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ABSTRACT

The ultimate carcinogenic metabolite of benzo(a)-
pyrene (BP) is believed to be the anti isomer of the 7,8-
diol-9,10-epoxide (BPDE I). BPDE I binds primarily to the
guanine base in DNA, although several other adducts have also
been reported. The binding of the diol epoxide to the
phosphodiester linkage in DNA is believed to lead to DNA

strand scission. n vitro studies, however, show little or

no binding at this site.

In the present study the in vivo binding of the diol

epoxides of BP to the phosphates in DNA were measured using
the high sensitivity of fluorescence. BPDE-DNA was isolated
from the dorsal skins of mice each exposed to a single treat-
ment of BP. The BPDE-phosphate adducts were then chemically
or enzymatically hydrolyzed to selectively release the diol
epoxide from the phosphate in the from of highly fluorescent
tetrols. The tetrols were separated by HPIC and quantitated
by fluorescence.

The chemical and enzymatic methods employed were un-
able to yield any detectable amounts of tetrol release from
the BPDE-phosphate adducts. The proportion of BPDE modifi-
cations at the phosphodiester site are, therefore, below the
lower limits of detection (2 %). The possibility of other
BP metabolites binding to the phosphate backbone have not

been ruled out.
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I. INTRODUCTION

Polycyclic aromatic hydrocarbons, such as benzo(a)-
pyrene (BP), are widespread contaminants of the air, water,
and soil. They are formed by the free-radical conjugation
of alkenes during the incomplete combustion of fossil fuels
(Selkirk, 1980). BP, therefore, 1s a major exhaust compo-
nent of transportation, industrial energy sources, and re-
fuse burning. It i1s becoming widely accepted that the co-
valent binding of carcinogens to cellular macromolecules,
particularly nucleic acids, is the initial critical in the
process of carcinogenesis (Miller and Miller, 1974;
Weinstein et al., 1978). Since BP does not possess a re-
active group, it must be metabolically activated before it
can react with nucleic acids (Phillips and Sims, 1979).
The metabolism of BP and the interaction of its metabolites
with nucleic acids are the subjects of several extensive
reviews (Phillips and Sims, 1979; Gelboin, 1980).

BP 1s metabolized by the microsomal mixed-function
oxidase, aryl-hydrocarbon hydroxylase, which is found pre-
dominantly in the liver. Sims et al. (1974) showed that
the 7,8-diol-9,10-epoxide is the chemically reactive inter-
mediate which binds to DNA. There are two stereoisomeric
diol epoxides formed and will be referred to as BPDE I and
BPDE II. Although BPDE I and BPDE II will both covalently
bind to DNA, metabolic and binding studies indicate that

BPDE I is the major diol epoxide which interacts with DNA



and other cellular macromolecules (Koreeda et al., 1976;
Koreeda et al., 1978). The guanine base is the primary
target in both DNA and RNA for the diol epoxide. The ad-
duct formed is derived by the trans addition of the N-2
amino group of guanine to the C-10 position of the diol
epoxide (Gelboin, 1980). In addition, the diol epoxides of
BP have been found to also covalently bind to a lesser ex-
tent to the adenine and cytosine bases in nucleic acids
(Straub et al., 1977).

Gamper et al. (1978) and Koreeda et al. (1978) have
reported a modification of the phosphate backbone in nu-
cleic acids by the BP diol epoxides. The alkylation of the
phosphodiester linkage in DNA by various other carcinogenic
and mutagenic agents has been quantitated by several inves-
tigators (Sun and Singer, 1975; Beranek et al., 1980;
Bannon and Verly, 1972). The extent of binding at the
phosphodiester site varies greatly depending on the nature
of the alkylating agent used. This is shown in Appendix A.
Shooter (1978) has reported that there is, as yet, no re-
cord of a compound that reacts with the phosphates of nu-
cleic which is not a carcinogen.

