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ABSTRACT

Covalent binding of benzo[a]pyrene to‘poly(G)twas studied with

the use'ef'a'radioactive assay and specifically labeled substrates
A to define the role of the 1,3 and 6- p051t10ns of the hydrocarbon durlng
.thlS process. B1nd1ng was shown to be dependent on microsomes, NADPH,
Ozvand p01Y(C). 7,8- Benzoflavone and 2',2'- dlethylamlnoethyl 2,2- |
diphenYl vaierate were inhibitory whereas modulators offepox1de
'thydrase actiVity had little effect M and 14C Stddies sﬁggested'a
p0551b1e 1oss of 1-2 protons Incorporatlon of [6- Hl]benzo[a]pyrene
prov1ded eV1dence that the 6 -position of the hydrocarbon was not .
a‘metabollzed durlng covalent attachment to. poly(G) and furthermore
‘results w1th [1,3,6 Hs]benzo[a]pyrene suggest that the 1- and 3-
p051t10ns may not be 1nyolved either. After scallng up of the standard
assay ZO-fold,characterization of the tritiated BaP-poly(G) complex
_ ;bwas carried'eut by hydtolysis and subseqUeht’chrdmatography. Thin

.d}ayetachrohatography of the isolated”hydrolysis ptédUcts treated with

: HCl'or aIkaline'phosphatase indicated that the complex'fermed between
BaP and poly(G) was' covalently llnked and’ composed of hydrocarbon-

nucleotlde(s



_Benzo[a]oyrene (BaP) when activatedvchemically“and photochemi -
cally (1-3) or enzymically (4-6) will undergo covalent binding to
nucleic ac1ds and protelns The hydrocarbon can be metabolized by
mlcrosomal cytochrome P-450 monooxygenases ‘and' it is these
enzymes whlch are thought to actlvate polycycllc aromatic hydro-
carbons (PAHj to bind to Cellular macromolécules (7). Although.P-450
: monOOXygenases.occur primarily in'endoplasmic reticulum, they have
been-reported'in other subcellular fractions as well'(8). and BaP
binding to DNA has also been reported to be catalyzed by rat liver
nucle1 9). -

Although several positions on BaP have been proposed to be
involyed in covalent binding ot the hydrocarbon to nucleic atids,
| very 11ttle evidence exists concern1ng thls or the more fundamental
‘question of the resultant chemical structure of the complex The .

4,5- (10) and the 7,8,9 and 10-positions (ll)rof BaP have beenvpro- |

posed as pbsSible‘sites of activation. Evidence obtained‘from

isotopic exchange studies led to the suggestion (12 13) that

covalent llnkage of BaP could occur at the 1,3 or 6- pos1t10ns Labeling

studles (14)jand the observation that 6~hydroxybenzo[a]pyrene (6-hydroxy

BaP)‘covalentlyfbinds to DNA (15,16) suoported thls proposal. B
| Since this reportbdescribes experiments which cast doubt.on

_the viability'of this theory, it is apparent that alternative positions

are involved in enzyme catalyzed covalent binding of PAH to nucleic acids.

Abbreviations: BaP, benzo[a]pyrene; 6-hydroxyBaP, 6-hydroxybenzo[a]-
pyrene; PAH, polycyclic aromatic hydrocarbons; SKFS25A, 2',2'-diethylamino-
ethy1-2,2-dipheny1 valerate; 7,8-BF, 7,8-benzoflavone; Tris-sucrose;

©0.05 M Tris-basé + 0.2 M sucrose + 0.1 mM dithiothreitol (pH 7.5)..
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MATERIALS AND METHODS

'Chemicals.: Sephadex LH-ZO_Was a product of Phafmﬁcia (Piscataway,
N.J.). Ribonucleasé'Tl (E.C.3.1.4.8), bovinefspleen phoSphodiesterése
type I, alkaline phosphat5se (E:C.3.1.3.1) type I, poly(G) and NADPH
were supplied by Sigma (St. Louis, Mo.). 3-Methylcholanthrene was
purchésed frOm‘Célbiochemv(LaJ01lé; CA) and used without further -
purification; BaP (Aldrich, San Leandro, CA) was appliéd and eluted
vfrom a neutral ‘alumina column with Chromatoquality benzene (Matheson,
Coieman,Bell, Nbrwood, OH). The hydrocarbon was'thén-réérystéllized»
from benzenejisopropanol'ahd'purity was ascertained7by.t1c and fluores-
cence spect;oscoﬁy.'Samples of BaP-poly(G) were counted.in a gel (Aquasol,
‘New England Nﬁclear, Boston, Mass. plus ZS%vwater)-fd avoid the necessity
ofvhydrolyzing ﬁhe-nucleic acid. Controls showea the éame dpm in a gel ééf

