us-4¢

Submitted to the Proceedings of the LBL-6194 c \
National Academy of Sciences Preprint ™+

IDENTIFICATION OF THE MAJOR ADDUCTS
FORMED BY REACTION OF BENZO(A)PYRENE
DIOL EPOXIDE WITH DNA IN VITRO

K. M. Straub, T. Meehan,
A. L. Burlingame, and M. Calvin RFC’F’V"D
TCEIVE

o LAWEENCE
R‘. LI i

Mg ;ASORATORY
September 1977

OFC 151977

LiBraRry A
ND
DOCUMENTS SECTION

Prepared for the U. S. Department of Energy
under Contract W-7405-ENG-48

- A
For Reference

Not to be taken from this room’

N | .

v6T9-1dT

\?




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



DU 0471938 2 4

IDENTIFICATION OF THE MAJOR ADDUCTS FORMED BY REACTION OF
BENZO[AJPYRENE DIOL EPOXIDE WITH DNA IN VITRO |

Key terms: chemical carcinogens, activation, microsomes, high resolution

mass spectrdmetry, high pressure liquid chromatography
K. M. Straub,* T. Méehan,* A. L. Burlingamet and M. Calvin*

* From the Laboratory of Chemical Biodynamics and
t Space Sciences Laboratory, Univeksity of California,

Berkeley, California 94720

Abbreviations: BaP, benzo[a]pyrene;

BaP diol epoxide, (*)78,8u~dihydroxy-9a,100-epoxy-7,8,9,10~
tetrahydrobenzo[a]pyrene; _

HRMS, hjgh resolution mass spectrometry;
.DMSO, dimethylsulfoxide;

HPLC, high pressure liquid chromatography.
TMS, trimethylsilyl



ABSTRACT

Covalent binding of the benzo[a]pyrene metabolite (+)78,8ua-dihydroxy-
9a,100~epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene to calf thymus DNA was
investigated. Enzymatic hydrolysis of the carcinogen modified DNA and
subsequent separation via reversed-phase HPLC resulted in the detection
and isolation of 7 distinct products. vHigh resolution mass spectrometry
indicates that these producté are covalent adducts of deoxyguanosine,
deoxyadenosine, and deoxycytidine. The deoxyguanosfne and ceoxyadenosine
adducts involve binding between the activated hydrocarbon (BaP diol epoxide)

and exocyclic amino groups of the respective purines.



The potent carcinogen benzo[a]pyrene (BaP) is known to undérgo
metabolism in vivo to a chemically reactive intermediate, thcﬁlcan then
react with cellular RNA, DNA and protein (1,2). It is widely accepted
that these covalent interactioﬁs with cellular macromolecules, pérticular1y
DNA, are an essential initial step in the process of carcinogenesis (3,4).
Recent work has implicated 78,80bdihydroxy—9d,]Qd—epoxy-7?8,9,107fetrahydro—
benzo[a]pyrene (BaP diol epoxide, Structure I) as the molecular species
responsible for binding to nucleic. acids in vivo (5-7). Weinstefn and
co-workers have shown that the major RNA adduct found in cell culture is
identical to the product obtained by reacting BaP diol epoxiae with poly(G),
and involves a covalent bond between C-10 of the hydrocarbon and the N2
exocyclic amino group of guanine (8,9). A similar stfuctufe has been‘
reported‘for reaction of the isomeric diol epoxide, 78,8a-dihydroxy-96,108-
epoxy—7,8;9,10utetrahydrobenzo[a]pyrene, with poly(G) (10). The strdcturés
of the products obtained in the reaction between BaP diol epoxide and DNA
have not been reported, primarily because only microgram quantitiés of
such adducts can be readily isolated from the analogous reaction With DNA.

We have isolated 7 distinct products from the reaction of BaP diol
epoxide with calf thymus DNA, and by the use of high sensitivify,:high
resolution mass spectrometry (HRMS) the structures of’thgse,products5wére
determmined. The results show that'adducts are formed between BaP diol
epoxide and the bases guanine, adenine, and cytosine, and invo]Ve“react{ons

with the exocyclic amino group of guanine and adenine.