In general, DNA phosphotriesters are stable species
'resulting from the absence of the 2'-hydroxyl group in the
pentose sugar (Bannon and Verly, 1972). Recent studies
have also suggested that phosphotriesters induced in vivo

are not eliminated by cellular DNA-repair systems (Shooter,



1978). The persistence of the phosphotriester adduct,

therefore, might be used as a measure of the extent of DNA
damage and human exposure to carcinogens. However, the pre-
sence of a B-hydroxyl group on the C-9 position of the BP
diol epoxides could lead to triester hydrolysis and DNA
strand scission (Walles and Ehrenberg, 1968). Gamper et al.
(1977) observed a rapid nicking of plasmid DNA by BP diol
epoxides in vitro. The kinetics of the nicking supported

a phosphotriester mechanism and was not consistent with de-
purination or depyrimidination strand scission. This led
them to postulate a mechanism of DNA strand scission by BP
diol epoxides in which each triester hydrolysis gives a
nick. The mechanism is as follows:

1. the triester forms between the C-10 position of
the hydrocarbon and the DNA phosphate;

2. the C-9 hydroxyl group then displaces one of the
sugars breaking the DNA backbone and forming a
cyclic triester;

3. the tertiary cyclic phosphate hydrolyzes rapidly
to relieve ring strain with the hydrocarbon re-
maining attached to the phosphate.

The biological implications of the covalent binding
of BP diol epoxides to the phosphate backbone in DNA and the
resulting strand scission is still unknown. The low fre-
quency of BP-phosphotriester formation in vitro (Gamper et

al., 1977; Shooter et al., 1977) does not rule out the
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existence of triesters in vivo, where they may play a role

in the carcinogenic activity of diol epoxides. The study

presented here will examine both the in vivo and in vitro

binding of the BP diol epoxides to the phosphodiester 1link-
age in DNA.

The potential worker and general population exposure
to polycyclic aromatic hydrocarbons has generated an inter-
est among researchers to quantitate the interaction of these
organic compounds with target cells and to obtain estimates
of human exposure risks. Since the BP found in the environ-
ment is not labelled, it 1s not possible to use standard
radiometric methods of detection. Rahn et al. (1982) have
devised a nonradiometric method for quantitating low levels
of BP metabolites that are covalently bound to the DNA of
BP-treated mice. This procedure consists of acid hydro-
lyzing DNA to remove the BPDE-adducts in the form of the
isomeric tetrols of BP. The tetrols are then gquantitated,
after HPLC separation, by fluorescence detection. This
method 1is extremely sensitive, allowing femtomole amounts
of covalently bound diol epoxide to be measured. In the
present study, this approach with some modifications is
utilized. Chemical and enzymatic methods are used to se-
lectively release tetrols from the BPDE-phosphate adducts
in DNA. The tetrols are then detected and quantitated by

fluorometry.




IT. METHODS

Sample Preparation

In Vivo. Six male and female C3H mice (9 weeks) were
used. To the shaved dorsal skin of the mouse, 200 pg of BP
in 100 ul of acetone was topically applied. After 24 hours,

the dorsal skin was removed and cut into several pieces.

In Vitro. The method of Rahn et al. (1980) was used
to prepare calf thymus BPDE-DNA. Calf thymus DNA in phos-
phate buffer (0.01 M, pH 7) Qas treated with BPDE I for 1
hour at 37°C. The sample was then phenol extracted three
times and dialyzed three times against phosphate buffer.

To further ensure that all noncovalently associated BP der-
ivatives had been removed from the DNA, tﬁe sample was ex-
tracted two times with CIP, two times with ethyl ether, and

one time with ethyl acetate (see below).

Isolation of DNA from Mouse Skin

The DNA isolation procedure used was that of Shugart
et al. (1983) with some modifications. Mouse skin was
placed in a 15 ml glass scintillation vial containing 10 mg
pronase in 5 ml DNA extraction buffer (20 mM Tris-HC1l
'pH 7.8, 20 mM NaCl, 1 mM EDTA, and 0.1 % SDS w/v) and in-

cubated at 50°C for 4 hours with continuous shaking.