for NaOH hydrolyzed Samples. All solvents were redistilled.
14

Labeled substrates: [G-SH]BaP and [7,10- CZ]BaP were obtained

from Amersham-Searle (Arlington Heights,'Ill.).'[6-3H1]BaP-and [1,3,6-3H3]7

BaP wére'Synthesized as described,(17)f'The.1abe1ed.compounds were. puri-
'>fied by:tlc pfid; to use. Chromatography was carried’dufaon glasé plates
'éoated with 0.2.nmlsi1ica gel G and developed in a SolVent system‘of-
.1benzene-ethanqi.;9:l.. -
_.Micfosomesﬁ:Male Sprague-Dawley rats (Simonsen'Laboratoriés, Gilroy,
| CA),weighing ~200 g'weré,given Sfmethylcholanthrene in corn oilnby
intraperitoneal'injectioh at a dose of 25 mg/kg body.weight 48 hrs before
sacrifice. Animgls were sacrificed by decapitation and the’iiv¢rsvwere '
immediately removed and chilled in ice cold 0.9% NaCl. After the

tissue had been mincedrit was suspended in tWo}volumes of 0.05 M Tris-base,
0.25 Mnsucrdse, 0.1 @M dithiothreitol (pH 7.5) (Tris-sucrose) buffer ahd -

 a cell extract was prepared with a glass-Teflon tiSsue homogenizer. The



extract was Centrifuged at‘1500 X g for:10 min, then 10,000 x gvfor-}
30 m1n and flnally 100,000 x g for 90 min. The resultant pellet was
R washed tW1ce by resuspen51on in Tris-sucrose and resed1mentat1on The
‘100,000 x g pellet, or m1crosoma1-fractlon, was_dlspersed in Tris-
sucrose atfahpfotein concentration of 16 mg/ml. =

Analytical procedures: Protein concentration -was determined'by

the method of Lowry (18) with bovine serum albumin as reference stan-

3

~dard. Counting of “H and e yas carried out on a;Packard‘liquid

.sc1nt111at10n spectrometer (Model 3380) /14C ratios were deter-

" mined from eff1c1ency quench curves constructed w1th the use of sealed
standards (New England Nuclear, Boston, Mass;). Poly(G) concentration
‘was determ1ned by ultraviolet absorption. Purlty of the labeled
"hydrocarbons was also determlned by fluorescence 'spectroscopy .

Binding assaX: Covalent b1nd1ng of BaP to poly(G) was monitored by

a radioactiVe‘assay; The standard reaction contained 6 nmoles BaP
(labeled w_‘ith_'O.l to 0.7 \ci 3 or 14q 500 yug poly. (G), 0.45 ymoles
DUJE%L’4QO.pg‘microsomal protein and 20 yl ethanol in a total volume
of 1.5 ml phosphate buffer 0.01 M (pH 7. 5). Assayshwere incubated
for 30 min at 37°C and the reactlon stopped by the addition of 3 ml
_phenol reagent (phenol 500 ml, m-cresol 70 ml, water 50 ml and 8-
‘hydroxyqu1nollne 0.5 g) NaCl was added to br1ng its concentratlon
| to 0.1 M and tle sample volume ‘to 2 ml. The samples were then ex-
’vhtracted by the method of Leaver and Key (19). The phenol phase was -
t re- extracted w1th 2ml 0.01 M phosphate buffer (pH 7. 5) the aqueous
| phases comblned and extracted twice with one volume of ethyl acetate.
The aqueous phase waS-transferred to a screw cap'testvtube,'two
Volumes'of;ethanol were added, and the sample'treated in a boiling

