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ABSTRACT

The excision and persistence of covalent DNA adducts
formed by A/-acetoxy-2-acetylaminofluorene (AAAF) were stud

ied in human skin fibroblasts. The changes in adduct concen
tration as a function of posttreatment incubation were meas
ured in purified nucleosomal core DNA and in total nuclear
DNA, and from these data the changes in adduct concentration
in nucleosomal linker DNA were calculated. Immediately after
/V-acetoxy-2-acetylaminofluorene treatment which introduced
20 to 38 fimol adducts per mol DNA-P, the adduct concentra

tion was 4 to 5 times higher in linker DNA than in core DNA.
Adduct removal was rapid during the first 8 hr of incubation
and occurred 3.5 to 4 times more efficiently from linker DNA
than from core DNA. After 24 hr incubation, adduct removal
continued only at a very low rate, leaving a substantial fraction
of adducts unexcised. This fraction of persistent adducts had
a value of 0.5 and was independent of the initial adduct
concentration in the range of 12 to 115 /Â¿moladducts per mol
DNA-P. Approximately 65% of the persisting adducts were

located in nucleosomal cores.
The initial differences in adduct concentration between linker

DNA and core DNA diminished during posttreatment incuba
tion. This was entirely due to preferential early adduct excision
from linker DNA. No evidence was obtained for repair-induced
long-range nucleosomal movement in normal fibroblasts or

constitutive movement in the absence of excision repair in
xeroderma pigmentosum fibroblasts. Nucleosomal movement
would tend to diminish the concentration differences between
linker DNA and core DNA.

INTRODUCTION

The concentration of specific unexcised DNA lesions at the
time of replication may represent a determining factor for the
cytotoxic, mutagenic, and transforming potency of a carcino
gen in a particular cell. In XP," far-UV and several ultimate

carcinogens producing bulky lesions always possessed maxi
mal cytotoxicity and mutagenicity in the cell strains with the
lowest residual repair capacity (21-23). In repair-proficient
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human lung cells A549, the lower cytotoxicity of the ultimate
metabolite benzo(a)pyrene 4,5-oxide relative to benzo(a)-
pyrene diol-epoxide I may be explained by the low yield of

formation and the high rate of removal of the benzo(a)pyrene
4,5-oxide-DNA adducts (11). The same factors may also be

responsible for the low mutagenic and transforming potencies
of benzo(a)pyrene 4,5-oxide in rodent systems (20, 24). In

several instances, a decrease in the cytotoxic, mutagenic, and
transforming effect of a carcinogen was observed when the
time period available to the cell for lesion removal before DNA
replication was increased, e.g., by holding the cultures in
confluency (14, 16, 36). The formation of a fraction of lesions
which are essentially irrepairable and persist in the DNA over
many cell generations may be particularly important. Several
animal systems have been studied in detail in which the per
sistence in a particular organ of specific carcinogen DNA
adducts is reflected in high tumorigenicity of the carcinogen
for that organ (13, 28). The persistence over several cell
generations of a sizable fraction of benzo(a)pyrene-guanine
and aflatoxin 8,-guanine adducts following an initial phase of

rapid excision has been observed in cultured rodent and human
cells (10, 31, 35, 36) under essentially nontoxic conditions
where the excision system was not saturated.

We have studied the implications of the nucleosomal struc
ture of chromatin for the excision and persistence of covalent
adducts formed by AAAF in NF. While the initial adduct con
centration was considerably higher in nucleosomal linker DNA
than in core DNA, more persistent adducts remained in core
DNA after prolonged incubation because early excision was
more rapid and complete from linker DNA. No evidence was
obtained for constitutive nucleosomal movement which could
decrease the differences in initial lesion concentration even in
the absence of excision repair.

MATERIALS AND METHODS

Chemicals. Ring-labeled [3H]AAAF (878 mCi/mmol) was

obtained from the Midwest Research Institute, Kansas City,
Mo. After evaporation of the mÃ©thylÃ¨nechloride solvent, the
residue was taken up in a small amount of anhydrous dimethyl
sulfoxide (Pierce Chemical Co., Rockford, III.). [2-14C]Thymi-
dine (59 mCi/mmol) and [3H]thymidine (42 Ci/mmol) were

purchased from Amersham, Zurich, Switzerland. All enzymes
for RNA and DNA digestion were obtained from Worthington
Biochemical Corp., Freehold, N. J., and Boehringer Mannheim
GmbH, Mannheim, West Germany; proteinase K was obtained
from E. Merck AG, Darmstadt, West Germany.