To the sample 3 ml of CIP (chloroform:isoamyl alcohol:
phenol- 24:1:25- v/v) were added. The contents of the



sample vial were then transferred to a 15 ml screw-cap
glass centrifuge tube with 1 ml of 0.1 M Tris-HC1l buffer,
pH 8.0, and mixed continuously for 30 minutes at room tem-
perature. The two phases were separated by centrifugation
for 10 minutes at 1000 rpm (Beckman model TJ-6: 4°C). The
aqueous phase was removed and re-extracted with an addi-
tional 3 ml of CIP (as above). The re-extracted aqueous
phase was saved while the two CIP phases were combined and
extracted with 1 ml of 0.1 M Tris-HC1l buffer, pH 8.0. The
CIP phase was then discarded and the aqueous phases com-
bined. The aqueous phase was further extracted with 3 ml
anhydrous ethyl ether, followed by 3 ml water saturated
ethyl acetate, and finally with an additional 3 ml anhy-
drous ethyl ether. The two phases were separated each time
' 7 centrifugation (see above) and the organic phase dis-
carded.

Any contaminating RNA was removed by adding 100 pg
of RNase per ml of aqueous phase and incubating in a 37°C
water bath overnight. The DNA was then precipitated by
adding 177 pl of 0.1 M spermine tetrahydrochloride per ml
of aqueous phase, mixing well, and placing in a 4°C re-
frigerator overnight.

The BPDE-DNA samples were transferred to polypro-

pylene centrifuge tubes and washed two times, each time with

5 ml of 75 % ethanol in 0.3 M sodium acetate and 10 mM

magnesium acetate. The DNA was recovered after each wash



by centrifugation (Beckman model J2-21: 10,000 rpm, 4°c,
for 60 minutes). After the second ethanol wash the DNA pel-
let was resuspended in 5 mM sodium phosphate, pH 7.1, in

50 mM NaCl.

DNA Determination

The method of Vytasek (1982) was used to fluoromet-
rically determine the DNA content by reacting m-diaminoben-
zoic acid dihydrochloride (DABA) with deoxyribose liberated
by perchloric acid (PCA). The DABA reagent was prepared by
mixing three volumes of 10 mM Na2003 in 1 M NaOH and one
volume of 20 % (w/v) DABA. The reagent was allowed to incu-
bate at room temperature for atleast 1 hour before use. In
a capped glass vial, 100 pl of sample (0.5-2 pg DNA in
water) were added to 100 ul of 1 M PCA and heated at 80°C
for 1 hour. The fluorescence yielding reaction was then
initiated by mixing 200 pl of the DABA reagent with the
sample in 0.5 M PCA for 90 minutes at 37°C. The mixture was
diluted with 1250 pl 1 M HC1l and the fluorescence measured
on a Turner model 430 Spectro-Fluorometer. The fluorometer
excitation monochrometer was set at 407 nm and the emission
monochrometer at 520 nm. A calf thymus DNA solution of

known DNA concentration was used as the standard.

Acid Hydrolysis of DNA

To each ml of DNA sample (taken to volume with water)

in a capped glass vial, 10 Pl of 12 N HC1l were added. The



mixture was placed in a dry air oven at 80°C for 6 hours.
These conditions have been previously shown by Rahn et al.
(1982) to maximize the yield of tetrol from BPDE-DNA ad-
ducts and provide the optimal fluorescence signal. The acid
hydrolyzed DNA was then passed thru a C18 Sep-Pak cartridge

(see below).

Alkaline Hydrolysis of DNA

To a BPDE-DNA sample, NHuoH was added to a final con-
centration of 1 M. This solution was heated at 80°C for 4
hours in a capped glass vial. The vial contents were then
evaporated to dryness and stored at 4°C until C18 extrac-
tion .

