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The Activation and Covalent Binding
of a Chemical Carcinogen to DNA

By
Kenneth Marshall Straub

ABSTRACT

Trace env1ronmenta] chemical contam1nants are now known to be
Most

significant factors in the induction of neoplasia 1n humans.
3

chemical carcinogens are not active as the parent compound, but require

convers1on in v1vo to proximate or u1t1mate carcinogenic forms by
The act1vated carc1nogen can then undergo reactions in the

metabolism.
cell, including covalent binding to informational macromolecules such
Based 1akge]y,on correlative eVidence, it has

as DNA, RNA, and protein 7
become axiomatic that this covalent binding to ce]]u]ar macromolecules
is a necessary, initial step in the process of carcinogenesis. Experi-

mentally, it is observed that carcinogens become covalently bound to a

greater extent than do non-carcinogens.
The work described in this dissertation involved a study of the

act1vat10n and covalent binding to DNA of a w1despread env1ronmenta1
An in vitro DNA-b1nd1ng _

carc1nogen, benzo(a)pyrene (BaP, structure I)
assay based on purified rat Tiver m1crosomes was used to isolate pico-

mole quantities of the bound carcinogen-nucleic acid complex
products of th1s.reaction were studied by fluorescence spectroscopy
and a]iowed identification of the aétiVated hydrocarbon as a 7,8~
‘ These‘fgsu]ts, along with

dihydfoxy—?,8,9,]O-tetrahydrobehzo(a)pyrene
current literature studies on the metabolism of benzo(a)pyrene and on



the mutagenic activity of its metabolites suggested the identity of

the active form as a 7,8-dihydroxy-9,]Q-epoxy-7,8,9;10-tet}ahydrobenzo-

(a)pyrene (BaP?dioliepoxide, structure II). This méteria1 was synthe- | .
Siied.and reacted with a vaffety of DNA's (calf thymus, SV40, @9X174) -

-

in vitro; the products were observed to be chromatographically identical'

to the hydrocarbon-nucleoside adducts obtained from microsomal enzyme-

mediated binding of benzo(a)pyrene to DNA.

2. 1

| 2
.,

7 6 S :
o A _ | o
The structures of the DNA-diol epoxide adducts (available in micro-

gram quantities) were investigated by Highfresq]ution‘e]ectron-impact
mass spectrometry, field desorptioh mass spectrometry; and double
1abe11in§ (3H/]4C) studies. This allowed identification of the nucleo-
side moeities of the adducts as deoxyguanosine (92%),deoxyadeno$fne (5%) ,
-and deoxycytidine (< 3%). Binding to deoxyguanbéine and deoxyadenosine

residues involves the N2

or N6 exocyclic amino groups with linkage to
the hydrocarbon at C-10. .

Resolution of the () r-7, t-8-dihydroxy-t—9,10-oxy-7,8,9,10-tetra- | ﬁr
»hydfobenzo(a)pyrene into its optical antipodes and subsequent reaction : ii
of each enantiomer with DNA allowed the observation of stereoselective i
binding of a chemicé] carcinogen to native duplex DNA. That is, the (+)
enantiomer (7R,85,9R,10R) binds ﬁuch more efficiently (20:1 ratio) to

native, double-stranded DNA than does the (-) enantiomer (75,8R,95,10S).



(44

,Th1s difference in binding between enantiomers is dependent upon the

secondary structure of the nuc1e1c acid; w1th s1ngle -stranded or de-
natured DNA, stereose]ect1ve binding of enantiomers is abolished. A
model to account for these observations is proposed, involving stereo-
selective physical interactions (intercalation) prior}to covalent

binding. An analysis of literature data on the mutagenic and tumorogenic

activities of optically active benzo(a)pyrene metabolites indicates

that the b1o]og1ca1 act1v1ty of the enantiomeric diol epoxides para]]els

,thelr DNA-binding activity.

The imp]ications of these results are discussed with reference to
the effects of xenob1ot1c-mod1f1ed residues on the structure and func-
tion of DNA. In addition, the analytical techn1ques deve]oped as part

of this research program should prove useful in the general areas of

| drug metabolism and the structural elucidation of chemically modified

biopolymers.
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- Chapter I: Introduétion

The recognition that trace environmental contaminants can have

o a significant effect on human health is one of the profound changes
that has 0ccurred in biomedical science over the past twenty-five
years. One examb]e 6f this is the ihduction of cancer by eXposure
to chemicals. Both synthetic and naturally occurring chemicals have
been implicated in the etiology of a wide variety of cancers: for
example;-benzidine (I), a synthetic dye intermediate, has been shown -

~ to bé a major causétive factor in the'induction_of carcinomas'in901v-

1

ing the urinary bladder.' Aflatoxin B.l (iI), in contrast, is a

naturally occurring fungal metabolite that is known to be a potent

2

hepatocarcinogen. The 1ist of known or suspected carcinogens

0 0

sz.lNHz .. é _ 0 N OCH,

cohtinﬁes to grow, as evidencéd by su;h recent additions as vinyl

ch]oridé,3 methyl chloromethyl ether,4 and hexamethyl phosphoramide.5

& : A further incrimination of chémica]s as primary causative agents in
cancer has been démonstratéd by epidemiological studies.invo1ving
migrant populations, where the incidence of cancer changes to that of

the adopted country in the course of one or two gener‘ations.G’-7 Thus



Japan has a high incidence of stomach cahCer and a low incidence of

colon cancer, with the reVerse situation being true for the United

States. First generation offspring df Japénese immigrants to‘the

United States show an increased incidence of co]onf¢ancer}and a de-

creased incidence of stomach cancer, while second genefation offspring -
show incidences Qf colon and stomach cancer essentially identical to |
that of the United‘Stafes pqpu]ation as a whole. C1ear1y the environ-
ment (presumably diet) is playing a major role with respect to cancer
type and incidence;»Some epidemiological studies have suggested that
as much as 80% of all human cancers have environmentally determined

causes or contributing factors.8

Of course, it must be realized that
"cancer" describes a great many disease states, and that genetic,
viral, and métabo]ic effects can all be involved through complex
“interactions in mediating the resbonsé of an organism to the environ-. -
ment. o ._ | _ |
A vast number of different chemical structures have been shown to
be capable of causing cancer in test'anima]s or in humans (Table I).9
It is apparent that no single molecular fqature is common to all of
these chemicals. Ohe of the more intriguing chemical types is the
class of compounds known as polycyclfc aromatic hydrocarbons (PAH'é).
Probably the.first report attributing tﬁe ibduction ofjneop]asia to an
environmental ageﬁt concerned PAH's: in‘1775, Perciva] Pott, a London ‘ >
‘ sufgeon, attributed the occurrence of'scrotal cancer in chimney sweeps
to their dccupational exposure to soot, a material now known to contain
PAH's.10 The first defined chemical ‘structure to be identified as a
. chemical carcinogen was also a PAH: in 1933 Cook, Hewétt, and Hieger

‘were able to fractionate coal tar and jsolate a pure chemical compound
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R,

(benzo(a)pyrene, BaP, structure III) that exhibited carcinogenic

activity in test animals.)!

ssed

It was only after this work provéd thét_a single pure chemical com-

“pound was capable of inducing cancer that detailed work-on the bio-

_chemistry of tumor induction could begin.

Table I

_ Known Chemical Carcinogens9
~ Chemical ' - Target Tissue
~ 2-Naphthylamine o Urinary bladder
Benzidine | Urinary bladder
- 4-Aminobiphenyl |  Urinary bladder - -
Chloromethyl methyl ether Lungs " .
~ Aflatoxins Liver
Diethyl Stilbestrol - - Vagina
Vinyl chloride o Liver |
N&;rosamines : Liver. kidney, stomach, eSophaguS
Hexamethy1 phosphoramide Mucosa
~ Bis(2-chloroethyl)sulfide Lungs
Soot, tar, oil Skin, lungs

Research on chemica]vcarcinogenesis over the next twenty years
was largely concerned with detefmining what interactions these com-

pounds could participate in with the test organism. Preliminary



investigations were ab]e to determine'that injected PAH'S fapid]y
disappeared‘from the site of injection and underwent éhanges in their
fluorescent properties.12 Whole animal studies using rats showed
that a variety of diffekent f1uoresceﬁt prodﬁcts abpeared in the
urine and bile éftef administration of the cair'cinogen.]3 The availa-

3H and 140-1abe11ed cabcinogens in the 1940's and 1950's

bility of
made possible studies on the metabolism of a number of chemical car-
cinogens. PAH's such as benzo(a)pyrene were shown to ungergo-trans-
formafion to more polar species such as phenols, dihydrodiols, and

water-soluble conjugates with sugars and amino a_cids.14 It was also

observed that carcinogenic PAH's became covalently bound to mouse skinv

proteins, DNA, and RNA aftér repeated'topica1 application of the com-

15-21

pound to a shaved area of the mouse. Parallel work by the Millers

ét the University of wisconsin‘demonstrated that another class of.
chemical carcinogens, aromatic amines, could also undergo biotrans-
formation and covalent binding to cellular maCir'omo]ecules.zz'23 In
most instahces (the exception being highly reactive alkylating agents
such as ethyl methane'suifonate orvnitroédmines) chemical carcinogens
| do not undergo covalent binding to cellular constituents when incu-
bated with purified DNA, RNA, or‘protein; so, that metabolism of the
compouhd appears to be required to effect such binding.24 These two
conclusions, the néed for metabolic activation of most carcinogens,
and the correlation between‘macromo]ecu]e binding and biological
activity provided a framework within which further investigations

could be carried out.

. Once thevimportance of metébo]ic activation had been established,

iad

: .?“/
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researchers began to emphasize work that would lead to a detailed
understanding of the metabolism of different classes of carcinogens.

Studies on PAH metabo]ism'up to 1965 had mostly served to establish

the overall pattern of b1otransformat1on--- i.e., parent compounds

underwent conversion to more polar mater1a1s, including phenols,
diols, and conJugates with sugars, amino acids, and other small
molecules. With few exceptions, the detailed chemical structures
proved to be based on marginal evidence, such as absorptidn'spectra

or chromatograph1c behav1or The main reason for this state of affa1rs

was a lack of pure reference compounds. Nevertheless, the overall

pattern of metabo]ism as illustrated in Figure 1 has proven to be

quite genera].zs_

PAH Metabolism

The neture of the metabolites observed with a number of PAH's
ted Boyland in 1950 to postulate that epoxides were'the initially
formed 1ntermed1ates which could then undergo rearrangement to pheno1s
or reaction with nucleophiles (HZO g]utath1one, etc.) to other

products.26 The arene oxides thus formed were an unknown class of

- compounds at the time of this proposal; the challenge to synthetic

chemistry thus posed and a discussion of arene oxide chemistry is
presented in chapter 3. A further impetus to research on arene oxides

was the discovery of the "NIH shift" in 1966; this rearrangement con-

cerns. the migration and retention of a substituent "X" that occurs

during the monooxygenase-catalyzed formation of ‘phenols from aromatic

substrates: 2’



R ' R

mono-oxygenase _ ‘
0 .
2 X

X : . ' OH

The occurrence of this shift suggested that such aromatic hydroxyl-
ations are actually epoxidatiohs, and that the intermediate arene

oxides undergo isomerization to phenols with concomitant migration

and retention of the substituent “x":28
i y
R R R R
<y H X
X X O. XO.') H

In 1970 Jerina and coworkers were able to demonstrate conclusively
that an arene oXide was an ébligatory intermediate in the microsomal
hydroxylation of naphtha]ene.zg This wor& involved isolation of the
,intermediate formed by incubating naphthalene with a cell-free micro-
somal enzyme preparation and comparison of its properties with |
synthetic naphthalene-],z-epoxide. Figure 2 outlines the results
obtained for the metabolism of naphthalene by a crude liver homogenate.
The generality of this oxidative pathway in aromatic substrate |
metabolism has been established for a variety of cases, and

several indirect criteria are now acéepted as evidence that arene
oxides are involved: i) the occurrence of the NIH shift during the

formation of a phenol; ii) the formation of giutathione conjugates

pN

-
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(R = glutathione)

OH

‘ l | ~ Mercapturic ccids

(X = Suifafe, glucuronic acid)

. 25
Figure | : PAH Metabolism in the rot
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of trans-dihydrodiols and their conjugates.

or mercapturic acids of general structure IV, and iii) the fofmafion'
. 20 , A

L

H OH
SR

v
The recognition of the general importance of arene oxides in the -
metabolism of aromatic substrates led to an intensive investigation
of the enzymes involved in microsomal hydroxyiations. These reacfions
are catalyzed by a class of nonsspecific mono-oxygenases localized in

the endoplasmic reticulum of the cell, referred to as cytochrome P-450

type ox1‘dases.3'| 'Activity is found in a wide variety of tissue types,

but is highest in the liver. The enzyme is highly-inducib]e; in rat
liver the induced level can account for as much as 6% by weight of
the total cellular protein. Prior to 1975, two distinct enzymes were

recognized: P-450 (so-called because its absorption spectrum in the

presence of CO has a maxima at 450.nm), induced by exposure to pheno-

barbitaT;'and P-448 (absorption maxima at 448 nm in the presence of
co), inducib]e.by'exposure to 3-methylcholanthrene, benzo(a)pyrene,
or 2,3; A 8¢etfach1oro-p-diox1n (TCDD) . The purified enzyme

has‘a'molecu1ar weight of between 26,000 and 60,000 daltons and re-
quires lipid for activity.32 Figuke 3 shows a schematic répresenta-

33

tion of the dkidation mechanism.”” Molecular oxygen-and two electrons

(provided by NADPH and its carrier protein; cytochrome P-450

" reductase) ‘are made to react with the aromatic substrate, resulting

in oxidized substrate and water. The arene oxide thus formed is a
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HZO + ROH
. 3.’
P450 (Fe )
P450(Fé )(RH) ‘ .
o P450(Fé) (RH)
2 _ :
(NADPH) &
- | o e” (NADPH)
P450(F|§‘)(RH) - o
0, P450 (FE)(RH)
\ co
2+
P450(Te) (RH)
o - CO _. _

RH+ 0,+NADPH + H —> ROH + H,0 + NADP"

P450 - mediated

Figure 3: Cytochrome
' - ., .. 33
oxidation
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highly labile species, and may undergo further.enzymabic transforma-
tion or reaction with available nucleophiles. The reactivity.of
different substrates with.theJmono-oxygenase enzyme varies consider-
ably, as does enzyme activity in different tissues br speeies The
explanation for this is the large. number of different 1soenzymes |
present in a given tissue; a discussion of this complicating featurev
is delayed until chapter 6. The reaction of the iniiia]]y formed- :
arene oxide with cehtain nucleophiles such as water or glutathione is
also enzyme-mediated..Epoxide hydrase catalyzes the reaetion with
water to generate a trans-dihydrodiol, and glutathione-S-epoxide
transferase cata]yzes the addition of reduced ‘glutathione to the
epoxide. 34 A suite of energy- requ1r1ng conjugating enzymes regu]ates
the formation of g1ucuron1des -and sulfates.35 36 These various
enzymatic pathways are out11ned in F1gure 2, using naphthaIene as an
example. w1th naphtha]ene, only the 1,2-oxide 1s formed; oxepin

tautomers which would be generated by epox1dat1on of the 3 4 or 8a,

4a bonds are not observed (structures V, VI) In general,

vepox1dat1on of a large multi-ring PAH such as benzo(a)pyrene would

be expected to yield a large number of products, s1ncelepox1dat1on

can'potentia11y occur at any site on the molecule.

s> Bls oLl el
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Covalent Binding to Macromolecules: A General Description of the
Research Problem )

The advent of radioactive isotopes in the late 1940's enabled.

researchers to begin mapping out the metabolic fate of carcinogens in -

the test orgam‘sm.9

Almost immediately, it was observed that a small
but detectable level of radioactivity became permanently bound to
various cellular components. This observation has been verified for

a wide variety of chemical carcinogens.37 Based largely on correlative
evidence, it has become axiomatic that this covalent bindiﬁg to
cellular macromolecules is a hecessary, initial step in the process

of carcinogenesis. The experimental observation is thét biologically
active (i.e., tumorogenic, either by topical application, injection,

or Qra] feeding)Acompounds become bound to a greater degree than do

biologically inactive compounds.24

These results app]yﬁtoﬁthg three
major c]asées of biomolecules involved in information storage, pro-i_
cessing,_andlcontrol--DNA, RNA, and protéin. The binding to DNA is
signifiqaht for a variety of reasons. DNA is, of cburse, the genetic
material, and non-regulated reactions involving DNA wdu]d be expected
to have an effect on growth properties and metabolic regulation within
the cell. The importance of RNA and protein to the integrity_of the
cell is also paramount; neverthe]eés, the siﬁp1ifying appeal of
somatié mutationa1 theories of tumorogenésis lend some support to DNA
‘as a critical target molecule of chemical carcinogens. Investigationé
of thg comparative binding efficienpy of carcinogens with all three
target molecules also tend to emphagizevthe sighificance of DNA

binding: carcinogens bind to bNA to a greater extent than do non-

carcinogens, and the amount of binding correlates in a linear fashion

Vﬁ@



equal to the number of animals with tumors divided by the 1atency
per'iod).g’]9 The covaient binding that occurs to RNA and protein is

also of potential significance, but correlations with tumorogenic

13

“with tumorogenicity (as defined by quantities such as the “Ibal]llndex,"

activity are not as good as for DNA binding, and in some cases show no

binding specificity or re]ation to tumorogenic activity;38

A final supporting argument for the -involvement of DNA binding

with tumorogenic behavior is the close correlation between mutagenic

activity and carcinogenic activity. DNA is known to be the target

molecule in many mutagenesis test systems, such as the his “S.

39

typhimurium system of Ames,”” or the systems based on resistance to

the toxic effects of 8-azaguanine in certain eukaryotic cell lines.éo,
Neop1asia is, of course, a complicated disease proceas, invo]vfngla
constellation of-diverse biological effects. There no doubt are
instances where viral, epigenetic, or other ;ausative factors are in-
volved. Nevertheless, the phenonenon of cova]ent‘binding to DNA is an
observation deserv1ng of further investigation.

The research effort we undertook, then, had the f0110w1ng goa]s

1) To define the nature of the active alkylating species formed

by metabolic activation“of a PAH-derived carcinogen.

2) To define the structure of the stable, covalent adducts formed

between this actlvated carcinogen and DNA.
3) To define and 1nvest1gate the effects of the cova]ent]y bound

carc1nogen on DNA structure. and function.

~ The PAH we chose to study was benzo(a)pyrene (BaP, structure III), the

first isolated PAH shown to poésess carcinogenic activity. This com-

pound is widely distributed in the environment, and undergoes comp]ex
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metabolic transformations in eukaryotic cells. Most importantly, it‘
was knoWn to undergo covalent binding to DNA in vivo (at the level

of 'l:]O5 base pairs) and there existed an in vitro DNA-binding assay

for the compopnd.__In addition, a biologically inactive isomer ' T,

(benzo(e)pyrene, structure IIIa) was available for comparison.

¢ (L
94e e
i ila .

As will be demonstrated, complete answers fo 1) and 2) above havé
been obtained, and a partial answer to 3). The results obtained by
- ourselves and‘other research grdups.ovér the past fivevyears>(1973-
1978) have led to a further set of 9uestions, centering on the effects
of xenobiotic-modified residues on the structure of DNA, the fo]e of
DNA repaif in maintaining the bio]ogica1>intégrity of the cell, and
the effécfs of chemical cércinogens on cell cycie parameters and growth
control. In additioﬁ, the_ana]ytica] teEhniques developed as part of
this'research program should prove useful in‘the genefa] areas of
drug metabolism and structural elucidation of chemically modified

biopoiymers.
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Chapter 2: Preliminary Structural Studies

d and Grover and Sims42 independently showed

In 1969 Gelboin

that an in vitro system containing rat liver microsomes, NADPH, and
oxygen was cépab]e»of cata]yzing'the covalent (i.e., non-extractable)
binding of ?H-benzo(a)pyrene to calf thymus DNA. Binding levels were

extremely low (similar to those observed in vivo), at between one

_hydrocarben per 50,000 to 500,000 base pairs. The reaction was shown

- to require NADPH ahd oxygen. Total bindihg per mg of protein in the

incubation mixture was increased when microsomes from rats pretreated

with 3-methy1cho]anthrene (a potent inducer of P-448 tybe cyfochromes)

were used. Furtheh studies with this system showed that binding of |
bénzo(a)pyrene to RNA synthetic hbmopo]ymers cddld also occur, and
that binding was most efficient with guanosine-containing po]ymers.43
Using poly(G) as the nucleic acid substrate, Meehan and cowofkers
wererab1e to'inérease thé biﬁding level to approXimate]y 1:30,000
base pairs.** 1In addition to this, the usé of double-labelled |
benzo(a)pyrehé [7,]0414C; 1,3,6¥3H] demonstfatéd that both labels

were retained on-bindfng; This result suggested that a radical cation
méchanism for binding (inyo]ving fofmation of a 6-oxy radica]);pré-

posed by Nagata gg_gl.45 and Lesko g;_gl.46

was probably not a major
contkibuting factor in enzyme-mediated-binding. Inhibitors of P-450-
type cytochromes, such as 7.,8-benzoflavone, decreased the amount of

binding. It was a]so shown that the modified po]y(G)‘could be either
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- . enzymatically or chemically (base hydrb]ysiﬁ) hydrolyzed to mono-

nucleotides, and a 14

C/3H-containihg material with the chromatographié
properties of a nucleotide was isolated. | |

It was decided that an attempt would be made to define the over-
é]] hydrocarbonvstfucture of this isolated méterial. If the structure
of the reacfive hydrocarbon metabolite responsible for po]y(G) binding‘
cou]d.be determined, synthesis of larger quantities might become feasi-
ble. This would then allow a detailed investigatioﬁ of the nucleic
a;id-hydrocarbon_structures; as well as'studies oﬁ the,effects of
such material on cellular functions. The extremely low level of
binding meant that only picomolar quantities of material would be
available for.ana]ysis. This necessitated the use of indiréct methods
of ané]ysis, principally f]uorescencé spectroscopy and spectral com-
parisons with model'compounds.' | |

One of the unique propefﬁies of PAH's is their intense fluores-
cence; indeed, it was this property alone that allowed Cook and co-

1 Furthermore, the

workers to isolate benzo(a)pyrene from coal tar.
fluorescence spectrum of the hydrocarbon ds primarily a function of
"itsfﬂ-system; an alkyl-substituted aromatic hydrocarbon will have
essentially the same f]ﬁorescence excitation'and emission spectra as
the parent'compound, with oh]y a minor shift (ca. 6mm) to 1ongér
wavelengths. With a modern spectrof]uorometef, it is possible to
obtain a corrected f]ubrescence spectrum on as little as 1 ng of
material. This se]ecfivity and sensitivity immediately suggested

f]uoreScence-spectroscopy as an analytical tool for investigating the

structure of the BaP-poly(G) complex.”

Tk
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The corrected fluorescence excitation and emission spectra of

benzo(a)pyrene are shown in Figure la; spectra of the jsolated BaP-

- poly(G) adduct are shown in Figure 1b and lc (see "Experimental" for

a discussion of the various hydrolysis procedures). Since metabolism
by microsomal enzymes is required for formation of_this:adddct, the
metabolic schemevodt]ined.in Figures 1 and 2 of Chapter 1 should have
some relevance to the presumed metabolic activation of benzo(a)pyrene
that takes p]acé'pfjor to binding. Metabolism at a particular bond of
the hydrocarbon should result in a spectral change characteristic of
the modified afomatic system. For examp1e,tmetabolism at the 4,5-bond
of BaP and subsequent binding of a nuc]éophi]e at that position should

result in a chrysene-like spectrum, éasi]y distinguishable from that

of BaP:

An examp]e‘of this is seen in Figure 2, Where thé fluorescence spectra
of chrysene and'51574,5-dihydroxydihydrobenzo(a)pyréne are represented.
A compariéon with Figure 1a demonstrates that the 4,5-substituted
benzo(a)pyrené 55 easiiy &istinguished from that of the parent compound
and has a red-shifted chrysene-like spectrum. Thus identification of
the binding ‘sites on the hydrocarbon should be poss1b1e by compar1ng

the f]uorescence excitation and em1ss1on spectra of the BaP- poly(G)

- complex with those of a number of reduced benzo(a)pyrene der1vat1ves

This, of course, assumes that metabolism of a given m-bond results in
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the removal of that bond from interaction with the remaining.aromaticv ’
system; sﬁbsequent rearomatization could occur; in which base the
spectrum would resemble that of benzo(a)pyrene. Conjugation with a
chromophore present on the nuéTeophiie could also occur, reSu]ting in
a pertukbed‘spectrum of.some sort. Another possibility is that
“oxidation of the aromatic system could occur to generate a quinone-
type struéture (the benzo(a)pyrene-quinones that have been studied
have very low quantum yields for fluorescence relative to the parent
hydrocarbon) .

/ As Figure 1 demonstrates, the fluorescence excitation and emis;
sion spectra of the BaP-poly(G) complex are easily distinguishable
from that of benzo(a)byrene; they do, however, resemble that of a red-
shifted pyrene; The spectra of a number of partially reduced benzo(a)-
pyrene chromophores are represented in Figure 3a-3e; comparison of these
spectra with those of ngure 1 shows that the BaP-po)y(G) adduct and
7,8,9,10-tetrahydrobenzo(a)pyrene have néar]y jdentical excitation and
emission spectra. The spectra of the other derivatives are easily
distinguishable ffom'each other and from'that of the EaP-bo]y(G)
adduct. Absorbance spectra of 7,8;9,10-tetrahydrobenzo(a)pyrene,-gi§;
7,8-dihydroxyr7,8,9,10-tetkahydrobenzo(a)pyrene, and the BaP-poiy(G)
addudt are shown in Figure 4a-c, and correspond very closely to each

other. Results similar to these were obtained on in vivo bound

benzo(a)pyrene by Daudel gg_gl.47 (using a photon-counting technique)
and by Weinstein g;_gl.48 (using low-temperature fluorescence) at/
about the same time. These results -indicate thét metabolism at the
7,8,9 and ld-positions of the hydrqcarbon has occurred during the

enzyme-mediated binding.
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Figure 3: (a) 7,8,9,10—tetrahydroBaP, 3.40 x 1077 M; (b) 9,10-dihydroBaP,
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Figure 4:
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Fluorescence speétra of (d) 10-hydroxy-7,8,9,10-tetra-
nydfobenzo(a)pyrehe, 3.24°x 1077 M in ethanol (em 10x
ex scale). o _ |
| | (e) NaOH-hydrolyzed BaP-poly(G)
products, treated with HC1 (0.IN/ 37°/ 1 hr.), in 50%

ethanol-water (em 3.33x ex scale).

Absorbance speétra of (a) 7,8,9,10-tetrahydrobenzo(a)-
pyrene, 1.75'x‘10f5‘M in ethand].: |
’ (b) §j§:7,8fdihydroxy-7,8,9,10—
tetrahydrobenzo(é)pyréne, 2.95vx 10'5 M in ethanol.
| (¢) enzyme-hydrolyzed BaP-poly(G) .

products,.in 50% ethanol-water.
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The enzyme-hydrolyzed BaP-poly(G) adduct was shown by Méehan‘gg
al. to beHSensitive to treatment by alkaline phosphatase (sée
"Expérimenta]"),suggestfng that the hydroéarbon was covalently aftached

- to the ribonuc'leot_ide.44

However, there is no evident contribution
from the nucleotide to the fluorescence or absorbance sbectra of the
adduct. This is presumab]yvbecaUse of the Tow fluorescence intensity '
.generally found for purine Or‘pyrimidiﬁe nucleotides; any contribution
to the total fluorescence spectrum is small relative td the contfibu—
tion from the hydrocarbon. Similarly, one wquld'éxpect a negligible
cohtribution from the ribonucleotide to the absorbance spectrum, since
its Emax isv1ess than 10% of that of a chromophore such as 7,8,9,10-
tetrahydrobenzo(a)pyrene'(see Chapter 3). Also, the ke]ative]y
féature]ess absorption spectrum of guahosine would be expected to
change only the relative intensities of the absorption bands in a
spectrum like that of 7,8,9,10-tetrahydrobenzo(a)pyrene, but not to
alter the overall pattern. Combarison of a number of substituted
7,8,9,10-tetrahydrobenzo(a)pyrene derivatives showed that all exhibited

the same basic spectra. The structure of the adduct can therefore be

represented as

[isee

"~ As discusSed in Chapter 1, metabolism of benzo(a)pyrene by micro-
somal enzymes is known to invoive ring expoxidation and hydroxylation.

Since only picomolar quantities of the BaP-poly(G) adduct were availa-
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~ ble for study, we attempted to use a chemicaf probe along»with'
- fluorescence spectroscopy to investigate the nature of the substituents
on the hydrocarbon moiety of the adduct. The probe we chose to
utilize was acid-catalyzed dehydratibn; any resulting changes in the ' .
nature of the aromatic chromophore could be monitored by fluorescence
spectroscopy. If hydroxyls occur at fhe 7,8,9, or 10- positions of
-the tetrahydro-BaP mofety, 5cid—¢ata1y2ed dehydration could resu]t’in
a number of possibilities: (1) a single hydroxyl at positions 7 or 10
~ would be expected to undergo dehydrétion and-yier either 7,8-dihydro;

benzo(a)pyrene or 9,10-dihydrobenzo(a)pyrene, respectively; (2) a

dihydroxyl at positions 7,8 or 9,10 on]ﬂ be'expected to yield 8- or
9-0*0-7,8,9,]O-tetrahydrobenzo(a)pyrene (see below); (3) é tri- orj
tetrahydroxy}deriﬁatiVe might be expected to result in a-fu]]y aroma-

tized benzo(a)pyrene chromobhore. Dehydration reactions were carried

out in‘either ethanol or benzene using p-toluenesulfonic acid = =
(p-TsOH) as the reagent. With model systems, this reagent was found .
to give c]eaﬂ reaction products; A series of model compounds was -

investigated first to test the above predictions and confirm whether |

or not suchfan approach was feasible.
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Dehydration of'7-hydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene under

these conditions resulted in exclusive formation of 9,10-dihydrobenzo-

(a)pyrene, confirmed by its.unique fluorescence spectrum as well as by

analysis of the reaction products with HPLC and mass spéctfometry.

