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Rearrangements of Chromatin Structure in Newly Repaired Regions of
Deoxyribonucleic Acid in Human Cells Treated with Sodium Butyrate or

Hydroxyurea?

Michael J. Smerdon

ABSTRACT: The rate and extent of redistribution of repair-
incorporated nucleotides within chromatin during very early
times {10—45 min) after ultraviolet irradiation were examined
in normal human fibroblasts treated with 20 mM sodium
butyrate, or 2-10 mM hydroxyurea, and compared to results
for untreated cells. Under these conditions, DNA replicative
synthesis is reduced to very low levels in each case. However,
DNA repair synthesis is stimulated by sodium butyrate and
partially inhibited by hydroxyurea. Furthermore, in the so-
dium butyrate treated cells, the core histones are maximally
hyperacetylated. Using methods previously described by us,
it was found that treatment with sodium butyrate had little
or no effect on either the rate or the extent of redistribution

It is now clear that rearrangements of chromatin structure
take place following DNA repair synthesis in human cells
damaged by ultraviolet (UV)! radiation (Smerdon & Lie-
berman, 1978, 1980; Smerdon et al., 1979, 1982a; Williams
& Friedberg, 1979; Bodell & Cleaver, 1981; Cleaver, 1982)
or UV-mimetic chemicals (Tlsty & Lieberman, 1978; Oleson
et al., 1979; Zolan et al., 1982). Immediately after repair
synthesis, the newly repaired DNA is rapidly digested to
acid-soluble form by both staphylococcal nuclease and DNase
I. This DNA is markedly reduced in nucleosome core particles
and does not yield the familiar ~ 10-base repeat pattern on
gels following digestion with DNase I. Subsequently, the newly
repaired DNA becomes increasingly nuclease resistant, is
associated with nucleosome cores, as well as histone H1, and
yields an ~ 10-base repeat pattern following DNase I digestion
(Smerdon & Lieberman, 1980; Smerdon et al., 1982a). These
results led us to propose that this redistribution process, which
we have termed “nucleosome rearrangement”, may involve the
refolding of newly repaired regions of DNA into their original
(or near-original) nucleosome structures following a pertur-
bation of these structures by the excision repair process
(Lieberman et al., 1979). An alternative explanation for these
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of repair-incorporated nucleotides during this early time in-
terval. On the other hand, there was a 1.7-2.5-fold decrease
in the rate of redistribution of these nucleotides in cells treated
with hydroxyurea; the extent of redistribution was unchanged
in these cells. Since hydroxyurea has been shown to decrease
the rate of completion of “repair patches” in mammalian cells,
these results indicate that nucleosome rearrangement in newly
repaired regions of DNA does not occur until after the final
stages of the excision repair process are completed. Fur-
thermore, hyperacetylation of the core histones in a large
fraction of the total chromatin prior to DNA damage and
repair synthesis does not appear to alter the rate or extent of
nucleosome core formation in newly repaired regions of DNA.

results is that core histones are continuously changing their
positions along the DNA (“sliding”) and that damaged DNA
bases are not “fixed” to their original positions within a nu-
cleosome unit. The repair enzymes could then perform the
excision of these lesions, as well as resynthesis, only when the
lesions were “presented” in the linker region. The rear-
rangement that we observe would then be due to the contin-
uous sliding of core histones in these newly repaired regions
of DNA which would serve to randomize the distribution of
this DNA between linker and core regions. We have classified
this form of nucleosome rearrangement as “constitutive
rearrangement”, and it represents a marked contrast to the
first proposal given above, which we have called “induced
rearrangement” (Smerdon & Lieberman, 1978).

Data on the initial chromatin distribution and subsequent
removal of labeled chemical adducts in intact cells support the
induced rearrangement model (Oleson et al., 1979; Kaneko
& Cerutti, 1980; Jack & Brookes, 1982). For example, the
nonrandom distribution between linker and core DNA of the
adducts formed by N-acetoxy-2-(acetylamino)fluorene (Ka-
neko & Cerutti, 1980) and r-7,t-8-dihydroxy--9,10-oxy-
7,8,9,10-tetrahydrobenzo[a]pyrene (Jack & Brookes, 1982)
remains unchanged for periods of 24—48 h in repair-deficient

! Abbreviations: UV, ultraviolet; dThd, thymidine; Tris, 2-amino-
2-(hydroxymethyl)-1,3-propanediol; BrdUrd, 5-bromo-2’-deoxyuridine;
bp, base pair(s).
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xeroderma pigmentosum human fibroblasts. However, to date
there has been no direct evidence that the rearrangements of
chromatin structure in newly repaired regions of DNA are,
in fact, “coupled” to the excision repair process. One approach
to addressing this question is to examine these rearrangements
of chromatin structure in cells in which the completion of
“repair patches” is inhibited. There is now convincing evidence
that such an inhibition occurs during very early times after
UV irradiation in mammalian cells treated with millimolar
concentrations of hydroxyurea (Ben-Hur & Ben-Ishai, 1971;
Collins et al., 1977, 1982; Collins, 1977; Erixon & Ahnstrom,
1979; Collins & Johnson, 1981).

In a previous study, we reported that treatment of human
fibroblasts with 10 mM hydroxyurea did not markedly affect
the rate and extent of redistribution of nucleotides incorporated
during a 30-min pulse-labeling period following UV irradiation
(Smerdon et al., 1979). Although small differences were
observed between hydroxyurea-treated cells and untreated cells
in the distribution of these nucleotides immediately after the
pulse period [see Table I and Figure 2 of Smerdon et al.
(1979)], there was little or no difference in the distributions
measured during the subsequent 1-25.5-h chase period.
Therefore, in those studies, it was difficult to assess the sig-
nificance of the differences observed immediately after the
pulse-labeling period. In light of the more recent evidence
demonstrating a partial inhibition of the final step of excision
repair by hydroxyurea, I have examined the effects of this drug
on the rate and extent of redistribution of repair-incorporated
nucleotides occurring during the very early time interval of

10-45 min after irradiation and report these results here.

