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trations to cause similar inhibition. In contrast, the observed
product of the methylreductase reaction, HS-CoM (1), does
not cause measurable levels of inhibition of methanogenesis
up to a concentration of 10 mM. This would indicate that the
rate of methane formation in the routine reductase assay is not
influenced by the accumulation of HS-CoM over the time
course of the assay.

The disulfide form of the cofactor, (S-CoM), (9), causes
noticeable inhibition in the mM range (Figure 3). Extracts of
M. thermoautotrophicum catalyze the reduction of the di-
sulfide, and CoM was observed to exist in the reduced form in
active extracts. The inhibition observed for (S-CoM); may
be due to competition between (S-CoM); reductase and
methyl-CoM reductase for reducing equivalents from molec-
ular hydrogen or due to the accumulation of HS-CoM.

Results of experiments in which other analogues were tested
for their ability to inhibit methane formation from CH;-S-
CoM indicated that CH;CH,-S-CoM (7) and
CH;3;CH,CH,-S-CoM (8) caused only 50% inhibition at the
high ratio of analogue to CH3-S-CoM of 17 and 22, respec-
tively. When the following analogues were tested at a ratio of
analogue to CH;-S~-CoM of 100, no inhibition of methylre-
ductase was detected: HO(CH>),SO;7; Hy;N(CH3,),S0;5™;
CH;3NH(CH3),S0357; ~03S(CH,),S0;7; CH3S(CH;),0H.
When CH;-S-CoM was added at the same concentration (5
X 1072 M), no inhibition in the rate of methane formation was
observed.

With the potent inhibitors, BrCH;CH,SO;~ and
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CICH,CH,S0;™, inhibition of the methyl reductase is not
reversed when the substrate concentration of CH3;-S-CoM
is increased 100-fold. The precise definition and quantitation
of the mode by which these inhibitors act must await resolution
and purification of the components involved in methanogen-

esis.
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Distribution of Ultraviolet-Induced DNA Repair Synthesis in
Nuclease Sensitive and Resistant Regions of Human Chromatin®

Michael J. Smerdon,! Thea D. Tlsty, and Michael W. Lieberman*

ABSTRACT: The distribution of ultraviolet radiation (UV)
induced DNA repair synthesis within chromatin was examined
in cultured human diploid fibrobiasts (IMR-90). Measurement
of the time course of repair synthesis yielded two distinct
phases: An initial rapid phase (fast repair) which occurs during
the first 2-3 h after damage and a slower phase (slow repair)
associated with a tenfold decrease in the rate of nucleotide
incorporation, which persists for at least 35 h after damage.
Staphylococcal nuclease digests of nuclei from cells damaged
with UV and labeled during the fast-repair phase revealed a
marked preference of fast-repair synthesis for the nuclease-
sensitive regions. A new method was developed to analyze the
digestion data and showed that approximately 50% of the
nucleotides incorporated during the fast-repair phase are lo-
cated in staphylococcal nuclease-sensitive regions, which
comprise about 30% of the genome. Calculations from these

Although recent studies have greatly increased our under-
standing of chromatin structure (Hewish and Burgoyne, 1973;
Woodcock, 1973; Olins and Olins, 1973, 1974; Sahasrabudde

data indicate that in the staphylococcal nuclease-sensitive
regions the number of newly inserted nucleotides per unit DNA
is about twice that of resistant regions. These results were
supported by electrophoresis studies which demonstrated a
decreased representation of fast-repair synthesis in core par-
ticle DNA. In contrast, the distribution within chromatin of
nucleotides incorporated during the slow-repair phase was
found to be much more homogeneous with about 30% of the
repair sites located in 25% of the genome. Digestion studies
with DNase [ indicated a slight preference of repair synthesis
for regions sensitive to this enzyme; however, no marked dif-
ference between the distributions of fast- and slow-repair
synthesis was observed. This study provides evidence that the
structural constraints placed upon DNA in chromatin also
place constraints upon UV-induced DNA repair synthesis in
human cells.

and Van Holde, 1974; Kornberg, 1974; Noll, 1974), to date
there have been relatively few studies dealing with the role of
chromatin structure in excision repair (Ramanathan et al.,
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1976; Bodell, 1977, Cleaver, 1977; for reviews on excision re-
pair, see: Beers et al., 1972; Cleaver, 1974; Hanawalt and
Sctlow, 1975; Lieberman, 1976; Nichols and Murphy, 1977).
Clearly, such studies are of interest since the constraints placed
upon DNA by chromatin structure may place constraints upon
the repair process. Evidence to date indicates that much of the
methodology which has been developed to probe chromatin
structure is applicable to the study of repair synthesis within
chromatin. Nuclease digestion studies have played a central
role in the analysis of chromatin structure. The following ob-
servations allow the extension of this approach to the analysis
of the distribution of repair synthesis within chromatin: During
repair synthesis nucleotides are inserted by a template-directed
process and, at least by physicochemical techniques, are in-
distinguishable from the rest of the genome (Lieberman and
Poirier, 1974¢; Lieberman, 1976); the sequence complexity
of DNA does not appear to be related to the distribution of
repair synthesis (Meltz and Painter, 1973; Lieberman and
Poirier, 1974a,b; Drahovsky et al., 1976). Using staphylococcal
nuclease and DNase I, which are sensitive to different struc-
tural constraints within chromatin (Axel et al., 1975; Lacy and
Axcl, 1975; Weintraub and Groudine, 1976; Simpson and
Whitlock, 1976; Keichline et al., 1976; Garel and Axel, 1976;
Levy and Dixon, 1977), we have studied the effect of chromatin
structure on the distribution of DNA repair synthesis in cul-
tured human diploid fibroblasts damaged with ultraviolet ra-
diation (UV) and the relation of the time course of repair
synthesis to this distribution.