Alkaline hydrolyzed DNA that was to be further treated
with alkaline phosphatase was neutralized with 1 N HC1l prior

to the addition of the enzyme.

Enzyme Hydrolysis of DNA

BPDE-DNA samples were enzymatically hydrolyzed in
sodium borate buffer, pH 8.0, and 1 mM Mg012 at 37°C for
18 hours, using snake venom phosphodiesterase and deoxy-
ribonuclease I. A portion of that sample was further hy-
drolyzed with alkaline phosphatase at 37°C for 6 hours.

All enzymatically hydrolyzed DNA was passed through a C18

Sep-Pak cartridge prior to HPIC.



C18 Extraction of Tetrols

Shugart et al. (1983) have shown that C18 extraction
of tetrols after treatment of DNA gives a more stable HPIC
profile, with a reduction in nontetrol fluorescent material.
DNA samples were diluted with 2 ml of 20 % methanol in water
(v/v) and passed through a C,g Sep-Pak cartridge (Waters
Assoc. Inc., USA). The cartridge was washed three times
with 2 ml of 20 % methanol and once with 2 ml of water.

The tetrols were recovered in 2 ml of 100 % methanol and
taken to dryness. Recovery of tetrols from Sep-Pak treat-

ment is close to 100 % (Rahn et al., 1982).

HPLC

The method of Shugart et al. (1983) was used. Sam-
ples (200 pl) in 50 % methanol were injected into a Dupont
850 liquid chromatographic system equipped with a Zorbax
0DS column (250 x 4 mm). Elution of the sample was done
isocratically with 50 % methanol in water (v/v), using a
flow rate of 1 ml/minute and a column temperature at 50°C.
Prior to elution oxygen was removed from the 50 % methanol
solution by bubbling helium through it. The fluorescence
of the elutant was monitored using a Schoeffel FS-970
fluorometer equipped with a deuterium lamp as an excitation
source; The fluorometer excitation monochrometer was set

at 246 nm and a 370 nm emission filter was used.
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ITII. RESULTS

Shugart et al. (1983) have previously described a
procedure for the isolation and purification of DNA from
BP-treated mouse skin. They have shown that the partioning
of nucleic acids with CIP will remove non-covalently bound
BP and BP metabolites. Furthermore, it has been demon-
strated that adduct formation via the diol epoxide can be
quantitated by HPLC and the acid induced removal of highly
fluorescent pyrenyl moieties in the form of tetrols (Rahn
et al., 1982).

Figure 1 shows the fluorescent profile of acid hy-
drolyzed DNA from the dorsal skins of mice that were each
exposed to 200 pg of BP for 24 hours. It can be calculated
that for the 97 pg of DNA hydrolyzed, 534 pg of BPDE I
(tetrol peak I-1) were covalently bound to the DNA. The
presence of acid released tetrol demonstrates that adduct
formation occurred via the metabolic activation of BP to the
diol epoxide. It should be noted that BPDE I is the major
diol epoxide moiety binding to DNA and accounts for approx-
imately 75 % of the covalent interaction with DNA via the
diol epoxides (Shugart et al., 1983).

Figure 2 is the fluorescent profile of non-hydrolyzed
DNA obtained from the dorsal skins of mice each exposed to
200 ug of BP for 24 hours. As anticipated no significant

fluorescent peak, indicating the presence of tetrol, is



Figure 1. Acid hydrolysis of in vivo BPDE-DNA. DNA was

isolated from the dorsal skin of mice exposed to a
single BP treatment (200 pg for 24 h). The tetrols
were liberated by acid hydrolysis (0.12 N HC1l at
80°C for 6 hours) and quantitated by HPIC and fluor-
escent analysis. Peaks I-1 and I-2 represent the
tetrols released from BPDE I adducts, while peaks
IT-1 and II-2 represent tetrols generated from

BPDE II adducts.
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Figure 2. Non-hydrolyzed in vivo BPDE-DNA. DNA was iso-
lated from the dorsal skin of mice each exposed to
a single treatment of BP (200 pg for 24 hours). The
tetrols were analyzed by HPLC and fluorescent analy-
sis.
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observed in the absence of acid hydrolysis. This demon-
strates that the DNA isolation procedure will adequately
remove non-covalently bound BP metabolites.