Cell Culture Conditions and [3H]AAAF Treatment. Normal

human skin fibroblasts (strains CRL 1121 and 1221) and XP
12BE of complementation group A (CRL 1223) were obtained
from the American Type Culture Collection. They were grown
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in monolayer cultures in Falcon T175 flasks in 35 ml of Dul-
becco's modified Eagle's medium supplemented with 10% fetal

calf serum. NF cultures used in the experiments were below
passage 25 and XP cultures below passage 20.

For the prelabeling of DNA, 2 to 3 x 106 cells were seeded
into T175 flasks, and 18 hr later 0.42 nCi [14C]thymidine per

ml were added. The radioactive media were replaced by fresh
media after 24 hr, and the cultures were allowed to grow to
confluency. NF and XP were then split 1:2 and 1:3, respec
tively, into T175 flasks. After 3 days, the cultures were essen
tially confluent, and the media was changed for the last time.
Four days after the media change, the cultures were treated
with [3H]AAAF. Only 15 ml of the media remained in the culture
flasks for the treatment with [3H]AAAF at a final concentration
of 1.5 Â¡IMand 0.1 % dimethyl sulfoxide for 15 min at 37Â°,while

the rest of the media were pooled for use during posttreatment
incubation. The treatment media were then replaced with 35
ml of the pooled conditioned media for the cultures receiving
posttreatment incubation, while the cultures which were ana
lyzed immediately were washed twice with 10 ml of Versene
before harvesting by trypsinization. For each experimental
point, the contents of 2 T175 flasks corresponding to approx
imately 1.2 x 107 cells were pooled. The cell pellets were
frozen and kept at -20Â° until further analysis. At the time of
the AAAF treatment, the incorporation of [3H]thymidine label in

a 30-min pulse into acid-precipitable DNA had decreased to

approximately 2% of rapidly growing cultures.
In experiments with growing NF, the [3H]AAAF treatment was

given 16 hr after confluent cultures had been split at a ratio of
1:2. While the conditions for the treatment and subsequent
incubation were the same as for confluent cultures, the con
tents of 4 flasks were pooled, yielding approximately 107 cells

for each experimental point. The cell numbers for each T175
flask were determined as a function of posttreatment incubation
in order to monitor cell growth. Approximately 4 to 8 hr follow
ing treatment with AAAF or sham treatment of control cultures,
cell growth was resumed, and within 24 hr the cell numbers
increased by 30 to 40%. The effect of the AAAF treatment on
DNA synthesis was assessed in separate experiments in which
[14C]thymidine-labeled NF cultures were pulsed with 10 ftCi
[3H]thymidine per ml for 10 min at different times following

AAAF treatment. The cells were harvested by trypsinization,
washed with 137 mw NaCI:2.7 mM KCI:8.1 mM Na2HPO4:1.5
rriM KH2PO4:0.9 mM CaCI2:0.5 mM MgCI2, and collected on
glass fiber discs which had been soaked in cold 5% trichloro-

acetic acid. After washing with 5% trichloroacetic acid, the
filter discs were incubated in N HCI at 70Â° for 1 hr, and
following neutralization the 3H:14Cratios were determined. The

peak in DNA synthesis, which was observed 20 hr after sub-

culturing in controls, was delayed by 4 hr and broadened, and
the height of the peak decreased to approximately 45% of the
controls due to the AAAF treatment. However, to judge from
the peak areas of the DNA synthesis profiles, AAAF treatment
inhibited DNA synthesis only by approximately 40%.

Preparation of Total Nuclear DNA and Nucleosomal Core
DNA. The frozen cell pellets were thawed, and the nuclei were
prepared by homogenization in 0.25 M sucrose:0.01 M Tris
(pH 8.0):0.001 M CaCI2 with a Dounce homogenizer using the
"A" pestle at a cell concentration of 6 x 106 cells/ml. After

centrifugation at 25,000 rpm for 10 min, the pellet was resus-
pended in 2 ml 0.25 M sucrose:0.01 M Tris (pH 8.0):0.001 M

CaCI2:0.1 % Triton X-100. The samples were then recentrifuged
under the conditions specified above, and this washing pro
cedure was repeated 3 times.