water bath;§0rt§ min. The'poly(G) precipitate was COllected by
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centrlfugatlon and after dlssolv1ng it in 0 1M NaCl the precipitation
“and heatlng were repeated. The final prec1p1tate was taken up in;0.01 M
phosphate buffer (pH 7. 5) and aliquots of the samples were then analyzed
for rad10act1V1ty and opt1ca1 density at 252 nm. B1nd1ng exper1ments
‘were carrled oot at least three times. Assays were,scaled up 20-fold
_ for the‘hydrolytic and chromatographic analysis of the'_oomplex.
7 Hydfolysist The phosphodiester linkages of poly(G) were
“hydrolyzed en;ymatically or chemically. The enzyme hydrolysis was carried
out at 37°C in 0.1 &_Trisébase&ontaihiﬂ;Z QM'EDTA_(bH-7.5). Incubation
of the BaP-poly (G) complex for 3-6 hrs with ribonuclease T, (10,000.
units/mg nuolelc acid) was then followed by an additionél 20-24 hrs -
-after adding.spleen phosphodiesteraSe:(O 3 units/mg nucleic-acid).
Chem1ca1 hydroly51s was done with 0.1 N NaCH at 37°C for 20-24 hrs.
The glyc051d1c bond of the nucleic acid was hydrolyzed by

| heat1ng_samples_1n a.b0111ng water bath for 3 hrs’1n the presence
© of 0.1 N KCL,
| Phosphomonoester hydrolysis was acoomplished.by;inCubating
samples fot llhr'at 37°C with alhaline phosphatase-in;o.l g;sodium
carbonate (pH 8.5).

Sephadek chromatography: The enzyme and base hydrolyzed -

h BaP-ooly(G)ﬂeomplex‘Were chromatographed on colums of 1H-20°
with a discontinuous gradient‘of O;OI M_Sodium‘phosphate"(pﬂ 7.5)
and ethanols The Bannucleotide(s) which eluted well efter the |
soIVent front were analyzed by tlc after treatment‘with alkaline‘
: ph05phatase and HC1. |

Thin layer chromatography After hydr01y51s samples of the

BaP- poly(G) Comp]ex were reduced in volume with nltrogcn and applied

in 50% (thanolfwator to thin layers of silica gel G-goated on glass
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plates (0.25 mm). Chromatography was carried out in'a;solvent system
of butanol-acetone-water (60:33: 2 v/v/v).‘-Standards_wére visualized
with iodiﬁe,:fluorescence or with a fluorescent indicator. Fractions
of the tlc plate were then scraped and radioactivity measured -

directly in a gelled scintillant.
RESULTS AND DISCUSSION

Covalent attachment of BaP to poly(G);was not?éignificant ’.
in tne absencedof microeomes; NADPH or'Oé (TablevI)r These results :_
. are COnsiétentnwith the proposal tnat PAl are activated by microsomal
monooxygenaéésu{5,7),’since these enzymes arerknown_to'require 0,
E and NADPH. Oniy_trace amounts of 3H were isolated with assays carried-
out in the.absence'of poly(G), indicating little cOVélent attachment
of the hydrocarbon to endogenous nucleic acid. The P-450 monooxygenase
inhibitor 2',2‘-diethylaminoethyl-z,2-diphenyi vaierate.(SKFSZSA)A(Z)
and'an.inhioitor!of aryi hydrocarbon hydroxylase~actiuity¢ 7,8-benzo-
flavone (7,8;BF) (21), interfered uith binding (Table 1). Microsomes.
from rafs nofdpretreated with 3-methy1cholanthrene and, thus_containing
dlow levels of aryl hydrocarbon hydroxylase weakly actlvated BaP. When
rat 11ver mlcrosomes are 1ncubated w1th NADPH under aerob1c condltlons,
' endogenous 11p1d perox1datlon occurs concomltant w1th cytochrome P-450
ddestructlon (22). In further support of cytochrome P:450 participation .
in,activating BaP was the observation that prefinCUbation of microsomes
- with NADPH, i.e;,~in.the absence of BaP, resultedvin'aimarked reduction

of binding (Table I)..
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. Epoxide hydrase inhibitors have been reported te-stimulate
covalent‘binding of PAH to nucleic acids, possibly by accumulating
epxoide intermediétes (23-25). However, when assaysware carried
out with epox1de hydrase inhibitors, trlchloropropene oxide and
cyclohexene oxide (26), b1nd1ng was slightly decreased while the. use

of glycidol and styrene oxide had very little effect (Table II).
If a diol-epoxide were en intefmediate, ashas been'propoeed (11);
hydrase inthition would decrease diel formation and thus binding.
Results obtained here do not rnle out a possible role of epoxide
hydrases in binding, but how the enzymes are in&olVed remains to ne
establlshed | | |
To determlne the extent to which BaP is metabolized during its
actiVation and'covelent attachment to poly(G) H and C'studies were

