Biochemistry 1988, 27, 6379-6383

Involvement of DNA Polymerase 6 in DNA Repair Synthesis in Human
Fibroblasts at Late Times after Ultraviolet Irradiation’
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ABSTRACT: DNA repair synthesis following UV irradiation of confluent human fibroblasts has a biphasic
time course with an early phase of rapid nucleotide incorporation and a late phase of much slower nucleotide
incorporation. The biphasic nature of this curve suggests that two distinct DNA repair systems may be
operative. Previous studies have specifically implicated DNA polymerase ¢ as the enzyme involved in DNA
repair synthesis occurring immediately after UV damage. In this paper, we describe studies of DNA
polymerase involvement in DNA repair synthesis in confluent human fibroblasts at late times after UV
irradiation. Late UV-induced DNA repair synthesis in both intact and permeable cells was found to be
inhibited by aphidicolin, indicating the involvement of one of the aphidicolin-sensitive DN A polymerases,
a or 8. In permeable cells, the process was further analyzed by using the nucleotide analogue (butyl-
phenyl)-2/-deoxyguanosine 5’-triphosphate, which inhibits DNA polymerase « several hundred times more
strongly than it inhibits DNA polymerase 6. The (butylphenyl)-2’-deoxyguanosine 5'-triphosphate inhibition
curve for late UV-induced repair synthesis was very similar to that for polymerase 8. It appears that repair
synthesis at late times after UV irradiation, like repair synthesis at early times, is mediated by DNA
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polymerase o.

’Ee biphasic time course of DNA repair synthesis following
ultraviolet (UV)! irradiation of human fibroblasts [reviewed
by Lan and Smerdon (1985)] has led to the suggestion that
excision repair of UV damage may have early and late phases
mediated by biochemically distinct excision repair systems.
Studies of removal of UV damage from the DNA of human
cells have also shown biphasic kinetics (Kantor & Setlow,
1981), and the possible existence of separate early and late
repair systems receives further support from the finding that
some Xeroderma pigmentosum cell types are selectively de-
ficient in either the early or the late phase of the UV damage
removal curve (Sullivan & Kantor, 1986; Kantor & Player,
1986). Lan and Smerdon (1985) found a nonrandom dis-
tribution of repair-incorporated nucleotides in nucleosome core
DNA at early times after UV damage and suggested that
biphasic repair kinetics may be the net result of rapid repair
of damage located near the ends of nucleosome core DNA and
slow repair of damage in central regions of the core. As yet,
enzymatic differences between the early and late phases of
UV-induced excision repair have not been identified.

The existence of specific DNA polymerase inhibitors has
facilitated identification of the polymerases involved in DNA
repair synthesis after various forms of DNA damage. Studies
in intact (Waters, 1981; Snyder & Regan, 1981, 1982; Collins
et al., 1982; Dresler & Lieberman, 1983a) and permeable
(Berger et al., 1979; Ciarrocchi et al., 1979; Hanaoka et al.,
1979; Dresler et al., 1982; Miller & Chinault, 1982a,b; Dresler
& Lieberman, 1983a) nongrowing mammalian cells at early
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times after damage have shown that repair synthesis induced
by high doses of UV irradiation is mediated almost entirely
by an aphidicolin-sensitive DNA polymerase (i.e., polymerase
a or 6; Huberman, 1981; Lee et al.,, 1981). In intact cells,
aphidicolin inhibits removal of UV-induced pyrimidine dimers
(Snyder & Regan, 1981, 1982) and potentiates killing by UV
irradiation (Tyrrell, 1983), indicating that aphidicolin-sensitive
repair synthesis is biologically important. Studies using
N%-(p-n-butylphenyl)-2’-deoxyguanosine 5’-triphosphate
(BuPh-dGTP), a nucleotide analogue which inhibits DNA
polymerase o much more strongly than DNA polymerase &
(Byrnes, 1985; Lee et al., 1985; Crute et al., 1986), have
specifically implicated polymerase & as the enzyme mediating
DNA repair synthesis at early times after UV damage (Dresler
& Frattini, 1986, 1988). Involvement of polymerase & in repair
is supported by biochemical complementation experiments in
UV-irradiated permeable human fibroblasts (Nishida et al.,
1988). In this paper, we use aphidicolin and BuPh-dGTP to
study DNA polymerase involvement in DNA repair synthesis
at late times (greater than 12 h) after irradiation of confluent
human fibroblasts with high doses of UV light.