Figure 3 is the fluorescent profile of acid hydrolyzed
calf thymus DNA previously treated in vitro with BPDE I.
From the peak heights it can be calculated that 5,560 ng
of BPDE I became covalently bound per gram of DNA isolated.
In the absence of acid hydrolysis, there is again no sig-
nificant amount of fluorescent tetrol present. The profile
is not presented here but is similar to Figure 2.

In the quantitation of the amount of tetrol repre-
sented by the peak heights, a mixture of known amounts of
tetrols I-1 and II-2 were applied to the HPLC column. The
peak heights shown in Appendix B were used as a means of
calibration. Since many factors (i.e. temperature, flow
rate, and column) can influence the retention times of
tetrols, tetrol standards were chromatographed at the be-
ginning of each series of HPILC runs.

The covalent binding of the diol epoxide to the phos-
phodiester linkage in DNA was examined by attempting to
selectively remove the diol epoxide by alkaline hydrolysis.
Figure 4 shows the fluorescent profile obtained by alkaline
hydrolysis and HPLC for DNA isolated from mouse skins each
exposed to 200 pg of BP for 24 hours. There is no increase
in the fluorescence of tetrol peak I-1 or any of the other

possible tetrol products, when compared to the control



Figure 3. Acid hydrolysis of in vitro BPDE-DNA. Calf
thymus DNA was treated with BPDE I for 1 hour at
379C. BPDE I adducts were released by acid hydro-
lysis (0.12 N HC1l at 80°C for 6 hours) and gquanti-
tated by HPLC and fluorescent analysis. Peaks I-1
and I-2 represent the isomeric tetrols released
from BPDE I-DNA adducts upon acid hydrolysis.

16
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Figure 4. Alkaline hydrolysis of in vivo BPDE-DNA. DNA was
isolated from the dorsal skin of mice each exposed to
a single BP treatment (200 pg for 24 hours). A sample
was then alkaline hydrolyzed (1 M NH,OH at 80°C for
4 hours) and the tetrols quantitated by HPLC and fluor-
escent analysis.
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(see Figure 2, page 14). Essentially the same quantitative

data was obtained from the in vitro calf thymus DNA reacted
with BPDE I (data not shown).

In the event that the diol epoxide remained attached

to a phosphate moiety after alkaline hydrolysis, alkaline
hydrolyzed DNA was further treated with alkaline phospha-
tase (Figure 5). No increase in the fluorescence of the
tetrol peaks, indicating tetrol release, was observed.
Enzyme hydrolysis of the BPDE-DNA samples was also
used to attempt to selectively remove the bound diol epo-
xides from the phosphodiester backbone. DNA was hydrolyzed
to the nucleoside level with deoxyribonuclease I, snake
venom phosphodiesterase, and bacterial alkaline phosphatase.
The fluorescent profile of the enzyme hydrolyzed, BP-treated
mouse skin DNA is shown in Figure 6. No increase in tetrol
release nor any new fluorescent peak was observed. In
agreement with others (Ashurst et al., 1983; Koreeda et al.,
1978) the major hydrocarbon-deoxyribonucleoside adduct ob-
served 1s BPDE-deoxyguanosine. This adduct made up approx-
imately 70 % of the total diol epoxide bound to DNA and is
consistent with the values found by other investigators.
This suggests that the enzymes were functional and the hy-
drolysis was complete. Similar results were obtained with

the in vitro calf thymus BPDE-DNA.