Malerials and Methods

Cell Culture and Preparation of Prelabeled Cells (Repli-
cative Synthesis). Human diploid fibroblasts (IMR-90 cells;
passages 12-22: Nichols et al., 1977) were grown as previously
described (Amacher et al., 1977). Thirty-six to 48 h after the
cells were split (generally 1:3), 0.05 uCi/mL (final concen-
tration) ['*Clthymidine (New England Nuclear; 50-60
mCi/mmol) was added to the medium for 20 to 40 h. The
medium was then replaced with fresh medium (without
["¥Clthymidine). To prepare cells with both ['4C]- and
{*H]thymidine incorporated during replication, the replace-
ment medium contained 0.1 uCi/mL (final concentration)
{*H]thymidine (New England Nuclear; 50-60 Ci/mmol).
After 20 h, this medium was replaced, and the cells were al-
lowed to grow to confluence.

Repair Experiments. All irradiation and labeling operations
were performed in a warm room at 35-37 °C. The dishes were
then placed in a NAPCO COQj; incubator until harvested.

UV Irradiation and [3HYThymidine Labeling (Repair
Synthesis). Confluent cells, prelabeled with ['*C]thymidine,
were treated with 10 mM hydroxyurea (Sigma) prior to UV
irradiation as previously described (Lieberman and Poirier,
1973). The medium was removed and the cells were irradiated
with a 15-W germicidal lamp (predominantly 254 nm) with
a flux of 2.0 W/m? and a total dose of 12 J/m2. The medium
was replaced and 10 uCi/mL (final concentration) [*H]jthy-
midine was added. Cells treated identically with the omission
of the irradiation step served as a control and provided data for
the estimation of ¢ (see Results and Appendix).

UV Irradiation and [*H]}Bromodeoxyuridine Labeling
(Repair Synthesis). Confluent cells (not prelabeled with
[!4cOthymidine or treated with hydroxyurea) were labeled with
[*H]bromodeoxyuridine (BrdUrd) by using a modification of
the method of Smith and Hanawalt (1976a,b). Prior to irra-
diation. 107* M BrdUrd (Sigma)(final concentration) and 5
uCi/mL (final concentration) [3H}BrdUrd (New England
Nuclear; 22 Ci/mmol) were added to the medium. After 1 h,
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the medium was removed and the cells were irradiated as de-
scribed above. The medium was then replaced.

Preparation of Nuclei for Nuclease Digestions. Cells were
collected by scraping, followed by centrifugation in 0.15 M
NaCl at 600g for 10 min at 2 °C. The cell pellet was washed
in ice-cold digestion buffer (10 mM Tris,! pH 8, 0.1 mM
CaCl,, and 0.25 M sucrose), and repelleted at 16 000g for 10
min. The cells were lysed, and the nuclei were recovered by
vortexing the cell pellet in digestion buffer and 0.5% Triton
X-100, followed by centrifugation (16 000g for 10 min). The
lysing step was repeated two more times, and the nuclei were
washed with digestion buffer and pelleted by centrifugation
(16 000g for 10 min). The wash step was repeated, and the
nuclear pellet was resuspended in digestion buffer by gentle
dounce homogenization (Kontes; B pestle).

Preparation of Naked DN A for Nuclease Digestions. DNA
was prepared from an aliquot of the final nuclear suspension
as previously described (Lieberman and Dipple, 1972). except
that the CsCl centrifugation step was modified: A 4.2-mL al-
iquot was centrifuged at 54 000 rpm to equilibrium at 25 °C
in a Sorvall TV863 vertical rotor. After the gradient was
fractionated and the peak fractions were dialyzed (10 mM Tris,
pH 8.0; 0.1 mM CaCls), the absorbance spectrum was mea-
sured (Gilford 250 spectrometer equipped with wavelength
scanner and recorder) and always gave an 4239/ 4260 ratio of
0.42-0.44 and an 460/ A2g0 ratio of 1.77-1.79. Before di-
gestion with nuclease. the DNA solution was adjusted to 10
mM Tris (pH 8). 0.1 mM CaCl,, and 0.25 M sucrose by the
addition of sucrose in 10 mM Tris (pH 8) and 0.1 mM
CaCls.

Nuclease Digestions. Suspended nuclei (~30 pg/mL DNA)
or DNA (~20 ug/mL) was digested by staphylococcal nu-
clease (Worthington; 11.6 units/ug) or bovine pancreatic
DNase 1 (Sigma; 3260 Kunitz units/mg) in digestion buffer
at 37 °C. Enzyme concentrations of 0.4-2.0 ug/mL (de-
pending on the experiment) were used in digestions of nuclei
and 0.04 ug/mL in digestions of DNA. At time zero, the nu-
clease was added. At various times during the digestion, a
0.253-mL aliquot of the reaction mixture was transferred to a
tube containing 0.025 mL of 0.1 M EDTA (pH 7) on ice and
vortexed, terminating the reaction. Ice-cold 70% PCA (0.03
mL.) was then added, and the tube was vortexed. After 20 min
at 0 °C, samples were centrifuged at 16 000g for 10 min. A
0.2-mL aliquot of the 7% PCA supernatant was then diluted
to 1 mL with H-O and counted in 6 mL of [nsta Gel (Packard)
in a Beckman LS-333 liquid scintillation spectrometer. The
14C overlap in the 3H channel was determined by counting
['4C]thymidine under identical solution conditions. The *H
counts were then determined by using the standard double-
label equations (Kobayashi and Maudsley, 1974; Horrocks,
1974).

To determine the 100% digestion value, an aliquot of the
suspended nuclei was first digested with proteinase K (EM
Laboratories) at a concentration of 20 ug/mL for 2 hat 37 °C.
Two aliquots of this solution, one containing 50 pg/mL DNase
I and the other containing 50 ug/mL staphylococcal nuclease,
were then incubated at 37 °C, A third aliquot was incubated
with 7% PCA at 70 °C. Aliquots of each of these samples were
taken at 0.5, 1, 1.5, 2, and 2.5 h after the addition of nuclease
or PCA. The aliquots from the nuclease samples were pre-
cipitated in ice-cold 7% PCA as described above. All three sets
of aliquots were then centrifuged and the supernatants were
counted. In each case the amount of radioactivity was constant

! Abbreviations used are: Tris, 2-amino-2-hydroxymethyl-1.3-pro-
panediol; EDTA, (ethylenedinitrilo)tetraacetic acid.
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with time after 0.5 h for staphylococcal nuclease digestions and
after 1.5 h for DNase I and 7% PCA digestions. The addition
of nuclease at 2 h did not change the 2.5-h values. The 100%
digestion values obtained from each method always agreed to
within 3%. We note that in these studies the same results were
obtained when nuclease was added either directly to the pro-
teinase K digested samples or after heating the samples to 100
°C for 5 min. This observation and the results obtained from
7% PCA digestions indicate that under these conditions the
protease did not affect the nuclease action.