;



MATERIALS AND METHODS

Adduct Formation and Isolation. Formation 6f microsomal enzyme-

activated BaP-DNA adducts has been described (11). Racemic BaP diol
epoxide was synthesized according to the procedure of McCaustland and
Engel (12). Diol epoxide (12 nmol per mg DNA) in 100 1l DMSO was added
to a solution of 100 mg calf thymus DNA (Sigma Chemical Co.) in 100 ml
0.01 M phosphate buffer, pH 7.2 at 37°C. After 24 hr, unbound BaP diol
epbxide and its hydro]ysis prdducts were removed by ethyl acetate extrac-
tion. The DNA was then precipitated with ethanol and the precipitate
heated to remove intercalated material. The DNA was enzymatically
hydrolyzed with deoxyribonuclease II, spleen phosphodiesterase} and
alkaline phosphatase (Sigma Chemical Co.), and the modified nucleosides
isolated by Sephadex LH-~20 chromatography. This fraction was then further

separated by hjgh pressure liquid chromatography (HPLC).

High Pressure Liquid Chromatography. HPLC was carried out on a
Varian Model 8500 chromatograph equipped with Valco injectbr and two
Waters Associates u-Bondapak C]8 columns (4.1 mm x 30 cm) connected in
series. Fifty peréent water-methanol was used as the eluting solvent, at
a flow rate of 1 ml/min. A fluorescence detector (Schoeffel Instrument Co.)
was used to monitor column effluent; excitation at 258 nm, and emission above

390 nm was used to detect the characteristic 7,8,9,10-tetrahydrobenzo[a]pyrene

chromophore.

Derivatization Procedure. Each HPLC peak (containing 0.1-1.0 pg of

addUct) was co]]eéted, éaken to dryness, and methylated according to the
procedure of Hakamori (13).
Trimethylsilyl elher derivatives were made by reacting the dried

sample with an excess of trimethylsilylimidazole (Pierce Chemical Co.)



for 2-3 hr at 100°C, according to the procedure of Axelson and Sj6va]1'(]4).

High Resolution Mass Spectrometry. Electron impact high resolution

mass spectra were determined by direct probe using a modified Kratos-AEI
MS-902 mass spectrometer operated on-line at M/AM 10,000 in réa]—time

employing a Xerox Sigma 7/LOGOS-II computer system (15,16).
RESULTS

Modification of DNA and Adduct Isolation. The covalent binding of

BaP to DNA in vitro results in a level of DNA base modification equal to
one hydrocarbon adduct per 40,000 nucleotides (2). The microsome-mediated
binding conditions used in this work resulted in a similar level of binding,
and BaP diol epoxide concentrations used (12 nmol/mg DNA) give a level
approximately 5-fold higher. The concentrations of carcinogens and the

pH used in these experiments épproximate those that could occur in vivo.
Figure 1 shows an HPLC.profi1e obtained by co-injecting the modified
nucleosides obtained from BaP diol epoxide-DNA-and microsome-activated
(G-3H)BaP-DNA. Seven diétinct peaks are evident in the fluorescence trace
and are labeled P1-P7. A minor component eluting between P5 and P6 was
sometimes found but not investigated further in this study. HPLC of the
BaP diol epoxide-DNA adducts alone results in a f]uorengnpg trace identical
to Figure 1, but chromatography of the microsome-act{vated BaP-DNA samp]e
alone resulted in peaks 1, 4, 5 and 7 only. The reaction of BaP diol epoxide
with DNA thus gives 3 additional products (P2, P3, P6) not seen in the
reaction with microsome-activated BaP plus DNA. A1l products exhibit the
characteristic fluorescence and absorbance spectrum of 7,8,9,10-tetrahydro-~
benzo[a]pyrene. Enzymatic hydrolysis of microsome-activated (G-3H)BaP-DNA

results in about 40% of the total bound radioactivity eluting from Sephadex



LH-20 as BaP-mononucleosides. The bulk of the remaining unhydrolyzed
material exhibits the characteristic fluorescence Spectrum of 7,8,9,10-

tetrahydrobenzo[a]pyrene.