I have also examined the effects of sodium butyrate on the
rate and extent of nucleosome rearrangements in newly re-
paired regions of DNA in human cells. Treatment of these
cells with this short-chained fatty acid, under the conditions
used here, results in a massive hyperacetylation of the core
histones and a marked decrease in the levels of DNA repli-
cative synthesis (Smerdon et al., 1982b). Furthermore, there
is a 1.5-2-fold increase in repair synthesis during early times
(i.e., 0-2 h) after UV irradiation (Smerdon et al., 1982b).
Thus, it is of interest to examine the chromatin redistribution
characteristics of nucleotides incorporated during this enhanced
level of repair synthesis in cells containing hyperacetylated core
histones.

Materials and Methods

Cell Culture. Human diploid fibroblasts (strain AG 1518)
were grown in culture as previously described (Smerdon et al.,
1982b). All cells were between passage 11 and passage 17.
For nuclease digestion experiments, cells were split 1:3 and
prelabeled for 1 week with 20-50 nCi/mL [**C]dThd (50
mCi/mmol; New England Nuclear) or 10 nCi/mL [*H]dThd
(50-80 Ci/mmol; New England Nuclear), depending on the
experiment. The medium was then changed with fresh me-
dium (not containing labeled nucleotides), and the cells were
incubated for 1 more week before they were irradiated and
labeled during repair synthesis. For experiments measuring
the suppression of DNA replicative synthesis by UV radiation,
cells were split 1:4 and prelabeled for 3 days with 1 nCi/mL
[*C]dThd. The medium was changed, and the cells were
irradiated 1 week after passage.

Irradiation and Labeling during Repair Synthesis. Prior
to irradiation, some cells were treated with 20 mM sodium
butyrate for 48 h (Smerdon et al., 1982b) or 2-10 mM hy-
droxyurea for 45 min. Cells were irradiated with 12 J/m? UV
light (predominantly 254 nm; 2 W/m?) in an enclosed room
heated to 37 °C as previously described (Smerdon et al., 1978).
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Immediately after the irradiation step, [*H]dThd (2-10
pCi/mL final concentration) was then added to the medium,
and the cells were placed in incubators for 10-45 min (see
text).

Nuclei Preparation and Nuclease Digestions. Nuclei were
prepared as described in Smerdon et al. (1979). In experi-
ments involving both *H- and “C-prelabeled cells, all of the
cells were combined during the first step of the procedure, and
the nuclei were coisolated. Suspended nuclei [(1.6-4.1) X
10%/mL] were incubated at 37 °C with either staphylococcal
nuclease (0.3-1.6 units/10% nuclei; Worthington) or DNase
I (1.1 ug/10° nuclei; Sigma) in 10 mM Tris, pH 7.8, 0.1 mM
CaCl,, and 0.25 M sucrose as described previously (Smerdon
et al, 1978, 1982a). For the generation of difference curves
(see text) with a sufficient number of data points to accurately
describe the initial and final slopes, staphylococcal nuclease
was added to the digestion solution at two different times as
described in Smerdon et al. (1982a). Measurement of acid-
soluble radioactivity, data analysis, and agarose gel electro-
phoresis have been described in detail elsewhere [e.g., see
Smerdon & Lieberman (1980)]). The initial and final slopes
of the difference curves were determined by a linear regression
analysis of the data points corresponding to values of f{(}“C)
< 0.10 and >0.50, respectively. Values for £ (see text) were
obtained from the difference curves by using the equation £
= (b - b;)/(M; - M), where b; and b are the ordinate in-
tercepts for the lines defined by the initial slope (M;) and the
final slope (Af;), respectively.

Measurement of DNA Replicative Synthesis. Cells, pre-
labeled with [14C]dThd, were treated with S0 uM BrdUrd 90
min prior to irradiation. The cells were irradiated and labeled
with 10 uCi/mL [*H]dThd (in the presence of BrdUrd) as
described above. The procedures for DNA preparation, iso-
pycnic centrifugation on alkaline CsCl gradients, and deter-
mination of the radioactivity profiles have been described
elsewhere (Smerdon et al., 1979, 1982b).

Results

UV Suppression of DNA Replicative Synthesis. For ex-
amination of the rate and extent of redistribution of DNA
repair-incorporated nucleotides at very early times after UV
irradiation, the contribution of DNA replicative synthesis to
the total incorporation of labeled nucleotides must be deter-
mined. Therefore, I examined the levels of replicative synthesis
in both irradiated and unirradiated (control) cells by using the
BrdUrd density-shift method. Human fibroblasts were pre-
labeled with [*“C]dThd, grown to “near confluence”, and la-
beled with [*H]dThd (in the presence of BrdUrd) during repair
synthesis. Figure 1 shows typical profiles for the alkaline CsCl
gradients obtained from irradiated and control cells labeled
for 10 min (Figure 1A,B) or 45 min (Figure 1C,D) with
[*H]dThd, starting immediately after irradiation in each case.
As can be seen, the amount of “heavy” (newly replicated)
DNA decreases following irradiation for both labeling times.
From the ratio of total *H dpm in the heavy peak to the total
14C dpm, the time course of DNA replicative synthesis was
determined for both irradiated and control cells (Figure 2A).
The data in each case give a good approximation of a straight
line over this relatively short time interval. The ratio of the
slopes of these lines is 0.39. Thus, over the time interval of
10~-45 min after irradiation, the level of replicative synthesis
is reduced to ~39% of the level found in unirradiated cells.
This value for the UV suppression of replicative synthesis was
used in all chromatin distribution analyses (see below).