Preparation of [*H]BrdUrd Labeled DNA. DNA was
prepared and banded in CsCl gradients by the method of Smith
and Hanawalt (1976a,b) with some modification. Cells were
collected and lysed as described above. The nuclear pellet was
washed once with 10 mM Tris (pH 8), 10 mM EDTA, 10 mM
NaCl and digested overnight at 37 °C with 150 ug/mL pro-
teinase K in the above solution containing 0.1% NaDodSQ,.
The solution was then brought to a density of 1.72 g/cm?3 with
CsCl and a final volume of 8 mL and centrifuged at 8000g. The
clear phase was collected and centrifuged in polycarbonate
tubes at 37 000 rpm at 20 °C for 36 h. The gradients were
fractionated, and the 4240 and radioactivity were measured
as described above. The fractions across the light peak were
then pooled and added to 0.7 mL of | M K;HPQO,, pH 12.5.
This solution was brought to a final volume of 7 mL and a
density of 1.76 g/cm3 with H,0 and CsCl. The solution (ov-
erlayered with paraffin oil) was centrifuged in polyallomer
tubes at 37 000 rpm at 20 °C for 36 h. The gradients were
fractionated, and the 43¢0 and radioactivity were measured
as described above,

Electrophoresis. Samples were prepared by taking 0.5-mL
aliquots of the nuclear digestion, adding 0.05 mL of 0.1 M
EDTA (pH 7), and incubating with100 ug/mL proteinase K
at 37 °C for at least 12 h. The DNA was precipitated with
ethanol and the precipitates were dissolved in 0.1 X E buffer
(E buffer consists of 40 mM Tris, pH 7.4, 20 mM sodium ac-
etate, 1.1 mM EDTA). Electrophoresis was carried out on
horizontal 2.8% agarose (Sea Kem) slab gels (13 X 25 ¢m) in
E buffer. Gels were run for 7-8 h at 100 V, stained in 2 ug/mL
ethidium bromide, illuminated (Ultra-Violet Products, Inc.,
transilluminator), and photographed through a red filter with
Polaroid Type 55 film. Slices of the gel (2 mm) were trans-
ferred to glass scintillation vials. After the addition of 2 mL
of H;O to each vial, the gel slices were solubilized by heating.
Once cooled, the samples were counted in 12 mL of Insta Gel.
The sizes of the digestion products were determined by co-
electrophoresis with Haelll restriction fragments of PM2
DNA, which were the generous gift of Drs, R, T. Kovacic and
K. E. Van Holde. The sizes of the restriction fragments used
in this paper are those given in Kovacic and Van Holde
(1977).

Results

Time Course of Repair Synthesis after UV. We have
measured the time dependence of repair synthesis in confluent
human fibroblasts by three different methods. The first method
utilized [3H]thymidine (dThd) as the label and the DNA was
purified on neutral CsCl gradients (Lieberman and Poirier,
1973). The difference in specific activities between the DNA
from UV-irradiated cells and the DNA from control cells was
used as a measure of repair synthesis. Replicative synthesis was
suppressed to very low levels in these cells by contact inhibition
(confluence) and hydroxyurea. The second method used the
density label bromodeoxyuridine (BrdUrd) to measure repair
synthesis. In these experiments no hydroxyurea was present.
DNA from UV-damaged cells, which were allowed to repair
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FIGURE |: Time course of repair synthesis. Confluent cells were irradiated
with 12 J/m? UV at time zero, and the amount of repair synthesis was
measured by one of three methods: Method 1 (@) consisted of labeling
both damaged and undamaged (control) cells for the indicated times in
the presence of hydroxyurea and [*H]dThd, purifying the DNA on neutral
CsCl gradients (see Materials and Methods), and measuring the difference
in specific activities between DNA from UV-treated cells and DNA from
control cells. Method 2 (O) consisted of labeling cells in the presence of
[*H]BrdUrd, banding the DNA in a neutral CsCl gradient, followed by
a reband of the light DNA peak in an alkaline CsCl gradient, and mea-
suring the specific activity of the light peak in the second gradient. Method
3 () consisted of prelabeling cells with ['4C}dThd during the log phase
of growth and labeling both damaged and control cells with [*H]dThd in
the presence of hydroxyurea (see Materials and Methods). Nuclei were
prepared and incubated at 37 °C with proteinase K (20 ug/mL) for 12
h and then staphylococcal nuclease (20 ug/mL) for 4 h, and values were
obtained by measuring the difference in 3H to '4C ratios between the
damaged and control samples. Data are presented as the specific activity
at time ¢ normalized to the specific activity at 12 h, The 12-h specific ac-
tivity was 7375 cpm/ug for method 1, 153.5 cpm/pug for method 2, and
1.59 (*H cpm/'4C cpm) for method 3.

in the presence of [*H]BrdUrd, was banded in a neutral CsCl
gradient, and the light density peak was pooled and rebanded
in an alkaline CsCl gradient (Smith and Hanawalt, 1976a,b).
The specific activity of the DNA in the light peak of the second
gradient is a measure of the amount of repair synthesis. The
third method is similar to the first in that [*H]dThd was used
as the label and hydroxyurea was present; however, these cells
were prelabeled during replicative synthesis with [14C]dThd.
Nuclei prepared from these cells were first digested with pro-
teinase K followed by digestion with staphylococcal nuclease
and then counted. The difference in 3H to '4C ratios between
the DNA from damaged cells and the DN A from control cells
was used as the measure of repair synthesis. The results of each
of these methods normalized to their respective 12-h values are
shown in Figure 1.