Similarly, ]O-hydrbxy-7,8,9,10-tetrahydrobenzo(a)pyrene gave only 7,8-
dihydrobenzo(a)pyrene as the reaction product. These fesu1ts conffrm
prediction (1), above. Dehydration of cis-9,10-dihydroxy-7,8,9,10-
tetfahydrobenzo(a)byrene.gave mainly 9—oxo-7;8,9,10—te£rahydrobenzo(a)-
pyrene, with no evidence of any 10-oxo isomer (the unique fluorescence
spectrum of 10-ox0-7,8,9,10-tetrahydrobenzo(a)pyrene is shown in
Figure-7b). Dehydration of 51577,8,-dihydroxy-7,8,9,10-tetrahydro-
benzo(a)pyrene gave predominantly 8-oxo-7,8,9,10-tetrahydrobenzo(a)-
pyrene, along with a smai]vamount (<5%) of 7-oxo-7,8,9,1b-tetrahydro— '
benzo(a)pyrene (identified by HPLC retention time and mass spectrometry

of the isolated material). Formation of the 7-oxo-isomer but not the

10-ox0 compound is presumably due to the difference in benzylic carbon-

jum ion stability between the 7- and lo-poéitions of the tetrahydro-

‘benzo(a)pyrene. Molecular orbital calculations predict greater

stabi]ization by the aromatic system of a carbonium ion at C-10 than

at ¢-7.%9

This situation leads to exclusive formation of 9-oxo-7,8,
9,10?tetrahydrobenzo(a)pyrene by a 1,2 hydride shift. The decreased
stabilization of a benzylic carbonium ion at C-7 in the case of the

7,8-dihydroxy compound results in the formation of a small amount of

7-0x0 isomer:
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Figdrels shows the fluorescenge spectra obtained by dehydration'
of the cis-7,8-diol. The presence of the 7-oxo dehydration product
is indicated by the small relative maxima_at 478 nm and at 498 nm.
HPLC of this reaction mixutre and mass'spectrometry of the products
confirmed‘the presence of 7-oxb-7,8,9,10-tetrahydrobenzo(a)pyfene.
Dehydration of the BaP-poly(G) adduct under identical conditions
resu]ted'in the fluorescence spectra shown in Figure 6b. The
similarity to the results obtained with dehydration of gi§;7,é-dihy-
dro*y—7,8,9,10—tetrahydrobénzo(a)pyrene'is striking, and suggests
that hydroxyls are present at bositions 7- and 8- of the hydrocarbon.
Sincé'epoxides were known to be intermédiates in the metabolism of
PAH's, this dihydroxy] functionality could have arisen by hydrolysis
of an epoxide at the 7,8-positions of the hydrocarbon. The nué]eotide
residue is then presumably linked to C-9 or C410; a single hydroxy]

. at C-10 is not indicated since sUch a species would be expected to
dehydrate to a fully aromatized benzo(a)pyréne chromophore. However,

‘ the lack of a suitable model compound (tri- or tetrahydroxy-7,8,9,10-

g



Figure 5:

Figure 6:

-Figure 7:

Fluorescence spectra of (a) gj§;7;8-dihydroxy-7,8,9,10-
tetrahydrobenzo(a)pyrene, 1.67 x 10'7M in ethanol; em

3.33 x ex scale. _
| (b) 7-6xo-7,8,9,10-tetrahydro- '

6

benzo{a)pyrene, 1.85 x 10°°M in ethanol; em 10x ex scale.

(c) emission spectrum of tosic-

acid (pTsOH)-dehydrated cis-7,8-dihydroxy-7,8,9,10-tetra-

- hydrobenzo(a)pyrene after LH20 chromatogkaphy.

Fluorescence spectra of (a) 7-oxo-7,8,9,10-tetrahydro-
benzo(a)pyrene jsolated by HPLC from dehydration of cis-
7,8-dihydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene (em 3.33x

‘ex scale).

(b) NaOH-hydrolyzed BaP-poly(G)

- complex after dehydration with pTsOH, as described in

"Experimental” (em 10x ex scale).

Fluorescence spectra of (a) 8-oxo-7,8,9,10-tetrahydro-
benzo(a)pyrene, 1.40 x 107 M in ethanol (em 3.33x ex
scale). |

- (b) 10-o0x0-7,8,9,10-tetrahydro-

. benzo(a)pyrene, 3.61 x_]O"6 M in ethanol (em 3.33x ex .

scale).
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tetrahydrobenzo(a)pyrene) to test this hypothesis meant that we
really had no ihformation about the substituents at C-9 or C-10. Our

hypothetical structure, then, can be repreSented as

~ poly(G) “
SO

OH

It must be emphasized that this type of study was designed to
provide preliminary evidence about the nature of the hydrocarbon
metabolite involved in covalent binding to poly(G). The extremely Tow
quantities of addUct avai]éb]e for ana]ysis.ru]ed'out other, more
direct techniques. The presence of a 7,8,9,10-tetrahydrobenzo(a)-

pyrene chromophore is indicated, although the evidence for hydroxyls

‘at positions 7 and 8 is not as definitive (the substituents could in

fact be other acid-labile leaving groups). Also, the adduct as
isolated could well consist of a number of components; the only
criterion of purity we had was that the emission spéctrum of the com-
plex was the same irrespective of the excitation wéve]ength, and that

'the excitation spectrum did not véry with emission setting. Thus the

_ possibility that more than one compound was present with identical

fluorescence spectra could not be ruled out.

Parallel investigations into the metabolism of PAH's with both

50-54 55

microsomal systems> " and with cultured cell lines™> had at this

point identified a large number of primary and secondary metabolites.

" These included dihydrodiols, pheno]s, quinones, qnd arene oxides.

Table 1 lists a number of known benzo(a)pyrene metabolites:
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Table 1

Identified Benzo(a)pyrene Metabolites

Metabolite | o _ - _Reference
trans-7,8-dihydrodiol - 50, 51, 53 -
'~ trans-9,10-dihydrodiol 50, 51, 53, 55
trans-4,5-dihydrodiol - 50, 51, 53 :
4,5-o0xide - 50
1,6-quinone N 50, 51, 53,‘55

-3,6-quinone _. . _ 50, 51, 53, 55

6,12-quinone S 50, 51, 53, 55
phenols (exact number unknown) 50, 51, 53, 55
glutathione conjugates (unéharécterized)_ .56

glucuronic acid conjugates (uncharacterized) 57

An important line of research undertaken at this time was cyto-
toxicity and mutagenesis testing of known or potential metabolites of
benzo(a)pyrene. Only the K-region 4,5-oxide was found to be mutagenic
in bacterial tester s_ystems.58 Similar studies with metabolites of
h7,12-diméthy1benz(a)anthracene and 7-methylbenz(a)anthracene yielded
identica1 resd]ts: only thé K-region oxides had'appreciable mutagenic

59 It was found, however, that the RNA-nucleoside adducts - e

- activity.
.- obtained from cells exposed to the parent hydrocarbon did not co-
chromatograph with the nucleoside adducts obtained by reacting RNA

with Kk-region oxides igjvitro.so' At this point two kéy experiments

involving benzo(a)pyrene primary metabolites were performed. Borgen

et al. monitored the in vitro binding of these metabolites to DNA, with
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negative results for all compounds (except the 4,5?oxide);6]
binding of these metabolites in the presence of the NADPH-mi crosomal

incubation system was monitored, it was found that the 7,8-dihydrodiol

,posSessed high binding activity. That is, it appeared that further

metabolism of the primary metabolites was necessary in order for bind-

ing to DNA in vitro to occur. A second set of critical experiments was

carried out by Conney et al., who monitored mutagenic activity of the
primary benzo(a)pyrene metabolites in the presencé of the microsomal

62 14 was found that the 7,8-dihydrediol had high

incubation system.
mutageﬁic activity when tested in this fashion; a number of other
metabolites (including 9-hydroxybenzo(a)pyrene) also showed greatly
enhanced activity. This data corrélated with the results obtained in
the f]uorescence‘study of the BaP-po]y(G)'complex--our pre]iminary_ |
evidence sugges;ed the presence of hydroxyls at C-7 and C-8, which is
compatib]é'wifh a 7,8-dihydrodio] as a precursor to a DNA;binding
species. -The fluorescehce data also indicated the presence of a fully
reduced behzo-"A" ring. vThis suggested fhat the active DNA-binding
species generated from the 7,8-dihydrodio] involved metabq]iSm of the

OH

Since the P-448-containing microsomal enzyme mixture was required for
activation of the 7,8-dihydrodiol, the most 1ikely active species that

could be generated in this system is a 7,8-dihydroxy—Q,IO-epoxide:

But when

RGN
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63

Sims and coworkérs arrived at a similar conclusion: they trapped
dut metabo]ically formed [G-3H]-7,8-dihydrodfol, oxidized this material
with m-ch]oroperbehzoic acid to an uhcharacterized product (presumably
containing a diol epoxide of undefined stgreﬁchemistry) and incubated
it with DNA in vitro. . This modifiéd DNA was then enzymatfca]]y
digested, and the products compaféd chromafographica]]y with DNA ob-
tained frdm primary hamster embryo ceTIs whiéh were exposed to ]4C—
 benzo(a)pyrene. The 3H-dio]/DNA products were observed'fo co-
chromatograph with the']4C-BaP/DNA products on.Sephadex:LHZO (a~
lipophilic, dextran-based gel). These results, together with the
fluorescence studies described above, stfongly imp]icated'a diol
epoxide-type compound as an active DNA—bfnding species. As described
in Chapters 3-5, the.high mutagenic acti;ity found for the synfhetic
dio] eboxides fully supported this idea. We therefore undertook a
research effort to synthesize the diol epoxides of benzo(a)pyrene and
_ compafe the produ;ts obtained by modifying DNA with synthefic diol
epoXidé and microsome-activated benzo(a)pyrene. A report of the

results of this effort is contained in Chapters 3-6.
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Experimental

Chemicals. Sephadex LH20 was obtained from Pharmacia (Piscataway,

New Jersey). Ribonuclease T](EC 3.1.4.8), bovine spleen phospho-

| diesterase type I, alkaline phosphatase (EC 3.1.3.1), poly (G), and

NADPH were sqpp]ied by Sigma (St. Louis, Missouri)u} 3-Methy1ch01an-
threne was pUrchased froh Calbfochem (Lé Jolla, California) and used
without furthervpurifiéation.Benzo(a)pyfene was obtained from Aldrich
(Milwaukee; Wiscbnsin) and further purified by chromatography on Woelm
Grade 1"neutral alumina, using benzene as eluant, and followed by re-

crystallization from benzené—isopropano]. HPLC solvents were obtained

from Burdick and Jackson Laboratories (Muskegan, Michigan). [G-3H]

benzo(a)pyrene (1-5 cc/mmol) was obtained from Amersham-Searle

v (Ar]ington'Heighfs, I11inois).

Microsomes. Male Sprague-Dawley rats {Simonsen Laboratories,
Gilroy, Caiifofnia) weighing approximate]y 200 g were given 3-methyl-
cho]anthreng_fh cbrﬁ 0i1 by intraperitoneal injection at a dose of 25
mg/kg. body weight, forty-éight hours before sacrifice. Animals were

sacrificed by decapitation and theblivers were immediately removed and

_chi]]ed in ice-cold 0.9% NaCl. Subsequent operations.were carried out

at 4%. The tissue was minced, suspended in two volumes Tris-sucrose
buffer (0.05 m Tris-base, 0.25 M sucrose, 0.1 mM dithiothreitol at
pH 7.5),'and a cell extract was prepared with a glass-Teflon tissue
homogenizer. The extract was ‘then centr{fuged at 1500 x g for ten

=

minutes, 10,000 x g-for thirtyvminutes, and finally at 100,000 x g

- for ninety minutes. This 100,000 x g pellet was dispersed in Tris-

sucrose buffer at a protein concentration of 16 mg/ml, and stored at

-70°. .
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Analytical Procedures. Protein concentration was determined by

the method of Lowry with bovine serum albumin as reféfence standard.
Counting of 3H was carried out bﬁ a Packard 1iquid-s¢inti]1ation
spectrometer (model 3380). -Efficiency quench curves were constructed
with the use of sealed Standards. Samples were counted in solution or
as a gel, using Aquasol-2 as a cocktail (New_Eng]ahd Nuclear, Boston,
Massachusétts). High pressure 1iquid'chromatographA(HPLC) was carried
out with a Varian mbde] 8500 1iquid chromatograph (Walnut Creek, Cali-
fornia) usibg reverseﬁphﬁse’(octaqgcy]_sj]qgg)ﬂcg}pmpg Sﬂifropak CH-10,
25 cm x'2.1 mm), eluted at room temperature with water-methaho]. A— o
standard flow rate of 1 ml/min. was.ﬁsed, and the effluent monitored for

absorbance at 254-nm.

[§-3H] BaP-pb]y(G) Complex. Formation, hydrolysis, and isolation

of the covalently linked [G—3H] BaP-poly(G) complex was essentially as

described previously by Meehan 93_31.44

The standard reaction contained
- 6 nmol of benzo(a)pyrene (ca. 1 uCi total after dilution), 500 ng
poly(G), 0.45 umol NADPH, 400 ug microsomal protein, ana 20 ul ethanol

in a total volume of 1.5 m1 of 0.01 M phosphate buffer (pH 7.5).

| AsSays were incubated ét 37° for thirty minutes, and the‘reaction'
stopped by addifion of 3 ml of phenol reagent (500 m1 phenol, 70 ml
m-ckeso], 50 m1 water, 0.5 g 8-hydroxyquinoline); NaCl was.added to
'bring the assay concentration to 0.1 M and the sample volume to 2 ml. .
The samples were extracted by the method of Leaver and Key. The e
pheno]'phase'was extracted with 2 m1 of 0.01 M phosphate buffer (pH

7.5); the aqueous phases were then combined and extracted twice with

" ope volume of ethyl acetate. TQo'Vo]umes of ethanol wéreAthen added

to the aqueous phase and the sample immersed in a bbi]igngater bath

e

o
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for ten minutes. The poly(G) precipitate-was then collected by

centrifugation (ca. 10,000 x g), redissolved in 0.1 M NaC1, and the

ethanol procedure repeated - The final precipitate was then taken up

Assays were scaled up twenty-fold for hydrolysis and chromatograph1c

~analyses. Typ1ca] binding levels using thlS procedure were 125 + 10

pmol BaP bound per 500 ug poly(G). Assum1ng a mo]ecu]ar we1ght of

500 for the monomeric adduct, this would correspond to ca. 60 ng

of BaP-poly(G) adduct_per standard assay.

Hydrolysis. The phosphodiester Tinkages of poly(G) were hydro-
lyzed either enzymatically or chemically. Enzymatic hydrolyses were
carried out at 37° in 0.1M tris buffer (pH 7.5) 2 mm in EDTA. The
BaP-poly(G) compTex was first treated for three to six hours with
ribonuc]ease‘T] (10,000 units per mg of poly(G)), followed by addition-
al ribonuclease T] and spleen phosphodiesterase (0.3 units per mg

nucleic acid)_for twenty to twenty-four hours. The pH of the solution

was then adjusted to 8.5 with NaOH and alkaline phosphase (10 units/

mg poly(G)) added to remove the 3'-monophosphate. Chemica] hydrolysis
of the poly(G) comp]ex was carried out with 0.1 M NaOH at 37° for.
twenty to twenty-four hours.

The chemical or enzymat1c‘digest was then applied to a micro
(] x 5 cm) Sephadex LH20 column, eluted with.one column volume of
water followed by one column volume of methanol. The radioactive
material which eluted with methanol was then analyzed by thin layer
chromatography (silica ge]IG eluted with butano]éacetone-water
(60:38:2 v/v/v). The 3H-contafning band (fractions,pf the TLC plate

were scraped and counted as a gel) was then analyzed by fluorescence
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spectroscopy, as well as by HPLC.

Spectroscopy. Corrected fluorescence spectra were recorded on a

xenon source spectrophotofluorometer (Perkin E1mer, Model MPF;3,
Norwalk, Cbnnecticut).'_The instrument automatically records corrected
éxcitation and emiésion spectra (intensity ggr§g§;wave1ength variations
due to source, monochromators, and detectors are eliminated) by signal
ratioing between sample and reference (rhodamine B) channels. Anthra-
cene was used to test the correction. Spectra were recorded under the
following conditions: (i) band pass 10 nm (s1it width.1.29 mm) for
both excitation and emission scans; (ii) path lengths: excitation
10.mm_and emission 3 mm; (ii1) absorbante < 0;05 at all excitation
wavelengths; (iv) self-absorption effects not observed; (v) tempera-
ture, 25°; (vi) samples eduiiibrated with air; and'(vii);solvents,
redistilled ethanol and/or distilled dejonized water.

Absorption spectra were recorded on a Cary model 118 (Cary/

Varian, Palo Alto, California) spectrophotometér.

Dehydration’ReactiOns. Samples were treated with a large (ca.
100 molar equivalents) excess of pjtofuenesulfonic acid in dry
ethanol at 70° for sixteen-twenﬁy hours; the acid was.removéd by LH20
column chromatography. Alternatively, the reaction was carried out in
benzene and the acid removed by extraction with buffer.v Solvents
were evaporated in vacuo and the residue takeh up in ethanol or 50%
ethanol-water for fluorescence assay.

The large excess of p-TsOH was used because only picomolar quan-
tities of the BaP-poly(G) adduct was available for analysis. Model
compounds described in thgvdisdussion were analyzed where necessary by

HPLC, before and after treatment with p-TsOH. For example, in the
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dehydration of.gj§;7,8-dihydroxy-?,8,9,10-tetrahydfobenzo(a)pyrene,
both 8-oxoe7,8,9,]0-tetrahydrobenzo(a)pyrene.(95%)-and 7-ox0-7,8,9,
10-tetrahydrobenzo(a) pyrene were detected by collecting the e]uted

) mater1a] and compar1ng it with synthetic standard by absorption,

f]uorescence, and mass spectra, as well as by HPLC (co1nJect1on) with

standard. See Chapter 3 for a discussion of the synthetic standards.
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Chapter 3: Synthesis of Benzo(a)pyrene Derivatives - .

The f]ubrescence spectral and dehydration studies on the isolated _ -
poly(G)-BaP complex indicated to us the importance of developing syn-
thetic approaches to 7,8,9,10-substituted derivatives of benzo(a)-

pyrene. The discussion in Chapter 2 describes a number of synthetic

derivatives of Eéﬁio(a)py;éne; an ékp]aaﬁtﬁon of_the $&ntﬁ;ttc"hetﬁbdol-
ogy behind them has been delayed until nowt Synthetic approaches to
the'po]ycyc]ic aromatics can be broad]y‘dfvided into two categories--
those directed towards synthesis of the parent hydrocarbon, and those
‘directed towards synthesis of potential metabolites (oxides, diols,
phend]s, etc.) of the hydrocérbon. Interest in.the latter category

has been relatively recent, with the majority of'experimenta1 work
taking place from 1973 to the present.

During the period 1930-1950 a major effort wa§ made in deve]oping
~ synthetic approaches to the complex mu]ti-bing systems of poiycyc]ic
aromatic hydrocérbons. .This work has been summarized by E. Clar
~in his two-volume work, "Polycyclic Hydrocarbons."64 A number oftthe
synthetic intermediates developed during this period are of uge in pre-
paring the more complex PAH metabolites. For example, the original-
synthesis of benzo(a)pyrene by Cook, HeWett and Hieger involved con-
struction of the benzo-"A"-ring dnto.a preformed aromatic syétem,

.pyrene:]]
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CPO 0
Zn NaOH
O AICI3 _ NH4OH
. COH OH
180"

Ketone IIT is an obvious intermediate that could be used to introduce
additional functionalities into the benzo-a ring.  This abproéch was -
used by Sims in 1968 to prepare a humber of 7,8,9,10-substituted
benzb(a)pyrene‘derivativés.65 Key intermediates first reported by Sims

- include 9,10-dihydrobenzo(a)pyrene (V) and 7,8-dihydrobenzo(a)pyrene

-

Both of these intermediates proved to be of subsequent value in pfe- _

I X

paring benzo-ring derivatives such as phenols, diols, and époxides. A
brief description of the various synthetic approaches to these deriva-
tives fo]]ows; the diol epoxide synthesis involves work done in this

laboratory.
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vSynthetic’Dehydration Standards. As outlined in Chapter 2, our

initial fluorescence studies on the covalent BaP-po]y(G).comp1ex‘re-
quired a number of benzo(a)pyrene derivatives for spectral comparison.
The majority of these derivatives were known'compounds, having'been
prepared in the 1940's as part of'a large research effort directed
towards the synthesis of comp]ex,‘multi-ring systems (see feference 64
for a review of this work). However; none of these éémpodnds were
available commercially, and no physical data (aside from melting point
and elemental anaiysis) were reported in the literature. Consequent]y,‘
we undertook to repeat many of these synthéses,'using modern synthetic
metﬁods where appropriate.A Two key papers were-of particular use in

this work--one by Fieser and Nove]]o,66

Hieger.]]

and one by Cook, Hewett, and
In addition, Sims repdrted in 1968 the preparation of a
nﬁmber of benzo-"A"-ring derivatives of benzo(a)pyrene.65

I. ‘Benzo-"A"-ringfderivatives: 7,8,9,10-substituted benzo(a)-

pyrenes. -Figufe 1 outlines the route used by Fieser and Novello to
prepare 7-oxo-7,8,9,10ftetrahydrobenzo(a)pyrene (III). This materia}

~is a key intermediate for all 7,8,9,10-tetrahydrobenzo(a)pyrene deriva-
tives; its method of préparation is essentialiy identical to that‘
reported by Fieser. The Huang-an]oh modification of the Wolff-Kishner

reduction67

is used instead of the original Clemmensen reduction for | B Aj
préparing acid II; this resuits in higher yields (75% versus 60%)vas
well as being much more adapﬁab]e to large-scale (molar) preparative
reactions. Several hundred grams of ketone III were eventually

prepared for use in the syntheses and experiments reported here !
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(Note 1). Ketone III was then transformed into a number of products,
conveniently divided into hydrobenzo(a)pyrenes, monohydroxy-7,8,9,10-
‘tetrahydrobenzo(a)pyrenes, and dihydroxy-7,8,9,]O-tetrahydrobeﬁzo(a)-
pyrenes. Figures 1 - 4 odtline thése'various intefconversioné.
"~ A second key ihtermediaté was 9,10-dihydrobenzc(a)pyrene (v),

formed by reduction of III with sodium bofdhydride and subsequent de-
- hydration (p-toluenesulfonic acid/¢H). Relatively mild dehydration
conditibns (temperature < 800) were found to be essential; the prbce-'
dure df S1’ms65 (AcOH/118°/15 min.) was found fo yield fu11y aromatized
material (benzo(a)pyrene) as a side prpddct (ca. 5%, éna1y§is by HPLC).
7,8,9;10—Tetrahydrobenzo(a)pyrene (VI)‘was prepared by Wolff-Kishner
reduction of ketone III, followed by chromatography on alumina.

Derivatization of the 9,10-positions of 7,8,9,10-tetrahydrobenzo-
(a)pyrene was accomplished via free radica]bacetoxy1ation as first |

reported by Kon and Roe.68

The acetoxy‘derivafive VII was 1sdlated

by repeated'recrystai]izétion.of'the crude product; conversion to
10-hydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene was then accomplished via
basic hydrolysis (KOH/MeOH) and subsequent recrystallization of the
pfoduct; 7,8-dihydrobenzo(a)pyrene (IX) was obtained by acid- |
cata]yzed'dehydration (p—to]uenesp]fonic acid/¢H) of compound ViI,

followed by column chromatography on activated alumina.ss’69

Note 1: Ketone IIT has recently become commercially available from
Aldrich Chemical Company, Milwaukee, Wisconsin at $30/5 gm

(1978 1isting).
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Conversion of 9,10-dihydrobenzo(a)pyrene (V) and 7,8-dihydro-
benzo(a)pyrene (IX) to their correéponding cis-diols (X and XII) was
accomplished by okidation_with osmium tetroxide (0504).65 Cleavage.
'of the intermediate osmate esfer compTex by reduction with sodium
bfsu]fite was found.to be superior to 1iterature procedures emp]oying |
'HZS or trans;esterification (KOH-manm‘to]);40 ‘The bisulfite procedure
results in a water-soluble osmium-pyridine comp]ex allowing stréigot-
forward isolation and purification of the chloroform soluble cis- d101
The three tetrahydrobenzo(a)pyrene ketones XI, XIII, and XIV
- were required for use as chromatographic standards in tHe dehydration
studies outlined in Chapter 2. 10-0xo-7,8,9,]0-tetrahydrobénzo(a)-
pyrene- (XIV) was readily obtained by oxidation of the 10-hydroxy com-

7 9-0xo-7,8,9,10-tetrahydrobenio-

pound VIII with DMS0-Ac,0 -reagent.
(a)pyrene (XIII) was obtained by dehydraéion of cis-diol XII undér
acidic conditions The exc]usive formation of the 9- ketone 1in this |
‘reaction is presumably due to stabilization of the carbon1um ion formed

at the benzy11c 10- pos1t1on '

o010

The 9 and 10-ketones (XIII and XIV) are separable by HPLC (see

S

"Experimental®), and no'detectab1e 10-keto material was found in the |
reaction product from acid dehydration of giéfdiol XII. This was not
the case for hydrolysis of the gj§;7,8-dio] X; a small amount (~5%) of

7-ketone III was formed along with 8-ketone XI. Since purification
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of the 8-ketone (XI) by HPLC was impractiCa1; an alternate route was
used, involving.acid hydrolysis of 7,8-epoxy-7,8,9,10-tetrahydro-

benzo(a) yrene

T X e LT
—_— —_—
99® CIY e (I
. o7
o ’

XV

Epoxide XV was prepared by oxidation of V with m-chloroperbenzoic acid,
using a two-phase solvent system (CHéCiz/IO% NaHC03) to neutralize any
m-chlorobenzoic acid formed in tHe reaction.’? Treatment of epoxide
XV with p—td]uenesd]fonic~acid and sUbsequent column chromatography

(alumina) yielded the 8-ketone XI free of any contam1nat1ng 7-ketone
| III (as analyzed by HPLC)

8- Hydroxy and 9- hydroxy-7 8 9,10~ tetrahydrobenzo(a)pyrenes XVI

and XVII were prepared by sod1um borohydride reduction of the cor-
responding ketones; the reaction products were isolated by HPLC and
characterized by absorption, infra-red, and mass spectra. Insufficient

| material was isolated for elemental analysis or NMR spectroscopy.

(R T '
HO : |

XVi Xvil - i

II. Other Benzo(a)pyrene Derivatives. Other benzo(a)pyrene

derivatives used as fluorescence standards include the K-region cis-

diol, 4,5-dihydroxy¥4,5-dihydrobenzo(a)pyrene (XVIII), and the quinones
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formed by oxidation of benzo(a)pyrene with chromic acid. This cis-

73 using osmium tetroxide.

diol was origina]]y_prepared by Crigee et al.
The diol thus obtainéd is extrémefy sensitive to oxidative degradation,
requiring the use of an inert atmosphere for all operations. Harvey

and Goh reported in 1974 a detailed'procedure for isolating the diol,
~involving c1eavage.of theAintermediate osmate ester with KOH-mannitol,
atety1atidn to a diacetaté, column chromatography, and removal of the
acetate-prbtecting gfoUps with methanolic ammom‘a.74 We have found {
that cleavage of the osmate estér using aqueous bi;uifite (as outlined
above) fs a superior method, although purification and handling of the
diol is facilitated by cénversion:to the more stable diacetate. The
reason for the extrehe lability of the 4,5-diol is not fully under-
stood; on exposure to airvsome material with UV-absorption properties

. of a quinone are'fdrmed, along with a red oil. Other workers have

reported similar observations.73’74

X VI .
Oxidation of benzo(a)pyrene to a mixture of quinones (1,6 3,6

and 6,12; figure 4) by the action of Chromit acid was first reported

75

by Volimann. The individual quinones can be partially resolved by

- HPLC (Micropak Cyge H20-Me0H solvent). Sufficient material for use
as absorption spectrum standards could be obtained by this procedure.

76,77

Direct synthesis of each quinone has been reported, and anal-

ytical standards of each were obtained from the National Cancer Institute,
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Bethesda, Maryland.

Arene Oxide Synthesis. It is convenient to divide arene oxides

into tw0'categoriés, describéd as K—region and non-K-region types. The
K-region, or phenanthrehe—5,6-type double bond, waé thought at one time
to be the primary stfuctura] feafdre of a polycyclic aromafic hydro-.
carbon responsible for biological activity.78 Early (prej1970) |
synthetic work was concentrated.oh the‘preparation of K-region deriva-
tives for two reasonée-the presumed biological relevance of such
derivatives, and the relative ease with which‘the K-region double bond
- could be functionalized. Two principal reactions are of use in func-

tionalizing this bond: ozono]ysié,79

producing a dia]déhyde, and
oxidation by 0504,73 yielding an 1ntermed1ate osmate ester which can be -
hydrolyzed to give a c1s d1hydrod1ol Phenanthrene for example, will '
yield elther the d1a]dehyde I or the cis-diol II on treatment with 0

or 0504, respectively:
—_—
O CHO T0% O CHO
(;HOOH CHO

, cng :

OsO4

Both reactions depend on the fact that the mobile bond order is

highest for the K-region-type double bond: in addition, the K-region



does not possess full aromatic character, and its excision from the
mblecule does not greatly alter the overall resonance energy for the
mo]epu]e.BO The K-region thus is similar in reactivity to an isolated
double bond, and is susceptible to attack byve1ectrophi1ic'reagents.
The first arene 6xide to be prepared Was that of phehanthrene,
via conversion of the dialdehyde I to the okirane by tfeatment with

hexamethy1l phosphorous triamide:81’ 82

O (MezN)3P
O CHO . O 1

CHO

.
7-methy1benz(a)anthrécene-S,G-oxide was prepared in é simf]ar fashion.
With more complex ring systemﬁ, however, ozondlysis has been found_to
generate a complex mixture of products, inc1@ding quinones.83 0xida?
tion with 0504, in contrast; usually results in Only a single major
product, and has consequeﬁt]y become the method of chdice.for func-
]tidnalizing the K-region double bond of éomplex PAH's (Note 1).