Structure Analysis. The structures of P1-P7 were determined by HRMS

of their permethyl or persilyl derivatives. Verification of elemental
compositions for P1, P3 and P5 was obtained by perdeuteriomethylation with
CD3I. The molecular weight of the main compoﬁent, P5, was also obtained
on the underivatized adduct using‘1ow resolution field desorption mass
spectrometry. ' _

P1 had‘a‘reténtion time on HPLC identical tb that of the hydrolysis
product of BaP diol epoxide, BaP tetraol (7,8,9,10-tetrahydroxy-7,8,9,10-
tetrahydrobenzo[alpyrene). HRMS of the permethyl and perdeuteriomethyl
derivative of P1 gave molecular ions at m/q 376 (C24H2404) and m/q 388
(C24H]2D]204), respectively. The fragmentation pattern in both céses was
identical to that of authentic permethylated BaP tetraol, obtained by hydro-
lyzing BaP diol epoxide in water. Yang et al. (17) and Yagi et al. (18)

have shown that hydrolysis of BaP diol epoxide gives two isomers, corresponding

to cis and trans addition of water at C-10 of the BaP diol epoxide. The other
BaP tetraol isomer has a retentidn time similar to that of P4, and is uﬁre—
so]ved‘from that éompohent. |

Figure 2 shows composite nominal mass plots for ihé HRMS of permethyl
derivatives of P7, P2, and P5. The mass spectrum of permethyl-P6 was found
to be identical to thatlof permethy1-P7; permethyl1-P3 was identical to that
of permethyl-P5; and pe;methyI-P4 was idéhtica] to permethyl-P2. A1l six
spettra exhibit ions due to fragmentation of the hydrocarbon méiety corre-
sponding to cleavage of the hydrocarbon-nucleoside bond (Table 1), genera-

ting the trimethoxy-tetrahydrobenzo[a]pyrene moiety at m/q 345 (composition



C23H2]03, jon "a" in Figure 3). Other ions are then generated by successive
loss of the e]eménts of CH3OH,v1eading to the aromatized monohydroxybenzo[a]-
pyrene species at m/q 2§7 (C20H1]O)‘ This fragment can then lose CO to give
the major ion at m/q 239 (C]9H]]). These fragmentation processes are out-
lined schematically in Figure 3. | |
AsSignment of the speéific purine orvpyrimidiné in each adduct was
deduced from'the fragmentatioh pattefns of their respective permethy1atedv
derivatives. Von Minden and McCloskey have shown that a major fragmentation
pathway of permethylated nucleosides involves cleavage of the C-N glycosidic
bond to give a "base + H" jon (19). Table II shows the resﬁ]ts obtained for
permcthyl-P2 through P7; in all cases fragments due to the heterocyclic base
are of high relative intensity. This allows the assignment of each adduct
to a particular nucleoside. Permethyl-P7 (and permethyl-P6) has aﬁ intense
~jon at m/q 149 (C.H,N.), corresponding to a monomethyT adenine. Another.ion

675
at m/q 119 (C5H3N4) cdrresponds to loss of the elements of CHSN from the
intact base. Similarly, permethyl-P5 (and permethyl-P3) has an ion at
m/q 179 (C7H90N5), indicative of dimethylguanine. This elemental composition
was confirmed by perdeuteriomethylation, which gave m/q 185 (C7H3D60N5).
Permethy]—PZ (and permethy1-P4) has a low intensity ion at m/q 125 (C5H7ON3)
corresponding to monomethyl cytosine, with an intehs? (]OQ% relative intensity)
ion at m/q 111 (C4H50N3).

The overall fragmentation for each adduct is dominated by the stability
of the aromatic hydrocarbon and purine or pyrimidine moieties. The results
obtained for permethy]-ﬁ? serve to illustrate this point. A molecular jon
is observed at m/q 637 (C36H3906N5)' Successive losses of the elements of
methanol give m/q 605 (C35H3505N5)vand 574 (C34H3204N5), and loss of the
elements of both CH3OH and the deoxyribose gives m/q 461 (C28H2302N5)'and



430 (027H200N5). Cleavage of this hydrocarbon-purine bond results in the
hydrocarbon and base jons discussed above. Permethyl-P2 (and permethyl-P4)
gives similar results, except that a molecular ion (expected at m/q 613)
is not seen. The highest mass ion, m/q 469 (C28H2704N3),'corresponds to
loss of the deoxyribose from a cytosine-BaP diol eppxide adduct. Successive
losses of the elements of CH30H result in m/q 437 (C27H23O3N3) and 406
(C26H2002N3)2 Cleavage of the hydrocarbon-pyrimidine bond then results in
the hydrocarbon and base series of ions. |

