 2a (molar ratio 1:10) in acetone—water (66'33).
using as promoter jodine or hydrogen perox1de in the presence of

jferrous sulfate, was unsuccessfu]

Elucidation of the Photoproduct‘Structure 3. ‘The structure of

compound 3 has been elucidated by the elemental anaTysis (vide supra

and Experimental), the infrared spectrum, the ul traviolet spectrum,
and the nuclear magnetlc resonance (NMR) spectrum.
The infrared spectrum shows characteristic absorptions at

3520 and 3400 cm”! attributable to- the NH primary amine, 1655 and
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1590>cm'1 ascribable to the carbonyl vfbrétioﬁ of_ara-]actam and
to the béhding Vibfation of an aminé, respecthéiy. ‘The disap-
‘pearaﬁééZOf the characteristic strong absorption of the benzo[a]

1, corresponding to the odt-of-b]ane bending band

-pyrenébat 870 cm
of thé CH'group at the 6-position (bentafsubstthtéd benzene)
' offersH$6ﬁe evidence that such ajpositiOn‘iS involved in the
attachment to the base. | :. u " |

- The UV spectrum (Figure 2C)‘has the same‘absorption maximum as
benzo[a]pyrene (Figure 2A) but al]lthe bands'aré; as compared to
~ the hydrocarbon, sﬁffted to longer*wdveiengths'by:3-101mﬁ. This
displacement toward the red is the same és 6-methylbenzo[a]pyrene
.(Figufe ZB). The mb]ar abSorption coeffféients'fbr the three com-
-'bounds,vcdfresponding'to the wavelengths of maximum'absorptiohs are
'reportéd'in Table I. The»striking_simiiarity of tﬁe two UV speétra
of the méthy]- and meth}lcytosyl-benzofa]pyréne sirong]y suggests
for.the latter the attachment to'the‘hydrocafSéh through a substi-
'}tution at the 6-position. |

Before discussing the.NMR Sbectrum of the photoproduct 3, which
will enabie us to establish the spécific points of ‘linkage of the
base and of the hydrocarboh, it is useful to téke into account the
structures formerly proposed for'theseﬂigndS'of.compounds.
Rice (1964) obtained stable pfoducts in poor amounts when

benzo[a]pyrene was irradiated in the presence of uracyl, thymine,
cytosine, 5-methylcytosine, guanine and 6-azathyhfne. The UV

spectra of these‘compounds presented the same absorption maximum
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and were the same as in Figure ZC; He proposed for cytosine and

'benzo[é]pyrehe the cyclobutane adduct 4, involving the'4,5-dquple T

bond of fhe hydrocarbon and the 5,§-doub1e bohd'of fhe base. The
4,5-double bond of the benzo[alpyrene is the K region proposed by
the Pullmans (see Introductibn). The ratfqna]e df'théir theory
largely contributed to the formu]afion of the adduct ﬂ,. This
structure offers two ﬁajor discrepancies. (i) The UV spectrum of
~ the hydfocarbon;*where'the 4,5;double‘bond is reduced asvin 4, is
: suppqgédito be similar to the UV spectrum of chrysene. The com-
parisoﬁ.of the UV speétra df‘chrySene,§;and 4,5-diacetoxy-4.5;

3

dihydrpbenzd[a]pyréne_g} as shown .in Figure 3, are tru]y similar

= = O
» . ]

x
This compound was prepared in the manner described by Cook

and Schoental (1948).

3
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-and thus, the structure 4 for the photoproduct can be regarded
‘,as unllkely (i1) The same UV spectra were obtained from the
photoproducts of benzo[a]pyrene and pyr1m1d1ne ba§e; or pur1ne
bases as, e.g., guanfﬁe. While %t is_easy to sbech]ate about
- the possibi]ity'of'a cycloadduct'of the hydroéarboh with the
act1ve 5,6- doub]e bond of the pyr1m1d1ne bases, 1t is arduous
to 1mag1ne the same derivative with guanine.