Two methods are now‘available for converting a cis-diol into an
oxirane. The fikst, reportéd in 1973 by Harvey and co-workers, invo]ves

conversion of the cis-diol to a trans-diol and subsequent oxirane

Note 1: Benzo(a)pyrene formally has two K-regions, the (4,5) and
(1],12) bonds. Both HMO84 and SCF49 calculations indicate
that the bond order of the 4,5-bond is higher than that of
the 11,12-bond. Oxidation of BaP by 0s0, yields both cis-
diols in approximately a 20:1 ratio.

53
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formation by treatment with the dimethy]acetalbof dﬁmethylformamide
(figure 5).74’86 The second method involves conversion of the cis-diol
to a 2-a1koxy-],3-diox61ane, Subsequent conversion to a halohydrin
ester, and then‘base—catalyzed nucleophilic displacement of the halogen
by the hydroxyl oxygen (figure 6).87 This second method has some ad- |
vantages over the first, as the conversion'from'gig-diol to arene oxide
can be carried out sequentiale in the same reaction vessel without the

88 Both procedures

need for iso]ation‘o} purification of intérmediates.
.have been used to prepare a number of K-region oxides of polycyclic
aromatic hydrocarbons, including phenanthrene, pyrene, chrysene, 7,12-
dimethylbenz(a)anthracene, and benzo(a)pyrene. |

A direct oxidation of the aromatic hydrocarbon fo‘a K-region
oxide using hypochlorite plus a phase-transfer catalyst haé recehtly

appeared.89

The application of this synthetic scheme seems to be
restricted fO'molecules of high symmepry, due to the complex product
mixtures generated from non-symmetrical, large PAH's. This technique
appears tovbe the method of choice, however, for generating large
(multigram) quantities of the K-region oxides of phenanthrene, pyrene,
 and chrysene.

Non-K-region Arene Oxides. Approaches to non-K-region arene

oxides'ére of necessity less direct than those outlined above for the
K-region oxides, aﬁd'can involve complex ring-constructing schemes
rather than the straightforward modification of one area 6f a pre-
existing aromatic s&stem. The complexity of a given scheme for ah
arene oxide synthesis can vary.wide1y, depending on the types of inter-
médiate ring sysfems that are reéuiréd, as well as the stability and

reactivity of the final product. For benzq(a)pyrene, for example,
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relatively facile routes to the 7,8vand‘9,10 oxides have been e]ucif

dated, whereas the 1,2 and 2,3 oxides have so far defied synthesis.

The bulk of the synthetic work on non-K-region arene oxides has until
‘now involved e]aboration of a tetrahydro-benzo ring to generate a

1,2-epoxide with a 3,4 double bond in conjugation with the aromatic .

nucleus of the remainder of the molecule:

This allows one to proceed via construction of the tetrahydrobenzo—ring

onto a preformed aromatic nucleus, or in favorable cases by selective

reduction of one ring of the parent hydrocarbon:90

57
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The first reported synthesis of a non-K-region érene oxide was

that of naphthalene-1,2-oxide, published in 1968 by Vogel and Klirner.!

The overall logic 6f this synthesis formed the basis for later wOfk by
other groups. The éynthesis is outlined in Figure 7a; the key step in-
volves introduction of the 3,4-double bond into the tetrahydro ring
system of'epoxide C. This was_acéomp]ished by free radical bromination
at the benzylic 4-position, followed by dehydrohalogenation with 1,5-
diazabicyc1o [3;2.0] non-5-ene at 0°. The‘utility of this synthetic
sequence'is hindered by the extreme 1abi1ity of bromo-epoxide D, and
subsequent attempts to genéralize the sequence.to other aromatic sys-
tems mef with Tittle success. In 1972 Waterfall and Sims attempted to
use this scheme for the prepafation of non-K-region oxides of benzd(a);
pyrene (Figure 7b).69 Analysis of their data indicates that the
attempted broﬁination of epoxide E gave a mixture of uncharacterized
products, possibly polymeric in nafure. Acid hydrolysis of the crude
reaction mixture yielded material with chkomatographic properties

similab to that of a phenol, suggesting that the oxirane may have
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been present. Such a synthetic scheme was not capable of yielding.
analytically pure material, however. Jerina‘and coworkers subsequently

~modified this scheme by introducing both the epoxide and the double

bond simu]taneous]y.92’93 The epoxide is present as a bromohydrin
precursor:
| Br :
/) NBA /) r\:'ss /) OMe /)
X/ 0 s, N M=o NI\ X
~ OR OrR ° |

The Jerina synthesis (1973-1974) resulted in milligram quantities of
pure arene oxides for several hydrocarbons, including the benzo(a)- -

pyrene—7,8_and 9,]O-ox1des. :

Diol Epoxide Synthesis. As outlined in Chapter 2 fluorescence
studies indicated that ah'active alkylating agent involving a 7,8,9,10-
tetrahydro-substituted benzo(a)pyrene was responsible for covalent

binding to nucleic acids in both microsomal and cell culture in vitro

systems. Model compound stqdies suggested the presence of hydroxyls
at pbsition 7 and 8 of the tetrahydro-ring. ThevDNA/metabo]ite binding
assay of Borgen 53_51.6] suggested that trans-7,8-dihydroxy-7,8-
dihydrobenzo(a)pyrene possessed excéptiona] binding capabilities, and
mutagenesis studies indicated high activity for this compound.62 A1l
of this evidence suggested that the trans-7,8-dihydrodiol of bénzo(a)-
pyrene could undergo further metabolism to an active alkylating species,
which when bound to nucleic acid exhibited a fluorescent chromophore
similar to that of 7,8,9,]O-tetrahydrobenzo(a)pyrene. The most likely

~structure for this alkylating species is that of a diol-epoxide, where
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the 9,]0-doub]e bond of thé 7,8-dihydrodfo] has undergone oxidation

to an epoxide:

o)
‘ cytochrome P448

(I e L)
HO HO

H v ‘ OH

Oum

Work by Sims et al. indicated that metabolically formed [G-3H] 7,8-
dihydrodiol could be oxidized with m-ch]oroperbenzoic acid to a |
material that was capable of binding to DNA in vitro; the resulting
material had chromatographic properties similar to that of DNA-bound

microsomal-activated benzo(a)pyrene.63 The stereochemistry of the

epoxide rfng can be either cis or trans with respect to the 7-hydroxy1;
presumably either isomer could be formed in vivo. The ﬁynthesis of

this material, then, became our goal. The most obvious abproach to
this structure is to mihic the:biosynthetic route (as Sims did on a
micro-scale): synthesize the dihydrodiol and convert it to the diol?
epoxide. It was anticipated that large quantities (multigram) of
material would be required, so the deve]opment of an efficient synthe—.
sis for the 7, 8-dihydrodio] was our immediate goal.

An obvious approach to this structure is by introduction of the
diol functidna]ity into>a tetrahydrobenzo(a)pyrene, followed by genera-
tion of the 9,10-double bond. This approach is sihilarlto the logic
used by Vogel and Klarner in their 1968 synthesis bf naphthalene-1,2-

91

QXiée: the epoxide ring was introduced first, and the 3,4-doub1e

bond introduced by benzylic bromination fo]]owed byvdehydroha1ogéna- |

tion (see Figure 7a). The overall synthetic scheme, then, would
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involve conversion of 9,10-dihydrobenzo(a)pyrene (V) to traﬁs—7,8-
dihydroxy-7,8,9,10ftetrahydrobenzo(a)pyrene, followed by introduction

of the 9,10-double bond via a benzylic halogenation/dehydrohalogenation

sequence.

. HO HO™

H H

O
Om

Since we had ready access to 7,8-époxy-7,8,9,]O-tefrahydrobenzo(a)pyrene
(XV), an attempt was made to stereospecifically opén‘the epoXide ring
to a gggggydiol. Literature referencé§ indicated that the only condi-
tions capable of highly siereospecific ring opéning involved the use

94 When

of a strongly basic environment, éuch as KOH in 85% DMSO-water.
the epoxide was treated in this faéhion, a quantitative yield of benzo-
(é)pyrene was obtained (confirmed by HPLC retention time, UV and mass
spectré). Presumably a diol is formed initially, and then undergoes

multiple dehydration to the completely aromatized hydrocarbon:

He—___

QQ L0 = &)

Son

om

BaP (m/z 252)

Identical results were obtained at 0 s 25°, and 100O Hydro]ys1s of
the epoxide under acidic cond1t1ons (1:1 THF-water, trace of HC]) gave
three peaks when analyzed by HPLC. The minor component (gg. IOA of

total was identified as 8-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene (HPLC

=%
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rétention time, mass spectra identical with synthetic standard). The
remaining two peaks (A and B, present in a ratio of 45:55)‘had identi-
cal UV, IR, and mass spectra (m/z 288)' peak A co- chrométographed with
authent1c cis-7,8-dihydroxy-7,8,9,10- tetrahydrobenzo(a)pyrene (synthe-
s1zed by OsO4 oxidation of 7,8- dlhydrobenzo(a)pyrene) Peak B was

therefore ass1gned as the trans-diol, confirmed by its ]H-NMR spectrum

(J5 4 = 10 Hz; cis-diol has J. .= 5.5 Hz). These results indicated
7,8 S 7,8

that hydro]ysis of the tetrahydro epoxide XV was not suitable forvpref
paring the trans-diol. |

A review of ]iterature methods for‘cohverting olefins to trans-diols
suggested the use of an aryl br acyl hypoiédite--i e., the Prevost

95

reaction. Our initial concerns that the hypoiodite comp]ex might -

| 1od1nate the h1gh1y active pyrene nucleus were alleviated by a conversa-

tion with Dr. D. J. McCaustland of Midwest Research Inst1tute (Kansas
City, M1ssour1), in which he 1nformed us that they had successfully used
the Prevost react1on to prepare trans-diols from a number of aromat1c-
substltuted ethenes. When the reaction was tried, convers1on of 9,10-

dihydrobenzo(a)pyrene to a 7,8-dibenzoate was- readily accomplished in

65% yield._ Trans stereochemistry is generated'by the mechanism of

the reaction:

. o _
. = (9)
H OR
v 2AgOBz . _ \ S,
| Tip.oH Yoo Z
| o-¢\ OR
- 4

The trans-ﬁtereochemistry was confirmed by removal of the benzoates
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("OMe) and }H-NMR of the free diol--- the 1érge J7,8 (10 Hz) s

indicative of trans-stereochemistry. Thé free diol also cochromato-

graphed with peék B (above) obtained from.acid hydrolysis of'thé tetra-

hyd?o epoxide (XV). ‘ | ‘ o v- .
The bromination-dehydrobromination seqdence to'jntroduce the 9,10— .

dpub]e bond into the system appeared at first to be relatively straight-

forward. Such a sequence had in fact been used by Jerina et al. to

synthesize the gigfdfhydroxy isomer:

V ‘ Br : '

/)A‘_:a />NBS‘ /) A /)__. /)
HO X’ Aco X’ AcO X’ AcO X’ HO X
OH ‘OAc OAc OAc OH

Our first attempt at brominatiﬁg the dibenzoate (NBS, CCT4, hv)

resulted in polymeric material, along witﬁ a small amount of material
containing two bromines (mass spectra) and what appeared to be avfully
aromatized system (UV absorption similar to that 6f benzo(a)pyrene).'

The problem was eventually traced to a small (=4%) amount of iodo-

benzoate in the dibenzoate starting material. When analytically pure
dibenzoate was used in the reaction, the 10-bromo derivative (stereo-

‘ chemist}y'unknown)_was obtained in high yield (=75%). The reaction is
nevefthe]ess technically difficult, requiring the use of pure diben- | -
zoate and rigorously defined experimental conditions (see "Experimental"). “E
Thermal elimination of HBr (refluxing in xylene for approximately ten 5
minutes) and removai Qf the benzoyl groups Was accomplished without
difficulty. This resulted in analytically pufe (+)trans-7,8-dihydroxy- B o
7,8-dihydrobenzo(a)pyrene (XXII, figure 8). | |
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Epoxidation of this material would be expected to generate the

two possible isomers (A and B), with the epoxide cis or trans with
respect to the 7-hydroxyl. A preference for the cis isomer was
predicted to occur with'beracid oxidation, by analogy with knowh : _ _ .,

literature reactions. For example, epoxidation of 2-hydroxy-cyc1o—

hexene by perbenzoic acid generates a preponderance of the isomer

with the epoxide'bn the same face of the ring as the hydroxy]:96

OH ' OH

( B , OH
coH' A
@ B i)o - O
- @H, S° -

9l % 9%

This stereospecificity is:apparently the result of hydrogen-bonding

between the peracid and hydrexyl group in the transition state for
i 97 . .

“the reaction:
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Epoxidation of the 3332577,8-dio] with m-chloroperbenzoic acid (mCPBA,
a more efficient epoxidation reagent than perbenzoic acid) in CH2C12
resulted in a number of undefined products. In benzene, the reaction
proceded slowly (reaction was monitored by the change in absorption
~spectrum from the 9,10-dihydro benzo(a)pyrene chromophore to that of

a 7,8,9,]O-tetfahydrobenzo(a)pyrene), and mass spectrometry indicated
the presenée of a species with the molecular weight of a diol epoxide..
The optimum solvent for this reaction was found to be tetrahydrofuran,
where reaction is esséntia]]y complete in six hours. The reason for

this solvent dependence is unknown, although it has been noted by two
98,99

other groups.

CH

Jerina identified one of the products generated in
2C12 as a chlorobenzoate ester of trihydroxy-7,8,9,10-tetrahydro-
benzo(a)pyrene, présumab]y formed by reaction of the initially formed

diol epoxide with m-chlorobenzoic acid.98

It is possible that trace
amounts of écid present invsomé solvents lead to immediate decomposition
of the high]y reactive diol-epoxide.

The sfereochemistry of the material formed in this reaction was
unkown, but the product appeared to be a single stereoisomer (see
‘Table 1). In an aqueous cosolvent (THF-water, 20:80) two products
were rapidly formed (reaction complete in under twenty minutes), and
identified as tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)pyrenes. A
single stereoisomer of the diol époxide would be expected to generate’

two tetraols upon hydrolysis, whereas four tetraols would be generated

if both stereoisomers were present:
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The orienting éffect of the 8-hydroxy] on the peracid would be expected
to generate the epoxide dn the same face of the ring, and opposite to

the 7-hydroxyl:

s LI
HO “O

OH-

At the time this work was being completed, a virtually identical syn-
 thesis Of this diol epoxide appeared but without any conclusions as

to the stereochemistry of the product. 99 1

H-NMR evidence was suggestive
that the 8-hydroxyl and epoxide were cis to each other, but the ab-
sence of any referencé compbunds made such an assignment rather tenuous.
(J7’8'='8.6 Hz is consistent with pseudo-equatorial hyclr'oxyls,]00 and
thé small value of J9’10 [<1 Hz] Suggests that the 9,10 epoxide and

8-hydroxyl are cis to each other).

e
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The solution to this problem was first advanced by Jerina and

coworkers, who succeeded in synthesizing the two corresponding diol

epox1de isomers of naphtha]ene (C and D) 98,101

Direct epoxidation of 1,2—d1hydroxy-1,2—dihydronaphtha]ene'geherafes
compound D, as expected. The other isomer, C, was synthesized by the -
same reaction sequence Jerina had used in the synthesis of the non-K-
region‘arene oxides--via a-bromohydrin;93, Reaction of the diol with
N-bromoacetamide (NBA) in aqueous-THF gave a halohydrin esfer with en
NMR spectrum consistent with a cis-2-hydroxyl and 3-bromine (02’3'%
2.49 Hz): |

ulO
uIO

o — o

Conversion of this bromohydrin to diol epoxide C was achfeved with base.

om

Once,bbth isomeré were available for.direct comparison, the assignments
of relative stefeochemistry}bésed oh 1H-NMR data was'reletively straight-
forward (see Table 1). when the 7,8-dihydrodiol of benzo(a)pyrene was
treated w1th NBA, a s1m11ar resu]t was obta1ned--a bromohydr1n with
protons at pos1t10ns 7 and 8 (J8 g = = 3 Hz) was isolated. Treatment

with base gave mater1a1 wwth uv, IR and mass spectra similar to that
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of the dio] epoxide formed via peraqid oxidation, but with a different
]H-NMR spectrum (Tab]e 1). The 7-hydroxyl resonance is shifted up-
field by approximately 160 Hz'(at 220 MHz), indicative of intramolecular
hydrogen-binding betﬁeen the 7—hydroxy1 and 9,10-epoxide oxygen..|02
Final confirmation of the assignments was provided by analyzing the
products formed on hydrolysis of diol epoxide B: two.tetrahydroxy-7,8,
9,10-tetrahydrobenzo(a)pyrenes were formed, with completely different
retention times from the tetraols formed by hydrolysis of diol-epoxide
A. ]H-NMR ané]ysis“of these two‘sets of tetraols provided good evidenée
103

for the assigned conformations; in addition, a later analysis of the

relative stereochemistry of thé ring hydroxyls (detected by acetonide
formation of gjéfdihydroxy'stereoisdmers) of all four tetraols was
fully consistent with these assignments.]04
Although there was ample literature precedence for the high degkee
of stereoselectivity observed in the peracid oxidation of the diol to
diol epoxide "A," the specificity obsgrvéd in bromohydrin formation was
somewhat uhexpected. Although steric arguments can be invoked to ac-
count for the approach of NBA cis to the pseudo-equatorial 8-hydroxyl,
(]H-NMR indicateé the hydroxyls in the diol are pseudo-equatorial), the

fact that no detectable trans isomer is observed is surprising:.

Conversion to the 9,10-epoxide is facilitated by the trans-],Z-diakia1

conformation of the 10-hydroxyl and 9-bromine; formation of the 8,9



epoxide is not possible due to the gi; conformation of the 9-bromine

and 8-hydroxyl (Figure 8).

Table 1
Q"I, k . O
//) //)
HO .\l > HO A\ > HO nl NS HO W N
OH OH
D Jo A B
" Naphthalene Benzo(a)pyrene
b c A B

H-1 - 4.31 .38 (H-7) 4.86 4.96

H-2 , - 3.66 .15~ (H-8) 4.04 .99

ppm | H-3 3.60 .69 (H-9)  3.95

4
4 3
3 3.88
H-4 - 3.99 3.98  (H-10) 5.18 4.98
4 5
5 5
9 5

C{-0H 5.55 14 (C,-0H) 6.01 .20
C,-OH 5.47 .47 (Cg-OH) 5.88 .86
J],Z . - 3.0 .0 (07,8)' 8.6 ..8

Hz |9, 4 2.5 1.0 (Jgg) 1.0 1.5
34 4.0 4.5  (Jq 10) 4.5 4.1

[]H-NMR spectra recorded at 220 MHz in FT mode].

L The two isomeric diol epoxides A and B are abbreviated as "anti" and
"syn," referring to the orientation of the 9,10 epoxide with respect

. to the 7-hydroxyl.

n
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. _ OH :

(t)anti- diol epoxide i (+)syn ~ diol epoxide

3H-Dio’l Epoxide Synthesis (Note 1). The extremely low level of

binding of benzo(a)pyrene to DNA in vivo (ca. 1 in ]04—105 base pairs)'
meant that the isolated adducts we would be‘working with would be pré-
sent in microgrémﬂor nanoﬁram quéntities. These. would presumably have
to be detected against a large background of unmodified nucleic acid
residues, méking isolation a difficult analytical problem. The ability
to quantify the levels of covalent binding to various target nucleo-
philes was also anticipated to be a pkob]em._ Consequently, we decided
to‘prepare_the diol epoxide "A" (r-7,t-8-dihydroxy-t§9,10-epoxy-7,8,9,
]O-tetrahydrobenzo(a)pyrehe) in a radioactively labelled form (as
described in Chapters 4-6, diol eﬁoxide A is the predominaht stereoiso-

mer formed in vivo).. Two principa]'requirements——expense and the need
' 3 14

for high specific activity--dictated the use of °H rather than '‘C.

3chan be introduced into a structure by fwo basic procedures4-~
catalytic exchangé with 3H2 gas, or by exchange'inE3H20 (usually at
extremés of pH).105 The high reactivity o% the diol epoxide itself
ru1ed out any direct exchange procedure; a.synthetic precursor wou]d‘

have to be labelled and then converted to the diol epoxide. Since

Note 1: A simi]ar synthesis of.3H - (+) anti-diol epoxide is described

in reference 106.



the material would be used in biologica]r aqueous systems, it was

decided that 1ncorporat1on of the 1abe1 into readily exchangeable pos1-

zet1on of the label. ‘Additionally, the facilities available to us

(Safety Services, Lawrence Berke]ey Laboratory) allowed the use of

- carrier-free tritium gas at pressures up to 730 mm,‘permitting high

specific activities to be realized.
The aromatic eystem of the tetrahydrobenzo(a)byrene mbiety is a
Togical choice forjintroduction of label into non-exchangeable (6ver

the normal range of pH encountered in biological systems) sites. High
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't1ons of the mo]ecu]e could lead to prob1ems involving loss or random1-

specific activities (> 1 Ci/mmol) can only be achieved with 3H20 under

vigorous conditions (eg. TQO-200°/24 hr.); since we envisioned intro-

duction of the label within a reasonable number of steps from the

final product; such extreme conditions were ruled out. Suitable. reac-

tion sequences using tritium gas include hydrogenation/dehydrogenation

(resulting 1in approximate]y 50% of the hydrogens at a given position

- being ]abeTed) or ha1ogenation/hydrogeno]ysis. The former method is

difficult to carry out at low (< 1 atm) pressure, so the ha]ogenation/
hydrogenolysis reactibn_sequence_was employed. |
The overall plan was to brominate the aromatic nucleus, then

dehalogenate with tritium gas over a metal catalyst. The sens1t1v1ty

- of the 9, 10-double bond to these cond1t10ns forced us to work with the

tetrahydrobenzo(a)pyrene system, with the trans-dibenzoate already in

place:
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Bromination of the aromatic system was straightforward; virtually any
source of Br‘+ will efficiently label the system. Thus, treatment of .
dibenzoate XIX with phenyl trimethylammonium‘tribromide in acetic acid-

THF resulted fn a quantitative yié1d of mpnobrdmo-trans-?,8-dibenzoy1-

7,8,9,10-tetrahydrobenzo(a)pyrene (MT at m/z 574,576; the ion at m/z 330,

332 and subéequent loss of Br- to generate m/z'25] showed thét the
bromine was on thevtetrahydrobenzo(a)pyrene moiety rather than on. the
benzoate groups). The exact position of the halogen on the ring'coujd
not be determined, but the ]H-NMR Spectrum showed'bne‘less hydrogen in
the aromatic region (7.32-8.50 8). Analogous literature reactions in-
dicate that_the 6#position may be the sife of substitution in such

cases.93 Model reaction studies'with unlabelled H

_ 2
monobromide could be efficiently (90% yield) reduced to the dibenzoate

showed that this

at low pressure (< 1.5 atm) over a palladium metal catalyst.

Accordingly, 30 mg of the bromo-dibenzoate in the presence'of 10
mg pa]]édium was treated with 52 Ci of carrier-free 3H2 at 730 mm |
presﬁure for 3.75 hours. Aftér work-up (initial éctivity 30 Ci/mmb])
this material was diluted with unlabelled carrier dibenzoate to a final
activity of gé, 2.38 Ci/mmol (the material still contained adsorbed |
3H2 gas). This material was then carried through the synthesis of

trans¥7,8-dihydroxy-7,8-dihydrodio] (XXII) on a>micro-sca1e. The final

g



P
““““

75

- yield of diol was 100 mg, at a specific activity of 1.30 + .05 Ci/mmo1l.

The bulk of this material was converted to diol epoxide "A" (XXIV),

and stored in THF at 470°. AT intermediates cochromatographed with

' authentic:synthetic standards; when the 3H- diol eboxide Was hydrolyzed,

ca. 97% of the 3H-counts eluted with the two expected'tetkahydroxy-

tetrahydrobenzo(a)pyrene products. The 3H-dio1 epoxide stock solution

was routinely monitored for decomposition (high specific activity

materials are extremély sensitive to oxygen, water, and 1ight; decom-

position occurs primarily via free-radicé] reactions induced by intense
B’radiation) by hydro1ysi$'and HPLC of the products. Aliquots from

the run were analyzed for radioactivity by scintillation counting,

ahd the total recovery was'ca1cu1ated.vDeﬁompdsition-was indicated by
the:amountAof radibactfvfty that did not co-elute with the eXpected.
tetrahydroxy—tetrahydrobenzo(a)pyrene hydrolysis products.'Over a.

period of eight months, decomposition was less thén 0.5% per month.
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B - 7,8- diol  +
unlabelled 7,8 -diol (XXI!I)
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Experimental

Analytical Methods. A1l reactions were performed under a dry
nitrogen atmospﬁere unless otherwise noted. Most'of.the reaction pro-
ducts reported here are sensitive to 1fght and air, so appropriate
precautions were taken. Melting points (uncquected) were determined
on a Buchi capillary melting point apparatﬁs (Rinco Instrument Co.,

]H NMR spectré were recorded at 220 MHz with a

Greenville, I]lindis).
Varian HR-220, équfpped for Fourier Transform (FT) oberation. Data

was collected on a NIC-80 computer (Nico]ét Instrumehts;'Madison,
NiSconsin). Alternatively, some spéctra were recorded at 270 MHz on a
non-commercia} instfument, interfaced with avNIC-1180 computer. Absorp-
tfon’spéctra were recorded on either a'Variah/Cary Model 118 or Model

14 spectrophotometér (Cary/Varian,»Pa]o Alto, California). Infrared
spectra were recorded (as KBr pellets) on a Perkin-Elmer model 257
spectrbphqtdmeter (Perkin-Elmer, Norwa]k,vConnecticut).' Low réso]ution
mass spectra were determined at 70 eV on a duPont model 21-492-1 mass

spectrometer, equipped with a 21-094B data system. E]éctron-impact high

resolution mass spectra wererdetermined by direct probe with a modified

Kratos/AEI_MS-QOZ mass spectrometer operated on-Tine at m/am 10,000 with

a Xerox Sigma 7/L0GOS II computer system (seé Chapter 4 for a discussion
of the LOGOS-II HRMS system). Elemental analyses were performed by the
Ana]ytica]_Laboratofy, Department of Chemistry, University of California,
Berkeley. |

Safety Procedures. As is eyident from discussions in Chapter 2

and 4-6, many of the compounds described here represent extreme safety

hazards. The trans-7,8-diol (XXII), in particular, is a potent mutagen

and carcinogen, with a relatively étable (i.e., not easily hydrolyzed)
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or oxidized at neutral pH) structure. The anti-diol epoXide (XXIV) is
one of the most potent mutagen/carcfnogens known, as well as being |
htgh]y cytotoxic. 'Other synthetic intermediates are not active as such,
but can undergo enzymatic activation if inhaled or absorbed through the _ ”,
sk]n Accord1ng]y, all synthetic operat1ons were carr1edout1n a func-
tioning hood, with appropriate protection (gloves, lab coat, and respi-
rator filter if appropriate) for the_operator. -Particularly hazardous
operations were conducted in a negative pressure glove gox (Safety_
Services, Lawrence Berkeley Laboratory) equipped with micron air filters.
Weighihg out of dry powders of hazardous materia]s’was done in such a
glove box. Open 1aboratory hoods can be convenient]y screened for con-
tamination with an ultra-violet (350 nm) hand lamp, since virtua]]y'

all benzo(a)pyrene'derivative§>have an‘ihtense b]ueror green f1uore§—
cence. Glassware was.decontaminated>with either chromic acid or nitric
acid. Contaminated waste was disposed of by Environmental Health and
Safety, Lawrence Berkeley Laboratory. |

Chromatography. Thin layer chromatography (TLC) was carried out

on S1]1ca Gel G p]ates (e1ther Eastman no. 6061 or prepared 1n the
vlaboratory), using benzene or benzene-ethanol (19: 1 v/v) as the
develop1ng so]vent. Most of the products described here fluoresce
(em. > 390 nm) when excited at 350 nm, allowing visualization without
}the.need for_indicator dyeé. Column chromatography was carried out
on the appropriate activity grade of Woelm Neutral Alumina (Waters C | | Ja
Associates, M11ford, Massachusetts) - or silica ge] ("Biosil," BioRad,
Rlchmond California). A1l solvents were either "Nanograde" (Mallinc-

krodt, St. Lou1s Missouri) or redistilled before use.



High pressure liquid chromatography (HPLC) was an important ana-
1ytica1 tool in.the work described-here, allowing chromatographic
separation and quantitative analyses to be carried out that are not
possibie by other techniques. Instruments used included a}Varian mbde]
8500 liquid chromatograph (Varian, Palo Alto, California) and_a Wafers

model 6000 system (Waters Associates, Mi]fofd, Massachusetts). Reverse

phase (octadecy]silane) columns were used éxtensive]y (0.2 x 25 cm, or

4.1 mm x 30 cm), with water-methanol as eluant. Alternatively, 5u silic

gel (4.1 mm x 30 cm) was used for some analyses, with hexane-dichloro-

a

methane as eluant. A standard flow rate of 1 mL/min. was used, and the »

column effluent monitored for absorbance at selected wéve]engths.

Synthetic Procedures.:(Spectra are reported as: NMR, chemical

shift (§) relative to TMS; MS, m/z (relative ihtensity); UV, absorption

'Wavelength (10910 extinction coefficient, where ¢ = A/cl) ).

I. Synthetic Dehydration Standards.

- " . 66
1. . y-(3-pyrenoyl)-proprionic acid (1) -

Nitrobenzene was distilled under vacuum frdm P205.-A'2 L flask
equipped with stirring motor and thermometer was charged with 24.74 g
(.247 mole) of succinic anhydride dissolved in 300 mL of nitrobenzene.