Von Minden and McC]oskey have presented extensive data on the fragmen-
tation patterns of permethy]ated nucleosides (19). A characferistic ion
for permethyl deoxyguanosine, permethyl deoxyadenosine, and permethyl
deoxycytidine involves the "base + H" ion (i.e., loss of deoxyribose) which
includes a dimethylamino function. This species cah then lose methy]éneimihe
(CHZNH) or the entire dimethylamino function. In the spectré reported hefe,
dimethyladenine or dimethylcytosine ions are not found; only monomethyl
species are present. For the adenosine adduct (permethyl-P7), this suggests
that direet linkage to the purine (e.g., C-8) does not occur. The occurrence
of a relatively low abundance (1.9% relative intensity) nitrogen-contafning
hydrocarbon fragment at m/q 279 (C21H13N) indicates bonding through the N6
exocyclic amino grdup. The apparent high stability qésqciated with the
benzylic carbonium ion formed by cleavage of the hydrocarbon~-nucleoside
bohd (ion "a", Figure 3) explains the relatively low intensity of these
nitrogen-containing hydrocarbon fragments. For permethyl-P2 (and permethy]—P4),
no such ion can be foundi leaving open thé possibility Qf alkylation via the
02, N-3, or N4 positions of cytosine.

The major component, permethyl-P5 contains guanine but otherwise follows

the same general fragmentation scheme observed for permethyl-P7 and permethyl-P2.



High mass ions include m/q 523 (C30H2904N5, Mt - deoxy~-ribose), followed by
successive losges of the elements of CH;0H to giVe m/q 490 (029H2403N5),

459 (CZ8H2102N5)’ and the major ion 428 (C27H]80N5, 19.3% relative .intensity).
Elemental compositions of major ions were confirmed by perdeuteriomethylation
with CD3I. A molecular ion is not observed in the e]ectroneimpéct spectrum;
the highest mass fon that occurs is at m/q 604 (CypHa ey, ME - CH,0,).
The molecular weight for P5 was therefore obtained by field desorption mass
spectrometry. The field desorption spectrum of underivatized P5 was found.
to consist of a single peak at m/q 592, corresponding to 569 + Na.. The
electron impact fragmentatioh pattern of the base-containing ions does not
permit assignment of the alkylation site on guanine. In particular, no
nitrogen-containing hydrocarbon ion could be found, making it difficult to

2 or.O6 alkylation. Alkylation at C-8 or other ring

distinguish between N
positions of the purine would be expected to genekateva trimethy]guanipe. .
Species, which was not found. The absence of a BaP moiety containing
nitrogen is again presdmab]y due to the high stability associated with_

jon "a" (Figure 3). A persilyl ether derivative of P5 was, therefore,
prépared in order to obtaiﬁ additional structural information.. The composite
nominal mass spectrum of pertrimethylsilyl-P5 is shown in Figure 4. Table 3 -
lists the major ions observed for P5-TMS. The overal] pattern is simijar to
that of the permethylated derivatives: loss of,thé_déox&r%ﬁose'followed by
successive losses of trimethylsilanol [(CH3)3SiOH] to give m/q 561
(C3]H3102N5512). This is then followed by cleavage of the base~hydrocarbon
bond to give the basé (m/q 223, C8H]3ON5512 or hydrocarbon_series‘of'ions-

In this case, however, a relatively low infensity jon corresponding to a
nitrogen-containing BaP species is seen.-at m/q 355 (C23H210NSi; 0.2% relative

intensity). This is consistent with alkylation on the N2 exocyclic amino

group, as was found for alkylation of poly(G) by BaP diol epoxide (9).
_ _ |
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DISCUSSION

lThe results describéd in this study are cthistent with independent
labeling studies which identified P3 and P5 as béing guanine adducts,
P6 énd P7 as.adenine adducts, and P4 as probably being a cytosine adduct
(11). Interpretétion of the mass spectral fragmentation data is most
consfétent with binding via the exocyclic amino group of adenine and

2 N-3, or N* alkylation. Bonding is

guahine, whf]é cytosine may involve 0
presumed to occur at C-10 qf the hydrocarbon, sihce studies have shown that
~this occurs in the reactions of a wide variety of nucleophiles with BaP diol
epoxide (18,20). The structures for P2 (P4), P5 (P3), and P7 (P6) are shown
below as IV, II and III, respectively. '
The BaP diol epoxide used in this study was racemic.  Enzymatic formation
of 1 is known to be high]y‘stereoselective for a single enantiomer (17,21,22)
and explains the fact thaf P2,.P3, and P6 were not seen in the adducts obtained
from DNA modified by mjcrosome—activatéd BaP. P2, P3, and P6 would then
correspond to diastereomers of P4, P5, and P7 (one enantiomer of BaP diol
epoxide reacfed with thé enantidmeric deoxyribonuc]eosfde) and each dia-
stereomeric.pair could be expected to give identical electron impact spectra.
This exp1anation is supported by circular dichroism spectra of the adducts
(unpub]ishéd dafa, this laboratory). The alternative exp]anatioh is that