EXPERIMENTAL PROCEDURES

Chemicals. Aphidicolin, provided by the Natural Products
Branch, Division of Cancer Treatment, National Cancer In-
stitute, was dissolved in DMSO at either 1 or 10 mg/mL and
stored at =20 °C. Hydroxyurea (HU) and 5-bromo-2’-

! Abbreviations: UV, ultraviolet; HU, hydroxyurea; BrdUrd, 5-
bromo-2’-deoxyuridine; dThd, thymidine; dATP, 2’-deoxyadenosine 5'-
triphosphate; dGTP, 2’-deoxyguanosine 5’-triphosphate; BrdUTP, 5-
bromo-2’-deoxyuridine 5’-triphosphate; dCTP, 2’-deoxycytidine 5’-tri-
phosphate; EDTA, ethylenediaminetetraacetic acid; Tris, 2-amino-2-
(hydroxymethyl)-1,3-propanediol; dCMP, 2’-deoxycytidine 5’-mono-
phosphate; PBS, phosphate-buffered saline; dNTPs, the four common
2’-deoxyribonucleoside 5’-triphosphates; BuPh-dGTP, N2-(p-n-butyl-
phenyl)-2’-deoxyguanosine 5'-triphosphate.
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deoxyuridine (BrdUrd) were dissolved in water immediately
prior to use. BuPh-dGTP, the generous gift of Dr. George
Wright, was dissolved at 10 mM in 30 mM Tris, pH 7.6, and
stored at ~20 °C.

Cell Culture and UV Irradiation. Human diploid fibroblasts
(AG1518; Institute for Medical Research) were passed into
plastic culture dishes, prelabeled with [methy/-1*C]dThd, and
grown to confluence as described (Dresler et al., 1982). For
autoradiography, cells were grown on ethanol-washed glass
microscope slides in plastic culture dishes and were not pre-
labeled. After culture medium was removed, cell monolayers
in culture dishes were exposed to UV radiation (primarily 254
nm) from a germicidal lamp (G15T8) at a flux of either 1 or
2 W/m? UV flux was measured by using an International
Light IL770A radiometer.

Measurement of DNA Repair Synthesis in Intact Cells
Using the BrdUrd Density Shift Technique. Culture dishes
of confluent fibroblasts, prelabeled with ['4C)dThd and either
unirradiated or irradiated with the indicated dose of UV light,
were incubated during the indicated time period with [3H]-
dThd (20 or 50 uCi/mL; 50-60 Ci/mmol), 50 uM BrdUrd,
and either no aphidicolin or 120 uM aphidicolin. DNA was
isolated by sodium dodecyl sulfate—proteinase K digestion and
subjected to isopycnic centrifugation in alkaline CsCl (Dresler
& Lieberman, 1983a) to separate radioactive label incorpo-
rated by residual semiconservative DNA replication, which
is very dense, from that incorporated by repair synthesis, which
has a density very close to that of parental DNA (Hanawalt
& Cooper, 1971). Repair synthesis was determined by taking
the difference between specific dThd incorporation (°H/C)
in the parental DNA peaks of corresponding irradiated and
unirradiated samples (Dresler et al., 1982).

Measurement of DNA Repair Synthesis in Intact Cells in
the Presence of HU. Culture dishes of confluent fibroblasts,
prelabeled with {*“C]dThd and either unirradiated or irradiated
with the indicated dose of UV light, were incubated during
the indicated time period with 20 ¢Ci/mL [*H]dThd, 10 mM
HU, and either no aphidicolin or 120 uM aphidicolin. DNA
was isolated by sodium dodecyl sulfate—proteinase K digestion
(Dresler & Lieberman, 1983a), precipitated with trichloro-
acetic acid, and collected on glass fiber filters as described
(Dresler et al., 1982). Radioactivity was determined by liquid
scintillation counting, and repair synthesis was calculated by
taking the difference between specific dThd incorporation
(*H/'C) in corresponding irradiated and unirradiated samples
(Dresler et al., 1982).