The"]atter argument is also valid in causing serious
doubts ébout the structure of thé cyc]obutane adddcts pro-
posed:by Antonello et al. (1968) fbr the same photochemical
products.' In this case the 7,8-double bond of the hydro-
carboﬁ is suggested t0~form cycloaddition with the pyrimidine
bases. Thelstructuré‘of thetpHOtoprodycttlis édpported by
~ the similarity of these compounds.with the 7,8-dihydrobenzo[a]
| pyrene. | -

The analysis of the 220 MH, NMR (Figure 4) shows the
charaCtéristic methyl protons of the cytostne moiety at ¢
3.51. The same protons in the  NMR spectrum ofilénethyl-
qytosine in dimethyl-ds-su]foxide are at ¢ 3.15; ~The two
broad‘sihglets at & 4.52 and 6.64 are exchangeable with deu-
terated‘water and . thus correspond to the aminc protons. In

1-methy1qytosine these two acidic protons.possess.a unique
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chemical shift at & 6.92. The difference of their chemical
shifts in the coupodnd 3 results from hiﬁderedvrbtation of
the amfno group, as already suggested earlier for the cyto-
‘Sine.hydrdchloridé (Katritzky and Waring, 1963), and for
the 1-methy1cytosihe'hydrochldride (MiTeS'gg_gl.,51963)._

The two doublets at's 5.54 and 7.44 in 1-methylcytosine,
‘corresponding réspéctively'to the protons in 5-}and 6-
_ position have disapbéaréd‘in'the combqundlg_(Figdré 4).
| This hight imply, at first glahce; that the 5,6Fdoub1e bond
of 2 is involved in the reaction with the hydrocarbon.
However, if this bond:has-beeh reduced, the corrésponding -
protons must be strohgly shifted to the highef_fie1d; as it
can bevobserved from the NMR spectrum of 5,6-dihydro-1-
methylcytpsine-inachloroform-d (see Experimentq]),'where
the protons in 5; and 6-position are found at & 2.65 and
3.33, reﬁpéctive1y. | o

The expanded speétrum‘of 3 in the low field regfqn
(Figure 5) permit§ one to visualize tbe aromatic prdtons.
The integrated spectrum shows twelve protons determined
relatively to the protons of the.methyl,group (Figure 4) and

provides the relative ratio from left to right as 2:1:1:2:1:1

1.
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The ccmpéfison of this spgctrum:with the spectra of Benio[a]
pyrene 1 and 6-methy1ben20[a]pyrené (Cava]ieriiahd Calvin, |
1970),:which héve been'completely'fnterpreted, shdws the ab-
| sence of fhe characteristic singlet peak at & 8.41, corres-
pondfng'td'the proton in the G-bdsitibn. A similar ébsence
has been observed in the spectrum §f the‘6-methy1benzo[a]pyrene.
Therefbré;:fhe'hydrocarboh is substituted at the é-carbqn atom.
- The twovahgu1ar protoné Hjo aﬁd Hyy are clearly identified for
their'ié}gest downfie]d}shift. Thé Hy2 is also aﬁéfgned‘on
'the;basis 6f the same coupiing constant as Hyy aﬁd about the
sane_chémfca] shift (Siight]y desﬁie]ded) as in benzo[aJpyrene.
" The two broad bands centered at & 8.68 and 9.36 are spinning
sjde-ﬁaﬁds. D |
The other protons of the hydrocarbon moiety afe only ten-
‘tatively assigned. The doublet at § 8.24 (J =7.0 Hy) s
'probably the proton in 7-position, which is not deshielded
compared to the benzo[alpyrene, although the presence of the
base substituted.in 6-position'shohid provide a‘deshielding
effect. The Hy is suggestéd to be the doublet at § 7.92 for
its chemical shift and coupling constant (9 = 8.8 H,).  The
chemical shift and the coupling constant (J = 7.5 H,) also
decide for the attr‘ibution.of Hy - " In the-higher field the



comp]ex multiplet centered at & 7,80 contalns three protons, which
for thelr chemical sh1ft are tentat1ve1y ass1gned as the protons
at the 2—, 8-, and 9 pos1t1ons The two protons at 5 8.08 are
the H3 and H5 Th1s band system is a super1mpos1t1on of two doub—
lets. The s1ng]et at s 7. 35 that was not found 1n the spectra
of benzo[a]pyrene and 6-methy]benzo[a]pyrene'must necessar11y be-
long to the methylcytosine moiety. The Chemfce1 shift is consis-
_tent with the‘proton at‘the Gonsition.v The methy]cytosine.in
dfmethyl-ds-sulfokide-(the base islinsoluble in ch]oroform) shows
this_signal at 6:7.44.' The 5119ht shift d1fference is compat1b1e
~ with the solvent effect. The spectra of 5, 6 d1hydro ]-methy]cyto—
sine in chloroform-d and dlmethyl-d -su]fox1de present a shift
__d1fference of the respectlve protons of the same order of magnitude
(see ExperimentaT) 'The absence of the signal corresponding to the
proton in the 5-position and the resu]t1ng s1ng]et in the 6- pos1t1on
: clearly signify that the base is subst1tuted at the 5-position. -