The data from all three methods indicate that repair syn-
thesis in normal human diploid fibroblasts damaged with UV
may be divided into at least two different phases: An initial,
rapid phase occurs during the first 2-3 hours (*“fast repair™),
and a slower phase, the onset of which cannot be determined
accurately, continues for at least 35 h (“slow repair”).2 The
ratio of the initial and final slopes for the curve shown is 12,
Thus, on a unit DNA basis, nucleotides are inserted approxi-
mately 12-fold more rapidly during fast repair than during slow
repair. These large differences in nucleotide incorporation rate
cannot be accounted for by isotope dilution (utilization of a
significant fraction of the labeled pool) because addition of
[*H]BrdUrd at 8 h after damage instead of at time O resulted
in at most a 20% increase in incorporation rate during slow
repair (method 2; data not shown).

These results suggested to us that the distribution of UV-

2 The terms “fast repair” and “slow repair” are used only as an aid in
referring to the two regions in Figure 1 differing in nucleotide incorporation
rate and are not intended to imply molecular mechanisms.
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FIGURE 2: Staphylococcal nuclease digestion kinetics for nuclei labeled
during replication, fast repair, and slow repair. Data are plotted as release
of acid-sotuble cpm (a-c) and fraction (f) of total cpm (d-f) as a function
of time of incubation (0.4 ug/mL staphylococcal nuclease and 25-30
wg/mL DNA-chromatin as nuclei). Panels a and d represent data from
cells labeled with ['4C]dThd (@) and [H]dThd (©) during replicative
synthesis; panels b and ¢ represent data from cells prelabeled with
['*C]dThd (@) and labeled during fast-repair synthesis (0-3 h) with
[*H]dThd (O); panels c and f represent data from cells prelabeled with
['4C]dThd (@) and labeled during slow-repair synthesis (12-29 h) with
[*H]dThd (©).*H ¢pm (O) and '*C cpm (m) released from nuclei incu-
bated in the absence of nuclease are shown in each case (a-c).

induced DNA repair synthesis in chromatin should be exam-
ined at early (0-3 h) and late repair times (>5 h).
Staphylococcal Nuclease Digestion Kinetics. Nuclease
digestion studies were performed on chromatin (nuclei) from
cells labeled during replication, from cells labeled during fast
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TABLE Lt Kinetic Data Analyses.?

Repair  Expt 1 £ S Ir Sum test
A. Staphylococcal Nuclease Digests
Fast 1 42 0.32 0.32 0.49 1.01
Fast 2 54 0.32 0.48 0.58 1.06
Fast 3 38 0.33 0.45 0.33 0.98
Slow 1 10 0.26 0.33 0.68 1.01
Slow 4 8 0.24 0.29 0.70 0.99
B. DNase [ Digests
Fast | 42 0.20 0.29 0.71 1.00
Fast 3 38 0.19 0.26 0.78 1.04
Slow 1 10 0.25 0.32 0.66 0.98
Slow 4 b 0.19 0.25 0.80 1.05

@ Results are reported as the ratio of the specific activities of re-
paired DNA and control DNA (o), fraction of DNA bases in nu-
clease-sensitive regions (&), fraction of repair synthesis sites in nu-
clease-sensitive regions (fs) determined from eq A6, and fraction of
repair synthesis sites in nuclease-resistant regions (fr) determined
from eq A7 (see Appendix). The results for individual experiments
are shown in each case.

repair, or from cells labeled during slow repair. Cells were la-
beled during replicative synthesis by adding both ['*C]dThd
and [3H]dThd during the log phase of growth and allowing the
cells to come to confluence before digestion experiments were
begun (see Materials and Methods). To label cells during re-
pair synthesis, cells were prelabeled with ['#C]dThd during
the log phase of growth and allowed to come to confluence.
These cells were then exposed to UV. To label cells during
fast-repair synthesis, the cells were labeled with [*H]dThd
during the initial 3 h after exposure (Figure 1). To label cells
during slow-repair synthesis, [*H]dThd was not added until
8-12 h after UV. These cells were then labeled until ~30 h
after exposure. Hydroxyurea was present during repair syn-
thesis. During the fast-repair phase at least 97% of the isotope
was incorporated by repair synthesis, and during the slow re-
pair phase at least 87% of the isotope was incorporated by re-
pair synthesis (calculated from o; see Table I).

Staphylococcal nuclease digestion kinetics of nuclei from
cells double labeled during replication, labeled during repli-
cation and fast repair, or labeled during replication and slow
repair are presented in Figure 2. The acid-soluble counts re-
leased as a function of time for each isotope are shown in
Figure 2a-c, while the fraction (f) of each labeled nucleotide
released is shown in Figure 2d-f. [We note that little acid-
soluble material is released in the absence of nuclease (Figure
2a-c), suggesting that under our experimental conditions there
is little, if any, endogenous nuclease activity present.] For cells
labeled with both isotopes during replication, the functional
dependences of the fraction of counts released are the same
(Figure 2d). In contrast, isotope incorporated during the fast
phase of repair ([?H]dThd) is released more rapidly from
chromatin (nuclei) than isotope incorporated during replication
{['*C1dThd) (Figure 2e). Isotope incorporated during slow-
repair synthesis also appears to be released more rapidly from
nuclei than isotope incorporated during replication, but the
difference is much smaller than that seen in the case of fast
repair (Figure 2f).