Measurement of DNA Repair Synthesis in Intact Cells
Using Autoradiography. Confluent fibroblasts, grown on glass
microscope slides and either unirradiated or irradiated with
the indicated dose of UV light, were incubated with 2.5
uCi/mL [*H]dThd and either no aphidicolin or 60 uM
aphidicolin during the time period indicated. The cells were
washed, incubated with excess unlabeled dThd, fixed, and
processed for autoradiography as described (Dresler & Lie-
berman, 1983a). Silver grains overlying 150-200 nuclei were
counted for each sample. Repair synthesis was calculated by
taking the difference between the mean grains per non-S-phase
cell in corresponding damaged and undamaged samples.

Measurement of DNA Repair Synthesis in Permeable Cells.
The assay used has been extensively characterized (Roberts
& Lieberman, 1979; Dresler et al., 1982). Confluent fi-
broblasts, prelabeled with [!*C]dThd and either unirradiated
or irradiated with the indicated dose of UV light, were incu-
bated in culture medium for 14 h and then harvested. The
harvested cells were made permeable and washed as described
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(Dresler et al., 1982; Dresler & Lieberman, 1983b). Portions
of cell suspension were mixed at 4 °C with 0.5 volume of a
reaction stock to give the following final concentrations: 40
mM Tris (pH 7.6 at 37 °C), 8 mM MgCl,, 15 mM KCl, 5
mM ATP, 167 mM sucrose, 2 mM dithiothreitol, 0.67 mM
EDTA, the indicated concentrations of dATP, dGTP,
BrdUTP, and dCTP (one of which was labeled with 32P), and
the indicated concentration of aphidicolin or BuPh-dGTP.
Samples were incubated at 37 °C for 15 min, and DNA was
isolated by sodium dodecyl sulfate—proteinase K digestion and
analyzed by isopycnic centrifugation in alkaline CsCl (Dresler
& Lieberman, 1983a). Repair synthesis was determined by
taking the difference between specific dCMP incorporation
(*?P/'*C) in the parental DNA peaks of corresponding irra-
diated and unirradiated samples.

Measurement of DNA Strand Break Accumulation in In-
tact Cells by Alkaline Elution. Confluent fibroblasts, grown
in 100 cm? culture dishes, prelabeled with [**C]dThd and
irradiated with 20 J/m? UV light, were incubated in culture
medium without addition for the indicated time and then
incubated for 30 min with either no addition, 7.5 uM aphi-
dicolin, or 7.5 uM aphidicolin plus 10 mM HU, as indicated.
Cells were then harvested by replacing the culture medium
in each dish with 3 mL of 0.5 mM EDTA in PBS (2.7 mM
NaH,PO,, 13.1 mM Na,HPO,, 135 mM NaCl, and 4.9 mM
KCl) and placing the dishes on ice for 10 min, followed by
gentle scraping and resuspension of the cells by repeated pi-
petting. A 1-mL portion of each sample was added to 20 mL
of ice-cold PBS together with 3.3 X 105 L1210 cells which had
been labeled for 16 h with 25 nCi/mL [*H]dThd and irra-
diated with 1000 rad of v radiation. (The *H-labeled, y-ir-
radiated cells were added to provide an internal strand break
standard.) The samples were then subjected to alkaline elution
essentially as described (Kohn et al., 1981). Briefly, samples
were collected on 2-um pore size polycarbonate filters and
washed, and the cells were lysed with 2% (w/v) sodium dodecyl
sulfate and 25 mM EDTA, pH 10.0. DNA was eluted from
the filters with 20 mM EDTA adjusted to pH 12.1 with tet-
rapropylammonium hydroxide at a flow rate of 0.2 mL/min,
and 2-mL fractions were collected. The radioactivity in each
fraction was determined by liquid scintillation counting, and
the fractions of *H and *C DNA remaining on each filter at
each time point were calculated. In the assay, the rate at which
DNA elutes from the filter is related to the DNA strand break
frequency; by plotting the elution of *C(experimental cell
DNA) vs *H(internal strand break standard DNA) for each
sample, the relative strand break frequencies of the samples
can be compared directly.

Isolation of DNA Polymerases and Measurement of Po-
lymerase Activity. DNA polymerase o was isolated from
HeLa cells as described (Fisher & Korn, 1977). DNA po-
lymerase ¢ was isolated from calf thymus (Crute et al., 1986).
Both polymerases were assayed using poly(dA)—oligo(dT) as
template-primer as described (Crute et al., 1986).