The UV spectrum, prev1ously dlscussed, has the same absorp-
tion maxinum as the G-methylbenzo[alpyrene, indicating that the
p]anar ring of the pyrimidine base is not conjugated to the aro- -

~ matic hydrocarbon and thus, must be perpendicular to the same.

O N S I
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The hydrocarbon is subst1tuted at the 6-carbon atom, which
is known to be the most act1ve one. |

The same UV spectra for the photoproducts (R1ce, 1964 ;
_Antqhel]o g;jgl,, 1968) arisipg from benzo[a]pyrene.and all bases
of thé'nutléic acids suggest that the same position of the aro-
matic hydrocarbon is bound to the bases Thereforé, the‘4 5-
»jdouble bond (K reg1on) does not p]ay any role in th1s reaction
with these biological substrates.

‘ Rétionalizatidn'of.the Phdtochemica] Coupling. }Although no

“evidence is réported about the electronic diétribution of the
polycondensed aromatic hydrocarbon§ in their excited sfates, it
is possible to infer a possible phstOCHemical mechanism of
coupling between'benio[a]pyrene and methylcytosine based on the
fo]lowfng data: (i) The cationic_radica1s are the species pro-'

‘duced by chemical (Lewis and Singer, 1965; Frféd and Schumm,~

1967) and e]ectrochemica11(Marcoux et al., 1967) oxidations.

The one electron oxidation in these conditions giVes rise to the
reactive intermediates, which can be stabilized by addition of a
.nucleophile followed by dimerization of the.resulfing radical or
further oxidation of the latter to yield a second cation and sub-

sequent reaction with a second nucleophile. (ii) The methy]cytoéine‘
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‘1s substituted by ‘the hydrocarbon at the 5- pos1t1on wh1ch has
'been postulated by theoret1ca1 ca]cu]at1ons to be the most
'inucleoph1lic one, both in the free base and in the cytosine-
guanine compiementary pair (Pullman-and Pullman, 1963). The
reactire intermediate of the hydrocarboh produced by UV irra-
diation is then presumably a'radical cation derived from the
positive ho]e created by the exc1tat1on of the mo1ecu1e The
pos1t1ve charge wh1ch resu]ts is 1oca11zed on the meso- anthracenlc
pos1t1on S (iii) Further evidence concern1ng the above proposed
‘photochemical mechanism is given by the comparison with the
- mechanism of coupling betweenvbenio[a]pyrene and pyridine in the
‘presence of iodine, 3ggge§ted by Rochlitz (1967) ahd bresented

in Chart 1. |
| ~The photochemical coupling is thus rationalized as in
Chart 2. The exc1ted benzo[a]pyrene, possess1ng the electronic
distribution of a radical cat1on4 undergoes the nucleophilic -
substitution of the base on the positive 6-position. The Tloss
of hydride ion fo]]owthg the.return of the excited electron to

the ground state. and subsequent rearrangement restores the

4The radical is sdggested to be stabi]ized on the 1-carbon.'
atom as shown in Chart 2 or on the .3-carbon atom (Cava11er1 and

Calvin, ]970)




-19-

 Chart 1




Chart 2
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aromatic configuration of the hydrocarbon, whereas the loss of a

.-protdn on the 5-carbon atom of the base reestablishes the 5,6-

double bond.

Negative Evidence of the K Region. It has been demonstrated

that cancer induction on the mouse skin is incréaséd'by UV Tight
(Santamaria et al., 1966) when a definite concentration of
benzo[alpyrene and intensity of radiation are utilized. The

photodynamic action of the aromatic hydrocarbon might be inter-

- preted as an excitation of the molecules which, so activated,
should bind to a higher extent on the cellular feéeptor than the

“non-irradiated one.

-Theicapadity Of'binding; in accordance with the Puliman

| theory (see Introddctibn) is directly related to the presence of

the electronically rich K region.” If the energy required to 1dca-

lize the two electrons is below a set value® the aromatic hydro-

carbon forms an addition reaction with the biological receptor

and thereby induces cancer.