The nuclear pellets were removed and suspended in 200 /il
of 0.25 M sucrose:0.01 M Tris (pH 8.0):0.0001 M CaCI2, and
150 /xiof each sample were digested with micrococcal nuclease
for 40 min at 37Â°according to the procedure of SÃ¶llner-Webb

and Felsenfeld (34). The enzyme concentration was 50 units/
ml for the experiments with growing cultures and 100 units/ml
for the experiments with confluent cultures. The reaction was
stopped by the addition of excess EDTA, and the samples were
cooled to 0Â°.Under these conditions, 12 to 20% of the DNA

was rendered acid soluble. The samples were centrifugea for
10 min at 2,500 rpm at 4Â°,and for the preparation of nucleo-

somal core particles, the supernatants were layered on top of
linear 5 to 20% (w/v) sucrose gradients containing 0.2 mM
EDTA (pH 7.0) and 0.02 M NaCI. Centrifugation was carried
out in a Spinco SW 40 rotor at 4Â°for 16 hr at 35,000 rpm (17).

Catalase was added as sedimentation marker. Chart 1 shows
typical gradient profiles which were obtained after 20 min and
40 min of digestion with micrococcal nuclease. The fractions
which were used for the preparation of nucleosomal core DNA
are indicated.

The DNA was prepared from the nucleosomal core fractions
and undigested nuclei by the same procedure. However, in
order to achieve lysis of undigested nuclei, 1 ml 0.002 M EDTA
(pH 7.0) was added to the remaining 50 /il of each sample, and
the samples were kept at 4Â°overnight before DNA extraction.

The samples were then treated with 200 fig proteinase K per
ml at 37Â°for 2 hr and extracted twice with phenohchloroform:

isoamyl alcohol [24:24:1 (v/v)]. After addition of 50 fig calf
thymus DNA per ml as carrier, the DNA was precipitated from
the aqueous layer with cold 80% ethanol. The washed precip
itates were dissolved in 1 ml of 0.01 M EDTA (pH 7.0):0.5 M

I 5
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Chart 1. Purification of mononucleosomal cores by centrifugation of micro
coccal nuclease-treated isolated nuclei on linear sucrose gradients. Nuclei from
fibroblast strain CRL 1121 were treated at a concentration of 6 x 10' nuclei/ml

with 100 units of enzyme per ml for 20 (â€¢)and 40 (O) min, respectively. The later
conditions were used routinely for the preparation of nucleosomal cores. Bar,
the fractions collected for DNA extraction. Arrow, the position of catalase which
was added as a sedimentation marker of 11.38. The exact experimental condi
tions were as described in "Materials and Methods" and in Ref. 17.
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NaCI and treated with 250 /jg RNase I per ml (preheated to 80Â°
for 10 min) for 1 hr at 37Â°.After treatment with proteinase K,

the samples were again extracted with phenol, and precipitated
with alcohol as described above. Approximately 30% of the
DNA contained in the 2,500 rpm supernatants of the micrococ-

cal nuclease digests were measured as purified core DNA. In
control experiments, it was shown that the digestibility with
micrococcal nuclease was identical for DNA containing AAF
adducts in the concentration range of our experiments and for
unmodified DNA.

DNA samples obtained from the nucleosomal core fractions
were analyzed by electrophoresis on 6% polyacrylamide using
appropriate DNA size markers. Three main bands at 155, 145,
and 135 base pairs could be distinguished.

Determination of AAF Adduct Concentration and Compo
sition. The total DNA content in the cell pellets was calculated
from the cell numbers using a value of 5.6 x 10~12 g for the

DNA content of a human skin fibroblast. From this data and the
14C content, the specific activity in cpm/fig DNA was deter
mined. For the determination of the 3H:14C ratios in extracted

total DNA and in nucleosomal core DNA, aliquots were hydro-
lyzed with N HCI at 70Â°for 1 hr and, after neutralization with

N NaOH and the addition of Aquassure, counted in a Beckman
LS 9000 scintillation system. The concentration of adducts per
mol DNA-P was then computed from the specific activities of
the DNA and of the [3H]AAAF preparation. The adduct concen

tration in nucleosomal linker DNA was determined from the
concentrations in total DNA and core DNA. Assuming an av
erage core size of 135 base pairs and an average linker size of
47 base pairs for human skin fibroblasts (cf. RÃ©f.19), the lesion
concentration in linker DNA, C,, was calculated from the equa
tion,

135 + 47â€”47â€” 135

where C, represents the average lesion concentration in total
DNA and Cc represents the lesion concentration in the core
DNA.