RESULTS AND DISCUSSION

Effect of Aphidicolin on DNA Repair Synthesis in Intact
Human Fibroblasts at Late Times after UV Irradiation. The
time course of UV-induced DNA repair synthesis in intact
confluent human fibroblasts, as measured by the BrdUrd
density shift method, is seen in Figure 1. There is an early
phase of rapid [*H]dThd incorporation which lasts 8-10 h,
followed by a phase of slower incorporation extending beyond
24 h. To study the effects of aphidicolin on the two phases
of repair synthesis, we used the BrdUrd density shift technique
to examine repair synthesis in confluent human fibroblasts
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FIGURE 1: Time course of UV-induced DNA repair synthesis in intact
human fibroblasts as measured by the BrdUrd density shift technique.
Confluent AG1518 cells, prelabeled with [C]dThd, were irradiated
with 11 J/m? UV light and incubated with 50 uM BrdUrd and 20
uCi/mL [*H]dThd for the indicated times after damage. Repair
synthesis was determined as described under Experimental Procedures.

Table I: Effect of Aphidicolin on UV-Induced DNA Repair
Synthesis in Intact Human Fibroblasts at Early and Late Times after
UV Irradiation As Measured by the HU and BrdUrd Density Shift
Techniques®

repair synthesis

time of
labeling (h CH/™C)
after UV -aphidi- +aphidi- effect of
technique irradiation) colin colin aphidicolin
BrdUrd 0-2 4.5 1.5 67% inhibition
BrdUrd 14-33 0.9 1.3 44% stimulation
HU 14-33 27.1 10.3 62% inhibition

2Confluent AG1518 fibroblasts, prelabeled with ['*C]dThd, were
irradiated with 12 J/m? UV light and labeled for the indicated time
period with 20 pCi/mL [*H]dThd and either 10 mM HU or 50 uM
BrdUrd. Repair synthesis was determined as described under Experi-
mental Procedures. Where indicated, 120 M aphidicolin was present
during the labeling period. [This dose of aphidicolin is at least 8 times
that which maximally inhibits repair synthesis in intact human fibrob-
lasts at early times after UV irradiation (Dresler & Lieberman,
1983a).]

pulse-labeled with [*H]dThd at early (0-2 h) and late (14-33
h) times after UV irradiation (Table I). As expected, UV-
induced [*H]dThd incorporation during the early time period
was substantially (67%) inhibited by aphidicolin. Surprisingly,
UV-induced [*H]dThd incorporation at late times was stim-
ulated by 44% in the presence of the drug.

We also used autoradiography to evaluate the aphidicolin
sensitivity of repair synthesis in intact cells at early and late
times after UV irradiation. Consistent with the BrdUrd
density shift data, at early times (0—1 h) after damage, UV-
induced [*H]dThd incorporation was largely (71%) inhibited
by aphidicolin and at late times (19-25 h) after damage,
incorporation was stimulated (21%) by the presence of the drug
(data not shown).

The finding that aphidicolin, a DNA polymerase inhibitor,
stimulates [*H]dThd incorporation at late times after UV
irradiation suggests that the drug may produce changes in
cellular nucleotide metabolism which confound attempts to
study its direct effect on DNA repair synthesis. The plau-
sibility of this hypothesis is supported by the fact that aphi-
dicolin substantially reduces the in situ activities of both ri-
bonucleotide reductase and thymidylate synthetase in mouse
3T6 fibroblasts (Nicander & Reichard, 1985). Reductions
in the activities of these enzymes would decrease de novo dTTP
synthesis and, in a [*H]dThd labeling experiment, would in-
crease the *H specific activity of the cellular dTTP pool. This
alteration in dTTP specific activity would act counter to any
inhibitory effect of aphidicolin on the actual rate of incorpo-
ration of dTTP into DNA. To examine this possibility, we
studied the effect of aphidicolin on UV-induced [*H]dThd
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incorporation at late times after damage in intact cells treated
with 10 mM HU. The addition of HU, a strong ribonucleotide
reductase inhibitor (Timson, 1975; Skoog & Nordenskjold,
1971; Snyder, 1984a,b), should substantially reduce nucleotide
flux through that enzyme in both control and aphidicolin-
treated cells. This should minimize the impact on [3H]dThd
incorporation of aphidicolin-induced changes in the activity
either of ribonucleotide reductase or of subsequent enzymes
in the de novo dTTP biosynthetic pathway. As seen in Table
I, damage-induced [*H]dThd incorporation at late times
(14-33 h) after UV irradiation was inhibited by aphidicolin
when measured in the presence of HU. These data suggest
that DNA repair synthesis in intact human fibroblasts at late
times after UV irradiation is largely sensitive to aphidicolin
and that the lack of inhibition seen when using BrdUrd density
shift and autoradiography is artifactual.