66 g (.495 mole) of AIC1, was added slowly, and the reaction mixture

- cooled to between 0° and 5°. 50 g (.247 mole) of pyrene was added in

smé]i portions over a period of 40 minutes, with the temperature main-
tained ét between 0° and 5°. The'mixture waé then allowed to stir for
18 hours at roam temperature. The reaction mixture was hydrolyzed by
the addition of 500 g of ice plus 50 mL of concentrated HC1. Nitro-

benzene was removed by steam distillation, and the crude product
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isolated by filtration. This materiél was dissolved in hot ethanol-
KOH (70% ethanol-8% KOH) and filtered. The keto-acid was precipitated

by addition of acetic acid, isolated by filtration, and recrystallized

from acetic acid. Yield 67.3 g (90%), mp 188° (1it. 182-183°) .56 .

NMR: (dg-DMSO) 2.76(2H. ), 3.48(2H;), 8.1-8.78(9 aromatic), 12.1

. ~

(-CO0H); J . =6.1 Hz. MS: m/z 302(165), 284(203), 256(94), 229(1000),

Bs
201(692),.115(53),101(140). UV: (nm) 385(3.82), 352(4.37), 280(4.41),

242(4.64), 233(4.59).

Anal. Calcd. for.C20H1403: c, 79.45; H, 4.67; Found: C, 78.14
H, 4.78.

2. 4-(pyrenoy1)—butanoic acid (I1)

74.9 g (.247 mole) ofAketo—acid I was p]aced ina 1L flask
éduipped with a condenser and magneti¢“$pin-bar; 360 mL of 2,2'-dioxy-
ethanol, 47.3 g (3.4‘molar equi?a]ents) of KOH, and 34 mL of hydrazine
hydrate (35 g, 2.8 molar equivalents) were added, and thé mixture
heated at 120° for 1.5 hours. The temperature was then raised sTowly
to 230° as excess water distilled off. After reaching 230°, the reaction
mixture was allowed to reflux for 5 hours, and fhen cooled to room
temperature.'The reaction mixture was‘adeSted to pH =1 by addition of
20% HC1, and the product filtered off. The crude product was dried iﬁ
vacuo and then reérystal]ized from xylene. Yield 53.5 g (75%), mp
187-188° (1it. 184-186°)66. NMR: (d -DMSO) 2.02(2H,), 2.42(2,), 3.3 .
(2H2), 7.9-8.40 (9 aromatic), 12.0 (-COOH); J2,3 =7.32, J3’4= 6.7 Hz.
MS: m/z 288(372), 228(117),v226(106), 215(1000), 213(170), 189(202),
187(106), 60(470). UV: absorption spectrum is that of pyrene, shifted
to longer wavelengths by =6 nm: 378(2.79), 344(4.79), 328(4.59), 314 .
~(4.19), 302(3.79), 280(4.80), 266.5(4.54), 245(5.05), 236(4.79).
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3. 7-oxb-7,8,9,10-tetrahydrobenzo(a)pyrene (I11)

A 2 L flask equipped with a stirring motor was éharged with 25 g
(87 mmo1) of II in 650 mL of benzene. 22.6 g (1.25 molar equivalents)
of PCT5 was theﬁ added in small portions over a period of 1 hour.
This mixture was refluxed for 1 hour and then cooled to'155. 28,24 g
(1 25 molar equ1va1ents) of SnC]4 in 25 mL of benzene was added drop-
wise, and stirring cont1nued overn1ght After 18 hours, dilute HCI and
ice were added to hydrolyze the reaction mixture. After 2 hours, 1.2 L
of benzene was added and the benzene solution washed with 10% sodium

carbonate and water. The benzene solution was dried over K2C03 and the

solvent removed on a rotary evaporator ‘The residue was recrysta111zed

from benzene (yel]ow plates). Y1e1d 16 4 g (704), mp 169-170.5° (1it.
]73 175°) 66 NMR: (CDC] ) 2. 40(2H9) 2 86(2H8), 3.56(2H 0) 1 7.35-8. 80
(8 aromatic; H6= 8.80 §); J9 10 =6.1, J8 9 =6.7 Hz. MS: m/z 270(1000) ,
241(124), 239(179) 226(]72), 214(813); UV: 345(4. 52), 329(4.29), 316
(3.88), 297(4. 29), 277.5(4. 79) IR c=0 Stretch at 1675 cm ].

Anal. Calcd. for C20H140 C, 88.86; H, 5 22, Found: C, 88.64;
_ : H, 5.37.

4. 7-hydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene([yl

9.85 g (36.4 mmol) of ketone III was placed in a 3 L flask together
with 660 mL of methanol. 1.72 g (45 mmol) of sodium borbhydride in 100

" mL of methanol was added dropwise with vigorous stirring, followed by

400 mL of ether. After 4 hours an additional 280 mg (=7 mmol) of
sodium borohydride in 30 mL of methanol was added, and stirring con-
tinued for 12 hours. 500 mL saturated sodium chloride was then added,
followed by 400 mL of ether. The ether phase was washed with water,

dried over K,C05, and concentrated to a small volume on a rotary
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evaporator. The produét crystallized on cooling. Yield 8.75 gv(88%),

66

mp 135-137° (1it. 135-136°). " NMR: (d.-DMSO) 1.89(2H9), 2.]2(2H8),

6
_3.38(2H]0), 5.0(H7), 5.4(C7—0H), 7.99-8.38(8 aromatic); J7’8 =5 Hz.

MS: m/z 272(52), 254(1000), 252(651), 239(211), 126(197); UV: 345
(4.52), 329(4.29), 316(3.88), 297(4.29), 277.5 (4.79), 267(5.00),

1

'245(4.75); IR: OH stretch at =3220 cm '; no C=0 stretch.

Anal. Calcd. for CZOH]GO:,C, 88.2; H, 5.92; Found: C, 86.25,
H, 6.17.

5. 9,10-dihydrobenzo(a)pyrene (V)

1.06}9 (3.89 mmbl) of alcohol IV was dissolved in 200 mL of
benzene, énd then 204 mg (.275 molar equfva]ents) of p-Toluenesulfonic
acid (p—TsOH)'waszadded. This mixture was ref]uxéd for 25 minutes,
coé]ed,'and extracted with 10% sodium bicarbonate solution. The benieneb
 solution was washed with water, dried over K2C03, and the benzene re-
movéd on a fotary eVaporator.vThe reéidue was disso]yed in the minimum
volume of benzene and applied to a 4 x 30 cm column of neutral Alumina
(Woelm grade 1). The column was eluted with benzene and the green
fluorescent band (exc. 350 nm) was cb]]ecféd. Evéboration of so]veht
- gave:off4white.crystals..Yield 885 mg (89.5%), mp 146-148° (1it. 146-
147°).65,HPLC (reverse phase) showed a single peak, with no evidence
- of any contam#nating benzo(a)pyrene. NMR: (CDC13) 2.59(2H9), 3.50
(2H10), 6.29(H8), 6?86(H7), 8.28-7.86(8 aromatic);‘Jg’]o =8.3 Hz.

MS: m/z 254(1000), 252(672), 239(224), 126(202). UV: 384(3.40), 346
(4.40),}330(4;15), 316(3.88); 299(4.33), 279(4.71).

Anal. Calcd. for C20H14: C, 94.45; H, 5.55; Found: C, 94.20,
' ‘ H, 5.52,



6. 7,8,9,10-tetrahydrobenzo(a)pyrene (VI)68

A ]00 mL flask was charged with 5. 08 g (19 mmo1) of ketone III
3.43 g (61 mmol) of KOH, 3.3 mL (68 mmol) of hydrazine hydrate and
60 mL of 2,2'-pgydiethanol. This mixture was heated at 100° for 1.5
hours, and then heated slowly to 240° and maintained at this tempera-
ture for 5 hours. After eoo]ing, 50,mL.of 2.5 M HC] was added and the
resulting precipitate filtered and washed. This crude product was
recrystallized from ethanol, dissolved in the minimum volume of
benzene, and applied to a 4.5 x 20 cm.column of neutral Alumina
(Woelm grade 1). Elution with-benzene gave a fast-moving green
fluorescent band° evaporation of solvent in vacub.resu]ted in color-
less crysta]s Yield 3.86 g (80%), mp 112- 113° NMR: (CDC13, 270 MHz)
3.22 (2H]0), 3. 06(2H ), 1.88-1. 90(2H8,2H9) 7.68- 8 02(8 aromatic).

' MS: m/z 256(1000), 252(105), 239(207), 228(423) 120(137). UV: 378
(3.25), 345(4.86), 328(4.63), 315(4.48), 302(3.73), 279(4.82), 268
(4.60), 246(5.10), 238(4.87). . A

7. 10-acetoxy-7,8,9,10- tetrahydrobenzo(a)pyrene (VII)

A 500 mL flask was charged with 3.86 g (15 mmol) VI, 7.75 g
(17 mmo1) of lead tetra—acetate (_Pb(OAc)4,'fresh]y'prepaked); 165 mL
of behzene, and 110 mL of acetic acid. This mixture was heated at 60°
with stifring for 7 hours. After cooling, 12.mL of ethylene glycol
was added fo]]owed by 100 mL of water. The benzene so]ut1on was
washed with 10% ammonia fo]]owed by water, dr1ed over K2C03, and the

solvent removed in vacuo. The resulting red oil crystallized on

standing. The crude product W@s'recrysta]lized from ethanol, Yield

3.1 g (672), mp 178-175° (1it. 174-175°).5% iR: (CDC1,) 1.85- 2.60

83.
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(aHg o), 2.60(acetate), 3.02-3.45(2H,), 6.88(Hy), 7.66-8.23(8 aro-
matic)s Jg’]d -3 Hz. MS: m/z 314(62), 270(91), 255(543), 254(1000),
252(773), 239(650), 228(109), 226(174). UV: 377(2.85), 344(4.75), 327
(4.55), 314(4.15), 302(3.76), 278.5(4.77), 267(4.51), 257(4.21), 246
(5.01), 236(4.75). -

8. .]0-hydroxyA7,8,9,1O—tetrahydrobenZo(a)pyrene (VIII)65

800 mg (2.5 mmo]) of VII was dissolved in 250 mL of 5% KOHQ
methanol and refluxed for 30 minutes. 100 mL of benzene plus 100 mL
of water were added, and the sepafated benzene SOIution>wa$hed twice .
with water. The benzene‘solutibn was dried over K,C05°and the solvent
removed on a rotary evaporator. The crude product was recrystallized
from benzene. Yield 620 mg (90%), mp 182—184° (1it, 182-184°)65.
NMR: (d6-DMSO) 1.89(2H8), 2.20(2H9), 3.20(2H7), 5f10(H]0), 5.30(C10-0H),
7.99-8.38(8 aromatic). MS: m/z 272(100), 254(1000), 239(485), 126(243).
uv: 377(2.19), 343(4.52), 326(4. 31) 313(3.86), 301(3. 19) 279(4 46),
267(4.21), 257(3 84), 246(4.76), 237(4 47).
9, 7,8-dihydrobenzo(a)pyrene (I)Q65

3 g (11 mmol) of alcohol VIII was ref]uXed in:500 mL of benzene
togethér with 580 mg p-TsOH for 30 minutes. The benzene solution was |
washed once with 10% sodium bicarbonate and twice with water, dried
over K2C03, and concentrated to the minimum volume on a rotary evapo-
rator. This solution was then applied to a 5 x 40 cm column of neutra]
Alumina (Woelm grade 1) and eluted with benzene. The fast-mov1ng

“green f]uoreséent band (exc. 350‘nm)‘was collected. Evaporation of
solvent and cooling ga?e yellow plates. Yield 2.5 g (90%), mp 129-130°

(1it. 129-130°)65. HPLC (reverse phase) showed a single peak, with no
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 4.75(H, ), 4.90(C g-0H), 5.27(c, -OH), 7.86-8.52( 8 aromatic); J
MS: m/z 288(43), 270(1000), 242(136), 228(734), 226(319). LV: 344
(4.64), 327(4. 46), 314(4.05), 302(3.70), 277(4.68), 266(4.42) 256
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evidence of contamination by either benzo(a)pyrene or 7,8,9,10-tetra-

hydrobenzo(a)pyrene. ﬂﬂg:_(CDC]3) 2‘47(2H8)? 3.18(2H7);-6.38(H9), 7.50

(H;o)s 7.88-8.32(8 aromatic); J

9,10 =9-76 Hz, J; g =8.3 Hz.

MS: m/z 254(1000), 252(797), 239(458), 226(123). UV: 393(3.47), 366
(4.61), 347(4.57), 331(4.45), 317(3.95), 293(4.46), 281(4.47), 268(4.29),

255(4.64), 247(4.67), 225(4.61).

10. (+)c1s 7,8-dihydroxy-7,8,9,10- tetrahydrobenzo(a)pyrene (X)65

A 100 mL flask was charged with 502 mg (1.97 mmol) of 9 10-di -
hydrobenzo(a)pyrene (V) in 8 mL of pyridine. 0.5 g (].97 mmo1) of
osmium tetroxide in 2 mL of pyridine was addéd, and the solution
stirred for. 24 hours. The osmate ester was hydrolyzed by adding a
solution cons1st1ng of 1 g sodium b1su1f1te, 7.5 mL pyridine, and
15 mL-water. After 2 hours, 50 mL of ch]oroform was added and the

résu1ting chloroform so]ution washed fhree times with water, dried

'over_K2C03,'and the solvent removed under vacuum. The crude diol was

recrystallized from THF-methanol. Yield 467 mg (82%), mp 210-211°
(1it. 212-213°)%. MMR: (d-DMSO) 3. 36(2Hg), 3.45(2H;0), 4.09(Hg),

7.8 =3 Hz.

(4.14), 246(4.93), 236(4 70). |
11a. (+) 7,8-epoxy-7,8,9,10- tetrahydrobenzo(a)pyrene (XV)

"~ A 250 mL\f]ask was charged with 1 g (3.93 mmol) of V in 75 mL of
dichloromethane plus 30 mL of .05 M sodium bicarbonate solution. 680 mg
(] mo]ér equivalent) of m?chloroberbenzoic acid in 25 mL of hethylene
chloride was,édded dropwise over a period of 15 minutes. After 24

hours, the methylene chioride‘so]ution was washed with water, dried
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over K2C03,'and the solvent removed on a rotary evapbrator. The crude
" product was recrystallized from THFépetroleum ether. Yield 795 mg
(75%), mp 175-176° (1it. 172-175°)%%. MMR: (CDCT;) 3.36(2Hg), 3.45
(ZH]O)’ 3.50(Hé), 4.80(H7); 7.86-8.52(8 arbmatic). ﬂ§; m/z 270(1000),
239(256), 228(687), 226(352). LV: 382(2.21), 342(4.64), 327(4.46), 312
(4.06), 300(3.70), 280(4.68), 268(4.42), 251(4.12), 242(4.93).

11b. 8-0x0-7,8,9,10-tetrahydrobenzo(a)pyrene (XI)65

103 mg (0.38 mmol) of XV was refluxed with 15 mg 6f p-TsOH in

15 mL of benzene for 90 minutes. The reaction mixture was washed with
10% sodium bicarbonate and water, dried over K2003, and-the solvent
removed‘on‘a rotary evaporator. The residue was redissolved in benzene
and applied to a 2.3 x 18 cm neutral Aiumina column (Woelm grade 2). -
Elution with benzene gave two fractions; the second band on evaporation
Agave ca. 60 mg of co]br]ess crystals. Yield 60 mg (60%), mp 179-182°
(1it. 180-181°).%° MWR: (CDC1,) 2.70(2Hg), 3.60(2H,), 3.70(2H,,), 7.70-
8.29(8 aromatic); Jg o =7 Hz. MS: m/z 270(1600), 228(865), 215(15);
the fragmeni at m/z 228 corresponds to loss of CH2=C=0, and m/z 215
corresponds to loss of ==f*=o (55 mass unité). The Tow re]ativé
'abﬁndance of mass 215 (1.5%) is characteristic of an unconjugated

ketone. The intensity ofvthese two fragments (m/z 228 and 215) is
reversed for 7-oxo—7,8,9,lO;tetrahydrobenzo(a)pyrene (III) and for

10-ox0-7,8,9,10-tetrahydrobenzo(a)pyrene (XIV). UV: identical to 7,8,
| 9,10-tetrahydrobenzo(a)pyrene (VI), with no evidence of conjugation
between the ketone and the aromatic system; 378(2.83), 342(4.34), 327
(4.15), 312(3.78), 300(3.30), 279(4.30), 268(4.08), 257(3.83), 248(4.60),
238(4.37). IR: C=0 stretch at 1710 cm']; IIT has the C=0 stretch at

1675 an™ !,
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12. (i)cis—9,10-dihydroXy-7,8,9,10étetrahydrobehzo(a)pyrene (XI;)GS

0.5g (1.96 mmo]) of 7,8-dihydrobenzo(a)pyrene (IX);in 10 mL of

pyridine was treated with 0.5 g of osmium tetroxide (0504) and the 

resulting solution stirred for 40 hours. A solution of 1 g sodium bi-
sulfite, 7.5 mL pyridine, and 15 mL water was added; after 2 hours

50 mL of chloroform was added. The chloroform solution was washed with

'wéter; dried over K2C03, and the solvent removed on a rotary evépo-

rator. The crude product was recrystallized from THF-methanol. Yield

)65

390 mg (69%), mp 208-210° (1it. 208-210°)°°. NMR: (d-DMSO) 3.21

(2H7), 3.38(2H8), 4.]3(H9),w5.0](H]0), 4.9](C9-OH), 5.40(C]0-0H),.7.86-

8.52(8 aromatic); J9 ]O =3 Hz. MS: m/z 288(792), 270(1000), 254(379),

| 252(372), 228(425), 226(542), 215(961), 202(258). UV: 376(2.30),v342;5

(4.64), 328(4.46), 313(4.05), 300(3.70),7278(4.68), 267(4.42), 256

(4.14), 246(4.93), 236(4.70).

13. 9-oxo—7,8,9,]O-tetrahydrobehzo(a)pyrene (XIII)65
300 mg (1.04 mmol) of cis-diol XII was dissolved in 10 mL of

acetic acid plus 1 drop of HCT and heated at 90° for 30 minutes. The

87

product was precipitated by addition of water, filtered, and redissolved

in benzene. TLC at this point indicated the presence of one major com-
ponent (Rf 0.19), and five minor components. 100 mg of the crude pro-
duct waé separated by preparative HPLC (whatman.lou silica, 9.2 mm x
50 cm), using hexahe-methy]ene ch]oridé as eluant. The major component
(=70% of total) was collected to give ca. 60 mg of colorless crystals.
)65

mp 175-177° (1it. 175-177°)°°. NMR: (CDC13) 2.41(2Hg), 2.93(2H,), 3.68

(2H10),‘7.31—8.21(8 éfomatic); J7 g =7 Hz. MS: m/z 270(1000), 242(594),

241(795), 228(344), 215(13), 213(144), 120(129); relative intensities
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of m/z 228 and 215 are similar to that found for 8-0x0-7,8,9,10-

tetrahydrobenzd(a)pyrene (XI);'LB;.simiiar to XI, with C=0 stretch at
1710_cm-]
v379(2.84), 345(4.4]);.328(4}23), 301(3.54), 278(4.42)5 267(4.23), 257

(4.07), 247.5(4.66), 238(4.49).

. UV: identical to 7,8,9,10-tetrahydrobenzo(a}pyrene (VI);

14. 10-oxo0-7,8,9,10-tetrahydrobenzo(a)pyrene (XIV)

142 mg (0.52 mmol1) of alcohol VIII was dissolved in 18 mL of
anhydrous dimethyl sulfoxide (DMSO), and then 1 mL of acetic anhydride
was added. After 12 hours, 11 mL of water was added, followed by 20 mL
of ammonium hydroxide. 30 mL of benzene was then added, and the |
resulting benzene solution was washed with water, dried over K2C03,
and the soivent remoyed on a rotary evaporator. TLC revealed two
products (Rf 0.29 ahd 0.40). Chromatography on neutrai Alumina (Woelm
grade 1) gave two fractions (F1 and F2, present in approkimateiy equal
amounts). F1 was shown by its absorption spectrum, mass spectrum,'and
HPLC retention fime fo be 7,8-dihydrobenzo(a)pyrene (IX). This material
is apparently formed via abstraction of the 9-hydrogen rather than the

10-hydrogen by the intermediate a]koxysu]fohium.y]id:

cn3s c)wz

Ai " d) — @:) (cn)zsv

's:CH3

AT
8) | \C() _— C() CH3S CHy

Reaction B is probably enhanced by the severe steric hindrance present
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in the "bay" 10-position.

F2 (ca. 30% of total product) had an infra-red spectrum similar to

ITI, indicating a carbony] in con3ugat1on with an aromatic system

(c=0 stretch at 1655 cn™') 3 mp 173-174° (19t. 174-175°).107 yg;

(CDC]3) 2.25(2H8), 2.9](2H7), 3,3](2H9), 7.80-8.40(8 aromatic); J7,8 =

7 Hz, Jg g =7 Hz. UV: (similar to keto-acid I) 400(4.32), 358(4.51),
293(4.57), 282(4.35),>250(4.63), 236(4.82).
15. (+) 8—hydroXy~7,8,9;10—tetrahydrobenzo(a)pyrene (XVI)69

10 mg (0.37 mmol) of ketone XI was reduced with 15'mg of NaBH4 ‘
in 40 mL of methanol. After four hours, 50 mL of ether plus 50.mL- of
saturated sodium chloride were added The ether layer was washed with
water, dried over K2C03,«and the solvent removed on a rotary evapo—
rator The crude product was purified by HPLC (Mlcropak c-10 reverse
phase), u51ng water-methanol as e]uant The purified product had
acceptab]e UV, IR, and mass. spectra. MS: m/z 272(839), 254(8]8) 252
(516), 239(690), 226(522). IR: similar to IV; 3250, 3030, 2900, 1050

_cmf], no absorpt1on bands present over the reglon 1650- 1800 cm ].

uv: 1dent1ca1 to IV: 378(2.19), 344(4 52), -328(4.31), 314(3 86), 302

(3.19), 278(4.46), 266.5(4.21), 245(4.76), 236(4.47).
16. (+) 9—hydroxy57,8,9,]OFtetrahydrobenzo(a)pyrene (XVII)69

10 mg (0.37 mo1) of ketone XIIT was reduced with 15 mg of NaBH
in 40 mL of methanol. After 2 hours, 50 mL of ether p1us 50 mL of
saturated sodium chloride were added. The ether layer was washed with
water, dried over K2C03, and the solvent removed on a rotary evapo-

rator. The crude product was purified by HPLC (Micropak C-10 reverse

UV, IR, and mass Spectrd.vﬁ§; similar to XVI; m/z 272(310), 254(1000),

89

- phase, eluted with water-methanol). The purified product had acceptabla



252(601), 239(555). IR: Simi]ar to IV and to XVI; 3250, 3030, 2900,

1 1

1050 cm '; no absorption bands present over the region 1650-1800 cm™' .
UV: identical to IV and to XVI; 378(2.20), 344(4.52), 328(4.31), 314
- (3.86), 302(3.19), 278(4.46), 266(4.21), 245(4.76), 236(4.47).

17. (#)cis-4,5-diacetoxy-4,5-dihydrobenzo(a)pyrene (XVIII)73

A 100 mL flask was charged with 1 g (3.96 mmo])vof benzo(a)pyrene
(A]dfich) in 10 mL- of pyridine. 1 g (3.94 mmol) of osmfum tetroxide
(0504) in 10 mL of pyridine was added, and the so]utibn stirred for
96 hours. The osmate ester was hydro]yzed by addition of 2 g sodium
bisulfite, 15 mL byridine,‘and 30 mL water. After 2.hours, 100 mL of
chloroform was added and the resu]ting_ch]oroform solution washed with
wateb. Removal of solvents hnder,vachum:yielded the £j§7dib] (m/z
286); this was treated with 40 mL of acétic anhydride plus 4 mL of
pyridiné for_12‘hours. Excess acetic anhydride was then hydroiyzed
with ice water, and the precipitated product collected by filtration.
The crude diacetate was purified by chromatography on F]orisil. Elution
with hexéne yielded a small amount of unreacted benzo(a)pyrene, and
elution with benzene gave the cis-diacetate. Yield 880 mg (60%), mp

214-215° (1it. 214-215°).7%

NMR: (CDC13) 1.93(-CH), 2.00(-CH3), =6.44
(Hy and Hg), 7.10-8.65(10 aromatic). MS: m/z 370(213), 327(195), 310
(545), 267(643), 239(1000). UV: similar to chrysene; 324(3.35), 310
(3.39), 296(3.49), 272(4.37), 263(4.18), 244(3.65), 222(3.85).

18. Benzo(a)pyrene quinones: (1,6), (3,6), and (6,12)75

. 6 ,
A 100 mL flask was charged with 1 g (3.96 mmol) of benzo(a)pyrene

(A]drich) in 20 mL of acetic acid. This solution was cooled to 5°, and

90

then 1.46 g (14.6 mmol) of CrO; in 4 mL of water was added. The mixture

- was stirred for 15 minutes, and then refluxed for 30 minuteé. After
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cool{ng, a precipitate of red-brown crystals was Co]]ected, washed
w{th water, and chromatographed on neutraTvA]umina (Woelm grade 3).
Elution with benzene and then benzene acetic acid (20% v/v) gave a
mixfure of‘(1,6),.(3,6),'and (6,12) quinones (three partially reolved
peaks on HPLc; uéing reverse phase Micropak C-10). Yield 895 mg _
(=80%), mp 280-285°. MS: m/z 282(1000), 254(281), 236(278), 224(172),
113(300). IR: intense band at 1645- 1650 cm™'. UV: 475-400(4.27), 294

(3.61), 250(4.45), end absorption below 230 nm.

II. Diol Epoxide Synthesis
19. (i)trans—7,8-dibenzoy1—7,8,9,]O-tetrahydrobenzo(a)pyrene (XIX)

[anhydrous conditions are essential to the successlof this reaction]
Silver benzoate was prépared by_diSso]vihg 8 g of benzoic acid in 100
mL of water p]ué 4 mL of concentated ammonium hydroxidé at 70°. This
solution was filtered, cooled to SO°, and then 11.12 g of silver nitrate
in 65 mL of water was added to it. The mixture was diluted with 500 mL
of water and filtered. The s1]ver benzoate precipitate was collected
and dried 1ﬁ a vacuum oven at 105° for 24 hours. Benzene was disti]jed
from P,0, under nitrogen. |

2.939 g (11.5 mmol) of 9,10-dihydrobenzo(a)pyrene (V) was dissolved

~in 100 mL of benzene, and ca. 30 mL distilled off to remove any residual

-watér~in the starting material.

A2L fiask equipped with stirring motor and refluxAcondenser was
charged'with'5.3 g of silver benzoate (2.31 mmol) plus 2.93 g of
fodine (11.5 mmol) in 730 mL of benzene. After 15 minutes the 9,10-

dihydrobehzo(a)pyrene in 200 mL of benzene was added, and stirring
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continued for 15 minutes. The reactien.mixture was then refluxed for
6.5 hours, and stirring continued overnight ai room temperature. Pre-
cipitated siver iodide was removed by filtration, ahd the benzene
solution weshed with water, sddium carbonate, sodium thiosulfate, and
water. The benzene so]ufioh was dried over K2C0 and the so]vent re-
moved on a rotary evaporator. The residue was’ recrysta1llzed from
acetone. Yield 3.73 g (65%), mp 206-207° (1it. 215-216°).%% MR: (coc1 )
2.36-2.68(2H9), 3.74(2H]0), 5.78( 8),46LQQ(H7), 7.32-7.59(10 phenyl
aromatic), 7.93-8.33(8 aromatic); J; g =5.86 Hz, Jg 4 =6.3 Hz (the
small value for J7,8 indicates a trans-diaxial conformation for the
benzoyl groups). MS: m/z 496(43), 374(109), 269(62), 252(1000), 105
(297). WV: similar to VI; 380(3,01), 345(4.71),_329(4.51),_315(4:}6),
.302(3 82), 279(4. 72), 268(4.51), 257(4.21), 248(4.99).

Anal.: Calcd. for C34H2404 C, 82. 24; H, 4.87; Found: C, 81 363
H,.  4.92.

20. 10-bromo-trans-7,8-dibenzoyli7,8,9,10—tetrahydrobenzo(a}pyrene
1.096 g (2.2 mol) of XIX was dissolved in 500 mL of CCl, and
"blaced ih_a water-jacketed photochemical reactor equipped with a
magnetic sbin~bar and a sintered-glass argon inlet. The system was
purged'for 10 minutes, and then 425 mgdof N-bromosuccinimide (NBS)
[1.08 molar equivalents] plus 2 mg azo-bis-isobutyry]l nitrile (AIBN)
were added. 50° water was circulated through the jacket, and the
reaction mixture was irradiated with a 150 W sun lamp for 30 minutes.
~ After 50 minutes, the reaction mixture was cooled to 0° and the pre-
c1p1tated succ1n1m1de was filtered off. Solvent was removed on a

rotary‘evaporator, and the residue recrystallized from benzene.
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Yield 890 mg (70%), mp 114° dec. (1it. ]18°Vdec.).99 ﬂm&: (CDC13) 2.63,

3.18 (ZHg), 6.34(H8), 7,05(H10), 7.12(H7), 7.27-7.61 (10 phenyl aro-

matic), 7.61-8.82(8 aromatic); J, g =6 Hz. MS: m/z 372(1000), 122 (60);

(material probably un¢ergoés thermal dehydrohalogenation in the ion

source of the mass spectrometer).>gy;}366(3.00), 344(4.67), 327(4.49),

(4.70).