5The.1imit value of the“K region set by Pullman and Pullman

(1955) ‘is a complex index equal to 3.31 8, where g for the poly-

"édndenSed:aromatic hydrocakbons is about 20 kca]/mn]e,
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* The possibility of getting,a car¢inogeniE'effect from non-
cafcihdgenic}hydrocérbons; under the action of'the UV 1ight, was
investigated. The intention was to provide an expefimental
support to the Pullmand' theoretica]_aésumptions.i v'

The hydrocarbons bénzbte]pyrehe 7 and pyrene:8 were chosen,
',sincevthey are characterized by 5 similar structure tovthe benzo[a]
pyrene 1 (K value, 3.23 g) and possess K values Slight]y higher
: : 4. 3.33 8

3.37 8

I
jco

thanvthé limit of caréinogenicity.5 'The 1atter'reasdn was Tike-
wise responsible for the choice of chrysene 5.

’ The ékperimént,was carried out on 180 mice. Swi#s albino
.mite'of“bbth sexes, seven weeks old, were used. The mice were
shaved»once a week in the interscapular area and painted twice a '
week Qith 0.1 mg of benzo[alpyrene 1 in acetone_(one drop of ace- .
tone solution de1iVered byfan-automatiCsdiSpenser) or with the
corresponding molar amount of the other nqn-carcinogenicvhydro-

. carbon (vide supra). They were fed with Simonsen food and water
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scapular area which was about 1 cm
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"was-proVided ad libitum. The 180 mice were divided into nine

groups treated respectively: a) benio[a]pyréne, a') benzo[a]

| pyrehe plus UV Tight, b) benzo[e]pyrene, b') benZo[e]pykene plus

uv light, c) pyrene, c') pyrene pTus UV Tight, d) chrysene, d')

vchrySEne p1us‘UV light, e) only UV Tight. The”painting was per-

1'forméd-tw1ce weekly by delivering a drop in the clipped inter-

2 The irradiations were

carried‘Out four times a week and<two.hours:a day, using a 100

watt UV 1amp with maximum output at 3660 ﬂAand keeping each

group of 20 mice in plastic containers 10 x 10 cm and.'3 cm high,

 covered by a metallic net. The. intensity of the UV Tight, de-
Tivered by a bulb Tamp at 20 cm from the mice, was 8550 ub/cme.

_ ;A'fan system directed at the light beam reguiéted the temperature
_at 25° at the level of the mice. The experihent lasted 18 weeks.
-‘After that period no tumors were disclosed jﬁ-the irradiated
‘,on1y group or in the groups botﬁ irradiated and nbn-irradiated,
| treated with the non-carcinogenic chrysene §, benio[e]pyrene 7
A‘and_pyrene 8. The gfbup treated‘WitH the benio{é]pyrene plus

irradiation presented 63% of the tumors.

These data for the hydrocarbon 1 confirmed the previous re-

sults, namely, that there is an increase of cancer induction in

the_hice'painted and irradiated as compared to the mice only



| 2
ﬁ_‘painted with the same compouﬁd. If the extent Qf‘binding to the
- biological constituents accounts for the'photOdynamic'qction of
1} the K region'is not responsible for this effect'since the
fnnst active'position is the 6-carbon atom, as above described
‘for.the photochemica] reaction between the hydrocarbon and methyl-
'cytoéine. The absence of tumors in mice treated with benzote]
pyrene, pyrene, and’chrysenevandﬁ%rradiated is another bitof
. evidence against thé bio]ogical.importénce of the K region in_

_triggerfng the cancer process.

‘Discussion

The rationalized-mechanismvof'the'photochemical reaction en-
~ ables us to correlate the excited state chemistry of the benzo[a]

6 Therefore, the model

‘pyrene 1 to its ground state chemistry.
system i§ adequate'for understanding either the carcinogenicity
of the hydrocarbon of the possible mechanism of binding in vivo.