The time course for repair synthesis can also be determined
from the alkaline CsCl gradient profiles (e.g., Figure 1). The
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FIGURE 1. Alkaline CsCl gradient profiles of DNA from UV-irradiated
and unirradiated (control) human fibroblasts. Near-confluent cells,
prelabeled with ['*C]dThd, were irradiated (panels B and D) or mock
irradiated (panels A and C) with 12 J/m? UV light and labeled with
[*H]dThd and BrdUrd for 10 (panels A and B) or 45 (panels C and
D) min immediately after irradiation. The DNA was isolated and
banded in alkaline CsCl gradients (Materials and Methods). The
density decreases from left to right in each panel.

ratio of the total ’H dpm in the “light” peak (repaired DNA)
to the total *C dpm is shown in Figure 2B. Once again, the
data are linear with time, indicating that this time interval is
completely within the initial rapid phase of repair synthesis
[e.g., see Smerdon et al. (1978)].

Analysis of Nuclease-Sensitive DNA. The analysis of the
relative nuclease sensitivity of repair-incorporated nucleotides
in cells treated with sodium butyrate and hydroxyurea is de-
pendent on the rate of digestion of the bulk DNA in nuclei
from these cells. Therefore, to compare the rate of redistri-
bution of repair-incorporated nucleotides in sodium butyrate
treated cells to that of hydroxyurea-treated cells and untreated
cells, it was necessary to determine the effect of sodium bu-
tyrate treatment on the kinetics of nuclease digestion of bulk
DNA. Indeed, several investigators have shown that the rate
of digestion of DNA to acid-soluble form by DNase I is greater
in hyperacetylated chromatin (i.e., from sodium butyrate
treated cells) than in chromatin from untreated cells (Nelson
et al,, 1978; Simpson, 1978; Vidali et al., 1978; Perry &
Chalkley, 1981). A similar observation was reported for very
low extents of digestion by staphylococcal nuclease (Kitzis et
al., 1980). Therefore, the time course of digestion for both
DNase I and staphylococcal nuclease was determined for a
mixture of nuclei from sodium butyrate treated cells (prela-
beled with [*H]dThd) and nuclei from untreated cells (pre-
labeled with ['4C]dThd). As shown in Figure 3, neither en-
zyme preferentially digests the bulk DNA in nuclei from so-
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FIGURE 2: Time course of DNA replicative synthesis (A) and DNA
repair synthesis (B) in UV-irradiated (@) and unirradiated (O) human
fibroblasts. Cells were treated as described in the legend to Figure
1 and labeled with [*H]dThd and BrdUrd for the times shown.
Alkaline CsCl gradient profiles (e.g., Figure 1) were obtained for each
labeling time. The levels of replicative synthesis, or repair synthesis,
were determined from the ratios of the sum of the *H dpm in the heavy
peak (replicative synthesis), or light [peak (repair synthesis), to the
sum of the '*C dpm. The *H dpm/'*C dpm values in panel B for
unirradiated cells (O) represent the background levels of *H dpm in
the light peak.

dium butyrate treated cells to acid-soluble fragments under
the conditions used in these experiments. These results are
in agreement with those of Perry & Chalkley (1981), who
showed that the enhanced DNase I sensitivity of bulk DNA
in hyperacetylated chromatin disappeared when the salt con-
centration of the digestion buffer was as low as that used in
the present experiments. It was previously shown that
treatment with hydroxyurea (at least under the conditions used
here) also does not alter the kinetics of digestion of bulk DNA
in nuclei from human fibroblasts (Smerdon et al., 1978, 1979).

The relative staphylococcal nuclease sensitivity of newly
repaired regions of DNA was analyzed by a method previously
described by us (Smerdon et al., 1978, 1979; Smerdon &
Lieberman, 1980). In using this method, one first obtains
nuclease digestion data analogous to that shown in Figure 3
for nuclei from cells prelabeled with [!*C]dThd. Figure 4
shows examples of such data for the staphylococcal nuclease
digestion of nuclei from both control (Figure 4A) and sodium
butyrate treated (Figure 4B) cells labeled for 30 min with
[’H])dThd immediately after irradiation. It is important to
note that the digestion conditions should be chosen such that
many data points can be obtained for both very low (i.e., <10%
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FIGURE 3: Fraction of bulk DNA in nuclei, from sodium butyrate
treated or untreated cells, rendered acid soluble as a function of time
of digestion with DNase I (upper panel) or stag)hylococcal nuclease
(lower panel). Cells were either prelabeled with [°"H]dThd and exposed
to 20 mM sodium butyrate for 48 h prior to harvest (O) or prelabeled
with ['*C]dThd and not exposed to sodium butyrate (@). Nuclease
digestions were carried out on a mixture of nuclei from each set of
cells (Materials and Methods). The 100% values for *H and 4C were
5386 and 5783 dpm, respectively. The fits shown are to the data for
nuclei from untreated cells.

of the bulk DNA rendered acid soluble) and very high (i.e.,
>50% of the bulk DNA rendered acid soluble) extents of
digestion. This will facilitate the accurate determination of
the initial and final slopes of the difference curves described
below.

The next step in this method is to plot the difference between
the fractions of *H dpm and '“C dpm rendered acid soluble
[fCH) - f(**C)] vs. the fraction of "“C dpm rendered acid
soluble [f{(**“C)]. From these difference curves, one can obtain
values for the fraction of repair-incorporated nucleotides that
is nuclease sensitive (f;) and the fraction of bulk DNA that
is nuclease sensitive (£). The ratio f;/¢ is determined from
the initial slope (Af;) of these curves by using the following

equation (Smerdon et al., 1978, 1979):
M+ 1o-1
g-1

f/E=

where the factor ¢ represents a correation for the amount of
[*H]dThd incorporated by DNA replicative synthesis and is
determined from