In order to quantitate these differences, we have developed
a method of analysis which allows the determination of the
fraction of repair sites (nucleotides inserted) present in nu-
clease-sensitive or -resistant regions in the genome (see Ap-
pendix). Experimentally, this analysis rests on comparisons
of the release of isotope from chromatin (nuclei) and from its
corresponding “‘naked” DNA. The method requires the nu-



DNA REPAIR SYNTHESIS IN HUMAN CHROMATIN
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FIGURE 3: H (1) vs. C(2) plot for naked DNA. H(¢) (3H cpm at time )
vs. C(t) (**C cpm at time ¢) (see Appendix) for DNA from the cells used
to generate the data in Figure 2. DNA (18, 28, and 22 ug/mL for repli-
cated, fast repair, and slow repair, respectively) was incubated with
staphylococcal nuclease at a DN A-enzyme ratio of 500: replicated (a),
fast repair synthesis (b, O), and slow repair synthesis (b, ®).

clease digestion data to be plotted as the amount of [*H]dThd
released vs. the amount of [!“C]dThd released at each time
point [H(t) vs. C(t); Appendix]. Figure 3 shows typical results
for the staphylococcal nuclease digestion of naked DNA which
was labeled during replication with [4C]dThd and during
replication or repair with [*H]dThd. Not surprisingly, diges-
tion of naked DNA labeled during replication with the two
isotopes yields a straight line and indicates that both isotopes
are digested at the same rate (Figure 3a). Likewise, when
naked DNA from cells labeled during replicative synthesis with
[14C]dThd and during repair synthesis with [3H]dThd are
digested, straight lines are obtained (Figure 3b). These results
indicate that the nuclease makes no distinction between rep-
licated sites and repaired sites in naked DNA (Appendix).

The chromatin (nuclei) data in Figure 2 are plotted as H(¢)
vs. C(1)/C1o0% in Figure 4a—c along with the results obtained
from Figure 3 for the corresponding naked DNAs. The ab-
scissa has been modified from C(z) to C(r)/Co0% (i.c., the
fraction of the total genome) to facilitate graphic analysis of
£ (i.e., the fraction of the total genome in nuclease sensitive
regions; Appendix). When plotted in this manner, the data
yield curves of the type predicted by the theory (Appendix;
Figure 9).

Direct comparisons between each case can be made by
plotting the respective differences between chromatin and
naked DNA as normalized difference plots (Figure 4d-f). As
can be seen, for the replicated case the difference data form
essentially a straight line about zero (Figure 4d). In contrast,
the data for the fast-repair case show a marked deviation from
zero (Figure 4e). The intercept of the initial and final slopes
is at a fractional value of 0.32 (£). As discussed in the Appen-
dix, this result indicates that approximately 30% of the genome
is in staphylococcal nuclease-sensitive regions. The difference
data for the slow repair case also show a deviation from zero
(Figure 4f); however, the magnitude of the difference is much
smaller than that seen for the fast-repair case (Figure 4e).

The data in Figure 4 were analyzed as described in the
Appendix, and the results, along with results from other ex-
periments, are shown in Table I (part A). For each experiment
the DNA from control cells (unirradiated, hydroxyurea sup-
pressed) was prepared along with the DNA from damaged
cells and used to determine o (i.e., the ratio of the specific ac-
tivities). These values for ¢ are minimal estimates, since they
have not been corrected for any UV suppression of replicative
synthesis. However, it is clear from Figure 10 (Appendix) that
correction of our values for ¢ is unnecessary. The results shown
for &, fs, and fr were determined from plots like those shown
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FIGURE 4: H(t) vs. C(¢) plots and difference plots for celis labeled during
replication, fast repair, and slow repair. Nuclei data (Figure 2) were plotted
(®) in the same manner as described in Figure 3 (see also Appendix) and
compared with the fits shown in Figure 3 for the corresponding naked
DNA (dashed line) (Figure 4a-c). The abscissa has been changed from
C(1) to C(1)/Cio0w (i.€., fraction of genome digested; see Results). Nor-
malized difference plots (Figure 4d-f) were calculated from the expres-
sion:

AH _ H(t)cnr — mnakC()cHR
H1o0%

Hio0%

where H(t)cur = H(t) for chromatin (nuclei), mnak = slope of fit to
naked DNA digestion data (Figure 3), C(¢)cur = C(r) for chromatin
(nuclei), and H oo = 100% digestion value of *H cpm for chromatin
(Materials and Methods). DNA double labeled during replication (a, d).
DNA prelabeled during replication and labeled during fast-repair synthesis
(b, €). DNA prelabeled during replication and labeled during slow-repair
synthesis (c, f).

in Figure 4 using eq A6 and A7 of the Appendix. In each case
the data give good sum tests (Appendix). It is noted that in
cases where the differences between the chromatin data and
the naked DNA data are small, e.g., slow repair, a more ac-
curate determination of £, fs, and fr can be made from the
difference plot rather than a plot of H(#) vs. C(¢). The exten-
sion of the method to this type of plot follows directly.

From Table I (part A) it can be seen that in the case of
fast-repair synthesis approximately 50% of the repair sites are
located in staphylococcal nuclease-sensitive regions (fs), which
comprise approximately 32% of the genome (£). In the case of
slow-repair synthesis only about 30% of the repair sites are
located in staphylococcal nuclease-sensitive regions, which
comprise approximately 25% of the genome. The decrease in
¢ in going from fast (32%) to slow (25%) repair digestions may
represent a difference between these two repair periods in the
amount of genome rendered staphylococcal nuclease sensitive
but also may reflect the error in the determination of this pa-
rameter (see Smerdon and Lieberman, 1978).

Electrophoresis Resistant DNA fragments produced
during staphylococcal nuclease digestions were analyzed by
collecting duplicate aliquots during the course of digestion. One
set was used to generate an H(¢) vs. C(¢) plot (e.g., Figure 4),
while the other was used to prepare DNA fragments for elec-
trophoresis on agarose gels. This H(t) vs. C(t) plot, a photo-
graph of the gel, and gel scans are presented in Figure 5. In-
spection of these data indicates that for times before the
breakpoint (&; less than 8 min) most of the DNA bands as
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FIGURE 5: Analysis of £ by agarose gel electrophoresis. The upper left
panel is an H{r) vs. C(r) plot for cells labeled during fast-repair synthesis
(®) as described in Figure 2 (1 ug/mL staphylococcal nuclease; 25-30
ug/mL DNA chromatin as nuclei). The dashed line represents fit to di-
gestion data for the corresponding naked DNA. At the indicated times,
duplicate aliquots were taken: one was used to determine the acid-soluble
cpm and the other to prepare DNA for agarose gel (2.8%) electrophoresis
(lower left). Direction of migration is from top to bottom. Haelll re-
striction fragments of PM2 DNA are included. The right panel represents
scans of the negative. The pair of dashed lines represents the position of
Haelll restriction fragments L and M (160 and 145 bp, respectively). Sizes
shown for restriction fragments are in base pairs.

monomer (~140-160 bp), multimer, or high-molecular-weight
DNA, and very little appears as submonomer fragments.?
After the breakpoint, submonomer fragments begin to appear
and eventually predominate, and very little multimer DNA
is present. These results suggest that the breakpoint we observe
corresponds to the point at which most of the linker DNA is
digested and most of the core DNA is undigested. Thus, our
values for £ approximate the fraction of total DNA in the linker
regions, and the resistant regions are comprised primarily of
core particles.