14C labeled BaP was used in‘the sfandard E

carried out, When'SH and
~assay, 4-16% of'the 3H was lost (Table III). This cerreSponds to a
loss of 1-2 protons assuming even distribution of 3H'on the'hydfe-
carbon. Slmllar losses have been reported to occur 1n a chem1ca1
activation system (27) To test. the 1nvolvement of the_6—p051t10n,
assays were carrled out using [6- H ]BaP (Table II1). More-SHIfromv

' the [6 Hl]BaP vas 1ncorporated into poly(G) than from [G— H]

BaP. Label 1ost from the [G- H]BaP spec1es is con51stent with results

4C experlments (Table III) Thus, the 6- p051t10n

. obtained in the H and
of BaP must not have been metabolized. A similar conclus;on was

' reached»recently_by a more indirect approach t28). Label is also
retained from the 1- or 3-positions of the hyd;ocarbon during_aefivation
(Table III) An nseeSSment of this result is cemplieated since the

1- and 3- p051t10ns could part1c1pate in the NIH Shlft resultlng in

retention of 51gn1f1cant amounts of ldbel (29). lhese 1etcnt10ns



are usually not quantltatlve (29) as was the case of [1 3,6- H3]BaP
and therefore, the 1- and 3- pos1t10ns of BaP were probably not meta- .
bollzed in the assays carried out here On the other hand the 6 -position
of BaP cannot)partlclpate in the NIH.sh1ft. Although_lt is clear that
6¥hydroxyBaP Can.coyalently attach to nucleic aclds in;!itrg (15,16),
these results sh0w that the 6-position is'not metabolized during
enzyme actlvated b1nd1ng of the hydrocarbon to poly(G)
After scaling up the standard assay characterlzatlon of the
| tritiated I3aP poly(G) complex was carried out by hydroly51s and
‘subsequent chromatography » v
Hydrolysis of the phosphodlester-linkagesYOf theuBanpoly(G)
'complex'was carried out enzymatically with ribonuc'le'ase'T1 and
bovine spleen phosphodlesterase or with 0.1 N NaOH. Samples were
then chromatographed on columns of LH-20 (F1g 1) The presence of |
guanlne was detected only at or near .the solvent front where controls
indicated elution of poly(G) and 5'-GMP occurred. Tritium eluted
| as two bands; one at'the solvent front and a hydrophobic band‘which
came off-with 509dethanol—bufferv BaP itSelf’is not‘eluted under
f‘the cond1t1ons ‘used in Flg 1. Column proflles resulted in recovery
of 75% of the tritium and 80 of the absorbance un1ts applied. Only
_25% of the recovered tritium chromatographed with hydrolyzed nucleo-
tide(s) when the reactlon was carried out enzymatlcally, and 80% when
) the reactlon was carrled out with NaOH This result suggests the
p0551b111ty of 1ncomp1ete enzyme hydrolysis. Ev1dence for rlbonuclease.
T

1
been reported 2n. Support for this view was obtalned from alkal1ne

re51stant ollgonucleotldes bound with chemlcally activated BaP has

phosphatase and HC1 treatment of the hydrolyzed BaP- poly(G) complex

and subsequent tlc.
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The material in peak 2, Fig 1 was pooled (fractions‘13-18)
‘and an aliquot'was run on tlcvbefore and after treatment with HC1
and alkalinevphosphatase The plate was tﬁen profiled for tritium
(Fig. 2a). The untreated material remained at the origln while
treatment W1th acid or alkaline phosphtase resulted in tritium
migrating as a very broad band With an Rf value_of 0.6-0.8. The
experiment was repeated using an enzyme‘hydrolyzed.BaP—poly(G)
complex (pooled fractions 13418) from peak'l,_Fig.il. Although tﬁe
tritium migrated after acid treatment, alkaiihe.pEOSphatase had
no effect}‘Hél treatment probably resulteo in‘glysodic bond cleavage
“which would:explain the resulting mobility of tritium on tlc'from both
enzyme and base hydrolyaed compleres.'Tritium mobiiity changed after
alkaiine phosphatase treatment from the chemicaliyfderived hydrolysis
products but not those from enzmnes, suggesting that base hydrolysis
produced BaP- mononucleotides while the enzyme procedure yielded BaP-
oligonucleotldes Recent studies have shown that enzyme digests
of carcinogen-DNA complexes chromatographed on LH-ZO result in most
of the radioactive hydrocarbon eluting at the solVent front (11).
These results couid.also reflect a resistance to hYdrolysis which
would explain why most of the radioactivity eluted with oligonucleotides.
- The chromatographic data demonstrates that.micrOSOmal enzymes
catalyze covalent complex formation between BaP and'poly(G). Binding
has.also been shown to proceed in the absence.of metabolism at the
1,3 and 64positions. Thus, it is likely that one or more of the.
positions 2,4,5 and 7 through 12 are involved iu the binding of the |

hydrocarbon'to poly(G). The 4- and 5-positions have recently been

.
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7qpestioned (25) Thereﬁre, it is more 11ke1y that the 7,8,9 and/or :
10- p051t10ns are 1nv01ved and ev1dence supportlng this view has been

| obtained (30).
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- Table I
AsSay conditions, necessary cofactors and effect of inhibitors on.binding

of BaP to poly(G)