The adduct composition was determined in deoxynucleoside
mixtures from enzymatically digested total DNA by chromatog-

raphy on Sephadex LH20 columns as described previously for
the separation of covalent adducts of benzo(a)pyrene (31 ). By
this procedure, the 3 major DNA adducts produced by AAAF
are well separated (8). Before the column is developed with
the 30 to 80% aqueous methanoksodium borate gradient, it is
washed with 30% aqueous methanol. Maximally, 10% of the
total 3H radioactivity applied was contained in the wash for

digests of DNA obtained from cells after 0 or 24 hr posttreat
ment incubation. The identity of this material is not known.

Equalization of Adduct Concentration in Nucleosomal
Core DNA and Linker DNA as a Function of Excision. The
expected equalization, E, of the adduct concentrations in core
DNA and linker DNA due to preferential adduct excision from
linker DNA is expressed by the equation,

P _ Coj/Co.c â€” Cex.//Cex.c

Coj/Co.c â€” 1

where E is the degree of equalization of adduct concentration
in core DNA and linker DNA (E = 0 at the initial adduct
distribution and E = 1 at equal adduct concentrations in core

DNA and linker DNA), C0./ is the initial adduct concentration in
linker DNA, C0.cis the initial adduct concentration in core DNA,
Cex./is the adduct concentration in linker DNA at a given extent
of excision, and Ce,,c is the adduct concentration in core DNA
at a given extent of excision.

RESULTS

Excision of AAF Adducts from Nucleosomal Core DNA and
Linker DNA. The time course of the excision of covalent AAF-

DNA adducts from total nuclear DNA and purified nucleosomal
core DNA was measured in confluent and growing NF cultures.
The cultures were prelabeled with ['"C]thymidine and treated
with 1.5 /IM [3H]AAAF, and the average adduct concentrations

in total DNA and core DNA were determined as a function of
posttreatment incubation from the 3H:"'C ratios, the DNA con
tent per cell, and the specific activity of [3H]AAAF. It should be

noted that 1.5 JIM AAAF is of low toxicity to human skin
fibroblasts and reduces their colony-forming ability only by 20

to 30% (21). Chart 2 contains results of representative exper
iments for confluent and growing cultures of 2 NF strains. The
initial adduct concentration in total DNA varied from 20 to 38
/xmol adducts/mol DNA-P. Independent of these variations, the
average concentration was always approximately 2 times
higher in total DNA than in core DNA. Correspondingly, it is
calculated by the equation given in "Materials and Methods"

that the initial adduct concentrations were 4 to 5 times higher
in linker DNA than in core DNA. It is evident that early adduct
excision was always more rapid from linker DNA than from
core DNA. During the first 8 hr of posttreatment incubation,
adduct removal was approximately 4 times (for CRL 1221 ) and
3.5 times (for CRL 1121) more efficient per unit DNA from the
nucleosomal linkers than from the nucleosomal cores. Follow
ing this rapid phase, adduct removal continued at a decreasing
rate and virtually ceased after 24 hr (see, e.g., Chart 2A). The
very slow removal of adducts after 24 hr occurred with similar
rates from core DNA and linker DNA. No significant differences
can be observed between the results from cultures which had
been treated and incubated in confluency shown in Chart 2, A
and C, or in the growing state shown in Chart 2, B and D.

Adduct Persistence. At prolonged posttreatment incubation
when adduct removal had decreased to a low rate, a substantial
portion of residual adducts remained in the DNA. As shown in
Chart 3, the fraction of adducts persisting in total DNA after 24
hr incubation was approximately 0.5 in all experiments with
confluent and growing cultures and was independent of the
initial adduct concentration. At this time, the difference in
adduct concentration between core DNA and linker DNA had
decreased substantially. Approximately 65% of the persistent
adducts were located in core DNA.

Since AAAF induces at least 3 structurally distinct DNA
adducts, namely, N-(deoxyguanosin-8-yl)-AAF, N-(deoxy-
guanosin-8-yl)-AF, and 3-(deoxyguanosin-N2-yl)-AAF (see Ref.