The size of the linker regions in the human genome was es-
timated by measuring the repeat length at different digestion
times (Lohr et al., 1977). We obtained a repeat length of 193
bp and, using 145 bp as the monomer length, a maximum av-
erage linker size of 48 bp which approached 0 bp at long di-
gestion times (data not shown).

To complement our analysis of nuclease-sensitive regions,
we examined the distribution of repair synthesis in nuclease-
resistant regions by agarose gel electrophoresis. In this pro-
cedure, nuclei labeled by replication, fast- or slow-repair
synthesis (see legend to Figure 2), were digested with staph-
ylococcal nuclease, and the DNA was electrophoresed and
counted (Figure 6). In each case, the 3H and !4C profiles are
shown as a function of migration into the gel (Figure 6b,d,f,g)

3 Closer inspection of the gel pattern reveals that the monomer region
is actually composed of a doublet, one band consisting of ~160 bp of DNA
and the other consisting of ~145 bp of DNA. Initially, the 160-bp band
predominates; with digestion, this band diminishes while the relative
proportion of the 145-bp band increases.
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FIGURE 6: Electrophoretic analysis of staphylococcal nuclease-resistant
regions of chromatin. Panels b, d, f, and g present agarose gel profiles of
DNA prepared after nuclease digestion of nuclei (*H cpm, @; '“C cpm,
0). Panel b depicts a profile of DNA from cells double labeled during
replication; nuclei were digested for 4 min at a concentration of 400 ug/mL
DNA chromatin and 10 ug/mL nuclease (see Materials and Methods for
details). Panel d depicts a profile of DNA from cells prelabeled during
replication ('*C) and labeled during slow-repair synthesis (*H); nuclei
were digested for 45 min at a concentration of 30 ug/mL DNA chromatin
and 0.1 ug/mL nuclease. Panels f and g depict similar profiles from cells
prelabeled during replication ('*C) and labeled during fast-repair synthesis
(*H); nuclei were digested for 4 (panel f) and 16 min (panel g) at a con-
centration of 30 ug/mL DNA chromatin and 1 ug/mL nuclease. Arrows
represent the position of Haelll restriction fragments (Figure 5). Panels
a, ¢, and e represent the *H to '4C ratios normalized to the *H to '4C ratio
of undigested DNA (S). Panel a presents values for S for the gel profile
in panel b; panel ¢ presents S for panel d; panel ¢ presents S for panels f
(@),and g (O). S represents values averaged over five 2-mm sections. The
solid line is a fit to the data, and the dashed line is the value for undigested
DNA.

along with the position of the PM2 marker fragments. Above
each gel profile is shown the relative specific activity (i.e., the
3H to '*C ratio normalized to the 3H to '*C ratio for the re-
spective purified undigested DNA) as a function of distance
migrated (Figure 6a,c,e). The relative specific activities of the
replicated DNA fragments show very little deviation from
unity and indicate that the distribution of replicated sites in
core particles is the same as the genome as a whole (Figure 6a).
In the case of fast-repair synthesis, however, there is a marked
decrease in repair counts in monomer DNA (Figure 6¢), in-
dicating that there is less repair synthesis in core particle re-
gions than in the genome as a whole. In the case of slow-repair
synthesis, this marked decrease in relative specific activity is
not seen (Figure 6¢).

DNase I Digestions. The three different classes of nuclei
were also digested with DNase I (Figures 7 and 8). As was seen
in staphylococcal nuclease digestion studies, isotope incorpo-
rated during fast- and slow-repair synthesis is released more
rapidly by DNase I than is isotope incorporated by replicative
synthesis (Figure 7). However, in the case of fast-repair syn-
thesis a smaller fraction of the repair counts is released by
DNase 1 after long digestion times (~75%) than by staphylo-
coccal nuclease (>95%) (compare Figures 2e and 7b). Also,
similar digestion curves are obtained for fast- and slow-repair
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FIGURE 7: DNase I digestion kinetics for nuclei labeled during replication,
fast repair, and slow repair. The fractions (f) of *H (O) and #C cpm (@)
released as a function of time (1) are presented for nuclei double labeled
during replication (a), prelabeled during replication (14C) and labeled
during fast-repair synthesis (*H) (b), and prelabeled during replication
(1#C) and labeled during slow-repair synthesis (*H) (c). The nuclei used
for these studies and those in Figure 2 were from the same preparations.
The DNase I concentration was 0.4 ug/mL, and the nuclei concentrations
were the same as those given in Figure 2.

synthesis studies when H(¢) vs. C(¢) plots and difference plots
are generated (Figure 8). This finding contrasts with the
staphylococcal nuclease digestion studies (compare Figures
4 and 8).

Table 1 (part B) presents the calculated values of g, £, fs, and
fr for DNase I digestions. For the fast-repair case, approxi-
mately 28% of the repair sites (fs) and approximately 20% of
the genome (£) are in DNase I sensitive regions. These values
are in marked contrast to those obtained for staphylococcal
nuclease (50 and 32%, respectively). In the slow-repair case,
however, the values obtained for DNase I (fs >~ 0.29 and £ ~
0.22) are similar to those obtained for staphylococcal nuclease
(fs = 0.31 and £ =~ 0.25). This result is surprising in view of
the fact that DNase I and staphylococcal nuclease appear to
cleave chromatin at different sites (see introductory state-
ment). At present, we do not know the significance of this
finding.