The apparent occurrence of aphidicolin-induced alterations
of nucleotide metabolism at late times after UV irradiation
is surprising, because such changes have not been noted at
early times following damage. Studies of nucleotide metab-
olism following UV irradiation of mammalian cells have,
however, revealed substantial variations in cellular ANTP
concentrations during the first 8 h after damage, after which
the dNTP concentrations return to control levels (Newman
& Miller, 1983; Das et al., 1983). These results suggest that
the regulation of dNTP synthesis at early times after UV
irradiation may differ from that at late times.

Assessment of Aphidicolin Inhibition of Late UV Repair
in Intact Cells by Measuring DNA Strand Break Accumu-
lation. Measurement of DNA strand break accumulation is
a sensitive method for detecting inhibition of repair patch
synthesis which is largely unaffected by changes in cellular
nucleotide metabolism. The basis for this technique is the
finding that inhibitors of repair patch synthesis, because they
delay the completion and ligation of repair patches, will cause
DNA strand breaks to accumulate following DNA damage
(Snyder et al., 1981; Bodell et al., 1982; Collins et al., 1982;
Cleaver, 1982; Snyder & Regan, 1982; Hunting et al., 1985).
Using the alkaline elution technique (Kohn et al., 1981), we
studied the effect of aphidicolin on strand break accumulation
at early and late times following UV irradiation in intact
human fibroblasts. As expected, at early times (3.5-4 h) after
UV irradiation (Figure 2A), aphidicolin produced a dramatic
increase in the accumulation of DNA strand breaks. At late
times (17.5~18 h) after UV irradiation (Figure 2B), aphidicolin
also produced a marked increase in strand break accumulation,
confirming that aphidicolin strongly inhibits repair synthesis
in intact human fibroblasts at both early and late times after
UV irradiation.

We have previously shown that addition of HU will po-
tentiate the inhibition of repair patch synthesis produced by
a submaximal dose of aphidicolin (Hunting et al., 1985). The
fact that, in this experiment, the combination of HU plus
aphidicolin produced no more DNA strand break accumulation
than aphidicolin alone (Figure 2A,B) indicates that aphidicolin
inhibition of both early and late repair was maximal, even
though the concentration of aphidicolin used was much lower
than the concentrations used in the other experiments described
in this paper.

Effect of Aphidicolin on DNA Repair Synthesis at Late
Times after UV Irradiation As Measured by the Permeable
Cell Technique. Measurement of DNA repair synthesis in
permeable cells provides another way of avoiding the con-
founding effects of changes in cellular nucleotide metabolism.
The permeable cell method circumvents this problem by
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FIGURE 2: Effect of aphidicolin and aphidicolin/HU on DNA strand
break accumulation in intact human fibroblasts at early (A) and late
(B) times after UV irradiation. Confluent AG1518 cells, prelabeled
with [1*C]dThd, were irradiated with 20 J/m? UV light, incubated
for either 3.5 h (A) or 17.5 h (B) in medium without additions, and
then incubated for 30 min in medium containing no addition (@), 7.5
M aphidicolin (a), or 7.5 uM aphidicolin plus 10 mM HU (a).
DNA strand breakage was analyzed by alkaline elution after addition
of [*H]dThd-labeled 11210 cells which had been irradiated with 1000
rad of v radiation as an internal strand break standard.