314(4.13), 301(3.80), 278(4.70), 267(4.48), 256(4.19), 248(4.96), 238

Anal. Cajcd. for C34H2304Br; C, 70.96;.H, 4.03; Br, 13.89 _
' .Found: C, 69.85, H, 4.11, Br, 14.42 .
21. (+)trans-7,8-dibenzoyl-7,8-dihydrobenzo(a)pyrene (XXI) '

2.612 g (4.54 mmol) of XX in 400 mL xylene was placed ina 1L
flask and refluxed for 10 minutes dnder argon. Affer cooling, xylene |
was removed on a rdtary evaporator, and the residue recrysta]Tizéd
from acetone. Yield 1.8 g (80%), mp 190-192° (19t. 196-198°).%

NMR: (CDCT,) 6.16(Hg), 6.41(Hg), 7.00(H7), 7.68(H;)» 7.23-7.32(pheny!
H), 7.73-8.50(aromatic H); J;.8 =7 Hz, Jg 19 210 Hz. MS: m/z 372(98),

252(173), 122(95), 105(1000); m/z 372 presumably arises via B-

rearrangement:
| - 1t
| | Y L4t
~ : z
H., — +
g,cmr-u ‘0Bz | _ 082 QH
] 1 m/z 372 ‘m/z 122

Q!; similar to 7,8-dihydrobenzo(a)pyrene (IX); 400(3.51), 366f5(4.70),
348.5(4.56), 330(4.20), 3]8(3.82), 292.5(4.44), 281(4.39), 257(4.?0),
237(4.69).  Anal. Calcd. for CHp0,: C, 82.65 H, 4.65 |

| Found: = C, 81.12; H, 4.94 .
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22, (+)trans-7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene (XXIT)

1.86 g (3.76 mmol) of XXI in 200 mL of THF plus 546 mg of sodium
methoxide in 65 mL of methanol was refluxed for 10 minufes and then
cooled. The reaction'mixture was diluted with 600 mL of ether and
washed Qith.water, The water wash was extracted with 650 mL of ether;
then the ether phases were combined and washed with three volumes of
water. The etﬁer so]ution was dried over K2C03 and concentrated to a
small vo]ume, on coo]1ng to -40° the product crysta]11zed as white
plates. Yield 807 mg (75%), mp 208? dec. NMR: (d -DMSO) 4. 48(H8),
»4.95(H7), 5.45(08-0H), 5.87(07-0H),-6.26(H9), 7.47(H]0), 7.93-8.48
(8 aromatic); {dS-THF]: J7,8 =10 Hz, J9,]0 =6 Hz. MS: m/z 286(330),
268(1000), 239(799). UV: similar to 7,8-dihydrobenzo(a)pyrene (IX);
393(3.47), 365(4.63), 347(4.61), 330(4.47), 316(4.04), 292(5.01), 280
(4.50), 279(4.31), 254(4.65), 247(4.64). -

HRMS: M at m/z 286.098234; calcd. for C20H1402, 286.099383
: (-4 ppm error).

23, (#) r-7, t-8-dihydroxy-t-9,10-oxy-7,8,9,10-tetrahydrobenzo(a)-
pyrene (XXIV) ' |

160 mg (0.56 mmo1) 6f diol XXII was dissolved in 50 mL of THF
(redistilled ovér LiAlH4 and stored under nitrogen) and 172 mg bf
100% m-chloroperbenzoic acid added. The reaction mixture was é]]owed
fo étir at room temperature, and 2 uL aliquots were periodically with-
drawn to monitor the progress of the reaction by absorptidn spectros-
copy. After 8 hours, the UV~absorptidn spectrum changed from .that of'
a 7,8-dihydrobenzo(a)pyfene to that of 7,8,9,10-tetrahydrobenzo(a)-

pyrene. 250 mL of ether was added, and the reaction mixture washed with
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10% sodium sulfite, 10% sodium bicarbonate, and watef. The ether
solution was dried over K2C03, concentrated to.a small Volume, and
cooled to e40° The product crystallized as white needles. Yield 118 mg

(70%), mp 214° (1it. 214°). NMR: (d -DMS0) 3.95(H 4. 04(H ), 4.86

9)
(H7), 5.18(H]0), 5.88(C8-0H), 6.0](C7-0H), 7.95-8.30(6 aromat1c), 8.60

(HG)’ 8.68(H]]);'J9,10 =1.5 Hz, J7,8,= 8.6 Hz; [d8—THF]: 2.47 (C8-0H),

-2.51(C7-0H); JQ,]O =5.1 Hz, J7,8 =8.82 Hz. The large value for J7,8‘.

in both solvents 1ndicates that the hydroxyl groups are pseudo-
equatorial. vM§} derivatization was necessary to iﬁcrease volatility:
1 mg of XXIV was dissolved in 50 uL of N,N-dimethylformamide and- then
treated with 80 uL of BSTFA“(N,O-bis-trimethy]silyltrifluorbacetamide)

[Pierce Chemica] Co., Rockford, I]]inbis]. After 3 hours the reagent

and solvent were evaporated in a stream of dry nitrogen, and the

residue redissolved in 1 mL of methylene chloride. The mass spectrum
of this material had a molecular ion at m/z 446(233), and fragment

peaks at m/z 356(839), 341(1000), 328(985), 255(227), 239(563), 191

| (519), and 147(458). UV: similar to 7,8,9,10-tetrahydrobenzo(a)pyrene
(VI); 344(4.64), 328(4.46), 313(4.05), 301(3.70), 279(4.68), 268(4.42),
’ 258(4;14), 247(4.93), 238(4.70) [solvent, THF].

TMSZ, 446.173359

HRMS: MY at m/z 446.172021; calcd. for C
- ’ (-3 ppm error).

2011203
Hydrolysis of XIV in aqueous THF gave two products separable by
HPLC, identified as 7,8,9,]0-tetrahydroxy-7,8,9;10-tetrahydrobenzo(a)-
pyrenes‘by'thé mass spectra of their permethyl ethers (m/z 376) [see
chapter5‘4‘and 5 for a discdssion of the stereochemistry of these

isomers].
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24. (+) r-7,t—8,r-]O—trihydroxy—t-gébromo-7;8,9;104tetrahydrobenzo-
| 198,101

- (a)pyrene (XXIII

. N-Bromoacetamide was recfysta]]ized from chloroform-hexane, 306 mg -
(1. @ mmol) of diol XXIT was dissolved in 50 mL of THF—watef (80:20
v/v), and 162 mg (1.17 mmol) of N-bromoacetamide added. This mixture
was a]]owed‘to stir for 8 hours, at which time the UV-absorbtion spec-
trum of an a]iquot had changed from a.7;8-dihydrob§nzo(a)pyrene chromo-
phore to that of a 7,8,9,10-tetréhydrbbenzo(a)pyrene. Ether was added
and the resulting solution washed with water, dried-over“K2C03, and
concentrated. The product was recrystallized from THF-ethanol. Yield
348 mg (85%), mp 126-128° dec. (1it. 128-130° dec.).' NMR; (d,-DMSO)
4.31(Hé), 4.82(H9), 4.95(H7), 5.59(H]0),_5.88(C8-0H),'6.11(C7-OH), 6.50
(C]O-OH), 7.95-8.64(8 aromatic); J7,8 =10.0 Hz; Jg,]0,=3.0 Hz; J8,9 =
3.0 Hz. M§; m/z 364, 366 (M* - HZG’ ]:] Br isotope pattern); UV: 378
(3.02), 345(4.67), 328(4.49), 314(4.13), 302(3.80), 278(4.71), 267
(4 47), 257(4 19), 247(4 96), 237(4.70).

(_) r-7,t-8-dihydroxy-r-9,10-oxy-7,8,9,10- tetrahydrobenzo(a)-

pyrene (XXV)]03

210 mg (0.54 mmol1) of bromohydrin XXIII was dissolved in 25 mL
of THF (redistilled over LiATH4 and stored under nitrogen) and cooled
to 15°.268'mg 1 molar equivalents) of potassium t-butoxide (KO/t-Bu)
was-added, and the resulting orange solution stirred for 1 hour at 155.
200 mL of ether was added,’fo]]owed'by 200 mL of water. The ether solu-
tion was washed two additional times with water, dried, and the solvent
removed on a rotary evaporator. The broduct crystallized at -40° as

off-white needles. Yield 100 mg (60%), mp 220° dec. (1it. 226-228° dec.)

.



NMR: (d-DMSO) 3.88(Hg), 4.01(Hg), 4.96(H;), 4.98(Hyo), 5.86(C4-0H),
5.24(C,-0H), 8.1-8.50(7 aromatic), 8.62(Hyq)5 Jg 1 =4.1 23 378 =
5.8 Hz. The upfield shift'foric7-0H'is indicative of intramolecular

hydrogen bonding to the epoxide.]02

MS: derivatization with DMF-
BSTFA as described for XXIV resulted in a mass Spectrum‘eésentia11y
identical to that observed for diol epoxide XXIV (MJc at m/z 446),

UV: identical to XXIV; 344(4.64), 328(4.46), 313(4.05), 301(3.70), 279

(4.68), 268(4.42), 258(4.14),'247(4.93), 238(4.70).

HRMS: M* at m/z 446.175679; calcd. for C20H]203TMSZ, 446.173359
-~ (+5.2 ppm error).

III. [3H]—anti-Diol Epoxide Synthesis

108

26. _Pheny]trimethy]ahmonium tribromide (PTT) | |
| 20 g of N,N-dimethylaniline plus 16 mL of dimethylsulfate was '

allowed to stand for 3 hours at 50°; the precipitated white crystals

- were fi]téred off, rinsed with benzene; and air-dried. This material

was di5501Ved in 150 mL of 1:1 water-concentrated HBr, and then excess

bromine (=20 mL) was added with cod]ing. This mixture was stirréd for

- two houfs, triturated with methanol, and filtered. The product was

recrysta]]ized once from acetic acid and once from methanol. Yield

was =6 g, mp 114.5-115.6° (1it. 115.5-116.5°).108

27. Monobromo-trans—7;8-dibenzoyﬂ-7,8,9,10-tetrahydrobenzo(a)pyrene

(xxvr) 106 |
'1.015 g (2.04 mmol) of dibenante XIX was dissolved in warm (50°)

acetic acid-THF (60:40 v/v) [THF was prefiltered through Woelm grade 1

Aluminal. 2.0 g (5.32 mmol, 2.6 molar equivalents) of PTT in 3 mL of

THF was added, and the mixture allowed to stir under nitrogen,

97
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pfotected from light. After 4 hours,én additional 2 g of PTT in 3 mL
‘df THF was added. After 44 hours, saturated aqueous sodium:bisu1fite

was added until the yellow coior (bromine)-disappeared. The solution

was diluted with 500 mL 6f water, and the product filtered off, washed,
and then dried in a vacuum oven at 50° for 4 hours. Yie]d was quanti- |
tative; 1ight yellow crystals, mp 174-175°. NMR: (CDCT3) 2.56(2H9),
3.72(2Hq), 5.77(Hg), 7.0(H,), 7.32-8.5(17.aromatic). MS: m/z 574,
576(1:1 ratio); a]so'm/z 452,454; 330,332;'251(413), 122(97), 105
(1000), 77(113). UV: 382(3.02), 354.5(4.69), 282.5(4.73), 250(4.63).

28. [3H]-trans—7,8—dibenzoy1-7,8,9,1O-tetrahydrobenzo(a)pyrene

([3H]-x1X)

30 mg (52 umol) of the monobromide XXVI was dissolved in 2 mL of

dioxane plus 7.5 uLvof triethylamine, and this solution pléced in a
10 mL flask equipped with a magnetic spin-bar and catalyst tray
(containing ca. 10 mg.of palladium metal powder). This flask was
connected to a vacuum line, completely enclosed within a negative-
pressure glove box (Séfety Services, Lawrence Berkeley Laboratory,
Bldg. 75). The flask was evapuated,‘cooléd to Tiquid nitrogen tem-
 perature, and the palladium dumped in. A uranium tritide (U3H3)
capsu]e was connected to the vacuum line and heated to 250° with an
ovén (fhis releases any 34e formed by 8~ decay of the tritium). After
15 minutes the block was heated to 300°, and 52.5 Ci of 3H2 (deter- |
mined by the volume of the flask énd pressure of the system) was
admitted to the reaction vessel. The reaction mixture was warmed to
room temperature and allowed to étir for 3.75 hours. System pressure
was 730 mm . The crude reaction mixture was then transferred to a

centrifuge tube and . the palladium metal precipitated by centifugation.

.
-z

k?



The solution (plus 1 mL of dioxane rinse from the pa11adium metal)
was placed on the vaéuum line and subjected to four freeze-thaw
(1iquid nitrogen) cycles to remove dissolved tfitium gas. The solution

at this point had a total attivity of 3 Ci. All subsequent procedures

were carried-out in either a glove box or in a functioning hood, 1ined
with adsorbent paper. Radioactivity was monitored by wipedowns and

'scinti11ation counting of the wiper.

216.8 mg of carrier trans-7,8-dibenzoyl-7,8,9,10-tetrahydro-

99

benzo(a)pyrene (XIX) in 22 mL of dioxane was added to the above reaction

mixture, and the,product precipitated by adding 40 mL of water. The
precipitated white crystals were fi]tered; washed with-water, and re-
dissolved in 50 mL of acetone. The volume of thisvsolution was reduced
at thevboiling point by blowing a stream of nitrogen over the flask
until crystal]ization began.to occur. The solution was then cooled,

the product filtered off, and the crystals washed with cold (-70°)

~acetone. Yie]d: ]85.37 mg, 76% recovery. 480ug of this material was

carefu]]y weighed out on a Cahn E]e;troba]ance, and dissolved in
toluene to a.final volume of 5.00 mL. Succéssive dilutions were then
counted in'Aquasol-Z; the specific activity was determined to be 2.38
+ 0.1 Ci/ mmol. A sample of this material was spotted onto a thin
1ayer,chromatography plate (silica gel G) and deve]dped in benzene-
ethanol (19:1 v/v). The plate was scanned for fluorescence (exc. 248
nm, em;> 390 nm) on a Sthoeffel Scanning F]uorometer (Schoeffel'

Instrument Co., Westwood, New Jersey); the plate was then cut into

1 cm sections and the sections counted in Aquasol-2 as gels. 99 + 1 %

of the radioactivity'was observed to co-chromatograph with the fluores=+

cent band of the authentic dibenzoate (XIX) carrier (Rf= 0.7).
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29, [3H]-1O-bromo-trans—7,8-dibenzoy]—7,8,9,]O—tetrahydrqbenzo(a)—
‘ pyrene ([3H]-XX) |

The [3H]-dibenzoate was-further diluted with carrier to a total

of 355 mg (0.71 mmol). This material was suspended‘in 155'mL.of'CC14 . | v
and 133 mg (1.04 molar equivalents) of NBS added. The solution was

vp]aced in a jacketed photochemica]-reactof;'purged with dry argon, and -

warmed to 50°. 2 mg of AIBN was added_and the system i]]umfnated with

a 150 W sun lamp for'30 minutes. After 50 minutes the solution was

cooled to Of. filtered to remové'éuccinimide, and the solvent femoved

on a rotary evaporator. |

30. [3H]—trans—7,8-dibenzoy]-7,8-dihydrobenzo(g)pyrene ([3H]—XXI)

The crude 10-bromo derivative ( [3H]-XX) was dissolved in 50 mL
of xylene and heatéd to reflux under argon. After 12 minutes the
solution was cooled and the xylene removed under vacuum. The product

was recrystallized from acetone and air-dried.

31. [;H]-trans¥7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene ([3H]-XXII)
The dibenzoate ( [3H]-XXI) was dissolved in 30 mt of THF, and 85
mg.of sodium methoxide (ca. 2.5 molar equivalents) in 10 mL of methanol
' ﬁas added._The solufion was stirred for 12 minutes at 65°, and then
poured into 100 mL of ether plus 100 mL of water. The Water wash was
extfactéd with 50 mL of.ether, and the combined ether phases washed
three'times with water, dried over potassium carbonate, and ﬁoncen4
trated to =10 mL. The diol crystallized on standing as light yellow SR
needles. These were filtered, washed witﬁ‘cold ether, and dried-in ‘
vacuo. Yield: ca. 100 mg. .
Specific activity was determined by weighing a sample (1800 ug)

and -counting various dilutions of a THF solution in Aquasol-2.
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The.$pecific activity was determined to be 1.30 + .05 Ci/ mmol ,

Radiochemica]-purity was determined by co-injecting a small

- aliquot together with carrier trans-7,8-dihydroxy-7,8-dihydrobenzo-

(a)pyrene bnto a reverse phase HPLC system (2 Waters ﬁ-Bohdapak C]8
columns connected in series, eluted Qith a:gradiént watef—methano]
solvent; éoTumn resolution was épproximate]y 6000 theoretical plates).
1 mk fractions'were'co]]ected‘and ana1yzed for'radioactivity by sc%n-

tillation couhting.in Aquasol-2. As shown in figure 9, 99 + 1 % of

- the injeéted radidactivity co-eluted with the Synthetic.carrier diol;

recovery of injected radioactivity was 100 +2 %.
1 mg of the labelled diol was stored at -70° in THF; when stored

as a dry powder substantia1 decompésition was noted (gg; 2% per week -

vat -70°

32. [ H] -r-7,t-8- dlhydroxy -t-9,10- oxy -7,8,9,10~ tetrahydrobenzo(a)-
pyrene ([3H] XXIV)

99 mg of the [3H]-trans—7,8—dio1 in 30 mL of THF was mixed with

170 mg of 100% m-ch]oroperbenzo1c acid and a]lowed to stir under

. ,n1trogen for 10 hours. The reaction mixture was d11uted w1th ether

(150 mL) and washed successively with 10% aqueous sodium su1f1te, 8%

aqueous sodium bicarbonate, and finally with water. The ether phase

‘was dried over K2C03 and reduced in volume. The diol epoxide crystal-

lized on standing; the crystals were collected, washed with cold ether,

and ihen dissolved in argon-purged THF contaihing']% triethylamine.

This stock solution was stored at -70°. Yield: 65.6 ng (63%).
Radiochemical purity was détermined by hydrolyzing an aliquot in

2

water, and co-injecting this material with authentic carrier hydrolyzed
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~diol époxide onto a reverse phase HPLC system (Z.Watérs u-Bondapak C,q
columns connected in series, e]utéd‘with water;methanol);'l.mL frac-
tions were collected and monitored for radioactivity by scintillation
counting in Aquasoi-z. The two tetrahydroxy—Z,8,9,]04tetrahydro-
benzo(a)pyrene hydrb]ysis products weré monitored by fluorescence
(exc. 248 nm, em. >370 nm). 97 + 1 % of the radioactivity was obsefved
to c0ae1uté_with the two tetraols. Radiochemical purity of the stoék
solution was routineiy monitored with this procedure. Decomposition

over a period of 8 months was observed to be less than 0.5% per month.

-

. (\}.
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Chapter 4: DNA Binding Studies

The availability of the synthetic diol epoxides made it feasible

to, begin structural studies on the covalently bound benzo(a)pyrene-

- nucleic acid complexes formed in vivo or by in vitro (microsomal) assays.

Since only picbmo]e quantities of the enzyme-activated complex were
available for study, the basic approach we undertook was to react syn-
thetic diol epoxide with the nucleic acid and then compare the prdducts
of this reaction with the mftrosome;derived édducts. It was anticipéted
that a large number_of proddcts WOu]d be formed in such a reactfon, in
view of the inherent complexity of DNA as a target nucleophile. ‘While
increased amounts of adduct would be available for structural studies
frbm thfs synthetic system, total quantities would still be minute by

conventional_stahdards (i.e., microgram range). The reasons for this

are two-fold: 1) an effort was made to work within the same range of -

binding levels that are found in vivo (ca. 1 in 10*

base pairs) in

order to avoid structural artifacts encountered when working with high]y
mod1f1ed DNA's; 2) we ant1c1pated that the analytical techn1ques
deve]oped for this work could then be app11ed to ana]yz1ng material
obtained directly from in vivo experiments. The f1r$t point had its
origins in pub]fshed reports on DNA alkylation by small alkylating
égents--numerou§ investigators have reported that the type and number
of_products obtained from the reaction of DNA with methylating or
ethylating agents can change dramatically as a function of solvent and

109,110

concentration. When working with highly modified DNA's, one
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runs the fisk of studying products which bear Tittle or no relation-
ship to material formed under physiological conditions. A second con-
sideration is that many DNA'a]ky]ation.producfs are relatively 1abil§?f‘
structures; this can be a problem since the modified DNA must be o
degraded -to small residues (oiigonuc]eotides less than 5 residues in
length) before a detailed structural anaysis can be performed. There

is no satisfactory method of non—énzymatica]]y degrading DNA to mono-
meric units--- most»methods rely on extremes of pH or heat to hydro-
lyze the polymer. For‘example, at‘low pH (<3) apurinic sites can be -
generated, and the resu1t{ng 2'-deoxyribonic acid cleaved with a]ka]i
via g-elimination (figure 1).1]] Acid or base-labile structures cannot
‘survive such extreme reactibn conditions. The implications of this are
outlined in recent studies by Singér on the alkylation of RNA by

ethylating agents 112 :

as much as 80% of the products formed by the
action of ethy]nitfosouréa on RNA are 0-ethyl eihers, but their pre-
sence was not defected_unti] a'cafefui study was made using enzymatic,
neutral pH methods of RNA hydrolysis. Previous to this study, use

had been made of high pH to hydrolyze high molecular weight RNA,
.resultfng in inadvertant destruction of the bulk of the alkylated

RNA residues dUring'the process of isolation.]13 This problem was

frequently encountered by RNA researchers because of the facility with ' : ﬂ§,
which RNA can be degraded by alkali: § '
() (o) B s
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The use of alkaline hydrolysis avoids- problems associated with the
expensive and sometimes unpredictable enzymatic methods Qf hydrolysis;
DNA, lacking a 2'-hydroxyl, cannot be efficiently hydfolyzed by alkali.
We therefore determined that we would ﬁse neutral pH,‘eniymatic di-
gestion for the recovery of modified monomers from alkylated DNA.
Problems of scale are one consequence of this appfoach--- preparations
_ihvo]ving much more than 50 mg of DNA become prohibitively expensive,
as well as being difficu]t to work with (due to limitation on centri-
fuge avai]abi1ity; size‘of chrbmatography columns, etc.). Fina]]y, as
will become e?ident, the complexity of the product mixture that one
obtains'in these reactions could only be aCcomodéted.by the use of HPLC.
Although extremely efficient and capab]e 6f high resolving power, HPLC
at the time of thié work was limited to sub-milligram qUantitieé of
material (particularly where maximum resolution is the goal). As.a
result 6f these various considerations, the structural elucidation of
the diol epoxide-DNA adducts was necéssari]y based on microanalytica1
'techniqueé;-- primarily HPLC and high resp]ution mass spectrometry
(HRMS). NMR, an extremely va]uable'tool for the structural analysis
.of sterebisomers, does nof have‘the requisite sensitivity for working
with sub-microgram quantities of material derived from biological
sourceé; This is especially true for the large number of minor
products formed in small mo]ecu]e-DNA.reactions.

Reaction of the syn and anti-diol epoxides with a variety of

DNA's (calf thymus DNA was used for bulk preparatiQns) was carried out
'in 0.01 M phosphate buffer at pH 7.5, using a ratio of diol epoxide
to DNA of 12 nmol/ mg. Under these conditions the anti-diol epoxide

has a half-1ife of approximately 2 minutes, while thévgxg isomer has
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a ha1f—1ffe of ~ 30 seconds:("half-life" refers to hydroTysis in

~ aqueous solution to tetrahydroxy—tetrahydrobenzo(a)pyrenes; with

pseudo-first order kinetics).]m’”5 As described in chapter ‘3, the

in vitro microsomal enzyme/ BaP binding assay results in a Tevel of .
modification.of DNA equal to one hydrocarbqn adduct per 40,000 base
pairs. Anti-diol epoxide used at this ratio (12 nmol/ mg of DNA).
results in a modificétion lTevel approximatiey five-fo]dvhigher (as
determined by the amount of 3H—§g§j}diol epoxide that beéomes covalently
bound to ihe DNA). The syn isomer gives a simi1ar'1eve1.of'binding, as
determined by non-extraétab]e fluorescence of the modified DNA, using
the 3H-gg§j7dio1 epoxide-modified DNA as a standard. Thus the concen- -
trations used in this‘study approximates those that could occur in
!j!g, Non-covalently bound hydrocarbon (primarily the ﬁydrolysis pro-
duct of diol epoxide, 7,8,9,10-tetrahydroxy—7,8,9,10-tetraﬁydrobenzo—
(a)pyrene) was removed by extraction with ethyl acetate, and the
modified DNA further purified by éthanol‘precipitation. The DNA was
then.hydrolyzed enzymatically, using a mixture of endo- and éxonuc]éases

(DNaseIl and spleen phosphodiesterase, resulting in nucleoside-3'-

| monophbsphates), fo1lowed by treatment with alkaline phophatase to |

remove_the 3'-phosphate. This mixture of nuc]eases, nucleosides, and
mbdified nucleosides was then chromatographed on Sephadex LH20 (a
lipobhilic, macrobofous gel based on dextran), utilizing a combihafion
of.molecﬁ1ar sieviﬁg‘and adsorbtion'chromatography. The:enzymes ahd
unmodified nué]eosidés were eluted with buffer,vand 3H-contaim’ng
material was removed by eluting the column with a buffer-methanol

3

gradient. The “H-containing material could then be aha1yzed by HPLC.

Recovery studies demonstrated that >97% of the 3H.activity could be
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recovered from the modified DNA as a methano]-éo]ub]e fraction ffom
the LH20'co1uﬁn. Enzymatic hydrolysis was thus capab]e'of degrading
the modified polymer to small units.

Figures 2a and 2b show HPLC fluorescence elution profiles of
~ the modified nucleosides obtainedbby reacting DNA with (+)anti- and (i) ) .
syn-diol epoxides, respectively. The f}uorescence detection system
(Schoeffel FS970; Schoeffel Instruments, Westwood, New Jersey) used
here allowed detection of as little as 50 picograms of material con-
taining a tetrahydro—benzo(a)pyrene chromophoré; Fluorescence N

sensitivity was thus comparable to that of 3

H detection via scintilla-
tion counting at the specific actiVities'used in this study (0.1- 5.0
Ci/mmol). Figure 3a represénts the fluorescence trace and 3H prbfiTe
obtained from DNA modified by microsomal enzyme activated [G-3H]
‘benzo(a)pyrene. The similarity between this elution profile and that
of the (+)anti-diol epoxide-DNA adduéts 15 apparent, and figure 3b
shoWs the resu]ts of co-injecting the enzyme-activated [G-3H]BaP-DNA
and synthetic (+)anti-diol epoxide-DNA adducts. The major fluorescent
peak of the (+)anti-diol epoxide-DNA produét co-chromatographs with J
the major enzyme-activated [G-3H]BaP-DNA adduct. The elution profilé
of the‘adducté obtained from the syn-diol epoxide is markedly different
from that of ﬁhe enzyme-activated BaP-DNA and anti-diol epoxide;DNA v | Nap
products. Thus the major products obtained with the enzyme system
appear to be deriVed from‘the anti-diol epoxide, although some of the‘ i
minor products do co-elute in the same region as the §xg¢diolrepoxide-v
DNA adducts. Thus, chromatography of the microsome-catalyzed adducts

alone results in fluorescence detection of peaks corresponding to 1,

'4,5, and 7 of the synthetic (j)anti-dioi epoxide adducts; peaks 2,3, f
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'and 6 aré'not observed (either by fluorescence or by radioactivity;
the peak'e]uting at 42 minutes in figure 3a does not co-elute with
péak 6 in figure.2a). Therefore,thé reaction between’(i)gggifdiol
epdxide and DNA yields at least three more adducts (peaks 2,3, and 6)
: than does micrbsoma]]y-activated BaP plus DNA. The'péak at ~42
minutes in figure 3é does co-eiute with the main component from the
reaction of (+)syn-diol epoxide and DNA, and could indicate that a
small amount of the §yg_isomer‘is fofmed'during enzymé-mediated,oxida-.
tion of benzo(a)pyrene.]29 The major prbducts appear to}ihvo]?e the
anti isomer, however. . |

~ Qur initial studies to determine the structures of these various
adducts (each available in microgram amounts) were directed towards
1dentify1ng the nucleic acid bases (guanine, adenine, cyt051ne,
thymine) present in each peak of figure 2a. We approached this problem
~via a doub]e-labeiiing schéme, where 3H or ]4C (available from the
National Cancer Institute, Bethesda, Maryland) 1abe]ied (+)anti-diol
epoxide would be reacted with DNA containing one of the four bases
. (A,G,C, or_T)_labelled with 3H or 14¢. Each chromatographic peak

]40: for exampie,'

could then be analyzed for the presence of 34 and
3H would cbnfirm the presence of the diol époxide moiety in each peak,
and ]40 wou]d confirm the presence of guanine in a given peak for

the adducts derived from the reaction of [ H] (+)ant1 -diol epoxide
"eith [8-]40]90anine—containing DNA. This study, then,_required four
samples of DNA,each 1abe11ed unambiguously with a different radioactive
purine or pyrimidine base. These four DNA samples were prepared by

3

incprporating.three unlabelled nucleoside triphosphates and one “H-
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labelled nuc1eeside triphosphate into high molecular weight (>105
daltons) DNA by E. coli DNA Po]ymerase I (EC 2.7.7.7,."Kornberg
polymerase"), using calf thymus DNA as the template (>107 MW).]16
The labelled DNA was- ethanol-precipitated, dialysed to remove low
molecular weight impurities, and then reacted with ]4C-1abe11ed (+)
gggifdie1 epoxide. Covalent adducts were isolated after enzymatic
hydrolysis and analyzed by HPLC. The reﬁu]ts of three of the four
double label experiments are presented in figures 4b,4c, and 4d; Figure
4b represents the'products of the reaction of ]40-(i)gﬂ£i-diol epoxide

3

with “H-deoxyguanosine-labelled DNA. Peaks 3 and 5 contain both 3H and

14C, and therefore represent hydrocarbon-deoxyguanosine adducts.
From tﬁe specific activities of the diol epoxide and base a 1:1 ratio
of the two components was calculated (see Table 1, below). Simi]ar
inspection of figures 4c and 4d fdentifies peaks 6 and 7 as deoxy-
adenosine adducts, and peak 4 as possibly a deoxycytidine adduet.
Assignment of the.identity of peak 4 was only tentative, beeause of
‘the lack of cemplete symmetry and coincidence of the 3H and 14C.
Deoxythymidine edducts were not observed, despite our ability to
detect approximately one adduct per 2.5 x 107 base pairs (determined
by the maximum specific activity of the 3H-thymidine—5'-triphosphate
available to us, 15- 30 Ci/ mmo]). The relative eercentage of each
adduct formed is shown in Tab]e 1. Binding occurred fo the extent of
92% deoxyguanosine, 5% deoxyadenosine, 3% deoxycytidine, and 0%

14

thymidine. Peak 1 derived from all four reactions contained only "'C.