Figure 5. Alkaline hydrolysis and alkaline phosphatase
treatment of in vivo BPDE-DNA. DNA was isolated
from the dorsal skin of mice each exposed to a
single BP treatment (200 pg for 24 hours). After
alkaline hydrolysis (1 M NH,0H at 80°C for 4 hours),
the sample was neutralized with HC1l and treated
with bacterial alkaline phosphatase for 6 hours
at 37°C. Tetrol release was then measured by HPLC
and fluorescence analysis.
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Figure 6. Enzyme hydrolysis of in vivo BPDE-DNA. DNA was
isolated from the dorsal skin of mice each exposed
to a single treatment of BP (200 pg for 24 hours).

A BPDE-DNA sample was then hydrolyzed with snake
venom phosphodiesterase and deoxyribonuclease I for
18 hours, followed by treatment with bacterial
alkaline phosphatase for an additional 6 hours. The
release of tetrol was detected by HPLC and fluor-
escence analysis. Peak A represents the BPDE-
deoxyguanosine adduct.



24

<q
J
—
i
Hf
%’!‘g -~
—

.qp \ﬂ + _ﬂ L&§.¥§!¢+€.&r{{ «.,ig rwers x+§.é~t+i’l?—
(@) o (@} O (@] @] @] (@) O (@)
o [0)N [e6] [ O wm = (S} N —
—

TIME (minutes)

Figure 6



IV. DISCUSSION

The room temperature fluorometric quantitation of
tetrols released from BP adducts has been shown to be
highly sensitive (Rahn et al., 1982). They have shown that
a lower limit of 10 pg of tetrol per 100 pg of BP-modified
DNA appears to be detectable. This translates to approx-
imately 1 BP residue/lO7 bases/100 pg DNA and is comparable
to the sensitivity obtained by radiometric and immuno-
logical techniques (Montesano et al., 1982). In the study
presented here, sufficient amounts of BP-modified DNA
( 100 pg DNA, 500 pg bound BPDE I) were analyzed to allow
one to detect a lower limit of 2 % of the total BPDE I
binding.

Gamper et al. (1977) have shown that the binding of
BP diol epoxides to DNA results in strand scission. The
formation of phosphate backbone breakages with the diol
epoxide still attached to the phosphate (as a phosphodi-
ester) was the basis of the chemical and enzymatic methods
employed in this study. When heated at alkaline pH the
phosphodiester could hydrolyze in the following two differ-
ent ways: to give free tetrol and; to give the diol epo-
»xide attached to a phosphate but liberated from the DNA
backbone. Upon alkaline phosphatase treatment the BPDE-
phosphate moiety should yield free tetrol. Figure 4
(page 18) shows that no tetrol is released after heating

at 80°C for 4 hours in 1 N NH,OH. Alkaline hydrolysis
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followed by alkaline phosphatase treatment also yielded no

increase in tetrol release as shown in Figure 5 (page 21).

Similar results were found in both the in vivo and in vitro

BPDE-DNA samples studied.

There is some question as to whether the 3'- or 5'-

phosphotriester bond is hydrolyzed when the diol epoxide

interacts with the phosphate backbone. Both possible situ-

ations will be considered in the enzyme hydrolysis studies:

1 .

The 3'-phosphoester bond has been hydrolyzed:

R
1
p-X-(p-X) -p-X p-X-(p-X) -p-X

The snake venom phosphodiesterase should yield
compounds of the type %—X which should be resist-
ant to further treatment with alkaline phospha-
tase. The diol epoxide is represented by R.

The 5'-phosphoester bond has been hydrolyzed:

; R
U
p-X-(p-X) -p-X-p X-(p-X),-p-X

The left ffagment is no substrate for the snake
venom phosphodiesterase requiring a 3'-0H end.
However, the endonucleolytic action of the deoxy-
ribonuclease could release either p—X-% or DP.
Treatment of those compounds with alkaline phos-

phatase would yield either X—i or R (free tetrol),

respectively.