37 and the references therein), the adduct composition at 0
and 24 hr posttreatment incubation was determined in enzy
matic hydrolysates of total DNA by Sephadex LH20 chroma-
tography (8). Immediately following [3H]AAAF treatment, 2 early

eluting minor peaks and a late major peak could be distin
guished. In 4 independent experiments, the first minor peak
contained 1.5 to 3% of the radioactivity and most likely corre
sponds to the A/2-arylation product, 3-(deoxyguanosin-N2-yl)-
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Chart 2. Time course of the removal of AAF adducts from total nuclear DNA,
purified nucleosomal core DNA, and nucleosomal linker DNA. Normal human
fibroblasts were treated in confluency or in the growing state with 1.5 /IM AAAF.
The adduci concentrations were determined in total nuclear DNA and in purified
nucleosomal core DNA as a function of posttreatment incubation. The curve for
nucleosomal linker DNA was computed from these data. For experimental pro
cedures, see "Materials and Methods." A, adduct concentration in nucleosomal

core DNA; â€¢,adduct concentration in total nuclear DNA; D, adduct concentration
in nucleosomal linker DNA. A and 8. confluent and growing cultures, respectively,
of normal strain CRL 1221. C and D, confluent and growing cultures, respectively,
of normal strain CRL 1121.

AAF. The second minor peak contained 8 to 12% of the
radioactivity and consists of N-(deoxyguanosin-8-yl)-AAF and/
or the ring-opened degradation product of NKdeoxyguanosin-
8-yl)-AF (37). These products are not separated under our

Chromatographie conditions. The major peak contained 85 to
90% of the radioactivity and consists of N-(deoxyguanosin-8-
yl)-AF. The N-(deoxyguanosin-8-yl)-AF peak still contained 85

to 90% of the radioactivity after 24 hr posttreatment incubation
when approximately half of the adducts had been removed, but
an accurate determination of the radioactivity contents of the
minor peaks was no longer possible.

Distribution of AAF-ONA Adducts in Nucleosomal Core
and Linker DNA in XP Fibroblasts. The question as to whether

constitutive nucleosomal movement could decrease the differ
ence in the initial adduct concentration between nucleosomal
core and linker DNA was studied with confluent cultures of XP
12BE of complementation group A which are deficient for the
excision of AAF adducts (2). The experimental protocol was
identical to that described above for NF. Confluent cultures
prelabeled with [14C]thymidine were treated with 1.5 /IM and 3
/Â¿M[3H]AAAF, and the concentration of AAF adducts was

determined in purified nucleosomal core DNA and in total
nuclear DNA as a function of posttreatment incubation. The
data in Chart 4 show that the adduct concentration was signif
icantly higher in total DNA than in core DNA and that no product
removal occurred during 24 hr posttreatment incubation, in
agreement with data in the literature (2). The same difference
in the adduct concentration between total DNA and core DNA
and therefore between core DNA and linker DNA was main
tained throughout posttreatment incubation.

DISCUSSION

For an understanding of the implications of the nucleosomal
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Chart 3. Persistence of AAF adducts in the DNA of normal human fibroblasts
after 24 hr posttreatment incubation as a function of the initial adduct concentra
tion. â€¢,growing cultures of strains CRL 1221 and CRL 1121; O, confluent
cultures of strains CRL 1221 and CRL 1121. , the theoretical case for no
excision (added for easy reference).
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Chart 4. AAF adduct concentrations in total nuclear DNA and purified nucleo
somal core DNA as a function of posttreatment incubation in confluent cultures
of XP 12BE. Treatment with 3 Â¡IMAAAF: â€¢adduct concentration in total nuclear
DNA; II. adduct concentration in nucleosomal core DNA. Treatment with 1.5 /IM
AAAF; â€¢,adduct concentration in total nuclear DNA; O, adduct concentration in
nucleosomal core DNA.
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structure of chromatin for the repair of a particular type of DNA
damage, the initial distribution of lesions between nucleosomal
linker DNA and core DNA has to be known. Several ultimate
carcinogens inducing bulky substituents on the DNA bases
produce higher adduct concentrations in linker DNA than in
core DNA (7, 8, 11,15,17, 26, 27, 38). UV-induced pyrimidine
dimers may be more evenly distributed (39). For our present
studies of the relative excision and persistence of DNA lesions
in nucleosomal core DNA and linker DNA, AAAF was chosen
as damaging agent for the following reasons, (a) AAAF pos
sesses a "moderate" preference by a factor of 4 to 5 for the