H\ 09,/ Cio0% for nuclei from irradiated cells

H 499/ Cio0% for nuclei from control cells

where Hjgq and Cigq are the total *H dpm and *C dpm in
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FIGURE 4: Fraction of newly repaired DNA (O) and bulk DNA (@)
in nuclei, from sodium butyrate treated and untreated cells, rendered
acid soluble as a function of time of digestion with staphylococcal
nuclease. Confluent cells, prelabeled with [1#C]dThd, were treated
with (B) or without (A) 20 mM sodium butyrate, irradiated with 12
J/m? UV light and labeled for 30 min with [*H]dThd immediately
after irradiation. Nuclei were suspended in digestion buffer and
incubated with staphylococcal nuclease, which was added both at time
zero and at ¢ = 22 min (arrow; see Materials and Methods). The
100% values for *H were 6506 (A) and 9304 dpm (B). The 100%
values for “C were 4080 (A) and 3635 dpm (B).

the nuclei in each case (Smerdon et al., 1978). As discussed
in Smerdon et al. (1979), this value does not account for any
suppression of DNA replicative synthesis by the DNA dam-
aging agent. This can have a measurable effect on the value
one obtains for f;/£ when o is relatively small (i.e., <5). I have
routinely obtained values of ¢ <35 for confluent cells not treated
with sodium butyrate or hydroxyurea. Therefore, the o values
obtained for each set of cells in these experiments were divided
by 0.39 (i.e., the UV suppression factor obtained from the
BrdUrd density-shift method; see above). Finally, the value
of ¢ is determined by measuring the value of f{**C) coinciding
with the intercept of the lines defined by the initial and final
slopes of the difference curves (see Materials and Methods).

The difference curves obtained for the data in Figure 4 are
shown in Figure 5. As can be seen, there is little difference
between the curves obtained in each case. However, when cells
were treated with 2-10 mM hydroxyurea in the presence or
absence of sodium butyrate, a small, yet reproducible, dif-
ference in these curves was observed. Examples of the dif-
ference curves obtained for cells treated with 2 mM hydrox-
yurea are shown in Figure 6. These data are for cells labeled
for 20 min after irradiation and are compared to the results
obtained for both untreated cells (Figure 6A) and cells treated
with sodium butyrate alone (Figure 6B). The difference be-
tween the curves in Figure 6A could be explained by the fact
that the untreated cells have higher levels of DNA replicative
synthesis than the hydroxyurea-treated cells. [The nucleotides
incorporated by DNA replicative synthesis are uniformly
distributed in chromatin and yield a value of zero for all values
of f(**C) on these curves (Smerdon et al., 1978).] This con-
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FIGURE 5: Difference curves for human fibroblasts treated with (O)
or without (@) sodium butyrate. The data represent the difference
between the fraction of *H dpm [f(*H); repaired DNA] and *C dpm
[f(*“C); bulk DNA] rendered acid soluble by staphylococcal nuclease
as a function of the fraction of *C dpm rendered acid soluble for the
data in Figure 4.

tribution will vary from experiment to experiment and can have
little or no effect on the results (i.e., when ¢ is relatively large),
as in Figure 5, or it can significantly reduce the differences
between f(°H) and f(**C) (i.e., when ¢ is relative small).
However, in sodium butyrate treated cells, the amount of DNA
replicative synthesis is reduced to very low levels under these
conditions (Smerdon et al., 1982b), and the data in Figure 6B
can be directly compared. Thus, these data suggest that
treatment of cells with 2 mM hydroxyurea in the presence or
absence of 20 mM sodium butyrate results in an increase in
the relative staphylococcal nuclease sensitivity of nucleotides
incorporated during a 20-min repair period.

For examination of the rate of redistribution of repair-in-
corporated nucleotides, the ideal method is to “pulse” the cells
with [*’H]dThd for a short period of time and then “chase”
the cells with unlabeled dThd. However, since the repair times
examined in these studies are very short, and since there is a
rapid rate of repair synthesis during these times, a significant
amount of [*H]dThd is incorporated during the chase period
following a 10-min pulse. Therefore, I have measured values
of £,/ & for cells labeled continuously with [*H]dThd for varying
times during the 10~45-min postirradiation interval. Thus,
the rate of redistribution of repair-incorporated nucleotides
that is measured in these studies is /ess than the actual rate
of redistribution in the intact cell, although previous studies
indicate that the difference between these rates is small (Tlsty
& Lieberman, 1978).

Difference curves were regenerated for each labeling time
for untreated cells and cells treated with sodium butyrate or
2 mM hydroxyurea. Typical results are shown in Figure 7
for hydroxyurea-treated cells (upper panel) and sodium bu-
tyrate treated cells (lower panel) which were labeled for 10,
15, 20, 30, or 45 min after irradiation. These data represent
just the initial portion of the difference curves in each case
and indicate the differences in initial slopes that were observed
for the two sets of cells. From data such as these, the values
of f,/ £ were determined for each labeling time following the
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FIGURE 6: Difference curves for human fibroblasts treated with (O)
or without (@) hydroxyurea. Prior to exposure to hydroxyurea, cells
were treated with (B) or without (A) 20 mM sodium butyrate. Half
of the untreated (no butyrate) and sodium butyrate treated cells were
exposed to 2 mM hydroxyurea for 45 min prior to irradiation and
during the 20-min [?H]dThd labeling period. Staphylococcal nuclease
digestions were performed as described under Materials and Methods
(also see Figure 4). The 100% values for *H varied from 6523 dpm
(for cells treated with both sodium butyrate and hydroxyurea) to 11317
dpm (for cells treated with sodium butyrate alone). The 100% values
for #C varied from 1973 to 3172 dpm.