© multiple adducts can be formed by cis or trans addition at C-10 of the hydro-

carbon, but model studies suggest that trans addition predominates for BaP
diol epoxide (17,18). It should be noted that several minor peaks were
Qccasiona]]y observed iﬁ the HPLC chromafogram of these DNA adducts (usually
<1% of the reported specieé) and could be due to products forhed by cis

addition at C-10 or possibly other alkylation sites on the nucleoside bases.



In carrying out ané]ogous experiments with the other geomefric isomer
VOf BaP diol epoxide, 78,8a-dihydroXy—QB,]OBéepoxy-7,8,9,10-tetrahydro-
benzota]pyrene, we have found that the major products do not co-chromatograph
with the microsome-activated BaP-DNA adducts représented in Figure 1. The
structures of these products are current1y‘under investigation.
These results provide the fifét unambiguous determination of the
'overal] molecular structures of the products obtained in the alkylation
of DNA by BaP diol epoxide, and extend the available information on alkyl-
ation of DNA by polynuclear aromatic carcinogens. Essigman et al. have
recently reported that the 2,3-oxide of Aflatoxin B1 forms covaleht adducts
Qith the N-7 of Quanine residues (23). 2-Acety1aminoffuorehe is known to
bind to both C-8 and N° of guanine (24-26), and both BaP diol epoxide and
synthetic 7,12-dimethy1beni[a]anthracene-S,6-oxide bind principally to the
N2 of guanine in poly(G) (27). Adducts with adenine or cytosine in DNA
with these polynuclear carcinogens have not been reported. Little is known
about the effects of these modifications on DNA structure, or how they might
alter the functional properties of nucleic acids in vivo. BaP diol epoxide
is also capable of catalyzing strand scission in both DNA and RNA, but the
physiological significance of this process is not known (28). The resQ]ts
of these binding studies, together with those reported for simple alkylating
agents (29), sdggeét that a multiplicity of sites ma& be ihvo1ved in the

biological activity of chemical carcinogens.
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TABLE 1. Fragments derived from hydrocarbon
’ moiety of permethylated adducts

(P2-P7)

Elemental
m/q composition
344 ’ Co3Ha003
313 - CooHy70
312 ' ’ ' CooHy609
298 | C21H1407
297 | C21H1302
282 CoqHp40
267 CopHy 10
239 | | ~ Crgin

226 | | C18M10

215 | Ci7HnN




TABLE 2. Fragments derived from the nucleoside

base moiety of permethylated adducts

(P2-P7)
_ _ E1ementa1
Adduct m/q composition
pP-2 125 CgHyN30
(p-4) 517
112 C4HgN30
1 '.C4H5Néo
P-5 179 C7HgONg
(p-3) . v7
150 CgHgONg
P-8 149 CeHyN5
(P-7)

120 C5H4N4
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TABLE 3. Major fragments found in
: -pertrimethyl-silyl-P5

m/q | E]emental'composition.
732 C30H7904N5(TMS )3 -
651 CpgHy403Ns (THS ) 5
561 : CosHy30oN5(TMS )0
518 CogH1703(TMS) 5
472 Gy 0N THS

428 | | CooH1002 (THS) 5

356 : . CZOHHO2 ™S




Fig.

Fig.

Fig.

~ Fig.

FIGURE CAPTIONS

HPLC profile of coinjection of diol epoxide DNA adducts plus
adducts obfained from microsome-activated (G-3H) BaP and DNA.
The 7 majof products are labelled P1-P7. Fluorescence units
are arbitrary.  Full scale for f]uorescénce represents approxi-

mately 50 ng of material,

Composite nominal mass plots (abscissa, % relative intensity vs.

ordinate, m/q) for permethyl-P2 (PZ—CH3, top), permethyl-P5

| (P5*CH3, center), and permethyl-P7 (P7-CH3, bottom).

Schematic fragmentation pathway of the hydrocarbon moiety from

a diol epoxide-DNA adduct. "B" refers to a DNA base.

Composite nominal mass plot (abscissa, % relative intensity

vs. ordinate, m/q) for pertrimethylsilyl ether of P5.
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