reaction with linker DNA. An initial concentration difference of
4 to 5 is necessary for the reliable determination of the adduct
concentration in linker DNA from the values for purified core
DNA and total DNA, since the concentration differences dimin
ish rapidly during posttreatment incubation. At a higher pref
erence for linker DNA, on the other hand, adduct radioactivity
in purified core DNA would be insufficient for analysis at
manageable cell numbers and AAAF concentrations of low
toxicity. (D) AAAF produces a relatively simple adduct spec
trum. Chromatographie analysis of digests of total DNA at 0
and 24 hr posttreatment incubation showed that 85 to 90% of
the adducts in human skin fibroblasts corresponded to the
deacetylated form of the C-8 arylamidation product of guanine,
i.e., N-(deoxyguanosin-8-yl)-AF (cf. Refs. 29 and 30). There

fore, in our experiments, we are comparing mostly the relative
excision and persistence of structurally identical adducts in
nucleosomal cores and linkers. Although it would be of consid
erable interest to determine also the distribution and kinetics
of excision of minor AAF adducts (37), this was not possible
with our methodology, (c) It is known from previous work that
XP fibroblasts of complementation group A are unable to
remove AAF adducts from their DNA (2). It was of particular
interest to determine the distribution of adducts between nu
cleosomal core DNA and linker DNA as a function of posttreat
ment incubation in the absence of DNA repair and replication
in confluent XP cultures in order to obtain information about
the inherent stability of the arrangement of nucleosomes along
the DNA helix in the intact cell.

The observed nonrandom distribution of AAF adducts indi
cates that C-8 of guanine is more accessible in linker DNA to

attack by the bulky AAAF reagent. Conformational breathing
of the double-stranded helix may occur more freely in linker
DNA, allowing "insertion-denaturation" (12)or "basedisplace
ment" (18) by the AAF moiety. The higher reactivity of linker

DNA is paralleled by a higher early rate of adduct removal from
linker DNA. In contrast, no significant changes during posttreat
ment incubation were observed in the rate of the removal of
adducts from core DNA. Qualitatively, a similar situation was
found for the adducts induced by benzo(a)pyrene diol-epoxide
I and benzo(a)pyrene 4,5-oxide. The adducts of benzo-
(a)pyrene 4,5-oxide to adenine which were induced with the

highest degree of preference in linker DNA of human lung cells
A549 also were removed most rapidly (11). In contrast, UV-
induced photodimers were induced and removed from nucleo
somal core DNA and linker DNA with comparable efficiency
(27, 39). The structural factors which affect the chemical
reactivity of core DNA and linker DNA towards these damaging
agents may affect the excision of the resulting lesions in the
same direction. Evidence suggesting preferential repair of le
sions located in linker DNA has also been obtained from the

study of the micrococcal nuclease digestibility of patches in
serted into DNA by repair synthesis following UV irradiation
and treatment with methylating agents (4, 5, 9, 33, 39).

Approximately 50% of the initial adducts remained in the
DNA when excision had decreased to a very low rate both in
confluent and growing cultures. This value may be a high
estimate. As mentioned in "Materialsand Methods," Sephadex

LH20 chromatography of DNA digests after 0 and 24 hr post-
treatment incubation showed that approximately 10% of the 3H

radioactivity could not be attributed to the characteristic AAF
adducts. The identity of this material which Ã©lÃ»tesin the
aqueous methanol prewash is not known. Chart 3 shows that
the fraction of adducts persisting in DNA was independent of
the initial adduct concentration in the range of 12 to 115 jumol/
mol DNA-P. Therefore, it is concluded that the excision system
accomplishing early rapid excision of the major AAF adducts
from linker DNA was not saturated at these initial adduct
concentrations. This is in agreement with the earlier observa
tion that repair synthesis in human skin fibroblasts was not
saturated in the dose range of AAAF used in our work (1, 6).
In the experiments with growing cells, the cultures are syn
chronized partially after release from confluency and mostly in
G, phase at the time of AAAF treatment and during the first 4
to 8 hr of posttreatment incubation. Therefore, the observed
early rapid phase of adduct removal occurred mostly before
the onset of DNA synthesis, while the continued slow rate of
adduct removal occurred during the subsequent S and G2
phases. Similar fractions of adducts persisted in the DNA
following the rapid early phase of adduct removal in confluent
and growing cultures. Several interpretations are possible for
these results, none of which can be excluded on the basis of
the available data, (a) The cellular excision system essentially
ceases to operate after the initial rapid phase of adduct removal
from linker DNA, e.g., a protein required for adduct removal is
used up in the reaction, (b) A fraction of adducts is located ab
initio in regions of DNA which are not freely accessible to the
major excision repair system. This fraction of unexcisable
adducts is proportional to the initial adduct concentration, (c)
Since mass cultures were used in our experiments, it is con
ceivable that different subpopulations of cells removed widely
different fractions of adducts and that our results represent
averages over the entire population. Since a majority of the
persisting adducts are located in nucleosomal cores, we dis
favor this interpretation.