different treatments. As shown in Figure 8A the values of f;/¢
for the sodium butyrate treated cells are similar to those for
untreated cells at each time point, whereas these values are
significantly higher for the hydroxyurea-treated cells. One
explanation of these results is that prior to nucleosome rear-
rangement the repair-incorporated nucleotides in nuclei from
hydroxyurea-treated cells are digested more rapidly by sta-
phylococcal nuclease than those in nuclei from untreated (or
sodium butyrate treated) cells. This would result in a de-
creased value of £ for hydroxyurea-treated cells and, hence,
an increased value of f,/£ for these cells. Thus, a determination
of ¢ is required for each set of cells before the differences in
Figure 8A can be assessed. The average values of £ that were
obtained from the difference curves were 0.17, 0.20, and 0.19
for hydroxyurea-treated cells, sodium butyrate treated cells,
and untreated cells, respectively, with a range of ~0.01 in each
case. The dashed lines in Figure 8 A show extrapolations of
the data to the zero time values predicted by these values of
¢, assuming that newly repaired DNA is initially zotally nu-
clease sensitive (i.e., f; = 1 at zero time). As can be seen from
these extrapolated values, the ratio f;/¢ is quite sensitive to
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FIGURE 7: Initial slopes of difference curves for human fibroblasts
treated with 2 mM hydroxyurea (upper panel) or 20 mM sodium
butyrate (lower panel) following different labeling times. Confluent
cells, prelabeled with [!#C]dThd, were treated with hydroxyurea or
sodium butyrate (Materials and Methods), irradiated with 12 J/m?
UV light at time zero, and labeled with [*H]dThd immediately after
irradiation for 10 (O), 15 (@), 20 (4, lower panel), 30 (A, upper panel),
or 45 min (A). Staphylococcal nuclease digestions were performed
as described under Materials and Methods (also see Figure 4). The
100% values for *H varied from 7558 dpm (for hydroxyurea-treated
cells; 10-min labeling time) to 44853 dpm (for sodium butyrate treated
cells; 45-min labeling time). The 100% values for 4C varied from
3461 to 6114 dpm.

Table I: Measurement of the Extent of Rearrangement in Cells
Treated with Sodium Butyrate or Hydroxyurea

chase treat-
time (h) ment®  °H/4CH fot €
0 HU 2.32 4.56 0.78
0 BU 4.26 2.54 0.51
0.5 HU 3.23 2.27 0.39
0.5 BU 5.51 1.68 0.34
3.5 HU 245 1.78 0.30
3.5 BU 4.51 1.33 0.27

@ Cells, prelabeled with ['*C]dThd, were treated with either 2
mM hydroxyurea (HU) for 45 min or 20 mM sodium butyrate
(BU) for 48 h prior to irradiation. Cells were labeled with
[*H]dThd for 30 min immediately after irradiation and chased
for the times shown with conditioned medium containing 50
uM unlabeled dThd and hydroxyurea or sodium butyrate.

b Data represent the ratio of total ®H dpm to total *C dpm in
the nuclei in each case. This ratio was 0.09 for hydroxyurea-
treated cells and 0.04 for sodium butyrate treated cells when the
irradiation step was omitted. € Calculated by using a value for ¢
of 0.17 for hydroxyurea-treated cells and 0.20 for sodium
butyrate treated cells (see text).

even the small changes in £ that were measured for each set
of cells.

The values for the fraction of repair-incorporated nucleotides
that is staphylococcal nuclease sensitive (f;), determined from
the data in Figure 8A and the values of £ given above, are
shown in Figure 8B. These values are, at least in theory,
corrected for any differences that exist between the average
rates of digestion of newly repaired DNA (prior to nucleosome
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FIGURE 8: (A) Relative staphylococcal nuclease sensitivity of re-
pair-incorporated nucleotides as a function of labeling time for un-
treated cells (O) and cells treated with 2 mM hydroxyurea (4) or
20 mM sodium butyrate (®). Each set of confluent cells was treated
as described under Materials and Methods (also see Figures 4 and
7). Cells were irridiated at time zero. Ordinate values represent the
ratio of the fraction of repair-incorporated nucleotides that is sta-
phylococcal nuclease sensitive (f;) to the fraction of bulk DNA that
is staphylococcal nuclease sensitive (¢) determined from the initial
slope of the difference curves obtained in each case (see text). Separate
data points at one labeling time for a given set of cells represent values
for different experiments. Dashed lines represent extrapolations of
the data to the zero time value predicted by the measured values of
£ in each case (see text). (B) Fraction of repair-incorporated nu-
cleotides that is staphylococcal nuclease sensitive as a function of
labeling time. Data in panel A were multiplied by the corresponding
value of £ in each case. Symbols are the same as those in panel A.

rearrangement) in the nuclei from each set of cells. These data
indicate that the rate of redistribution of repair-incorporated
nucleotides in both sodium butyrate treated and untreated cells
is initially (i.e., immediately after irradiation) ~2.5 times
greater than that in cells treated with 2 mM hydroxyurea.
Similar results were obtained for cells treated with 10 mM
hydroxyurea (data not shown). (It is noted that, for untreated
cells, there is more error in these measurements due to the
higher background of replicative synthesis in these cells, as
well as the variatioin in this background level.)

In a previous study, we showed that the extent of redis-
tribution of repair-incorporated nucleotides in hydroxyurea-
treated cells was the same as that in untreated cells (Smerdon
et al., 1979). In the present study, I have examined the effect
of sodium butyrate on the extent of this redistribution process.
Table I shows the results for sodium butyrate treated cells pulse
labeled for 30 min after irradiation and chased with unlabeled
dThd for 0, 0.5, and 3.5 h. For comparison, I have included
the results for cells treated with 2 mM hydroxyurea. As can
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be seen, although the values of f; for the two sets of cells are
different immediately after the pulse period, these values are
similar following the 3.5-h chase. Therefore, treatment with
either sodium butyrate or hydroxyurea (at least under the
conditions used here) does not alter the overall extent of
randomization of repair-incorporated nucleotides involved in
the redistribution process. [It is noted that the higher values
of H/'C observed in the sodium butyrate treated cells (Table
I) are the result of increased levels of repair synthesis during
early times after irradiation in these cells (Smerdon et al.,
1982b).]