3

The presence of ]4C or “H in peak 2 could not be reliably ascertainedl~

at the specific activities used in these experiments.
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Table 1
Relative Distribution of (+) anti-BaP Diol Epoxide Adducts
With the Bases of DNA |

Peak No.* 1t 2 3 4 5 6 7
o y

Bése - ? - dG, dc,”  dG,  dAq dA,

Percent

Total Based on §

3 - - 10 24 8 00 1.4

-C - - 10 3 82 1 4

*Peak numbers refer to Fighre'4a.

+Péak 1 is probably a hydrolysis product of'the'dio] epoxide, 7,8,9,10-
tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene

fAssignment of this adduct is tentative.

§Computed from Figure 4b.

High Resolution Mass Spectrometry. A detailed structural analysis
of the contents of peaks'l -7 waS‘COmplicafed by the~quantities of
méteria1 that were avai]abie.for étudy. Preparatiye—s¢a1e (50-100 mg
DNA) reactions allowed isolation of tens of micrograms of peak 5, but
only a few micrograms of each of the dther components could be obtained.
The only_aha]ytica] technique with the requisite sensitivfty available
to us at this time was'mass spectrometry. A conventional low resolu-
tion (m/Am < 1000) mass spectrum of an uhknown should give 1) the
molecular weight of the compound; and 2) a fragmentation pattern of the

compound, which (at least in théory) can be used to determine what the
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‘overa11 molecular structure‘was'1ike. With true unknowns, however, a
considerable amount of gueséwork_must enter into any interpretation of
a mass spectrum. When considering the problems and liMitationSIOf
this technique, it is instructive to refer to the dééign of a conven-
tional mass spectfometer. Figure 5 is a schematic diagram of a double-
focusing mass spectrometer using a modified Nier-Johnson geometr‘y.ﬂ7 X
The four components of the spectrometer include the jon source, I; the
electric“sector, E; the magnetic sector, B; and the ion multiplier
(detector), M. The sample is first vaporized by heating under high
vacuum,('ﬂO'7 torr). The gas phase sample molecules are then bombar-
ded with enérgetic electrons (typically 70 eV) to form gas phase ions.
The primafy products of this event are sample molecules that have lost
an electron (radical cations):

M+ e —— M + 2¢”

The species.Mf (molecular ion) is generally formed with a high interha]
energy as a‘resuIt of these inelastic collisions, and can fragment in
characteristic wéys.to produpe_a series of daughter ions: H

[ijf — m? +m,
M1 — mi+m (etc.)

These ions are then accelerated by a large pdtential-difference
(typica11y 2-10 kV) and focused into a defined ion beam. Neglecting

S,

the electric sector for the moment, an ion of mass my will be trans-

mitted through the magnetic sector B (and therefore detected by the ion ; ;fﬁ
mu]tip]ier M) according to the relationship

"‘1"12 | o | o

r T e S |

where v is the velocity of m, r is the radius of the magnetic sector, _ V“ﬁ
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90° electrostatic analyzer E

source

60°
magnetic
sector
B

electron
multiplier

M

~ Figure 5 : Schematic of Nier's double-
~ focusing mass spectro_meter"7
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e is the electric charge, and B is the magnetic field strength. An
ion of mass m and charge e accelerated through a pofentia] V will have
a kinetic energy eV:

2 _
1/2 myvy™ = eV

Rearranging and substituting for v givesv

m/e = rZBZ/V.
Thus at a constant accelerating voltage V,.ions of different mass to
charge ratio m/e will be transmitted through the magnetic sector B (and
therefore detected) by sweeping the magnetic field Strength. In
practice, the initially formed ions Mis My, etc. will have an energy
"spread" due to initial kinetic or thermal energy pfior to acceleration,
with conseduent effects on the measurement of m/e. This brob]em is
eliminated by the electric sector E in Figure 5; en ion beam of narrow

energy spread will be transmitted according to the relationship

R = ek,

where R is the radius of the electric sector and Eo is the e]ecfric field
strnegth. This combination of both velocity and direction focusing
allows measurement of mass fb charge ratios at a resolution of as much

as one part in 105. Since the monoisotopic atomic weights of the -
nuclides are not exact whole numbers on the basis of mass (using as

]ZC = 12.000000 amu), measurement of the mass of an ion with

reference
sufficient accuracy allows unequivocal assignment of its elemental
composition. In practice, a resolution of M/aM > 10,000 is sufficient
to assign elemental compositions to the ion, especially when isotope
peaks are simultaneously monitored for verification of the assigned

composition.

N
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Problems often encountered in conventional electron-impact low
resolution mass spectrometry include 1) identifying the molecular ion,
and 2) determining whether or not some mass peaks are due to artifacts
such as pyrolysis reactions (induced by excessive heatingvof the sample),
impurities in the sample, etc. Many complex structures do not present a
molecular ion,'since sufficient energy is imparted to the molecule
either by heating Or_by electron bombardment to cause extensiVe'frag-
mentation to take p]ace. Artifact signals in a low resolution mass
spectrum are difficult (if not impossibie)'to'distinguish from "real"
signals. When dealing with an unknown of comp]ex‘structdre, one must
first analyze a series of standard compounds that have structural |
features similar to that of the unknonn; this will greatly increase one's
confidence in theIValidity of any’data obtained on the unknown; In‘the
case of the‘oiol epoxide-DNA adducts, a standard series of compounds in-
cluded the four‘nucieosides deoXyguanosine,vdeoxyadenosine, thymidine,
and deoxycytidine, as well as the large number of benzo(a)pyrene deriva-
tives described in chapter 3. In order to avoid potential ambiguities
in ana]y21ng fragmentation patterns (sample impurities, etc. ), we
decided to re]y on high resolution data for all structura] a551gnments
The unique mass spectrometry sys tem available to us made a thorough
structora] study possible on quantities of sample ranging from 0.1 to
3.0 micrograms. The “LOGOS II" data system is unique in that high
resolution measurements are simultaneously carried out on all sample
peaks present in the mass spectrum; total sample requirements are

under 1 ug. 18

-This system is based on a Kratos/AEI MS 902 mass spec-
trometer (operating at M/aM > 10, 000), interfaced to a Xerox/Sigma |

7 computer 19 An 1nterna1 standard (perfiuorinated kerosene, or PFK)
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is present at all times, allowing a calibration curve ét high resolu-
tion to be.constructed. Samp]é'peaks are then differentiated from
either PFK or background signé]s, assignedian aécurate mass (and
'intensity) value based on the fnterna]]y generéted ba]ibratioh curve,
and the data is then transferred to either disc or tape for storage.

The instrument scans the desired mass range.repetitive]y (typically
1000-70 amﬁ), SO that the sample can be'introdgted by slow heating, and
the total ion currenf monitored to detefmine at which point the sample
has been introduced. This also provides some confidence that a’single
component is being analyzed, since,one can effectively fractionally
"diSti]]" separate components of a mixture into the ion source by
careful control of the sample heating rate. More than 2000 resolved
samp]e peaks can be génerated by a complex structure undergoing frag-
mentation at 70 eV; the LOGOS-II system a]]ows.aCCUrate mass measurement
to be cérried out on all such peaks that are present above a pre-set
threshhold. | o |

Derivatization Methods. Nucleosides have structures that are

highly po]ar; as well as being thermally labile. Attempts at obtaining
conventional é]ectron-impact mass spectra on free hucleosides have been
largely unsuccessful. For the most part, one obtains'pyrolysis-ffag-
ments, many of whjch bear only an indirect andcomplicated relationship
to the original strﬁcture. Accordingly, researchers have developed

a variety of chemical derivatization techniques to overcome the problems
associated wfth heatihg high]y polar molecules in ordér to vo]atjzé

~ them prior to ionization.lzo

These techniques are generally aimed
 towards increasing the vapor pressure of a compound by decreasing the

polarity of ionic groups present in the original structure. For
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example, converting carboyx]ic acids to methyl esters or amines to N-
acyl der1vat1ves decreases the extent of ionic interactions and hydro-
gen-bonding in the solid (crysta]) state, thus 1ncreas1ng the vapor
pressure of the compound. One can then obtain gas phase samp]e mole-

cules at 1ower temperatures, eliminating prob]ems caused by therma]

- decomposition that takes place at h1gh temperatures ‘However, chem1-

cal derivatization can introduce add1t1ona1‘comp1ex1t1es into struc-

- tural analysis. Certain derivatives (for example, trimethylsilyl groups)

~have a relatively high molecular weight and, for a polyfunctional com-

pound such as a nucleoside, can easily double or triple the molecular
wefght; This decreases the absolute accuracy with which its accurate
mass can be measured; the addition of many,different heteroatoms can
also complicate the unambiguous assignment of an elemental composition
to the mass. For example, an ion of structure "b" whose mass has been
measured at WM 10,000 will “have seven possible compositions nhere R =

methyl, 9 for R = S1Me3, and 15 for R = 8CF - (compositional ‘tolerance

of 10 ppm, where error in ppm = (measured mass - exact mass) X 106/

measured mass).]2]
R
NR
¢ )G
I
'y
l.lbll

A second concern when using chem1ca1 der1vat1zat1on is the prob]em en-
countered in trying to mod1fy a comp]ex structure that may be labile

under the der1vat1zat1on condition. For example, diazomethane/ether

-is a suitable reagent for methylating simple sugars prior to mass
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spectrometry, but purine nucleosides wqu]d be destroyed under such
conditions (via N-methylation and subsequent depurination). It must
also Be realized that derivatizatioh is a chemica].reaction; some pro-'
eedures may not be practica1.tb carry eut on extremely small amounts of
material, or may'invo]ve complicated purificetion procedures after deri-
vatization. Finally, some types of derivatives can drastically alter

the amount.of information present in a fragmentation pattern. Introduc-

.tion of a trimethy]si]y] group, fof example, often results in a spectrum |

with intense signa]s for peaks invo]ving fhe TMS group,(m/z 73, 75), but
extremely weak signals for peaks involving the carbon skeleton of the
molecule in question. In general, the cho1ce of derivatives for mass
spectrometry is complicated, and w11].depend on the structure 1n_
question, the quantity of mate?ia1,avai]ab]e‘for‘enalysfs, and the

» type of information one is trying'to obtain. The best pfocedure in
many cases is to prepare several types of deriyatives and compare
results. For eXamp]e, brocedures exist where a free amino group (-NH2)

can be d1methy]ated mon0511y1ated 123 124

or acy]ated Reaction condiF
‘tions and reagents can be used where der1vat1zat1on of the amine can |
'take p1ace with or w1thout simultaneous der1vat1zat10n of a hydroxy]
group. 124 In add1t1on, isotopically 1abe11ed derivatizing groups can
be used (eg. -CD3, -S1(CD3)3, 8CD ) and the mass shift from the un-
labelled derivative used to determine the number of der1vatlz1ng groups
on the stfucture in question. |

Three different derivatives haQe gained acceptance for modifying
nucleosides to allow direct probe mass spectrometry: methylation, tri-

125

methy]s11y]at1on, and acety]atlon McCloskey and coworkers have

published extensive studies on the fragmentation patterns of nucieosideS-
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modified by all three types of derivatives, 121,126,127 The suitability

of each procedure for modifying diol epoxide-nuc]eoside‘édducts was
determined by first workiné with 7,8,9,10-tetrahydr0ky-7,8,9,1Q—tetra—
hydrobenzo(a)pyrené'and the unmodified nucleoside separately.

The)methylation procedures used in this work were first developed
122 The basic procedure is to first treat the compound with
a solution of dimethy]su}foxidé'anion in DMSO (generated by reacting
DMSO with sodium hydride), fo]]owed by methyl iodide. The strongly

basic methyl sulfinyl carbonion (pKa 23-27) removes exchangeable hydro-

- gens; methyl iodide then alkylates each anionic site. The methyl

sulfinyl carbonioh is a150_a poor nucleophile, thus minimizing side
reactions. McCloskey .and coworkers applied this technique with success

121 We achieved identical

to a series of_ribb— and deoxyribo-nucleosides.
results to thdse reported by McC]dskey with this technique; in addition,
fhe sole product recovered from the methylation of 7,8,9,10-tetrahydroxy-
7,8,9,10—tetrahydfobenzo(a)pyrene'was the permethy] derivative'(m/z

376). Methylation With CD3I gave products with molecular ions shifted

‘the apprbpriaté number of mass units higher (Figure 6). A detai]ed_

‘analysis of the fragmehtation patterns of the methylated nucleosides

was conducted by McCloskey, who showed that several fragmentatibn

pathways are operative. These are (seelFigufe 7): 1) scission of.

"thevglycosidic C-N bond to'generateveither a "base + H ion" or a Sugar

ion ("S"); 2) simple loss of methyl, methylmethoxy, or methanol from

"Mt (ions "a'", "g", or "e", respedtive]y);'3) ions due to further frag-

mentation of the "base + H" species (i.e., loss of CH2=NH); 4) ions due

~ to further fragmentation of the sugar moiety (m/z 85, and fons "t" and

"S-H"); and 5) ions composed of the intact base wfth a fragment of
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the sugar attached (ions ﬁjf and fkf). Figure 7 ilinstrates these
vanious fragmentation pathways for deoxyadenosine; simi]an-results
(reiative intensities vary considerably) were obtained for the other
nuc]eosides; The success of this procedurevwith the tetraol of benzo-
(a)pyrene suggested that it would be generally useful forvworking with
the dioi—epoxide4DNA adducts.  Despite the.strongly basic conditions,
no products exhibiting a chromophore different from that Qf 7,8,9,10{
tetrahydrobenzo(a)pyrene (indiceting dehydration) were found byl
f]uorescence.or UV-absorbance. | |

Since the nucleoside-diol epoxide adducts were labelled with 3H,
yields from the methylation reactions could be estimated by determining
the émount of'Chlordform—sbluble 3H-cdntaining materia] generated.by the
reaction; ft was observed that when working with very small quantities
ot material (< 10 ug); yields fell dramatically (to less than 10%).

This problem was eventualiy traced to two sources. One problem was
the behavior of ‘the diol-epoxide DNA adducts on glass surfaces--when

deposited on a glass surface by evaporation of solvent, the material

would redissolve in fresh solvent only very slowly. Sonication or

' vortexing was found to be essential in order to redissolve the material.

A more serious problem was encountered in anaiyzing the products of
nuc]eoside methylation by HPLC--more than one product was observed in
some‘instances, and the complexity of the product mixture varied with

the total reaction time. Other researchers have observed the same

~ effects; what is apparently occurring is that with very long reaction

times (5 - 90 min.), heterocyc]e; become "over-methylated;" leading to
quaternary nitrogen-methyl derivatives. These derivatives are then

water-soluble due to the charge on the nitrogen, and generate complex
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‘mass spectrometric fragmentatidn _patterns since they undergo pyrolysis

at high temperatures This prob]em has been noted by Morr1s for pep-

tide methy]atlons, the key to avo1d1ng 1t is to use short reaction times

). 128

(v 90 sec W1th the methylation procedure descr1bed in the "experi-

menta]" section, on]y s1ng1e products (by HPLC) were obtained for the

“unknown P1 through P7.

Although the majority_of the mass spectrometric analyses of P1-P7
were performed on either methy]ated or deuterb-methylated materia1, other
derivatives were prepared for confirmatfon of some structures. Acetyla-
ted material was found to be of little use, as extensive fragmentation'
occurred in all acetylated materia]s; In some cases over 90% of the

total ion current in a spectrum was due to mass 43 (CH3CO). Trimethyl-

silyl derivatives were found to be useful in eonfirming the identities

of some structures, despite the high mass (72 maSs units added per TMS
group) of the resulting derivative. A large number of siTy]ating rea-

gents and conditions were tried without success--either complex product

mixtures or extremely low yields made use of each method 1mpract1ca1

A hlgh temperature (100°) method or1g1na11y deve]oped for steroids with
ster1ca11y hindered hydroxy]s was finally adapted for use with the

diol-epoxide~DNA adducts. This procedure uses the highly react1ve

“silylating reagent N- tr1methy151]y11m1dazo]e (TSIM). As was observed

by other researchers, po]y TMS derivatives (espeically those containing

-NH-TMS funct1ona]1t1es) are labile:species, undero1ng facile hydro]ys1s
on standing for more than a few hours. 126

Diol Epoxide-DNA Structure Ana]ysis, The structures of the anti-_

diol epoxide-DNA adducts P1-P7 were determined by a high resolution

mass spectrometry study of their methyl or trimethylsilyl derivatives.
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Verification of elemental compositiohs, when 1in question, was obtained:
by perdeuterometﬁy]ation and comparison of tﬁe data with résu]ts ob—
tained for the methy]ated combound. _

P1 had a retention fime on HPLC identical to that of the hydrolysis
product of the diol epoxide, 7,8,9,10-tetrahydroxy—7,8,9,]0-tetrahydro4
benzo(a)pyrene. High resolution mass spectrometry of the permethyl and
per-deuterbmethy] deriVatives of P1 gavé molecular ions at m/z 376.169189
(Cé4H24O4, -4.59 ppm) and m/z 388.242305 (C24H]2D]204, -1.25 ppm), re-
spectively. The fragmentation patterns and e]ementa] compositiqns of

~all peaks in each case was identical to that of authentic permethylated
tetraol, obtained by hydrolyzing anti-diol epoxide in water. Both Yang
53_31,104 and Jerina]O]'haVe shown that hydro]ysis of anti-diol epoxide

in water gives two isomers, corresponding to cis and trans addition of

water at C-10 of the diol epoxide. The presence of tetraols in the
diol epoxide=DNA adduct mixture was not entirely unexpected; presumably
some material is carried througﬁ the isolation procedure used for the
diol epoxide modified DNA. The tetraols may also be formed by hydroly-
sis of unstable DNA-diol epoxide adducts.]zg

Fighfe 8 shows composite nominal mass plots for the higﬁ resolu-
tion mass spectra of the permethyl derivatives of P2, P5, and P7. It
was obﬁérved that the mass spectrum of permethyl1-P6 was identical to
that of perméthy]-P7. Permethy1-P3 was- identical to thatof permethyl-
P5, and perméthy]-P4 was similar to permethyl P2 (P4 appeared to be
a mixture‘of two species--one with a mass spectrum identical to per-

methyl P2, and a relatively volatile material identical to 7,8,9,10-

tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)pyrehe); In order to simplify

the structural analyses of P2, P5, and P7 (and therefore P3, P4, and P6),

hd
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the fo]]oWing-procedure was used: all six spectra should exhibit the

~same ions originating from the'hydroxy—tetrahydrobenzo(a)pyrene moiety,

assum1ng the products 1nvo]ve simple alkylation events between the diol
epox1de and DNA a]ky]at1on site. After these ions were 1dent1f1ed, the
unmod1f1ed sugar fragments were found. Ana1ysis of the.déta for frag-

ments due to the'puriné or pyrimidine cou]d then be carried out;

A1l six spécfra (P2-P7) exhibit_the expected ions due'to fragmen—
tation of the hydrocarbon moiety corresponding to cleavage of the
hydrocarbon-nucleoside boﬁd (sée Table 2).v This c]eavage gehérates
a trimethoxy-tetrahydrObenzo(a)pyrene moiety at m/z 345 (composition
C23H2]03, ion "a">in'Figure 9). ther ions are then generated by
success1ve loss of the elements of CH30H 1ead1ng to the fu]]y aroma-
tized monohydroxybenzo(a) pyrene species at m/z 267 (C20 1]0). This
fragment can then lose CO to give the major ion at m/z 239 (C]9H11).

These fragmentation processes are outlined schemética]]y in Figure 9.

" Table 2
Fragments Dgrived from Hydrocarbon Moiety of Permethylated Adducts

(P2 - P7)
Elemental*
m/z Composition
345 ' C23H2]03
344 Ca3ty03
‘-298 ‘ "_321“1402
297 .

Ca1H1307
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Table 2 (continued)

: _ *
' n/z . Elemental

___Composition
282 | "v CorHyg0
267 | Copti10 -
- 239 'C]QH]1
226 C]8H10
215 ' C17M97

*All compositionai to]erahces are less than 10 ppm for all spectra
(P2-P7); masses are listed as nominal values.

A'similar seérch for ions derived from a methy]ated sugar mqiety

"S" o ' . ' . . : ‘ .

. +

L

ion s, m/z 145.086473

' reveé]ed'that all six spectfa‘contained such ions. These included ion
e (C7H1303), "s- H" (C7H1203), and "t" (C4H70). No fons corresponding
to a t?imethoxytetrahydrobenzo(a)pyrene- sugar fragment were found. The
point of attachment of the hydrocarbon moiety is therefore not through
the deoxyribose unit. | |

Assignmeht of the specific purine or pyrimidine.in each adduct
can be deduced from the-ffaghentgtion patterns of permethyl F]- P7

by the presence or absence of specific marker ions. Thus guanine-
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containing peaks Shou]d exhibit an NSO] Series of ions, adenine an N5

series, cytosine an_N3O] series, and thymine an N202 series. These ions

should be evident in fragmentationé involving loss of the deoxyribosé

‘to_generate a "base + H" series of ions; .Tab]é 3 shows‘the.resu1ts ob- -
- “tained for permethyl P2 through P7; in all cases fragments due to the
heterocyé]ic base are of high relative intehsity, This allows the aé-
signment of each adduct to a particu]ar'nué]eoside.. Thus, permethyl-
P7 (and permethy]—PG)vhas an intense ion at m/z 149.070127 (C6H7N5)
corresponding to a monomethyladenine. Another ion at m/z 119.03567
(C5H3N4) corresponds to loss of the elements of CH3N from the 1nfact
base. Similarly, permethyl-P5 (and permethyT-P3) has an ion at m/z
179.080614 (C7H90N5), indicative of dimethy1guanine. This elemental
composition was confirmed by perdeutero-methylation, which gave m/z.
185.119264 (C7H3DGON5). Permefhyl-PZ (and permethy1-P4) has a low
intensity ioh at m/z 125.059345 (05H70N3) corresponding to monomethyl-
cytosine, with an intense ion at m/z 11].044149v(C4H50Né).
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Tab]e 3
Fragments Der1ved from the Nuc]eos1de Base Mo1ety of Permethylated

Adducts (P2 - P7)

. wn e T
P2(P4)  125.050345 . CaHN0 + 3,44
112.051423 CoHgh 50 | +2.97

111.044149 CHN o+ 797

P5(P3) 179.080614 ¢ HgON, | + 0.558
150.055164 CcHgON, - 6.66

P7(P6) 149.070127  CgNg - 0.15
120.083705 CoHahy - 0.89

The overa]l fragmentation for each adduct is dominated by the
stab111ty of the aromatic hydrocarbon and purine or pyrimidine mo1et1es.
The results obta1ned for permethy1 -P7 serve to 111ustrate this po1nt
A'mo}ecular 1qn is observed at m/z 637.298619 (C36H39 6 5)5 Successive
Josses of the elements of methanol give m/z 605.264151 (C35H3505N5) and
574.247171 (CyyHyn0Ng), and Toss of the elements of both CHyOH and the
deoxyribose gives m/z 461.186074 (C28H2302N5) and 430.169208 (C27H200N5).
Cleavage of the hydrocarbon-purine'bond results in the hydrocarbon and -

base ions discussed above. Permethyl-P2 (and permethyl-P4) gave

‘similar results, except that a molech]ar jon (expected at m/z 613.278812)

was not observed. The highest mass ion, m/e 469.200108 (C,H,70,N4),

»corresponds to loss of the deoxyribose from a cytos1ne -diol epox1de

adduct. Succe551ve losses of the elements of CH3OH result 1n m/z

437.188883 (CZ7H2303N3) and 406.155525 (626H2002N3). C]eavage of the



138
hydrocarbon-pyrimidine bond then results in the hydrocarbon and base
series of ibns..,_ ‘
Von Minden and McCloskey have presented extensive data on the
121 . . ~

fragmentation patterns of permethylated nucleosides. A characteris-

tic ion for permethyl‘deoxyguanosine, permethy] deoxyadenosine, and

Ea

permethyl deoxycytidine involves the "base + H" ion (Toss of deoxyhi;v
bbse; see Figure 7) yhich includes a dihethy]amino function. This
species can then lose -methyleneimine (CH2NH) or the entife dimethyla-
mine function; In the spectra réported here, dimethy1adenine of di-
methy]extbsine ions were not found; only monomethyl adenine or cytidine
were observed. For the adenosine adduct (permethy1-P7 and -P6), this
‘indicates that direct‘Tinkége of thé diol epoxidevmoiety to the puriné
(eg. C-8) does not occdr; The ocCurrence of a relatively 10W abun-
dance (1.9% relative intensity) nitrogen-containing hydrocarbon frag-
ment at m/z 279.104802 (C21H13N) suggests bonding through the NG
exocyclic amino'group.' The apparent high stability assoéiated with the
benzylic carbonium ion formed'by-cleavage.ofvthe,hydrocarbon-nucleoside
_bond,(ion "a", Figure 8),exp1ains the relatively Tow intensity of these
nitrogen-containing hydrocarbon fragments. For permethyl1-P2 (and
permethy1-P4), no such ion could be found, Teaving open the possibility

of alkylation via the 02, N-3, or N*

positions of cytosine. A tauto- | -
meric structure for the adenosine adduct such as "A" (N-1) or "B" (N-3) |

<

NH ' NH

. &IKN’DEP <}3 ] y
<1 |t
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1s not indicated by data obtained on the pertrimethylsilyl derivative of
P7(P6); both "A" and. "B" would be expected to generate a mono- tr1methy1-
silyl adenine species, ‘which was not sbserved. The st adduct, however,

should yield a free adenine (stericrhindrance‘pkevents addition of a

TS group to the‘diol-epoxide substituted N6 position).

N-DEP

<ﬁf 3

The major component, permethy]-PS, contains guanine but otherwise
follows the same genera] fragmentatiOn scheme observed for permethy1-P7
and permetﬁy]-PZ. H1gh mass ions include m/z 523.222675 (C30H2904N5,

Mf - deoxyribose), followed by successive losses of the elements of
CH3OH to give m/z 490.186904 (C29 2403N5), 459.172173 (C28H2102N5), and
the major ion 428. 151793 (C27 ]80N5,.19.3% relative intensity). Elemen-
tal compos1t1ons of all maJor ions were confirmed by perdeuteromethyla-

tion with CDéI. A molecular ion is not observed in the electron-impact

spectrum; the highest mass ion that occurs is at m/z 604.253408

‘(C35H3405N5, Mt - (CH30H + CH3O)) The molecular weight for underiva-

tized P5 was therefore obtained by Tow resolution field desorption mass
spectrometry (FDHS). The field desorption spectrum of P5 consisted

of peaks at m/z 569 and 592 (569 + Na), confirming its identity as a
deoxyguanos1ne adduct (see Append1x A for additional FD data). The

e]ectron-1mpact fragmentation pattern of the base- -containing ions does

not perm1t assignment of the alkylation site on guanine. In particular,
no nitrogen-containing hydrocarbon ion could be found, making it diffi-

!
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2 or 00 alkylation. Alkylation at C-8

cult to distinguish‘between N
or other ring positions of the purfne wou]d_be expected td generate a.
tfimethy]guanine épecies, wﬁich was not found. The absence of_a‘tfi-
methoxy tetrahydrobenzo(a)pyréne containing nitrogen is again presumably
due to the hiéh stabi]ity associated with ion "a" (Figure 9). A pertri-
methy]sf]y] ether of P5 was therefore prepared in order to obtain addi-
tional structural information. The-composjte nominal mass- spectrum of
pertrimethylsily1-P5 is shown in Figure 8D. Table 4 lists the major ions
observed for pertrimethy]éinJaPS. Thé'overa]] pattern is similar to
that of the permethylated derivatives; loss of the deoxyriboée followed
by successive 1bsses of trimethylsilanol [(CH3)3SiOH]'to give m/z
561.209929 (C 3] 2 5S 2). Thfs is then followed by cleavage of the
base-hydrocarbon bond to give the base (m/z 223.088141, C8H]3ONSS1) or
hydrocarbon series of ions. In this case, however, a relatively low
‘intensity ioﬁ corresponding td'a nitrogen-containing BaP species
observed at m/z‘355.142199 (C23H2]ONSf, 0.2% relative intensity). This
is consistent with alkylation on the-Nz-exocyclic amino group, as was
reported for the alkylation of poly(G) by anti-diol epoxide (Nakanishi

et al.), 130,131 and syn- d1o] epoxide (Jer1na et al.). 132

Ay
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TabTe 4

MaJor Fragments Found for Pertrlmethyls11y1(TMS)-P5
oom/z Elemental Compos1t1on - Error (ppm)
732.290861 Caghyg0gN5(THS) 5 +6.39
650.242428 Costl10qNs(TMs); - 2.28
561.209929 i + CopHy30,Nc(TMS), +14.70
518.211532 CZOH”03(TMS)3 - =2.62
- 472.156874 : C25 ]30N5(TMS) B —.5.29
428.165375 o Cpgth0p(Ms), -+ 6.03
356.121428‘ : . CpgHy0,(TMS) ' - 5.15
355.142199 | _CZOH]ZON(TMS)Y o f 8.31
223.088141 - G Hy ONg(TMS) - 3.60

The.results df the HRMSistudy on P1- P7 are fU]ly consttent with -

the doub]e-labe1 studies described at the beginning of this chapter:
P3 and P5 are deoxyguanosine adducts, P6 and P7 are deoxyadenosine
adducts and P2 and P4-are deoxycyt1d1ne adducts P] and P4 (in addjtion
to the deoxycytidine adduct) contain the two stereoisomeric tetra-
hydroxy—tetrahydrobenzo(a)pyrenes formed by hydrolysis of (+)anti-
diol epoxide. Interpretat1on of the mass spectra fragmentat1on patterns
- is most'Cons1stent w1th b1nd1ng to the exocyclic am1no-groups,of |

-guanine (Nz) and adenine (N6), while cytosine may-involve 02, N-3, dr-.
N4 a]ky]ation. In the absence of NMR studies (requiring between 162
. and ]03 times as mucn.materia] as could be obtained fdr'the HRMS'study), _.
further structural assignmentslcannot’be made. Model cdmpoUnd studies .
by Jerina gt‘al.IO].and'Harveyegt;al.]03 have shown that the reaction

of nucleophiles (aniline,_t-butanol, p-nitrophenol) with both syn and
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anti-diol epoxides occurs exclusively at C-10 of .the hydrocarbon. The

ratio of cis to trans addition at C-10 varies with conditions (trans

~usually predominates), but both products could be formed (for example,
hydrolysis of‘(i)gggi-dio] epoxide at neutral pH gives both cis and -
trans addition products in a 55:45 ratio). The relationship between

P2 and P4, P6 and P7, and P3 and P5 could involve cis/ trans stereo-
isomeric products (such isomeré»wqu]d-probab]y ethbit virtually
identicé] fragmentation patterns at 70 eV), although evidence available
at this time from other groups wofking with the two diol epoxides

XXIV and XXV suggested an alterhaté exp]anatibn. The relationship between
the stereoisoheric adduct pairs is exp]ored'in chapter 5. At this

point the structures of thé adducts P2 (P4), P5 (P3), and P7 (P6), |

could be represented as IV, II, and III, respectively (figure 10).