_Assay:condifidhs ' ' proles BaP bound/500 ug poly(G)*
complete;; ,_v : 125 1;8 f 
minus 0, | 30+
' minus NADPH v . 2 :;lf
nﬁnusvpoiy(G) o S S.:,l  '
minus miérosomés 'v. - _’ o <1
rnoinndQééd'mich$omes_ - 10 i;2>

10 minutes preincubation without BaP 70 * 4

6

plus 9 x 1074 MskFs2sa 9245

plus 5 x'10°° M 7,8-BF = 13+2

. Average_of duplicate assays:
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' Table 11 -
3Effect of epox1de hydrase 1nh1b1tors and

“activators on binding of BaP to poly(G) ~

“Assay condi tions S " pmoles BaP bound/500 ug poly(G)*
cpmpleté f : | - 102 1_6_ )
1.x 10'3'§!trichloropfopehe oxide?® 86 ii2' 
1 x 1073 M styrene oxide® 92,5 + 2.5
| 1x 10'311\1 .cyclo}:lve;«ﬂ:n; 6xide¢ 85 _f_ 3 "
1 x 2073 M glycidor? T oess1

v average of duplicate assays
An 1nh1b1tor of both epox1de hydrase and aryl hydrocarbon

' hydroxylase activities (23,26)
 b A subs;rate for epozlde hydrase (26)
© An irhibitor of epoxide hydrase (26)

Bl ™ aéfiyator of epoxide hydrase (26)
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Table IIT i
_Bihding.of Specifically Labeled BaP tleoly(G)

A

' ]'lTritium Loss from [G-3H]vBaP

Labeled substrate 3H/MC'ratio o % 3H loss
R substrate - BaP bound .
_ - to Poly(G)- -
(6-31) + (%) Bap 833 7.49 % 0.52 10 + 6
o . v .

. Tritium Retention from [6-°H] and [1‘,3,6—3H3]-' BaP

"!Labéled substrate* R pmoles hyAtocafboﬁ.bound/
T | . 500 ug Poly(G)
‘o.'ssvucl'i_. [6-31] vBaP' o 112 _+_ 6'

0,28 uCi (6-3) Bap” . 1'1‘91' 4
0.65 uCi [1,3,6-3H3] BaP : , ' _129Ai;3-,

| Approximately 10% .of the fritium from generally iabeled BaP was lost in
comparisqn'to the,14C hydrocarbon (part A)vand pnly‘a_sméll amount was iost
from [C-SH]Banécmpared to the [6-] and [1,3,6-] labeled hydrocarbons. Thus,
the anount of'lébel~in¢orpdrated was eésentially the'same fof the 14C

ahd [6-]_aﬂd [1,3,6-3H3] hydrocarbons; resﬁiting in total fiitiﬁm retention

during Covalént'Binding to pOly(G)."

% Each assayvcohtained a total of 6 nmoles of BaP.
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~ FIGURE LEGENDS

flii,di Samples of [G H]BaP poly(G) were hydrolyzed as described
_.under "Materlals and Methods” and chromatographed on columns of

LH-20. Two ml fractlons were collected from the. columns whlch

© were eluted with 0.01 M sodium phosphate (pH 7.5) and ethanol.
_Fractlons 13 18 from both profiles were comblned and reduced in volume
for further analy51s Samples were hydrolyzed with (a) enzymes and

,(b) 0.1 N NaOH

Eig;;g. Aliquots of the combined-fractions 13-18 from column; pfofiled
in Flg 1 \ere treated with alkallne phosphatase or HCl as descrlbed

: under "Materlals and Methods” and applied to tlc plates. After
'development fractions were scraped into sc1ntlllat10n vials and
counted to determlne changes in moblllty Samples were derived

from [G- H]BaP poly (G) hydlolyzed w1th (@) 0.1 N NaOH and (b) enzymes.
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