Analysis of Nucleosome Core DNA. The analysis of nu-
clease-sensitive DNA examines the level of repair-incorporated
nucleotides in acid-soluble DNA fragments released from
nuclei by nuclease digestion. In using this analysis, one as-
sumes a “two-state model” of chromatin structure when de-
termining the fraction of repair-incorporated nucleotides that
is nuclease sensitive (f;) (Smerdon et al., 1978); the method
does not differentiate between different “nuclease-sensitive
states” that may exist and the potential redistribution between
these states prior to attaining the final “nuclease-resistant
state”. Thus, it is important to complement such studies with
an analysis of nuclease-resistant DNA. To this end, I have
examined the levels of repair-incorporated nucleotides in nu-
cleosome core DNA.

Staphylococcal nuclease digestion products from cells,
prelabeled with ['4C]dThd and labeled during repair synthesis
with [*’H]dThd as described earlier, were separated on agarose
gels. The core DNA region of these gels was cut out, and the
H dpm and *C dpm profiles were determined. Examples are
shown in Figure 9 for cells labeled for 30 min after irradiation.
The data indicate that the levels of *H dpm in the core DNA
of hydroxyurea-treated cells are considerably less than those
in sodium butyrate treated cells or untreated cells. However,
one cannot compare these data directly since they have not
been normalized to the total *H dpm incorporated in each case.
Therefore, the ratio of the total *H dpm to 4C dpm in the core
DNA region (called R,,) was determined from profiles such
as those in Figure 9 and divided by the H)pq/ Cioos values for
the corresponding nuclei (called R,.;). This ratio (i.e.,
R_ore/ Ruucei) has been previously denoted as RS(core) (Tlsty
& Lierberman, 1978). The values of RS(core) as a function
of labeling time for each set of cells are shown in Figure 10A.
As can be seen, over the time interval shown, the data for cells
treated with 10 mM hydroxyurea are considerably lower than
those for untreated cells; cells treated with sodium butyrate
yielded values that are intermediate to those for the hydrox-
yurea-treated and untreated cells.

In the past, we have not corrected the values of RS(core)
for contributions due to DNA replicative synthesis [e.g., see
Smerdon & Lieberman (1978)]. However, such as correction
is important in these studies, since only a small fraction of
repair-incorporated nucleotides is initially located in nu-
clease-resistant DNA (Figure 8B) and, therefore, the con-
tribution of nucleotides incorporated by DNA replicative
synthesis is much greater in the DNA of nucleosome cores.
Therefore, a “corrected” RS(core) was obtained by using the
equation

Reore — 0'39Rcontrol
Rnuclci - 0'39Rcomrol

RS(core) =

where Ropirq i the Hygos/ Cioos value for nuclei from unir-
radiated cells labeled for the same time period as the irradiated
cells. The constant 0.39 is the UV suppression factor described
earlier. The results of this correction analysis are shown in
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FIGURE 9: Electrophoretic profiles of nucleosome core DNA from
untreated cells (A) and cells treated with 10 mM hydroxyurea (B)
or 20 mM sodium butyrate (C). Confluent cells, prelabeled with
['4C]dThd, were treated with hydroxyurea or sodium butyrate as
described under Materials and Methods and labeled for 30 min with
[*H]dThd following irradiation. Staphylococcal nuclease digestions
of nuclei were carried out as in Figure 4 except that only one incubation
time was used. The DNA was isolated and electrophoresed on 2.8%
agarose gels. The fraction of total '*C dpm rendered acid soluble
was 0.38, 0.39, and 0.42 for panels A, B, and C, respectively. The
arrow in panel A shows the position of the middle of the bromophenol
blue marker dye which migrates at ~135 bp on these gels (Smerdon
& Lieberman, 1980). Migration was from left to right.
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FIGURE 10: Fraction of repair-incorporated nucleotides in nucleosome
core DNA as a function of labeling time for untreated cells (O) and
cells treated with 10 mM hydroxyurea (A) or 20 mM sodium butyrate
(®). Values of RS(core) were determined from the electrophoretic
profiles of nucleosome core DNA (e.g., Figure 9) where the range
of the fraction of *C dpm rendered acid soluble by staphylococcal
nuclease was 0.37-0.42, 0.34—0.39, and 0.36-0.42 for the untreated
cells, hydroxyurea-treated cells, and sodium butyrate treated cells,
respectively. Values were either not corrected (A) or corrected (B)
for the contribution of replicative synthesis to the total *H dpm
incorporated (see text for details).

Figure 10B. It is clear that the difference observed in Figure
10A between the data for sodium butyrate treated cells and
untreated cells is due entirely to differences in the levels of
replicative synthesis in these cells. On the other hand, these
values are ~2-fold higher at each labeling time than those
for the cells treated with 10 mM hydroxyurea. Thus, the rate
of formation of nucleosome core structures in newly repaired
regions of DNA decreased by ~50% in the cells treated with
10 mM hydroxyurea. A decrease of ~40% was obtained for
cells treated with 2 mM hydroxyurea (data not shown). These
results are in general agreement with those obtained from the
analysis of nuclease-sensitive DNA.

Discussion

In this report, [ have examined the effects of sodium bu-
tyrate and hydroxyurea on the rate and extent of redistribution
of repair-incorporated nucleotides during very early times after
UV irradiation in confluent, normal human fibroblasts. The
following methods were used: (1) the analysis of staphylo-
coccal nuclease sensitive DNA in nuclei (i.e., DNA that is
rapidly digested to acid-soluble form); and (2) the analysis
of nucleosome core DNA (i.e., 140-160-bp DNA protected
from rapid digestion by staphylococcal nuclease). When these
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two methods were used, special care was taken to account for
the contribution of DNA replicative synthesis to the total
nucleotides incorporated during the repair labeling period.
Correction of the data for this contribution was especially
important for analyses involving untreated cells. When this
correction was made, the results from each analysis were in
good agreement with each other.