"Microsomal hydrbxylating enzyme systems are likely to induce the

'6An outline of the chemistry of-l_is'presented'in the pre-i'

vious paper (Cavalieri and Calvin, 1970).
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covalent binding of the po1ycyc11c aromatic hydrocarbons to the
nucleic acids in vivo (Grover and Slms, ]968, Gelbo1n 1969).
In the previous paper it has been described how.the electro-
philic active oxygen produced by these enzyme syStems engenders
electrobhilic active intermediate(s) for 1, wﬁiéh can react with
~ the nucleophilic positions of the nucleic acid bases. The car-
' cinogénicity of 1 has bgén attributed to the pfésenée of>at
Teast two complementary, active, interrelated positiohs which
must necessar11y be separated by an even number of carbon atoms.

: Suppos1ng that cytos1ne is one of ‘the cr1t1ca1 receptor
A;sites of the nucleic acids, the folJow1ng scheme of activation-
readtibn (Chart 3) can be formulated;' Path a shows an initial
electrophilic attack of the activé oxygen on tﬁé 6-carbon atom..
" The positfve charge prbduced'is mainly localized in the 1-
position (as depicted in Chart 3) and the 3-position. This
reactive fntermediate is stabilized further by addition to the
nucleophile cytosine.. The loss of hydride ion and two protons
yields the cyto;ylhydroxybenzo[a]pyrene. Path b presumes a con-
certed electrophilic and nuc]eophiTic attack<oflthe active oxygen
and cytosine; respeétively, and the final stabilfzation as in

" path a.







(4]

In an alternative p0551b111ty, 1f the ]- or. 3- p051tions of
the hydrocarbon undergo the first e]ectrophilic substitution of

the active oxygen, the reactive intermediate exhibits the posi-

“tive Charge localized at the 6¥position. In'this case the

latter position will add to the biological nucieophile follow1ng

the pattern a or b, as above described

The proposed mechanism implies a specific stereochemical

'.arrangement of the benzo[a]pyrene with respect‘to the nucleic
'facidst"lh fact, one of the three active carbon atoms of the

_ hydrbcarbon nmust be situated in close proximity to the nucleo-
_philic positions of the nucleic acid bases. The requirement is
‘quite obvious in suggesting the concerted mechanism (path b).

‘Indeed, the same requirement is also essentiai for path a. In

this case, if the biological nucleophile is not c]ose]y avail-

able, the reactive carbon 1on will be stabiiized by loss of a

,'proton to give a hydroxy derivative of 1, or by addition of

water:to form a diol derivative of 1. Thus, although the

~ physical benzo[a]pyrene-nucleic acids complex'doeS*not consti-

~tute in itself the determining carcinogenic step (see Intro-

duction), it participates in the preliminary step that leads to

the formation of the oriticai covalent bond. The suitable

phy51ca1 complex might also depend on other factors like mole-

'cular shape and size of the" hydrocarbon.
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According to the.above mechanism, the nuc]eic_acfd can be
cqntemp]ated as a,key-site in the Carcinogenic‘process only if it
is locetee in the vicinity of the hydroxylase eniyme systems,
which are fdund onvthe'endoplasmic reticulum. The ribosomal and
'messepger RNA satisfy this prerequisite. The coupling of the
hydrocarbon w1th these RNA mo]ecu1es probab]y 1nduces an anoma-
lous expression of the genome.. Nevertheless, 4t is not known how
cr1t1ca1 this d1sturbance can be in determining the neoplastic
'transfprmation of the cell. | |

The mutational hypothesis of the cancer initiation invokes
preferab]y the chromosomal DNA as essent1a1 ce]]u]ar receptor.

The few data supporting the existence of the ox1dat1ve enzymes in
~ the nuclei (Rees and Rowland, 1961 Penniall et a] » 1964) have
been conswdered doubtful since. the poss1b111ty of contamination
cannot be excluded. However, the recent resu]ts demonstrat1ng ‘
that nuclei have_the1r own ‘unique electron transport system
(Bereiney'gt_gl:, 1970) validate the previous findings. There-
fore, the DNA also pessesses the requirement of being closely
associated with oxidetive enzyme systems.

A1l bases of the nucleic acids react photochemically with

benzo[alpyrene to give traces of products (AntdneTlo gt_gl,, 1968).
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The Saﬁé uv spectra'for all products presumably indicate that
the 6-pb§1‘tion of the hydrocarbon is involved.

MO calculat1ons (Pullman and Pullman, 1963) pred1ct the 5-
posvt1on of the cytos1ne and the 8-position of the guanine to
be the most_suscept1b1e,to an electrophilic attack. Recent

‘results show that when the benzo[a]pyrene is mixed with the
four homopolynucleOtides in the presence of . ijodine, the hydro-
carbon reacts more extensively with po]yguan1ne (Hoffman et al.