Figure 6 (page 23) shows that the enzyme mixture used

produced no increase in tetrol release nor any new
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R
fluorescent peak, corresponding to the X-p hydrolysis pro-

duct. As mentioned earlier, the presence of the deoxy-
quanosine adduct demonstrates that the enzymes were func-
tional.

The failure to detect tetrols, selectively released
from the BPDE-phosphate adducts, 1s consistent with the
results obtained by other investigators. Gamper et al.
(1977) found that DNA strand scission via diol epoxide
hydrolysis of unstable phosphotriesters represented less
than 1 % (0.33 %) of the DNA modifications by the diol

epoxides. In their system Escherichia coll plasmid Col El

was reacted in vitrc with either diastereoisomeric diol
epoxides. Nicking of the superhelical plasmid was moni-
tored by agarose gel electrophoresis and electron micro-
scopy. Shooter et al. (1977) used the technique of differ-
ential alkaline hydrolysis of DNA to detect phosphotri-
ester formation in vitro. They found no alkali-labile
sites in bacteriophage T7 DNA after treatment with the diol
epoxides. This led them to suggest that no significant
amounts of phosphotriesters were formed; or that its hy-
drolysis led to the loss of the hydrocarbon group from the
nucleic acid and that this reaction has no biological'
effect.

The study presented here is significant in that it is
the first reported attempt to measure the in vivo binding

of the ultimate carcinogen BPDE to the phosphate backbone
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of DNA. BP, a model skin carcinogen, was topically applied
to the skins of intact animals. Following the metabolism

of BP to its "active" intermediate, binding of the diol
epoxides to target tissue DNA was shown to occur. This
approach was also novel in that it utilized the high sensi-
tivity of fluorescence to measure. the release of tetrol from
the BPDE-phosphate adduct in isolated DNA from the target
tissue (the epidermis).

The lower limit of detection in this study was approx-
imately 2 % of the total BPDE modification (or 10 pg of re-
leased tetrol). The failure to detect binding of the diol
epoxide to the phosphate backbone does not entirely rule
out the possibility that the metabolites of BP do bind to
this phosphate linkage in DNA. It may suggest that the
proportion of phosphotriesters formed in vivo is below the
sensitivity of the procedure. Since this study is based
on the dogma that the BP diol epoxide 1s the ultimate car-
cinogen, there is also the possibility that other meta-
bolites (other than BPDE) might form adducts with the phos-
phate backbone. Other BP metabolites have been shown to
bind to DNA (Alexandrov et al., 1982). Further research
is needed to determine whether the low level of binding of
BP metabolites to the phosphate backbone is of any bio-

logical importance, if it occurs at all.
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Percent of Total DNA Alkylation
at the Phosphodiester Site for

Various A

lkylating Agents

Percent of Total
DNA Alkylation as

Alkylating Agent System Phosphotriester

Benzo(a)pyrene T7 DNAZ -
(in vitro)

Benzo(a)pyrene Col E1 DNAP 0.3
(in vitro)

Methylmethanesulfonate salmon sperm DNAC 1
(in vitro)

Methylnitrosourea salmon sperm DNAd 12.1
(in vitro)

Ethylmethanesulfonate Hela cell DNA® 7
(in vivo)

Ethylmethanesulfonate Hela cell DNA® 13
(in vitro)

Ethylmethanesulfonate salmon sperm DNAC 15.2
(in vitro)

Diethylsulfate ‘Hela cell DNA® 16
(in vitro)

Diethylsulfate HeLa cell DNA® 20
(in vivo)

Ethylnitrosourea salmon sperm DNAd 55.4
(in vitro)

Ethylnitrosourea HeLa cell DNA® 66
(in vivo)

Ethylnitrosourea Hela cell DNA® 70

(in vitro)
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- indicates the absence of any detectable phospho-
triester '
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APPENDIX B

HPIC of Tetrol Standards
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