The results from each of these methods indicate that
treatment of confluent human fibroblasts with 20 mM sodium
butyrate for 48 h prior to UV irradiation has little or no effect
on the rate of redistribution of repair-incorporated nucleotides
during the time interval of 10-45 min immediately after ir-
radiation. Furthermore, the extent of redistribution (i.e., the
final amount of randomization of repair-incorporated nu-
cleotides) is also unaffected by sodium butyrate treatment.
Recently, we have reported that treatment of confluent human
fibroblasts with sodium butyrate, under the conditions used
here, results in (1) a marked decrease in DNA replicative
synthesis, (2) a 1.5-2-fold stimulation in DNA repair synthesis
during early times (i.e., 0-2 h) after UV irradiation, and (3)
a maximal hyperacetylation of the core histones, where ~ 58%
of the total histone H4 contains three or four acetyl residues
per molecule (Smerdon et al., 1982b). The results of the
present study indicate that the enhanced level of repair syn-
thesis occurring at early times after irradiation in sodium
butyrate treated cells is followed by rearrangements of chro-
matin structure that are similar to those in untreated cells.
Furthermore, these results suggest that hyperacetylation of
many of the core histones prior to the onset of excision repair
has little or no effect on the rate at which these rearrangements
occur. It has been proposed that the acetylation of core hi-
stones alters the interaction between these proteins and DNA
[e.g., see McGhee & Felsenfeld (1980)]. If this is the case,
however, the results obtained here suggest that such changes
in histone-DNA interactions in a large fraction of the total
chromatin prior to repair in human cells do not alter the rate
or extent of structural rearrangements that occur in newly
repaired regions of the genome.

The results obtained for hydroxyurea-treated cells differed
from those obtained for cells treated with sodium butyrate.
A 1.7-2.5-fold decrease in the rate of redistribution of re-
pair-incorporated nucleotides was observed during the 10~
45-min postirradiation time interval in confluent cells treated
with 2 mM hydroxyurea. A 2-2.5-fold decrease in this rate
was observed in cells treated with 10 mM hydroxyurea.
Therefore, hydroxyurea concentrations at least as low as 2 mM
yield a near-maximal inhibition of the rate of redistribution
of repair-incorporated nucleotides. It was shown previously
that treatment of confluent cells with 10 mM hydroxyurea has
no effect on the extent of redistribution (Smerdon et al., 1979).

These results allow further insight into the process of nu-
cleosome rearrangement in newly repaired regions of DNA.
A number of investigators have now shown that millimolar
concentrations of hydroxyurea increase the “persistence” of
repair-induced DNA strand breaks (i.e., following incision)
in mammalian cells during early times after UV irradiation
(Ben-Hur & Ben-Ishai, 1971; Collins et al., 1977; Collins,
1977; Erixon & Ahnstrom, 1979; Collins & Johnson, 1981).
The most likely explanation for these results is that in hy-
droxyurea-treated cells there is a decrease in the rate of final
ligation of repair patches, whereas there is no change in the
rate of incision. Since hydroxyurea is known to block the
activity of ribonucleotide reductase (Reichard, 1972), it has
been proposed that the decreased rate of ligation in hydrox-
yurea-treated cells is actually the result of partial inhibition
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of repair synthesis due to a reduction in nucleotide pool con-
centrations [see Collins & Johnson (1981) for a detailed
discussion of this topic]. Indeed, Collins et al. (1982) have
recently reported that 10 mM hydroxyurea partially inhibits
the incorporation of nucleotides during repair synthesis fol-
lowing UV irradiation in “quiescent”, normal human fibro-
blasts. Therefore, it is reasonable to assume that any events
that are “coupled” to the excision repair process, and occur
after the repair synthesis step, will be partially inhibited by
hydroxyurea. The results of the present study suggest that
such a coupling exists between nucleosome rearrangement and
the completion of the repair synthesis step. Additional evidence
for this proposal was recently reported by Cleaver (1982).
Using normal human fibroblasts exposed to 20 uM cytosine
arabinoside (ara C) and pulse labeled immediately after UV
irradiation, Cleaver observed a reduction in the rate at which
the ratio of repair-incorporated nucleotides and bulk DNA
rendered acid soluble by staphylococcal nuclease decreased
during a subsequent chase period. Thus, the decreased rate
of nucleosome rearrangement in newly repaired DNA observed
in the present report appears to be a general feature of the
partial inhibition of repair synthesis rather than some specific
alteration of the chromatin structure in these regions by hy-
droxyurea.

It is important to note that the results of the present study
raise the possibility that nucleosome rearrangement may occur
very rapidly after the completion of a repair patch and that
the rate-limiting step for the rearrangement process is the final
ligation event. This concept is somewhat different from the
way in which we have viewed this process in the past where
it was thought that following the completion of the excision
repair steps the newly repaired DNA remained in an
“unrearranged state” for some time prior to the rearrangement
that eventually occurs. This new possibility would require that
many of the repair-incorporated nucleotides in nuclease-sen-
sitive DNA are associated with incomplete repair patches.
These repair patches, which would contain single-strand nicks
or gaps in the DNA, may also have increased sensitivity to
exogenous nucleases. Indeed, there is a small decrease in £
(i.e., the fraction of bulk DNA that is nuclease sensitive) in
hydroxyurea-treated cells (see text and Figure 8), even though
there is no change in the rate of digestion of bulk DNA in these
cells (Smerdon et al., 1978, 1979). Therefore, this change is
most likely due to an increase in the overall staphylococcal
nuclease sensitivity of repair-incorporated nucleotides prior
to nucleosome rearrangement. Such an increase in nuclease
sensitivity could be the result of a larger fraction of incomplete
repair patches in cells treated with hydroxyurea. However,
this increased nuclease sensitivity must involve more than
simply an increase in the number of nicks or gaps in the DNA
since these regions are not preferentially digested when naked
DNA is used as a substrate (Smerdon et al., 1978).