']970), It is also the 8- pos1t1on of the guanlne that under-

gdes an-electrophilic attack by the‘cartinogen 2-acetylamino-

" fluorene-N-sulfate (De Baun et al., ]970);

The similar modification of'the nucleic acid bases pro-

‘v duced;by benzo[a]pyrene and fluorene derivative leads to the

idea of a common primqny biological_effect, as a‘consequence

of these changes.

Experiﬁéhtél-Deféils

Irradiations were carried out in a quartz‘vessel,‘using‘a
- Rayonet Photochemical Reactor, Model RPR-208 (8 low pressure Hg
lamps, 2500 K). The alumina used for column chromatography was

~ obtained 'from Woelm and the activity described is in accordance




with tne:prescriptionsiof the Company. Thin- 1ayer chromatography
’was carrled out on Eastman Chromagram sheets coated with s111ca
gel conta1n1ng a fluorescent indicator. Preparat1ve th1n -layer
chromatography was done on g]ass plates coated w1th 1 mm thick j
silica ge1vconta1n1ng fluorescent indicator. Me1t1ng points

were determined on Bﬁchi‘apparatus and are uncorrected. The in-
'vfrared spectra were recorded on a Perk1n Elmer, Model 257. The
NMR spectra were scanned on a Varlan h1gh reso]utlon HR 220 MH
spectrometer with tetramethy]s11ane as internal standard.

The UV spectra were recorded on a Cary, Mode1 14; recording
specfrophotometer; The 100 watt7UV7Tamp for irradiating mice;‘
was a.BIack-Ray,'Model B-100A, with flood bulb (maximum outout
- 3660 R) and Seinch round fi1fer produced by U]travioletv?roducts,
Inc. (San Gabriel, Calif.). ' | '

The Swiss alb1no mice were obtalned from 310 Sciences Labora-

otory (Oakland Calif. ) |
1-Methy1cyt051ne22., 1-Methylcytosine was obtained from Cyclo

Chemical and had.m.p. 305-307° (1it., m.p. 303°; Hilbert, 1934).
" The NMR (dimethy]-ds-sulfoxide) had absorptions at & 3.15 (3H,
.SInglet), 5.54 and 7.44 (IH each), doub]et J = 7.OVHZ):and76.92
(2H, broad s1ng1et) ' |
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: chloride 2a. A solution of 1 (0 400 g, 1.59 x 10°
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lQMethylcytosine Hydrochloride 2a. 1-Methylcytosine (1.950 g,

-2 moles) was dissolved in 150 ml of'methanol. To that

o solUtlon an excess of hydrochloric acid dissolved in methanol was
i added. éy dilution with 300 ml of ether the 1-methylcytosine
hydrochloride (2.260 g, '90%) prec1pitated and had m.p. 292-293°.

, Photolys1s of Benzo[a]pyrene 1 and 1 Methylgytos1ne Hydro-
-3

moles) in

120 ml of‘distilled acetone was mixed with a solution of 1-

-2

methylcytosine hydrochloride (2.570 g, 1.59 x 1072 moles) in

1280 ml of absolute methanol. The-resulting solution was bubbled

’with alstream of oxygen-free nitrogen for 1 hr and further irra-

diated at 3500 ﬂ*for,24 hr. The tlc on silica gel using acetone-

"benzene4water (70:20:10) indicated a small amount of a new compound,

showing the Rf between the two starting materials, still present in

large amount. After evaporation of the solvent, the residue was

'ataken‘up in'ether and most = of 1 passed into solution. The in-
:soluble mater1al was dtssolved 1n a mixture of water-chloroform.

s After extractlon the organlc layer containing the new product and

some_residual 1 was washed with 5% sodium carbonate and further

-_With water saturated by ammonium sulfate. The chloroform solu-

tion was dried (NaéSO4)'ahd, after evaporation, was chromatographed
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" on Woelm alumina activity IV. The first fractions, eluted with

ch]orofbrm—benzene (1:1) eohtafned‘6-(1;methy1cytos-5-y1)-benzo[a]