¥
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Experimenté]

Adduct Formation and Isolation. Formation of microsomal enzyme-

activated BaP-DNA adducts was carried out as described in Chapter 2.
Diol epoxide-modified DNA was'prepared‘by adding did1 epoxide (12 nmol/
mg‘DNA) in 100 ulL of‘dimethylsu]foxide to a so]utipn of 100 mg calf thy-
mus DNA (Sigmé Chemical Co.; St. Louis, Missouri) ih 100 mL of 10mM
phosphate buffer (pH 7.2) at 37°. After twenty-four hours, unbound diol
epoxide and its hydro]ysis.products were removed by repeated extraction .
with ethyl acetate. The DNA solution was then made 0.2M in sodium
chloride and heated for fifteen mﬁnutes with three vb]umes of ethanol.
After cooling, the DNA was iso}atéd by cehtrifugation at 14000 x g for
thirty miﬁuteﬁ. The isolated DNA was then redissolved in 100 mL of 0.2
M sodium chloride and ethanol precipitated a second time. After cen-
trifugation, the DNA was lyopholized to remove all traceé of ethanol.

| This proéedure was sucCessfu]ly scaled down for wdrkihg with as
Tittle as 100 ug.of DNA.. Both SV40 and ¢X174 viral DNA's were treated
_using-this procedure.

Enzymatic Hydrolysis. DNA samples were dissolved in .015 M

sodium acetate buffer (pH 5:00) containing EDTA (2 mM). This solution
was then incubated at 37° according to the following schedule (for

100 mg DNA -in 20 mL buffer).

-
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Time (hours) ' DNAase-11" phosphodiesterase-II*v
0 - 4000 units - |
8 . 4000 units . -
16 o 4000 units - 20 units
24 - 4000vun1ts 20 units
*DNAase-11 (Deoxyribonuclease-II, E.C.3.1.4.6) ‘and phosphodiesteraseJII
(E.C.3.1.4.18) were obtained from Sigma Chemical Co.,;St. Louis, Mo.]33

After 36-40 hours, the pH of the solution was readjusted to 8.5 with
0.1 M NaOH,‘and fifteen uhits of a]ka]ine phosphatase (E.C.3.II3.I'

Sigma "type III") was added. This solution was incubated at 37° for

six hours and then IyophoI1zed to dryness |

Chromatography._ Large (50-100 mg) hydrolyzed DNA samples were

chromatographed on a 2.5 x 40 cm column of Sephadex-LH20 (Pharmacia

" Fine Chemicals, Uppsala, Sweden), eluted with a linear gradient of

.OZ'M NH4HC03 (pH 8.2)-methanol. Fractions were sampled for the

presence of 3H (in the case of 3H-labelled diol epoxide or benzo(a)-

| pyrene) by scintillation count1ng in Aquasol-2 (New EngIand NucIear,

Boston, Massachusetts)
SmaII (0.1- 1.0 mg) hydronzed DNA samples were chromatographed
on a.micro-column (0 5x 5 cm) of Sephadex LH20 by eluting w1th one

column vqume of .02 M NH4HC03 (pH 8.2) buffer, followed by two

column volumes of methanol. Modified nucleoside residues were ob-

served to elute from the column with the methanol fraction.
High‘pressure liquid chromatography (HPLC) was carried out on two

4.1 mm x 30 cm u-,’Bondapak'C]8 reverse phase cploumns (Waters Associates,
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Mi]ford, Massachusetts), using either a modified Varian Mbde] 8500
Tiquid chromatograph (Varian; Palo A]td, Ca]ifornia) or a Waters 6000A
s?]vent de]ivéry system (Watefs Associates, Milford, MassachUSetts),
W?tér-methano] waS'used as an‘eluant, at a flow rate of 1 ml/min. The

- column eff]uent was monitored for either absorbance (Schoeffe] 770 |
variable wavelength detector) or fluorescence (Schoeffel FS 970 fluores-
cence detector, Schoeffel Instruments, Westwdod, New Jersey). The

* fluorescence detector incorporates an excitation monochromoter in con-
Junct1on w1th a photomu]t1p]1er tube for detect1on For compounds that
| contain a pyrene 11ke chromophore, the f]uorescence detector @s1ng 248
nm for excitation and greater than 370 nm for detection) was found to
be 100-1000 times more sensitive than absorbance at 254 nm. As 11tt1e
- as 25-50 pg of materia] cou]d be detected with this system, Column

]40 by scintillation counting of

effluent was also monitored for 34 or
fractions in Aquaso] -2 (New England Nuclear, Boston, Massachusetts) At
the. specific act1V1t1es available to us (1 10 Ci/mmo1 for. 3H 50 mCi/
mmol for 14 C), fluorescence detection was approximately as sensitive
as radioactivity.

Labelled DNA Synthesis. ONA-polymerase I (E.C. 2.7.7.7) was

obtained from either Boehringer—ﬁanhheim (;ndianapojis, Indiané) or by
“isolation frbm E. coli by the method of Kornberg (performed by Dr.
Thomas Meehan‘and Vincent McGovern, Laboratory of Chemical Biodynémics,
N Lawrehce Berkeley Laboratory). Synthesis mixtures contained (pek

mL) 66 wmol of potassium phosphate buffer (pH 7-0), 6.6 umol of

MgC]z, 1 umol. of 2-mercaptoethano] 50 m umo] each of dATP, dGTP,

dCTP, and dTTP (one of which contained 3H w1th a spec1f1c

*
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activity of 10-30 Ci/mmol), 30 m um01 of untreated calf thymus DNA,

and six units of polymerase. The'reactionvmixture was incubafedbat

37°, and the extent of synthesis measured by removing a]iquots and
assaying for the production.ofacid-inso1ub1e radioactive hateriai by

the method of Schildkraut et al a1.134 Unincorporated nucleoside tri-
phosphates were removed by dialysis, and the 3H ]abe]]ed DNA purified -
by isopropanol precipitation. React1ons with d1o] epox1des were carr1ed
out with approximately 100 ug of labelled DNA plus template.

Chemical Derivatization Procédures. (a) Pérmethy]ation: a

modification of the procedure originally developed by Hakamori was

used.I"'z’]28

Two hundred mg of sodium hydfide (1:1 ojT dispersion) was
washed exhaustiVe]y with dfy ethyl ether, and then added to 8 mL of
dimethylsu]fox%de;o This mixturé Wa§ heated under argon at 65° for
fifty minutes. The resu]tiog honey-colored solution was approximately
0.5 M in methyl sulfinyl carbonion, and was sufficiently stable to

-7

use over a period‘of 1-4 hours.. This solution contains 5 x 10 . molar

' equivalents'of anion per ul. The compound to be der1vat1zed (0. 1-1.0

ug) was dissolved in 40 pL of d1methylsu1fox1de in a sma11 (300 uL)

conical v1a1 Seventy molar equivalents of anion (i.e., approx1mate1y

-10 mo]ar equiva]eots per exchangeable hydrogen in the compound) were

added, the solution vortexed, and then approximately 70 molar equiva-

lents of methyl jodide (or d3-methy1 iodide) were added. The solution

~ was again vortexed and the react1on stopped after 60 - 90 seconds

by the add1t1on of 1 mL of water. The methylated product was extracted.

into T'mk of chloroform, washed several times with water, and concen-

trated to a final volume of ~:5 yL.
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Permethylated adducts were routfne]y analyzed by HPLC (using
reverse phase columns) to confirm that a single prpduct‘was present
before attempting to obtain a mass spectrum. |

(b) Pertrimethy]si]y]ation: TMS derivatives of nucleosides and
adducts were prepared by a modification of the procedure of Sj'éva].]35
‘The compound to be derivatized was treated with 1 mL of a'1:1 mixture
of pyridiné and trimethylsi]yl.imidaoné (TSIM, Pierce Chemical to.,
Rockford, I11inois) at 100° for three hours. After cooling, the reaétion
 mixture was applied to a 0.5 x 5 cm column of Lipidex 5000 (Packard
Instruments, Warrenviile, ITlinois). The TMS-ether was e1utéd wifh
cyc]ohexane,containing 1% trimethylsily1chlor1de, and this soiution
concentrafed to a ffna] volume of 15 uL. - Per-TMS éthers are rapidly

hydrolyzed when evaporated to dryness on a glass surface.

Mass Spectrometry. Low resolution electron-impact mass spectra

were obtained by direct insertion probe on either a duPont model
21-492-1 mass spectrometer equipped with a model 21-094B data systgm,
or on a'Hitachi M52 mass spectrometer equipped with a non-commercial
data system. High reso]utiqn e]ectron_impact mass spectra were ob-
"taihed on a modified Kratos/AEI-MS902 mass spectrometer interfaced

with a LOGOS-II/Xerox-Sigma 7 data system.”g’v”9

This system auto-
maticai]y assigns exact masses (dynamic resolution > M/AM 10,000) to
all of the observed fragment peaks’in a-mass spectrum and stores the
data on disc or tape. Elemental compositions for each peak are then

generated by computer for a given error tolerance.

R
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Chaptek 5:  Stereoselective Binding of Proximate
' Carcinogens to DNA

The complexity of DNA as a'target'nucleophi]e prompted specula-

4 tion about the maximum number of products that one would expect to

observe in the reaction of (+) anti-diol epoxide with DNA. The problem
is complicéted somewhat by the different levels of asymmetry present
in DNA. Each deoxyribose moiety céntains_an asymmetric center at C-Tf,
and the Watson-Crick doub]e_he]ix’has an overall right-handed twist. 136
The synthetic diol epoxides used in the éxperiments described in chap-
ter 4 were synthesized as racemic mixtures, containing both the (+)

and (-) enantiomers. Thus the reactioh of a (+) diol epoxide with a
nucleoside would be expected to result in two diastereomeric products,
each having two asymmetric centers (C-1' of the sugar and the asymmetric
substituted benzo(a)pyrene moiety) but differing from each other in

one center only (the asymmetric substituted benzo(a)pyrene). In

addition to this, the reaction in each case can prbceed by cis or trans

ring-opening of the epoxide at'C10'of the- hydrocarbon. In theory, .

~ then, each alkylation site on a purine or pyrimidine residue of DNA

should result in four diastereomeric (and'therefore chemica]]y differ-
ent) pfbducts. In actual practice, however, not all products may
actually be'formed under a given set. of éxperimenta] conditions. A '
number of investigatdrs have studied the reactions of both syn and
gggifdip1 epoxide with small ndc]eophi1es_such as t-butylthiolate,
methoxide, p-nitropheno]ate,‘énd‘ani]ine]01’103; with_such huc1eb-

philes ring-opening of the epoxide was observed to be highly trans-

‘stereoselective. This suggests an SN2 mechanism. In all cases addition
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of the nuc]eophi]é occurs at C-]O:I37

SN] appears to be the dominant mechanism for reaction with weaker nuc-
leophiles. Hydrolysis or methanolysis results in substantial amounts
of cis ring-opened products for both the syn and anti diol époxides.

It is evident that the ratio of cis to trans ring-opened products

is dependentvdn solvent,pH, ionic strength, and the nature of the

target nuCleophi]e.115

The reactions of both the syn and'anti-dio] epoxides with a model
nucleic acid, poly(G), have been studied extensively by Weinstein et al.
and Jerina g;ugl.]30’132 In both cases the major product was observed

to be a trans-substituted N2-guanosine adduct:-

» 0 | |
y . :
s
WA AN
YasJdes
HO

OH OH
. : OH

Each reaction gave two major products, identified as adducts between
the (+) and (-) diol epoxide enantiomers and guanosine (with its D-
ribose asymmetric center). One or two-minor products were bbserved,

and are believed to be the cis ring-opened pr'oducts.]38 We decided to

Mo
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 repeat these experiments in order to verify that our HPLC system was

capable of reso]ving'such c1ose1y related diastereomers. Figure 1 rep-
resénts an HPLC f]uorescence'crace'of theamodifiedbnucleosides derived
from the reaction.qf (+) 5ggj;dio] epcxidé with po]y(G).'Idenfica] re-
sults were obtained with both hydrolysis by base and énzymatic (ribo-
huc]ease<T])'digestion. The circular dichroism (CD) spectra of the two
major components (peaks 1 and 2) are also reproduced_in figurell; they
are of approximately opposite and equal shape and intensity. This re-
lafionship between the two CD traces was not entire1y expected since
the two products ( (+)anti-diol epoxide/vguanosine and (-)anti-diol
epoxide/ guanosine) are diastereomers rather than enantiomers. The
contr1but1on of the enantiomeric substituted tetrahydrobenzo(a)pyrene
mo1ety apparently dominates the CD spectrum, m1n1mlz1ng any contri- |
bution from the D- r1bose. Two minor components are evident in the HPLC
profile, and probab]y correspond to the cis r1ng-opened products.

"~ We had observed six products in the reaction of (+) anti-diol

’epox1de w1th nat1ve calf thymus DNA, referred to in chapter 4 as P2-

P7. These products were identified as two pairs each of deoxyguanosine, .

'deoxyadehosine, and deoxycytidine adducts. The discussion above indi-

cates that we should observe four products per alkylation site: cis

and trans (+)anti-diolﬂepoxide/ nucleoside, and cis and trans (-)anti-

"diol epoxide/ nucleoside. The ratio of trans to cis ring?opened pro-‘

‘ducts ié difficult to predict, but the trans isomers would be expected

to predominate. Alternatively, the ratio of trans to cis ring-opening

could be determined by stereochemical effects prior to covalent

bindfng (eg., intercalation). Thus the presence of cis ring-opened

| products cannot be ruled out solely on the basis of studies ccnducted
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_ with model nucleophiles such as aniline. When increased levels of ()

diol epoxide afe,used to modify DNA, more products begin to appear.

_ Figure'Z represents an HPLC trace of the modified nucleosides re-

co&ered fkom calf thymus DNA which was reacted with (i)ahti-diol

epo;idevat a ratio of 2500 nmol/ mg of DNA. This results in a highly

‘modified DNA (>1 hydrocarbon residue pef 100 base pairs) that is

'gomewhat difficult to degrade by enzymatic digestion; only about 407%

of the diol epoxide-modifiéd residues could be recovered as monomers.
The original adducts (P1-P7)obtained at low modification levels are
marked on thé trace in figure 2. Identifying all of the unknowns in
this figure represents a formidable analytical challenge, as most pro-
ducts are available in sub-microgf&mvquantities. ‘

In order to.characterize the various products observed in figure

2, we considered it essential to first identify which products in-

- volved the (+) or (-) enantiomers of the anti-diol ehoxide. Comparison

of CD spectré'for each peak was not entirely successful because of
the difficulty in isolating broducts completely frée of any contam-
inating materials. Also, some of‘the peaks represented in figure 2
were léter shown to contain more than one component; we_fherefor un-
dértoqk to resoive the enantiomers of the gg;ifdiolbepoxide énd to
react.each sepérate]y with DNA. Yang and co-workers had previously
shown_that metabolism of'béhzo(a)pyrehe to trans-7,8-dihydroxy-7,8-

dihydrobenzo(a)pyrene was stereospecific, resulting in exclusive

- formation of the single enahtiomerv(-)r—?,t-8-dihydroxy-7,8-dihydro

b»enzo(a)pyrene.]39 The absolute configuration of this enantiomer was

subsequént]y determined using the exciton chirality method developed
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by Harada and Nakanishi.

' We therefore used the method of Yang to resolve the (+) and (-) trans-

141

?,8-diols, and then converted each separate diol enantiomer to the

corresponding anti-diol epoxide enantiomer on a micro-scale (ca.l mg).

The racemic 7,8- diol was converted to a pair of diastereomeric esters
by reaction with (-) menthoxy acetyl chloride. These were sepdrated»by
HPLC (5u silica, eluted with hexane-dichloromethane) and then hydro-

lyzed to free trans-diol enantiomers by reaction with sodium methoxide

in methanol. Each enantiomeric diol was then converted to the (+) and

(-) anti-diol epoxide, respectively. Yang.g§.§1.142,‘Weinstein g;,gl,]?3
and Jerina et a].]44 have independently assignéd_the absolute config-

urations of the anti-diol epoxide enantiomers, as shown below:

( 7R,8S, 9R,I0R) (7S,8R,95,i10S)

After synthesis, the reéolved anti-diol epoxides were reacted
separately with native DNA under standard reaction conditions (chapter
4). The results of this study are outlined in fiQUre 3: the top tkace

(a) represents the adducts obtained from the reaction of racemic (+)
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anti-diol epoxide with DNA, and the other two traces (b and c) repre-

~ sent the products obtained by reacting the (+) and (-) enantiomers

separately. Thus peaks 1,4,5;7, and 9_are-defived from (+) anti-diol

epoxide, and peaks ],3,4,6; and 8 are derived from (-)'gﬂ;ifdiol epoxfi
ide. Peak 6 is a minor-prdduct;‘and was not discussed in chapter 4. |
Peak 7 in figufe-3,correspondszto P6 of chéptér 4, and peak 8 corres-
ponds to P7. Peak 9 was not discussed in the experiments described'in
chapter 4, as it was usually a_mihor product compared to P6 or P7.
Peaks 1 and 4 correspond to éteréoisomefic 7,8,9;10-tetrahydroxy—7;8,
9,10-tetrahydrobenzo(a)pyrenes (cis and trans ring-opening of the
epoxide by water). The amount of matefial in peaks 1 and 4 varies

according to the success df the isolation and_purification of the

,modified DNA after reaction with diol epoxide (See Experimental).

Peak 2 is a deoxycytidine adduct, and occurs in both enantiomer reac-

tions (b and c, figure 3); peak 4 also contains a small amount'of

deoxycytidine adduct (see chapterd). Peak 3 is a (-)anti-diol epoxide-

Nz-deoxyguanosine adduct, and peak 5 is the corresponding (+)anti-

~diol epoxide -N?-deoxyguano;ine diastereomer. Peaks 7 (P6 1in chapter

4) and 8 (P7 in chapter 4) are, respectively, (+) and (-) anti-diol
epoxide-NG-deoxyadenosiné adducts. Peak 9, previously unidentified,

was observed to have a high resolution mass spectrum‘(as a permethy]_

»deriVatiVe) identical to peaks 7 and 8, and is therefore identified

as a (+)anti-d101 epoxide-Ns—deoxyadenosine adduct. Peak 6, a rela-

tively minor component, had a mass spectrum similar to peaks 3 and 5,

‘and probably corresponds to a‘(f)antiadio1 epoxide—Nz-deoxygUanOSine

adduct (possibly a EiEsz adduct; positive identificatibn of this

product wi]I be extremely difficult). The asymmetric shape of peak 8
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in figuré 3a and 3c suggested the présence of more ihan one component;
when this peak was further resolved using HPLC in a recycle mode,]45
it resulted in two componenté that had identica] field desorption .

mass spectra (see Appendix A). Peak 8 thus consists of at least two

(-)anti-diol epoxide- Ns-deoxyadenosine adducts.
1

.

In the absence of 'H-NMR data, the positive'identifiCation of

trans or cis ring-opened products must remain tentative. However, the
combination of highkreso1ution mass spectrometry, field desorption |
mass‘spectrometry (see Appendix A), and separate enantiomer reactions
does allow overall identification of eacH adduct. On the basis of the
model alkylation and po]y(G) studies discussed above, it is reasonable

to suggest that peaks 7 and 9 représent trans and cis Nﬁ-deoxyadeno-

~sine/(+)anti-diol epoxide adducts, and that peak 8 contains the corres-
pohding (—)gﬂ}ifdiol epoxide diastereomeric adducts. Three deoxyguano-
sine adducts (peaks 3,5, and 6) are observed; peaks 3 and 5 correspond
to the major aﬁd, presumably trans addition products of (-) and (+)

anti-diol epoxide with the N2

-amino group of deoxyguanosine. Peak 6,
| derived from the (-) enantiomer, could cdrrespond to either an exo-
cyclic émino cis addition product or to a guanine adduct with alkyla-
tion at some other site on the purine ring. Only two deoxycytidine
adducté (peaks 2 and 4) were observed. The relative contributions of ' .
»(+)'and (-) diol epoxide enantiomers‘to these two peaks is difficUlt.
to assess, as peak 4 also contains varying amounts of the tetraol
hydrolysis product

A detailed compar1son of the DNA adducts obtained from the micro- . i

soma] activation of benzo(a)pyrene with those obtained from the reac-

tion of (+)anti-diol epoxide with DNA indicates that peaks 2,3, and 8
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~are not present in the microsome-derived material. This is consistent

142 143

with the results of both Yang et al. and Weinstein et al. ™, who

-showed that metabolism of (-)r—?,t—8-dihydroxy—7,8—dihydrobenzo(a)-

pyrene by microsomal enzymes proceeds in a stereospécific fashion to
generate the (+)anti-diq1 epoxide in high optical purity (>95%). A
cqmp]ete analysis of thebproducts derived from the-mjcrosomal activa-
tion of behZO(a)pyrene js complicated somewhat by the finding that

small (<5% of total) amounts of (-)syn diol epoxide are also generated

metabo]ica]]y.]29’146 The present resolution of our HPLC system does

not allow complete separation of all of the expected diastereomeric
products. Assuming a single alkylation site (eg., exocyclic amino
group) for dG, dA, and dC, (+)anti-diol epoxide and (-)syn-diol epoxide
would each generate six adducts for a total of 12; plus four tetrao]
hydrolysis products. If the optita] se]ecfivity of these énzymatic
transformations is not 106%, then one would expect to observe small
amounts of the 12 possible adducts derived from both (—)énti and (+)
syn-diol epoxide (for a total of 24 diastereomeric adducts, and 4
resoTvable tetraol isomers). High levels of modification (>2$00 nmol/
mg 6f DNA) would be:necessary in order to isolate such minor products,

and there is evidence that other alkylated sbecies besides the exo-

~ ¢cyclic amino adducts are formed under these conditions.147 It is not

obvious that suéh a detailed analysis is either practical or desir-
abie} Under physiological conditions binding‘fo DNA occufs at the
level of less than 1 in 104 base pairs, which probably limits the
type and number of DNA adducts.to the species observed in these

studies. The possibility nevertheless exists that different types

of adducts may have markedly different biological effects, and that
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some previously undetected minor product is somehow're§ponsib1e for
major cytotoxic, mutagenic; or carcinogenic effects. The relevance of

such speculation must await the outcome of experiments now in progress

«

to study the effect of covalent adducts on cell cycle phenomena, growth.

control, and DNA structure, function, and repair.

b

A quantitative analysis of the amount of material present %n
each peak of figUre 3a reveals an unexpected phenomenon,'that of -
stereoselective binding of one enantiomeric diol epoxide over the
other. In the reaction of (+)anti-diol epoxide with poly(G) (figufe
1), the.gggg§:N2 addition products‘areldbtainedvin a 1;1 f;tid (tb-_
within 2%). The two minor components (probably corresponding td cis
ring-opened products) aiso occur in a 1:1 ratio. The réaction of‘(i) |
gg;j;dio],epoxide:with DNA, however,-does not appear to Qenerate edua]
amounts of diastereoheric adduct pairs. This is most evident in com-

paring peaks 3 and 5, which correspond to (—)anti-dip] epoxide Nze

z-deoxyguanosine adducts;

deoxyguanosine and (+)anti-diol epoxide N
respectivé]y.(both are probably trans ring-opened products). The
fatio of peak 5 to peak 3 (figure 3a) is approximate]y 20:1 at low
modification 1eve1s (12.nmo]/ mg of DNA, resh]ting in'ong adduct per'
8000 base pairs). Recovery of bound 3H-dio]-epoxide as monomeric )
nuc]ebéide adducts was >95%, based on radioactivity. This stereo-
‘se]ectivity in thé preferential binding of enantiomers does not'Ho]d'
for dA adducts (peaks 7,8, and 9 in figure 3), however. In all cases , s
the ratio between (+) and (-) gjgi;dib] epoxide dA adducts (7 + 9, | I
'8) was approximately 1:1. Figure 4 shows the structures of the trans |

addition products and their per cent distribution obtained by reac- ' 3

tion of racemic (+)anti-diol epoxide with native calf thymus DNA. _ | |
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The same ratio of diastereomers was obtained by reaction of the re-
solved enantiomeric diol epoxides with native calf thymus DNA. The
~efficiency of binding to dA residues is the same for both enantiomers,

but is 20:1 for dG residues. That is, when equimolar quahtities-of, - ¢

"

‘resolved (+) and (-) enantiomers of anti-diol epoxide are reacted
' »ﬁith,native DNA under identical conditions, the (+) enantiomer be-
comes cova]ent]yvbdund to a much greatér'extent than .does the (-)
enantiomer (since 92% of the stable adducts are with dG residues).
We initially postulated that the stereoselective bindfng could
be the result of the hydrocarbons interacting asymmetrically with

the secondary structure of DNA.]48

This postulate was tested by

reacting racemic (+) ggﬁifdio] epoXidé with double and single-

strandéd X 174 DNA. The samé distribution of stereose]etti?e adducts

- of guanine was obtained wﬁth nafive calf thymus DNA (figure'3a) as

with doubleéstranded $X 174 DNA (figure 5a). Reaction of racemic (+)
ggﬁifdio1'epoxfde with sing]e-stranded ¢X 174 DNA, however, resulted

in a nearly equal distribution of hydroéarbon-deoxyguanosine dia-

stereomers (figure 5b, peaks 3 and.S); In addition, reaction with

the single-stranded po]ydeoxynuc]eotide resulted in a significant]y

increaﬁed proportion of deoxyadenosiﬁe adducts. These same results

were obtained with_heat or base-denatured calf thymus DNA. The ratioA s
of’dfastereomeric adducts with deoxyéuanosihe from the single-
stranded (denaturéd) calf thymus DNA was approximately 1:1, and the
proportion ofvdéoxyadenosine adducts was 40% as compared to ca. 8%
in the double-stranded polydeoXynuc]eotide.

Figure 6 represénts an HPLC elution profiTe of the products

obtained by reacting (+) anti-diol epoxide with the deoxytrindc]eotide
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d(CGC). The fwo diastereomeric'grggngz'addition prodﬁcts with deoxy-
guanosine are formed in a 1:1 ratio. The two stereoisomeric tetraol
hydrolysis products (correqunding to.peaks 1 and 4 in figure 2) are
larger than normal because the ethanol precipitation step used in re-
moving the 1astAtraces of non-covalently bound material was omitted
(d(CGC) s ethanol-soluble). Preferential binding of one enantiomer
thus appears to require at 1eastva double-helical structure.

These results demonstrated that thevaSymmetricallbinding of the
two enantiomeric ég;i-dio]vepoxides to the'exdcycl{c amino group of
~guanine in double-stranded DNA was dependent on the secbndary struc-
ture of the polymer. One possible mechanism for the abi]ity of DNA
seéondary structure to discriminate between enantiomeric molecules
is by stereoselective physical interactions (possibly intercalation)
prior to cova]ént binding. Intercalation br some other physical inter-
action may readily occur with the.(+) enantiomer but not with the
mirror image hydrqcarbon. Alternatively, the noncovalent interactions
could "fix" the hydrocarbon so-that only one configuration is in.a
- favorable position to react with the exdcyclic amino group of guanine.
The following observations Suggest that intercalation or some physfcal
association between the BaP-diol epoxide and DNA takes place before
'cova]ent binding: (1) as with intercalation of BaP}.'49 br Actinomycin’
into DNA, binding of‘the diol epoxide occurs with a preference for
guanine sites, and (2) reaction with denatured DNA "randomizes"
adduct formation (loss of stereoselectivity and increased adenine
binding). We propose such an interca]ation model to account for the

‘stereoselective interaction between BaP-anti-diol epoxide and DNA.

150 -

6
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The lack of any stereoselectivity in the covalent binding to adenine
with either double or single-stranded DNA §uggé§ts-that the reaction
mechanism may be different from that‘of gUaniné binding. In the case
of adenine b1nd1ng, the, d101 epox1de may react without any noncovalent
interactions modu1at1ng the ratio of d1astereomers that is produced.