100 80 60 40

permitting one to control the concentrations and specific ra-
dioactivities of the dNTPs during the assay (Hunting &
Dresler, 1985). We irradiated confluent human fibroblasts
with various doses of UV light, incubated them in culture
medium at 37 °C for 14 h, and then made them permeable
and assayed repair synthesis in the presence and absence of
aphidicolin. When studied in this way, repair synthesis at late
times after UV irradiation was at least 80% aphidicolin sen-
sitive at all UV doses examined (Figure 3). This result,
together with the strand break accumulation data presented
above, convincingly establishes that DNA repair synthesis at
late times after UV irradiation is inhibited by aphidicolin.

Effect of BuPh-dGTP on DNA Repair Synthesis at Late
Times after UV Irradiation. The aphidicolin sensitivity of late
UV-induced DNA repair synthesis indicates that the process
is mediated by one or both of the aphidicolin-sensitive DNA
polymerases, « and/or 8. These two enzymes can be differ-
entiated by using the nucleotide analogue BuPh-dGTP which
inhibits polymerase « several hundred times more strongly than
it inhibits polymerase ¢ (Byrnes, 1985; Lee et al., 1985; Crute
et al., 1986). Using the permeable cell system, we compared
the sensitivity to BuPh-dGTP of repair synthesis at late times
after UV irradiation with the BuPh-dGTP sensitivities of DNA
polymerases « and 6 (Figure 4). The concentrations of
BuPh-dGTP required to inhibit late UV repair synthesis were
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FIGURE 3: Effect of aphidicolin on DNA repair synthesis at late times
after UV irradiation as measured by the {)ermeable cell technique.
Confluent AG1518 cells, prelabeled with ['#C]dThd, were irradiated
with the indicated dose of UV light and incubated for 14 h at 37 °C.
The cells were then harvested, and repair synthesis was determined
by the permeable cell technique with dATP, BrdUTP, dGTP, and
[@-**P]dCTP each at 3 uM and with the addition of either no
aphidicolin (4A) or 105 uM aphidicolin (®). [The concentration of
aphidicolin used is at least 7 times that required to maximally inhibit
repair synthesis in permeable human fibroblasts at early times after
UV irradiation (Dresler & Lieberman, 1983a).]
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FIGURE 4: Effect of BuPh-dGTP on repair synthesis at late times after
UV irradiation and on DNA polymerases o and 8. Confluent AG1518
cells, prelabeled with [**C]dThd, were irradiated with 30 J/m? UV
light, incubated for 14 h at 37 °C in culture medium, made permeable,
and assayed for repair synthesis (4). Reaction mixtures contained
3 uM dATP, dCTP, and BrdUTP, 0.3 uM [a-32P]dGTP, and the
indicated concentrations of BuPh-dGTP. The dashed line represents
previously published data for BuPh-dGTP inhibition of early UV repair
assayed under identical reaction conditions (Dresler & Frattini, 1986).
Polymerases o (@) and ¢ (W) were assayed in reaction mixtures (see
Experimental Procedures) containing the indicated concentrations
of BuPh-dGTP. The data are expressed as percentages of the activity
seen in samples incubated without BuPh-dGTP.

several hundredfold greater than those required to inhibit DNA
polymerase « but were very similar to those which inhibited
DNA polymerase 8. In addition, the BuPh-dGTP inhibition
curve for repair synthesis at late times after UV irradiation
was almost identical with that for early repair. It appears that
repair synthesis at late times after UV irradiation, like repair
synthesis at early times (Dresler & Frattini, 1986, 1988;
Dresler & Kimbro, 1987; Nishida et al., 1988), is mediated
by DNA polymerase é.

Conclusion. Several characteristics of excision repair at late
times after UV irradiation suggest that the process may differ
biochemically from repair at early times after UV irradiation
(see the introduction). Our data indicate that these differences
are not due to the involvement of different DNA polymerases
in early and late repair. This conclusion does not rule out the
existence of other differences between repair synthesis
mechanisms at early and late times after damage. Celis and
Madsen (1986) have shown that UV irradiation of cultured
human cells induces a dramatic change in the nuclear dis-
tribution of PCNA /cyclin, a protein which acts as a specific
accessory factor for DNA polymerase & (Bravo et al., 1987;
Prelich et al., 1987). DNA damage-induced synthesis of a
number of nuclear proteins has also been described (Lambert
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et al., 1986). Changes in the expression and/or distribution
of DNA polymerase accessory proteins could dramatically alter
the characteristics of repair patch synthesis at late times after
damage, even if the DNA polymerase involved remained the
same.
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