pyrene 3 (30 mg). The new compound was then:better purified on
preparative tlc coated w1th s111ca ge] and recrysta111zed from
”acetone-hexane A yellow solid with m. p 33] -333° (dec.) was
obtained. | |
" Anal. Calcd. for c25H19N3 "fc, 79f56;'H,r5;q7; N, 11.13.
Found: ' C, 79.46; H, 5.22; N, 10. 61
The lnfrared spectrum showed bands at 3520, 3460 3400,
1655, 1590»cm 1. The UV spectrum had maximum absorptions at
258, 268, 278, 290, 302, 34@,‘357;'375,'395, 407.S‘mﬁ."The NMR
Spectrﬁm_bosseésed abeorptions at'é 5.5] (3H;'me£hy] group;
singlet), 4.52 (1H, NH broad band exchanged with b20), 6.64 (1H,
NH broad band exchanged wi th D,0), 7.35 (1H, Heyce Singlet),

7.70-7.89 (3, Hy, Hg, and Hy, muliipxet) 7.92 (1H, H doublet,

4

J = 8 8 H ) 7 99 (1H, H], doublet, J = 7.5 H, ), 8.08 (ZH, H3 and

H5, doublet), 8.24 (1H, H7, doub]et. J = 7 OH ), 8. 34 (1H, H]Z’
doub]et, Jd = 8.8 H ) 9.02 (IH H]]. doublet, J = 8. 8 H,» and
9.04 (1H H]O, doublet). _'

1 Methy] 25.6- d1hydrocytos1ne " 1-Methyl-5,6-dihydrocytosine

was prepared by hydrogenation of-]-methy}Cytosine according to
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the method of Green and Cohen (1957) w1th some - mod1f1cat1ons 1-

-3 mo]es) was dissolved in 40 ml of

Methylcytos1ne (]25 mg, l x 10°
abso]ute methanol. To that so]ut1on 5% of rhod1um on a]um1na
(200'h§) was added. when one equlvalent of hydrogen was con-
sumed;:the'heaction was termlnatedf After evaporat1on of the
solvent, the solid obtained revealed by t]e (ecetone-benzene-
weter,.70:20:10) the new product with traces of l?methylcytosine.
Two reeryetallizatiOns frem methanol-acetone removed the starting
‘material. The purified product had m.p. 223- 225°'(lit , M.p.

223- 25° ‘Cheng and Lewis, 1964). The NMR spectrum (d1methy1 -dg-
sulfoxide) showed at & 2. 79 (3H, singlet), 2.41 and 3.20 (each
2H, trlp]et J=17.0 H-) and 7.70 (2H, broad s1ng]et) " The NMR
. spectrum in ch]orofbrm—d exhibited at 5 2.93 (3H singlet), 2.65

and 3. 33 (each 2H trlplet J 7 0 HZ)
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CTABLE I: Molar Absorption'cpefficients Dpax(Enax) 1 -

“Benzo[alpyrene  254.5(53,100) 265(56,500) 272(36,400)
| B | _284(49 000) 296(59, 506) 332(4930)
'347(11 900) '365(22,900) 385(24 900)

- 404(3150)

6-Methylbenzo[alpyrene  256(31,000) 267(34,200) 277(18,200)
B | ~ 288(32,400) 300(45,800) 340(4550)
1 356(11,500) 374(21,600) 394(22,800)
409(5000) |

“6-(1-Methylcytos-5-yl-  258(62,700) 268(64, 000) 278(43,000)
'behzo[a]pyrehe o 290(50,300) 302(48, 700) 340(6080)
o | 357(13,600) 375(27,800) 395(30, 500)
407. 5(9430)
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Figure Legends

FigUré 1. The infrared spectrum in chloroform of the 6-(1-
| | methylcytos S-yl)benzo[a]pyrene. o

" The ultraviolet spectra in 95% ethanol of benzo[a]

Figure 2
pyrene (A), G-methylbenzo[a]pyrene (B), 6~ (-methylcytos-

-yl) benzo[a]pyrene (c).

FigurelB;j The‘u]traviolet absorption spectra of 4,5-diacetoxy- -
| 4;Sédihydrobenzo[o]pyrene (A) and chrysene (B).
) Figure 4. The 220 .Md, NMR spectrum of Ge(l-metoy]cytos-S-yl)-

‘benzo[a]pyréne in saturated splution-of~ch16roform-d

(iSotopic purityvloo%) at 17°.

Figure 5. .
-yl) benzo[a]pyrene

The 220 MH, NMR expanded spectrum of 6- (1-methy1cytos-
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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