A correlation between DNA b1nd1ng-and tumorogen1c or mutagenic
activity has been reported for a series of polycyclic afomatic hydro-

carbons, as discussed in chapter 1. Wood g;_gl.151

have determined
the differences in mutagenic activifies of the (+) and (-) gggi}dio]
epoxides using a mammalian cell line and tWo_bacterial tester strains.
The differences in mutégenic activity between the (+) and (-) enantio-
mers in the mammalian cell 1ine was of the same order as we found for
the difference in the level of covalent binding to the Nz-guanine
site in native DNA. In addition,}Buening et al. have reported on

the results of carcinogenicity testing of the enantiomeric anti and
syn-diol epoXides in newborn m1’ce.]52 Of the four isomers ( (+) and
(-)gngdiol epoxide, (+) and (-)anti-diol epoxide), the (+) anti
configuration is the most effective at inducing pu]monary tumors, by
a factor of greater than ten. Although many compounds induce pul-

monary tumors in mice]s?”]54

. the.(+)gg§jydio1'epoxide appears to

- be the most‘potent compound ever tested for the induction of pul-
mbnary tumors. Therefore, the extent,df non-enzymatic, covalent
binding of the (+)gg§i enantiomer to double-stranded DNA corke]ates
with both mutagenic and tumorogenié'activities. These results suggest

- that, in addition‘to_metabolic factors, chemical and physical inter-

~actions with DNA may be important in evaluating the biological potency
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of aromatic hydrocarbons. The regulation of gene expression usually

155 Thé results discussed

.here.demonstrate the occurrence of highly se]ective binding between

small organic mo]eéu]es and DNA, and the possibility exists that this
type of interaction may also have a regulatory role in the normal
functioning cell. | |

One éspect of this problem that has not been addressed here is

the difference in binding of diol epoxides td native DNA vs. chromatin,

or protein-packagéd DNA. Indirect in vivo experiments on the binding
of benzo(a)pyrene to DNA in mouse epidermal cells have demonstrated

that the major adduct is apparently the (+)anti-dio] epoxide Nz-n

 deoxyguanosine adduct, how'ever'.]'46 The‘rdle of covalent binding to

_protein in expressing the biological effects of exposure to activated

carcinogens remains an unknown factor. Another complicating issue is

~the possible existence of stereoselective detoxifying enzymes; for

examp1e,.the.(i)§xg and (-)anti- diol epoxide enantiomers may be
selectively destroyed in vivd by an as yet uncharacterized conjugating

eniyme. Such an enzyme has not yet been discovéred, despite an inten-

~ sive search. In contrast, Conney and co-workers have demonstrated that

epoxide hydrase (the normal epoxide detoxifying enzyme) does not bind
| 156 B

either the syn or anti-diol epoxides.
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Experiménta]

DNA Modification and Isolation of Adducts. '3H-1abe11ed raceﬁic

(i)gggi:diollepoxide or the Eeso]ved enantiomers were incubated with
deproteinized calf thymds DNA at an initial concentratioh_of 1 diol
epoxide per 250 base pairs in 0.01 M Sodium-phosphaté,ApH 7.5, for 1
hour at 37°. Non-covaiently bound hydrocarbon was removed by ethyl
acetate extraction and repeated isopropanol precipitation of the DNA
until zero time b]aﬁkacontained <3% of the tritium of the incubated
~ samples. Routinely, incubated samples resulted in a modified DNA of
1 hydrocarbon per 8000 base pairs. The diol epoxide-treated DNA was
then converted to hydrocérbon-deoxynuc]eosides and deoxynucleosides
by treatment with DNAase-II, spleen phosphodiesterase, and alkaline
phosphatase as described in chapter 4. The hydrolyzed sample was
applied to a Sephadex LH20 column and the free deoxyhuc]éosides and
enzymes e]ﬁted with water. Diol epoxide-modified nucleosides were
quantitative]y'recovered.with methanol. and analyzed by HPLC as des-
cribedvfn‘chapter 4. _
Double-stranded (replicative) ¢X 174 DNA and single-stranded
(viral) oX 174 DNA were purchased from Bethesda Reséarch, Bethesda,
Maryland. SV40 DNA (double-stranded, superhelical) was generously
pfovided by H. Yokota, Laboratory of Chemical Biodynamics, Lawrence
Berkeley Laboratory, Berkeley, California. ’d(CGC) was a pfoductIOf
Collaborative Research, Waltham, Massachusefts. Deproteinized calf
thymus DNA was obtained from Sigma Chemical Cb., St. Louis, Missouri.
Denatured DNA's were prepared by heating a solution of DNA above the

Tm and then quenching in ice water.
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Resolution of anti-Diol Epoxide Enantiomers. Resolution of

the diol epoxide enantiomers was accomplished by reso]ving‘(i)r-7,t—8-
dihydroxy-7,8—dfhydrobenzo(a)pyrene'by the method of Yang §§_§1.14],
and'subseqﬁent conversion of each enahtiomeric diol to the correspond-
tng anti-diol epoxide. | | |

1. £-Menthoxyacetic acid was prepared from (-) menthol accofding to
157

158

2. (-)- Menthoxyacetyl chloride: 16 g of £-menthoxyacetic acid

was placed in-a 50 mL additioh funne],‘connected to a 100 mL flask

containing 26 mL of thionyl chloride. The acid was added dropwise |

- over a period of_20'minutes, and this mixture heated at 100° for 17

hours Exéess‘thiony] ch]oride’was thén'removed by disti]1ation and

the (-) menthoxyacety] chloride d1st111ed in vacuo (117 120°/ 3 mm)

'[a] - -80° (1it. -89.6°).158

3._trans-Dimenthoxyacetates of (+)r-7,t-8-dihydroxy-7,8-dihydrobenzo- 

a)pyrene: . were prepared by dissolving 310 mg of the (+)7,8-diol
in 5 mL of‘dry pyridine plus-1 mL of (-) menthoxyacetyl chloride. The
miﬁture was stirred for 20 hours, and then precipitated by the addition
of éthyT'ether. This material was dissolved in ch]ofoform and washed
with dilute HC1, dilute NaOH, an& water. The solution was driedloyer
K2C03iand concentrated to a-miﬁimum volume. MS: M+ at m/z 678; also
m/z.464(280), 268(1000), 252(510), and 239(490).

The diastereomeric menthoxyaéetates were separated by semi-
preparative HPLC using 10 u sili;a'gel (either 2.1 mm x 50 cm or
9.2 mm x 50 cm), eluted with dichloromethane- n—hexane.'Figufe 7
repfesents an HPLC trace, demonétrating that separation of the two

diastereomeric dimenthoxyacetates could be acheived. The sepafated



170

+
0 1
0
(-)
(+)
2
= L
3
o
[
o
w
O L
2
W
(&}
(/2]
w
(1.4
o]
S
-1
u. —
l L—AA J :‘!'
(o] ' 10 . 20 30 r - 40

TIME (mir_u)

Figure l7= Resolution of 7,8- diol enaontiomers



.

b

171

menthoxyacetates (gg. 10vmg of each) were ihén dissolved in 10 mL of
THF plus 1 mL of methanol containing 10 mg of sodium methoxide. After

10 minutes at 60° the reaction mixture was extracted with 30 mL of

efhyl ether_p]us 40 ml water. The ether solution’was washed with

water, dried over K,CO5, and concentrated to a minimum volume. The

" crude enantiomeric diols werenthen.purified by semi-preparative HPLC
-on a Whatman 9.1 mm x 50 cm C]8 co]umn (octadecylsilane, based on 10u _ '

| .silica gel), eluted with methano]-water.'Tne isolated (+) and (-)

trans-r-7,t-8-dihydroxy-7,8-dihydrobenzo(a)pyrenes were approximately

964 optically pure. Both enantiomers had identical mass spédtra, and

co—chromatographed with authentic racemic (+) trans-7,8-diol.

[a]gs (-)enantiomer = -430° (1it. -432°); [a]gs (+jénantiomer = +420°
(ljt. +424°). Opfical rotations and circular dichroism spectra were
‘recorded on a non-commerciél instrument;159

4. anti-Diol Epoxide Enantiomers ( (+) and (-) r-7,t-8-Dihydroxy-t-9,
144

Each enantiomeric

10-0xy-7,8;9,10-tetrahydnobenzo(a)pyrene):
diol was disso1Ved in 6 mL of THF containing 1.1 molar equivalents of
100% m-chloroperbenzoic acid. Progress of the oxidation was»monftored
by observing_the UV-absorptfon spectrum (disappearance of the 368'nm
band and appeafanéé of the 344 nm'band). 20 mL of ethyl ethernwas
added; and the reaction mixture washed successiVe]y with sodium sulfite,
sodium bicarbonate,'and water. After drying over KZCO3, the resolved

enantiomers were redissolved in THF and the optical rotation measured:

(+): +70° (Vit. +72°); (-): -63° (Vit. -68°). 42144 ws: (di-Ths

“ether) identical to racemic (+) anti-dio] epoxide .(compound XXIV). The

-THF was then evaporated and the diol epoxide enantiomers stored as a

142

so}ution in dry DMSO at -70°. Yang et al. 144

and Jerina et al.
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have determined the absolute configuration of the gﬁg;_—h&dio]

(and therefore of the anti-diol epoxides) via the exciton chirality
method: (+)anti-diol epoxidé is (7R,8$,9R,'I_OR) and. (-)anti-diol |

 epoxide is (75,8R,95,108). |
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- Chapter 6: Conclusions

[t is clear that our understanding of chemical carcinogenesis has

undérgoné a conceptual revolution over the past ten yearé. Metabolic

activation is now -understood to be the kéy event that determines'the

- biological activity of a yast number of different types of chemical

structures. The sus;eptibility of a given tissue to a chemical car-
cinogen is determined by a number of factors, including transport,
enzymatic activation and detoxification, and the presénce or absencé
of repair systems that can'respond to any damage inflicted by the

chemical. Both the chemical reactivity of the proximate or ultimate

form of the carcinogen and the possible responses of the biological

system to the cgrcinogen must be'undersfood in detail in order'td pre-
dict the effedts of exposureuoh the integrity of the cell.

The high mutagenic and carcinogenic activity of 7R,8$-dihydroxy?
9R,]0R-epoxy-7;8,9,10-tetrahydrobenzo(a)pyrene (+ -anti-diol epoxide)
appears to be due to a unique combination of chemical reactivity and
immunity égainst detoxifiéation by cellular enzymes. When arene oxides

were first implicated in the biological activity of polycyclic aro-

- matic hydrocarbons, there was a bias on the part of investigators to

‘stress the chemical reactivity of possible métabo]ites. For example,

various K-region epoxides were synthesized and shown to be both
mutagenic and capable of initiating cell transformation jg.xiggg.]so
It‘is,now‘beiieved that these K-region oxides are'not'invblyed in
either mutagenesis or ce]]'transfdrmatipn in most mammalian systems
beéause of the existence of efficient detoxification pathways such as

epbxide hydrase or glutathione-S-epoxide tré‘nsferase.62 When attempting
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to evaluate the reactivity of a potential "ultimate" carcinbgen, the

'possible existence of enzymatic detoxification schemes must also be

considered. Chemical reactivity per se is not indicative of biological

!

activity.

The best evidence to date indicates that the anti- and syn- diol

139,146 Both are |

e

formed metabolically with high optica1 purity, as the (+) anti and.(-)

epoxides are formed in a ratio of about 9:1 in vivo.

syn enantiomers. In.a purely chemical sense there is not a great deal
of difference’betWeen them. When the diol epoxides were first proposed
- as possible metabolites of benzo(a)pyrene, a great deal of theorizing
about the differences between the two fsomers found its way:ihto tﬁe

literature. Both Hu]bértls] %8

and Jerina postulated that the §¥g isomer
should be more reactive}chemica11y, and therefore more reactive bio-
logically. This idea waé based on the hypothésis that transannular
hydrogen bonding between the oxide ring and the 7-hydoxyl group in

the gxﬁ isomer would lead to anchimeric assistance of attack at C-10
by tafget nucleophiles. Initial kinetic and conformational (]H-NMR)
studies supportéd this hypothesis: the syn isomer was observed to be

98, and the

more reactive than the anti isomer with thiolate anion
ha]ff1ife forlhydrolysis of the gxg'isomer in aqueous buffers was
‘noticeably shorter than that of anti-diol epoxide. Data from bio]ogical
systems has been more difficult to‘inferpret. Initial Studies witﬁ
bacterial mutagenesis systems showed the syn isomer to be more active
than the gﬂgivisomer.]sz MutagénesiS'systems.based on eukaryotic cell
lines, however, show the reverse: (+) anti-diol epoxide was a more

efficient mutagen than the syn isomer in Chinese hamster V79 cells

(aésaying for the presence of HGPRT enzyme via resistance to



g

L]

175

8-azaguanine) . 83184 Inhibition of infectivity of QB RNA phage has
also been found to be more effeetive with the anti-diol epoxide than

with the syn isomer, 109

Kinetic studies have shown that the syn-diol
epoxide is not detoxified by hydrolysis at a sufficiently greater

rate than.the'gggi isomer to account for these diffehences in bio-
logical activity.”5 The (+) anti-diol epoxide enantiomer is clearly
fhe most active (more>than ten times as active as'either syn enantiomer)
compound of all known_benio(a)pyfene metabolites in inducing pulmonary

192 s observation, along with the fact that it ‘s formed to

tumors.
a much greater extent than is the syn isomer, justifies the decision
to concentrate research efforts on it. The (+) gg;j;dioT epoxide is
now considered to be the_protbtype'"ultimate carcinogen", and a great
deal of research effort is being devoted to studying the‘effects of
this chemical on biological systems. | |

Genera11ty of the Diol Epox1de Pathway:

'cyc1ic aromatic hydrocarbons.

Jerina has - attempted to generalize what is known about benzo(a)-
pyrene.act1vatjon to exp1a1n the biological activity of other poly-
166 This has been termed the "bay fegion"
theory, and proposes that the carcinogenicity of PAH's results from

metabolic formation of reactive benzd-ring diol epoxides in which the

- ‘epoxide ring is situated near the "bay" region (ie., the 1,2 bond of

a phenanthrene-type»ring system) of the hydrocarbon:
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The generality of this cohcept_is now being tested by a number of

researbhers; there is good evidehce‘that both substituted benzo(a)

167 168 . ie activated via such

anthracenes and'3-methy1cho]anthrene

diol epoxide-type structures:

.

) . |
. %lll OH : OH
|
SO G OO
Y0
v R .

2
. It is not clear that any real concéptual breakthrough is attained by
gathering these observations into a gengra]ized "bay region" theory,
however. The key events are Sti]l metabolic activation and covalent
binding to informational macromolecules, as first hypothesized by the
23

Miller's in the 1960's.“” The reactivity of the benzo(a)pyrene diol

epoxides is readily explained by the high stability afforded a car-
bonium iqn'at the beniy]ic c-10 position via intefaétion with the

pyrene aromatic system:

Mo]ecu1ar orbital calculations support this idea; they also predict . {

that an epoxide at the 7,8-position should be relatively unreactive.]56

Simple HMO calculations predict that the 6a position of the tetrahydro- - f
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benzo(a)pyrene system corresponds to a nodal plane in the highest
occupied mo]ecu]arvorbita1 for pyrene,resulting in no net stabili-

zation for a carbocation at C-7:

Thus 7,8-epoxy—7,8,9,]O-tetrahydrobenzo(a)pyrene and the corresponding

9,10-dihydroxy-7,8-epoxy—7,8,9,10-tetrahydrobenzo(a)pyrene isomers are
chemicai]y unreactive (coﬁpared to the 7,8-dihydroxy-9,10-epoxides) as
well as bio}ogical]y inactive.]ss’]Gg The dihydroxyl functionality in
the syn and anti-diol epoxides is not required for reactivity, as was
demonstfated by the fact that 9,10-epoxy-7,8,9,10-tetrahydrobenzo(a)-
pyrene is a pofent mutagen.156 The trans-diols do, however, influence

solubility and non-covalent interactions with macromolecules, and are

probably impoktant in modulating the effects of the compound_iﬂ vivo.

It is c1ear that mény other types of structures besides diol epoxides

can be mutagenic or carcinogenic, however. There is some evidence that

v9-hydrdxybenzo(a)pyrene can be metabolized to a 9-hydroxy-4,5-epoxy-

4,5-dihydrobenzo(a)pyhene structure fhat is.both mutagenic and capabie
of binding to DNA'jg_xigrg}7o; many K-region oxides are mutagenic and
capable of ihducing in vitro cell transformation when‘epbxide hydrase
is inactivated with-inhibitors.§Uch as 1,1,l-frichloropropy1ene

oxide! 712172 o

~ The most general (andvprdbably'most useful) conceptual framework -
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for predicting the activity of a chemical carcinogeh is that, depending
on the mix of activating and detoxifying enzymes present, a number of
electrophilic alkylating speéies can be formed. If one of these
metabolites has the_prober reactivity (ie., reactfve enough to be an | .
efficient a]ky]ating agent, but not so reactive that it solvolyzes
instantly), then it probably will be cytotoxié, mutagenic, and

173 and other's]74

bossib]e tumorogenic. Bruice have attempted to define
those structural feétures of epoxides that determine the proper chem-
ical reactivity for biological activity to be'present; but the actual
activity of any hypothetica] structure can always be modulated by the
presence of én appropriate hydrating or»conjugating enzyme.

The extreme complexity of enzymatic activation and detbxification
cannot be overemphasized. M.J. Coon gg_gl,.and Lu et al. have been able
to demqnstrafe that rabbit liver P-448 mono-oxygenase acfua]ly.consists
of at least seven different isoenzymes, each with a different prefer-
ence for epoxidation at a particular éite on benzo(a)pyrene.175’]76
Thus some isoenzymes preferehtial]y epoxidize the K-region, while
A others are hore efficient at secondary metabolism (ie., diol > diol
epoxide). The isoenzymes are also inducible to different extents by
different inducers, and the number and type of possible isoenzymes

].177'

appears to be under complex genetic contro Given the perversity

of'haturé, one can assume that the same situation will hold for other
hydrolyzing and conjugating enzymes, resulting in an almost infinite
number of possible responses by a given cell when challenged by a pre-

carcinogen. This situation-is further complicated by factors that will

178 179

not be discussed here, such as DNA repair '®, promotion'’~, and co-

carcinogenesis.180



LY

o

*

A

. formation of alkali-labile sites.

179

" The causal relationship between covalent binding to macro-

- molecules and cell transformation can best be described as a total un-

known. The mutational model'of'carcinogenesis'is appealing because of
its sfmp]icity, and'because of the very good correlation one finds be-
tween'bio]ogicai activity and covalent interactions with DNA by acti- -
vated chemical eahcinogens. The:specific‘nature of the mutational
event(s) that leads to less of growth control is at this point not un-
derstood. (Indeed the details of cellular growth control are so poorly
understood that we do not know exactly what questions to ask) The
binding of a molecule such as (+) anti-diol epoxide to DNA.wou]d be
expected to have drastic effects on structure and function. Stab]e,
covalent adducts such as the Nz-guan1ne or Ns-aden1ne structures will

at the minimum cause'local-disruption in helix stabi]ity:(1eading‘to
denaturation or‘"]oopbuts") and interfere with gene expression and
replication.18]’]82 In addition to covalent adducts,‘(i)agtifdio]_
epoxide can alse cause sing]e-strandvbreaks in DNA either by readting
with the phosphate groups or by a depurination mechanism with consequent
183 Given the large number of dif-
ferent types of DNA-carCinogen adducts that}have been reported to date,
it is likely that a mutiplicity of sites is involved in the bid]ogica]
aetiyities of chemical carcihogens. The relative frequencies of simp]e
mutational events and events that 1ead'to celi transfohmatioh are not
known at this time,although the development of combined mutation/
transformat1on assays should provide answers to th1s question. 35 It is.
safe to state that we are a long way from understand1ng in any kind of

detail the molecular events in a cell that.lead to loss of growth
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control. Nevértheléss, the somewhat remarkable correlation between
biological activity and DNA-binding for the (+)anti-diol epoxide and
its isomers must have some biochemical basis. Future research on chem-
jcal carcihogenesis~must now concentrate on the functional cohse-
quences of the covalent interactions between molecules such as (+)anti-
diol epoxide and nucleic acids. |

Perhaps the mosf significant impact that research on chemical car-
cinogenesis has had is in the development of cheap, répid assays for
carcinogens. By uéing a cell extfact containing the necessary acti-
‘vating and detoxifying enzymes, it is not necessary to know the exact
structures or metabolic pathways involved before one can ask’whether
or not a potential metabolite of a compound is mutagenic or tumoro-
genic; one can use the undefined énzyme cocktail and monitor the form»
ation of mutagens with the appropriate tester cells. Cairns has noted
that the development of these mutagenesis and transformation assays
seems to be the first practical épp]ication of molecular biology to

human affahr's.]84
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Appendix A |
Ana1ysi§ of (+) anti-Diol Epoxide-DNA Adducts
by Field Desorption Mass Spectrometry.

As descfibed_in chapters 4. and 5, the high po1arity and extreme
thermal 1abilfty of the diol epoxide-DNA adducts necessitated the use -
of chemical derivatization (permethylation or persilylation) prior to
analysis by conventional electron impact mass spectrometry. We there-
fore'undertdok an investigation of.the use of a relatiVé]y new ioniza-.

tion technique, field desorptionv(FD), in analyzing structurés of this

type. This investigation was pursued in collaboration with Dr. A.L.

Burlingame of the National Biomedical Mass Spectrometry Resource,‘

'University of California, Berkeley. -

Conventional electron impact (EI) and chemical ionization (CI)
techniques rely on simple heating under high vacuum to effect volatiza-
tion of the compound uhder study, followed by ionization in the gas

phése. This technique does not work with the polar, thermally labile

" structures which are often of interest to biological researchers; hence

the use of chemical derivatization. Rapid heating techniQUes (gg. 104

deg.sec."]), while showing sdmé»promise, do not have the requisite
feproducibi]ity or sensitivity for use with unknowns which are avail-
éb1e in submicrogram quantities. In field desorption, ionized sample
molecules are produced directly from the solid sample by apblicatioh
of a high electric field. The ionized sample mo]ecu]es are typically .

produced with very low internal energy, so that the bulk of the ion

| current is carried by molecular (M*) or quasi-molecular (M + H+) ions.
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'F1e1d désorption mass spectrometry is thus the techhique of Choice for
obtaining molecular weight information on polar, labile structures.
The mechanism(s) of fiéid desorption- is currently a matter 6f
some dispute. An ana]ogy is uéual]y made with fieid ioniZation, where
gas phase mo]ecuTes are ionized by paséage through an infense electric

5 v cm']) near a clean metal surface.] The potential energy

field (ca. 10
diagrams in figure 1 define the parameters involved in field ionization.
The potential energy of the valence electron qf a hydrogen atom is -
represented in.figure la as a function of distance from an ideally
smooth metal surface. At regions r>0, a perfect vacuum exists. The
conduction band of the metal is fi]]ed with electrons up>to the Fermi
level u. An amount of energy equal to the work function ¢ must be
~ transferred to aﬁ electron at the Fermi Tevel in order to remove it
from the meta1 to infinity. Figure ]a'represents the electronic ground
“state of the valence electron of ﬁ hydrogen atom at a distance d from
the metal surface. In order to remove the valence electron to an in-
finitely large, positive value of r, an ijonization energy I‘must be
| app]ied to it. In the presence of an eleétric field Vf, the potehtia]
energy due to the electric field (eFr) must be superimposed on that of
the atom. The resulting potential well for the valence electron is
indicafed in figure 1b. At a certafn minimum distance from the metal
.~surface, the energy level of the valence electron of the hydrogenvatom_
is raised to the Fermi level by the external fie]d.'Under these con-
ditions the bdtentia] energy barrier between the hydrogen atom and the
metal surface has a width of a few electron volts, and there exists a

finite probability that the valence electron can tunnel from the

hydrogen atom into the metal. The resulting ion Wt can theh be focussed
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and anaiyzed in a conventional magnetic sector mass spectrometer.

With much higher electric fields (ca. 108 v cm']), atoms or
molecules present'in an adsorbed layer on the anode.can be ionized
directly tb form gas phase jons. This process is termed ﬁfie]d desorp-
tion". In order to achieve a high electric field gradient, advantage™
is made of the local field enhancement,thatvtakesAp]ébe in the vicinity‘
of sharp edges or tips. The growth of §uch microneedles onto field
- anodes is called "activation"; conventional activated field emitters
are made by growing microneedles ffom benzonitrile onio a 10 micron
diameter tungsten wire at high température (ca. 1000°) in the presence
of an electric fie]d.z This results in the tungsten wire being éoated'
with a dense growth of "whisker" needles, normally betweeh 20 and 40
microns in 1en§th. The sample is then applied to this wire as a
solution containing 0.1- 1.0 ug. The sample-coated field anode is
then pTaced in the FD ion source of the mass spectrometer, and a poten-
tial of +12 kV’re]ative to én extractor electrode is applied to. the
anode. Under these conditions an ion beam composed of either M or
M+ H+) is formed, which can then be focussed and analyzed in -the
same faéhion as an ion beam formed by conventiona]'e]ectron-impact.or
chemical ionization. In actual practice, the field anode must also be
Vheated by passing a small current (0- 20 mA) through thé tungsten
wiré. A given sample will usually desorb at a charactéfistié currént,
termed the "best.emitter temperature", or BET. Also, cationized
molecules (M.+ Na+) and cluster ions (M + MH+, M+ 2Na+) are sometimes
6bserved. These effects are not predicted by the simple electron-tun-
nelling mechanism o&t]ined abové, and researchers have attempted to

develop more comprehensive theories of field desorption involving
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effects such as electrophilic attack by cations (Na+, etc.) or protons,

proton or electron transfer reactions, and ion pair formation and

separation that can take place under high field conditions.3’4 The

actual role of the e]ecfric field is thus complicated, ahd probably }A o »

involves several different mechanisms of ionization which can occur

> 3

simultaneously. ,

The HPLC fractions p1-p7 as well as peaks 8 and 9 (figure 2) were
analyzed usingvthis'technique; giving the results listed in Table 1.
As indfcated, all adducts whose strﬁétures had been derived by high
resolution mass spectrometry of chémica]]y derivatized samples gave
the expectéd molecular ions, as well as cationized molecular ions
M+ Na+) at higher emitter temperatufe§. In addition, fragment ions
corresponding to loss of the deoxyribose moiety (M- 117) were sometimes
observed. Of pariicular interest were the results on fractions that
had not been pfeviously analyzed becausé of the small quantities of
material (<1 ug) available. Thus peak 6 yielded ions at m/z 569, 592,
and 453, confirming its idenfity as a deoxyguanosine adduct. Peak 9
_ and the two components of peak 8 (separated by recycle HPLC) gave ions
at m/z 576,553, and 458, confirming their identity as deoxyadenosihe
adducts. The first peak in figure 2, peak la, gave ions at m/z 529 as
well a§ hfgher molecular weight speéies at m/z 750- 900. These higher'. ' _
molecular weight adducts apparently éorrespond to diol epoxide- |
modified dinucleotides that were not completely hydrolyzed by the
enzymatic_digéstion to monomeric units. The relatively large peakwidth
and aésymetric shape of peak la are indicative of the presence of

several unresolved components.
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Tab1e 1. FD/MS on monoméric diol epoXide—DNA adducts

529, 552, 320

5 " 569, 592
6 " 569, 592
7 553, 576
8a, 8b 553, 576

9 B 553, 576

Peak # m/z identity
(figure 2)
Jda 529, >750 deoxycytidine adduct plus
- modified o]igonuc]eotides
1 320 tetrahydroxy- tetrahydro-
' benzp(a)pyrene
529,552 deoxycytidine adduct
569, 592 deoxyguanosine adduct

deoxycytidine adduct,
plus tetrahydroxy-tetra-.
hydrobenzo(a)pyrene

deoxyguanosine adduct
deoxyguanosfne adduct
deoxyadenosine adduct
deoxyadenosine adduct
deoxyadenosine adduct

Field Desorption].Co]]ision-Induced Dissociation‘(FD/CID) Mass

Spectrometry:

The absence of significant fragmentation.observed in the FD mass

spectra of fractions 1- 9 (above) is advantageous for molecular weight

analysis, but gives little.information about structure. We therefore

investigated the use of a collisional activation chamber to raise the

internal energy of field-desorbed ions and indube unimolecular decom-

positions prior to mass analysis. Figure 3 is a schematic representation

of, the instrument configuration; a modified Kratos/AEI MS-902 equipped

with a combined FD/EI ion source was used. Helium gas was admitted to

the EI chamber of the source through a capillary leak; field-desorbed

ions travérsing this region undergo collision with the helium and

convert a portion of theirltranslational energy (8 kV) into internal
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(electronic) energy.s.In additibn to this, a linked scan of the elec-
tric and magneticfsectors'of the'instrument,was employed in order to
obsérve the»cb]]isiona]]y—induced metastab]e;species. Scanning both
sectors so that the ratio of B/E remains constant allows the observation
of a11,daughter ions m; fofmed'from M{ fh the first fie]d-free region
of the instrumeht.G‘This_is easily derived by examining the conditions
for tranSmissiOn of an ion M; at ve]oéity v]vby the electric (E) and
magnetic (B) sectors: . |

YT e Mvi

—_— 1 —

= ev,B
R : r L

+

" For the unimolecular decomposition M] > m; + my , the kinetic enekgy

~of M?.wi]] be partitioned according to the ratio of m, and my to My;

m; will fherefore have velocity Vq- Ton m; will therefore be trans-
mitted by the electric sector when |

E, = (M) E

and by the magnetic sector when

o

_ 2
, 1

By tuning the instrument to transmit mass M;- and then scahnihg both

E and B in a constant ratio, all of the daughter ions derived from M;

will be observed. This B/E scan is particularly interesting when used

for FD mass spectrometry, since it assures that observed ions are
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related to one another. For examp]e; if the ion at m/z 453 in the FD
spectrum of the deoxyguanosine adduct p5 was not observed in a B/E
scan, then it is likely that‘it represents an additional component
of mass 453 in thezHPLC“fraction. As figure 4a demonserates, however?s
this ion is observed in a 1inked scen from mass 569, and therefore is
derived byeunimo1ecu1ar decomposition from,mass 569. Linked scanning
should prove invaluable in the mass spectrometric analysis of mixtures,
since fragment ions could be eesily distinguished from ions due to
different components. | |
Figure 4b represents a nominal mass plot of the fragments generated
from mass 569 (MJc for the deoxyguanosine adduet, p5) by collision-
induced dissociation. The observed fragments are simi]ar to those ob-
~ tained by.e]ectron-impact mass spectrometry on the permethylated
edducts (see chapter 4). Fignre 5 represents a schematic fragmentation
pathway toAaccount‘for these ions. The observed species are consistent
with the assigned structure. |
These results confirm the feasibility»of using a field desorption
jon source coupled with a qollisiena] activation cell to analyze
highly po]ar, therma]]y-]abf]e compounds without.prior chemical deriva-
tization. The use of 1inked-s¢anning techniques allows the observation
of fregment ions produced from a‘perticular precursor jon without
‘interference from other molecular weight species present in the |
mixture. The high sensitivity of the technique (sample requirements
are 0.1- l.olug ) should allow direct'analysis ofAmetabolites and

macromolecule adducts obtained from in vivo experiments.7

‘i, o
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