Finally, the use of sodium butyrate as an effective inhibitor
of DNA replicative synthesis in DNA repair studies deserves
comment. To date, all other agents that effectively inhibit
DNA replicative synthesis, either by interacting directly with
the polymerase enzymes (e.g., ara C) or by interacting with
enzymes involved in the production of DNA precursors (¢.g.,
hydroxyurea), have been shown to partially inhibit DNA repair
[see Collins & Johnson (1981)]. On the other hand, sodium
butyrate, which reduces the levels of replicative synthesis by
“arresting” cells in the G, stage of the cell cycle and blocking
their entrance into S phase (D’Anna et al., 1980; Darzynk-
iewicz et al., 1981; Littlefield et al., 1982), enhances DNA
repair synthesis during early times after UV irradiation (see
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above). This enhancement is short-lived, however, and both
the total level of repair synthesis and the fraction of UV-in-
duced endonuclease-sensitive sites removed at times =4 h are
similar in cells with or without sodium butyrate treatment
(Smerdon et al., 1982b). The nature of this enhancement of
repair synthesis is currently under debate. Williams &
Friedberg (1982) reported that in growing cultures of human
fibroblasts treated with 10 mM sodium butyrate the enhanced
repair synthesis that they observed correlated with an increased
specific activity of labeled dThd in the nucleotide pools of these
cells, whereas we observed that in confTuent human fibroblasts
treated with 20 mM sodium butyrate the enhanced repair
synthesis during the first few hours after UV irradiation
correlated with a stimulation in the rate of removal of UV-
induced endonuclease-sensitive sites (Smerdon et al., 1982b).
However, although the nature of the short-lived stimulation
of repair synthesis by sodium butyrate remains to be clarified,
the studies to date indicate that this agent does not inhibit
DNA repair in UV-irradiated cells at concentrations where
DNA replicative synthesis is reduced to background levels.
The present study indicates that this is the case even for the
final event associated with UV-induced excision repair, (i.e.,
rearrangements of chromatin structure in the newly repaired
regions of DNA). Although from the discussion thus far one
would think that sodium butyrate is an ideal agent to use in
repair studies to selectively enhance the fraction of nucleotides
incorporated by repair synthesis relative to replicative synthesis,
the following considerations should be kept in mind. First of
all, sodium butyrate treatment results in the “modulation” of
expression of certain genes in mammalian cells (Reeves &
Cserjesi, 1979), and changes in the expression of genes asso-
ciated with DNA repair could alter the results of studies of
the repair process. Second, as alluded to earlier, the hyper-
acetylation of histones in the chromatin of sodium butyrate
treated cells could have a marked influence on specific steps
in all repair pathways and/or specific steps in a given repair
pathway. Thus, although sodium butyrate treatment does not
appear to inhibit nucleotide excision repair in UV-irradiated,
normal human fibroblasts, it may inhibit (or enhance) the
repair of other DNA-damaging agents as well as have differing
effects on different cell types. Clearly, caution should be used
in utilizing this short-chained fatty acid in repair studies until
further investigations can be made concerning its affects on
repair processes in general.
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recA Filaments in Solution’

Susan M. Cotterill and Alan R. Fersht*

ABSTRACT: recA protein has been shown previously by electron
microscopy to form long filaments. The extent of oligomer-
ization in solution can be followed by light scattering since
the filaments scatter light far more strongly than the con-
stituent units. Filament formation is highly sensitive to the
presence of various nucleotides and ions: ATP, ADP, CTP,
UTP, TTP, and GTP all disrupt the filaments at concentra-
tions of 1 mM while AMP at the same concentration has no
effect. The presence of Nat, K*, Ca?*, and Mg?* at higher
concentrations also causes filament disruption but in a highly
cooperative manner with the midpoints for the transitions at

’Ee recA protein of Escherichia coli is a relatively small
protein, M, 37800 (Horii et al., 1980; Sancar et al., 1980),
which catalyzes a wide range of activities. It has a central
role in the “SOS” response to cell damage (Radman, 1975;
Witkin, 1976) and is also vital for recombination and post-
replicative DNA repair (Clark, 1973; Radding, 1978).
The cloning of the recA gene has facilitated the production
of large amounts of pure protein and has led to rapid progress
in characterizing its activities in vitro (McEntee & Epstein,
1977; Sancar & Rupp, 1979; Ogawa et al., 1979). It has been
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17, 18, 50, and 30 mM, respectively. The disruption is ex-
tremely fast; stopped-flow measurements indicate a half-life
of <1 ms on the addition of 40 mM NaCl, 1.5 ms for 1| mM
ATP, and 7.5 ms for 1| mM ADP. The rate constant for
formation of filaments increases with increasing protein con-
centration. Cross-linking experiments on the protein at pH
8.1 indicate the presence of an oligomer of at least a hexamer.
This degree of association persists on the addition of nucleo-
tides and salts at concentrations that disrupt the larger fila-
ments.

shown to be a single-stranded (ss) and double-stranded (ds)
DNA-dependent ATPase (Ogawa et al., 1979; Roberts et al.,
1979; Weinstock et al., 1979; McEntee et al., 1979a,b; Shibata
et al., 1979a,b; West et al., 1980) and to catalyze D-loop
formation, branch migration, and strand exchange in the
presence of a nucleotide (Cassuto et al., 1981; Cox & Lehman,
1981; DasGupta et al., 1981; West et al., 1981). It has also
been shown to be a polynucleotide- and ATP-dependent pro-
tease (Roberts et al., 1979; Craig & Roberts, 1980), cleaving
the repressors lex, A, and p22 at a specific Ala—Gly bond (Pabo
et al., 1979; Horii et al., 1981; Sauer et al., 1981).

Much of the recent research on the recA protein has cen-
tered on the nature of the complexes formed on the binding
of the protein to DNA. Electron microscopy has revealed long
chains of recA molecules forming smooth filaments with
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