Discussion

Our data provide evidence that the structural constraints
placed upon DNA in chromatin also place constraints on the
distribution of DNA repair synthesis after treatment of human
fibroblasts with ultraviolet radiation. Of interest is the obser-
vation that repair synthesis occurring soon after damage differs
from that seen at more extended times not only in the rate of
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FIGURE 8: H(t) vs. C(2) plots and difference plots for cells labeled during
replication, fast repair, and slow repair. The data in Figure 7 are plotted
as described in the legend to Figure 4: replicated, a and d; fast repair
synthesis, b and e; slow repair synthesis, ¢ and f.

nucleotide incorporation but also in the distribution of repair
synthesis within chromatin.

The time course of repair synthesis following UV was
measured by different techniques, each involving different
assumptions and methodology. With each of these methods
a rapid phase was distinguishable from a slow phase; during
the fast phase, nucleotides are inserted about 12 times more
rapidly than during the slow phase. In agreement with our
findings, previous studies of UV and ionizing radiation-induced
repair synthesis in human cells have demonstrated two discrete
phases (Spiegler and Norman, 1969, 1970; Connor and Nor-
man, 1971; Edenberg and Hanawalt, 1973). In addition,
Amacher et al. (1977) have provided evidence that, like repair
synthesis, pyrimidine dimer removal has a rapid component.
A number of factors in addition to chromatin structure (see
next two paragraphs) may be related to our findings: (1) Fast-
and slow-repair synthesis may represent repair synthesis as-
sociated with the removal of different UV-induced lesions; (2)
the average patch size may be different during the fast and slow
phases so that the acrual rates of removal of damage may be
similar, but the apparent rates of repair synthesis on a unit
DNA basis are different; (3) UV damage may be repaired by
two (or more) repair systems in human cells—one of which is
rapid while the other is an order of magnitude slower. Clearly,
these possibilities are not mutually exclusive,

Studies of the staphylococcal nuclease sensitivity of nu-
cleotides inserted during fast and slow repair allow inferences
about the distribution of repair synthesis within chromatin.
Our data (Tabie I) indicate that during fast-repair synthesis
approximately 50% of the repair sites occur in rapidly digest-
ible regions of the genome which together comprise only about
30% of the nuclear DNA. Therefore, on a unit DNA basis, the
amount of repair synthesis occurring in nuclease-sensitive
regions of the genome (fs/¢) is approximately twice that of the
amount in resistant regions [fg/(1 — £)]. Furthermore, spe-
cific-activity measurements of DNA fragments separated by
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gel clectrophoresis confirm the relative underrepresentation
of fast-repair synthesis in nuclease-resistant regions (core
particles; Figure 6e). In contrast, repair synthesis which occurs
during slow repair is more uniformly distributed throughout
the genome.

Although staphylococcal nuclease preferentially digests
linker regions of nucleosomes, we also find that a certain
fraction of 160-bp monomer-associated DNA is more sensitive
to nuclease than the 145-bp monomer DNA and submonomer
fragments. It is also likely that regions of the genome not
packaged as nucleosomes are relatively nuclease sensitive (e.g.,
ribosomal cistrons; Foe, 1977). However, because our analysis
utilizes the intercept of the initial and final slopes for the de-
termination of £ (e.g., Figure 4), the nuclease-sensitive regions,
as defined in this communication, are composed primarily of
linker regions (Figure 5). This conclusion is supported by the
fact that the initial repeat length of 193 bp, with average linker
size of 48 bp, yields a value of 0.25 for the fraction of the ge-
nome in linker regions if the cntire genome is packaged as
nucleosomes. This fractional value is similar to our determi-
nations of £ (0.25-0.32).

A number of possibilities could account for our results. It
is not clear, for example, whether damage (i.c., pyrimidine
dimers and other UV photoproducts) is uniformly distributed
throughout the genome or shows a preferential distribution
within chromatin. Thus, the preferential repair synthesis seen
in linker regions during fast repair may be reflective of: (1)
nonuniform distribution of damage, (2) the ease of access 10
uniformly distributed damaged sites by a single repair process,
or (3) different repair processes acting in different regions of
chromatin. In the case of slow repair, the long labeling times
used 10 obtain sufficient incorporation of [PH]dThd might
allow some redistribution of chromosomal proteins with respect
to repaired sites. Thus, another possibility which might ac-
count, at least in part, for our results is movement of histone
cores along the DNA strand (“sliding™). Finally. it is possible
that the repair process does not completely restore all regions
of chromatin to their original (undamaged) structures, thereby
vielding these regions more (or less) susceptible to nuclease
digestion. Clearly, these and other possibilities require ex-
perimental examination. However, the finding of preferential
repair synthesis in nuclease-sensitive regions of chromatin
during fast repair is of interest in view of previous observations
that the complexity of DNA itself does not appear to be related
to the distribution of repair synthesis (Meltz and Painter, 1973;
Licberman and Poirier, 1974a.b; Drahovsky ct al., 1976).

The DNase I results are more difficult to interpret because
less is known about the sensitivity of regions of DNA in chro-
matin to this enzyme. During both fast- and slow-repair syn-
thesis there is an enhancement of repair sites in nuclease-sen-
sitive regions. This difference is not as dramatic as that seen
with staphylococcal nuclease and fast repair (compare Figure
4 with Figure 8). In addition, the fraction of repair sites in
DNase [ sensitive regions is approximately the same for fast
and slow repair. This finding also contrasts with staphylococcal
nuclease studies. Although DNase I is known to digest pref-
crentially regions of chromatin which are being actively
transcribed (Weintraub and Groudine, 1976; Garel and Axel,
1976; Levy and Dixon, 1977), it is not clear what {raction of
the total DNase [ sensitive sites is represented by these genes.
As a result, no definitive statement can be made about pref-
erential repair of active genes. The contrast between the results
obtained with staphylococcal nucleasce and those obtained with
DNase I demonstrates that the findings are specific and related
to distinctive features of chromatin structure.