Comparable values of 55 and 40% have been obtained in
previous work for the persistence of the adducts of
benzo(a)pyrene diol-epoxide I and II to guanine in human lung

cells (10). It should be noted that, in the case of the persistence
of benzo(a)pyrene and AAF adducts, the lesions which remain
in DNA at prolonged posttreatment incubation were structurally
identical to the lesions which were first rapidly removed. A
different situation presents itself for the persistence of O6-
alkylguanine and the A/2-arylation product of guanine induced

by AAF in the brain and liver of rats, where under certain
conditions a structurally distinct minor fraction of lesions is
refractory to excision throughout posttreatment incubation (13,
28, 37). These lesions may not be repairable by the constitutive
excision repair systems in these organs because of their struc
tural properties, but it cannot be excluded that they could be
located in regions of chromatin which are inaccessible to repair
enzymes.
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Chart 5. Equalization of AAF adduct concentrations between nucleosomal
core DNA and linker DMA as a function of the extent of adduct removal in
confluent (O) and growing (â€¢)cultures of normal human fibroblasts. The experi
mental data were processed according to the equation given in "Materials and
Methods." The equalization value is 0 at the initial nonrandom distribution of

adducts between nucleosomal core DNA and linker DNA and 1.0 when the
adduct concentrations in core DNA and linker DNA have become identical. -

, theoretical cases in which the initial adduct concentration is 4 times
higher in linker DNA and excision is 10 times (.steeper curve) and 5 times
(shallower curve) more efficient from linker DNA.

In recent work, a time-dependent change in the digestibility

by micrococcal nuclease of patches inserted by unscheduled
DNA synthesis has been observed following exposure of cells
to alkylating agents and UV (4, 5, 32, 33, 39). Among several
alternatives, the possibility was considered that constitutive
nucleosomal movement could be responsible for these obser
vations. Our results with confluent XP cultures argue against
nucleosomal movement inducing major changes in the initial
nucleosomal register in the absence of DNA repair and repli
cation. As shown in Chart 4, the initial nonrandom distribution
of AAF adducts between nucleosomal core and linker DNA
remained unchanged during 24 hr posttreatment incubation.
Further analysis of our data with repair-proficient NF argues
against long-range repair-induced nucleosomal movement.
Chart 5 shows that the "equalization" of the adduct concen

trations between nucleosomal core and linker DNA as a func
tion of posttreatment incubation can be explained solely on the
basis of the preferential excision of adducts from linker DNA.
It is evident that a similar relationship was obtained for the
equalization of the adduct concentration as a function of the
extent of excision for the experimental data and for the theo
retical case in which it is assumed that excision occurs 5 to 10
times more efficiently from linker DNA. The mathematical treat
ment of the data for the presentation in Chart 5 is outlined in
the legend and in "Materials and Methods." At the initial
concentrations of 20 to 40 AAF adducts/106 deoxynucleo-

tides, on the average 0.7 to 1.4% of the nucleosomes contain
a damaged nucleotide. Therefore, our results do not exclude
the possibility that short-range repair-induced nucleosomal
movement may occur especially into nucleosome-depleted
DNA sequences. Evidence for nucleosomal movement into
adjacent regions of naked DNA has been obtained in experi
ments with isolated chromatin preparations (3).

Note added in proof:

The formation of similar concentrations of persistent AAAF-DNA ad

ducts in confluent human skin fibroblasts was reported while this paper
was being reviewed by R. Heflich, R. Hazard, L. Lommel, J. Scribner,
V. MÃ¤her and J. McCormick, Chem. Biol. Interactions 29, 43-56,

1980.
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