While this manuscript was in preparation, Cleaver (1977)
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FIGURE 9: Hypothetical H (1) vs. C(1) curves for nuclease digestion of
chromatin., Hoos = 100% digestion value for H{z) (i.c.. repaired DNAY):
Ciogw = 100% digestion value for ((1) (i.c., total genome); mgs = initial
slope; mg = final slope; mnak = slope of line generated by digestion of
naked DNA (eq A3); C; = value of C(1) at intercept of initial and final
slopes for curve §; and ) = value of C(¢) at intercept of initial and final
slopes for curve 11

reported similar results using staphylococcal nuclease. He
demonstrated that the fraction of repair synthesis sites in nu-
clease-sensitive DINA is greater for repair synthesis occurring
during the first 10 min after UV damage than during the first
30 min after damage. Using our method, we also find a marked
increase in the fraction of repair sites in staphylococcal nu-
clease-sensitive regions (fs/&) for very early repair times
(Smerdon and Lieberman, 1978). Another study has suggested
that following treatment of mouse mammary cells with methyl
methanesulfonate repair synthesis occurs in staphylococcal
nuclease-sensitive regions (Bodell, 1977). In addition, Ra-
manthan et al. (1976) have demonstrated preferential removal
of damage (dimethyinitrosamine-induced) from rat liver
chromatin by DNase I and staphylococcal nuclease. These
results are in general agreement with our findings.

A number of methodological considerations require com-
mient. A major feature of our analysis is that it allows specifi-
cation of the fraction of repair sites in nuclease-sensitive and
-resistant regions. These estimates cannot be obtained from
fractional digestion curves alone (¢.g., Figure 2), because it is
clear that these curves are the result of digestion of at least two
different regions of chromatin with differing nuclease sensi-
tivities (e.g., Figure 5). Related to this problem is our obser-
vation that the fraction of the genome which is digested
(**C-cpms; limit digest) is greater in irradiated cells than in
unirradiated cells (Figure 2d,¢). While the reason for this in-
creased sensitivity is unknown, it is still possible to quantitate
the distribution of repair sites (fs) by our method (Appendix).
We also note that even for low levels of repair synthesis our
method of analysis is applicable (Figure 10). This observation
may be relevant in view of the fact that it is sometimes difficult
to obtain as much repair synthesis after damage with chemical
carcinogens as that seen following UV. Although we have
developed the analysis to examine the distribution of repair
synthesis, there is no reason why, in principle at least, it is not
applicable to other repair phenomena (e.g., removal of dam-
age).

We have used a confluent cell-hydroxyurea suppression
system to obtain nuclei in which most of the label is incorpo-
rated during repair synthesis. The validity of this approach is
borne out both by our own data and by those in the literature.
Our results (Figure 1) indicate that the time course of repair
synthesis is essentially the same, whether measured with hy-
droxyurea-suppressed cells or with cells in which BrdUrd is
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used to shift the density of newly replicated DNA (no hy-
droxyurea). These findings are in agreement with those of
Smith and Hanawalt (1976a). A number of other studies have
found little, if any, difference between hydroxyurea-treated
cells and untreated cells, either in the amount of repair syn-
thesis (Evans and Norman, 1968; Robbins and Kraemer, 1972;
Painter et al., 1973; lkenaga and Kakunaga, 1977) or in the
extent of damage removed (Ikenaga and Kakunaga, 1977;
Ikenaga et al., 1977). Smith and Hanawalt (1976a) did find
a 25-40% increase in the estimate of the amount of repair
synthesis in growing (WI1-38) and transformed cells (VA-13)
when hydroxyurea was present; however, this difference was
not observed when confluent cells (WI-38) were used.
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Appendix

Based on the work of others, as well as our own results, the
different structural regions of chromatin can be approximated
as nuclease sensitive or nuclease resistant. Using this simplified
representation of chromatin structure, one can quantitate the
distribution of repair synthesis sites between the two different
regions in the following way: Let S and R be the number of
DNA bases incorporated by repair synthesis in nuclease-sen-
sitive and -resistant regions, respectively; s and r be the number
of DN A bases incorporated by replicative synthesis during the
period of repair synthesis in nuclease-sensitive and -resistant
regions, respectively; and H(r) be the total number of repaired
and newly replicated bases digested by nuclease after time t.
Therefore,

H(t) = (S + s)a(t) + (R+ r)s(1)

where a(t) = fraction of S and s digested by time ¢, and 3(¢)
= fraction of R and r digested by time 7.

Also, if we let L and M be the total number of DN A bases
in nuclease-sensitive and -resistant regions, respectively, and
C(1) be the total number of DNA bases digested by nuclease
after time 1, then

C(t) = La(t) + M3(1)

If the rate of digestion of nuclease-sensitive regions is much
larger than the rate of digestion of nuclease resistant regions,
then for early times

H(t) = (S + s)a(r)

and
C(t) ~ La(1)
From these,
S+
H(1) = ¥
(0= (=2) cw (A1)
Similarly, for long times a(7) =~ 1 and
H = () e + o (A2)

where

¢=S+s—<R;r>L
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Also, for the purified “naked” DNA, assuming a(t) = (1),

o= (S282)

Therefore, if one plots H(¢) vs. C(t) for repaired chromatin
and its naked DNA, the ratio (5s) of the initial slope of the
chromatin data and the slope of the naked DNA data is, from
eq Al and A3,

(A3)

S+R
fs<s+r>+a
S=

£<S+R+1>

s+r

where fs = S/(S + R) = fraction of repair synthesis sites in
the nuclease-sensitive regions; ¢ = L/(L + M) = fraction of
DNA bases in the nuclease-sensitive regions; a = s/(s + r) =
fraction of newly replicated sites in the nuclease-sensitive re-
gions. If one assumes that the newly replicated regions have
no preference for sensitive or resistant regions (which is easily
measurable), then a = £, and

A
e — (Ad)

s+ r

Similarly, the ratio (yr) of the final slope of the chromatin data
and the slope of the naked DNA data is, from eq A2 and
A3,

(s
1R = S+R (AS)
(! —£)<s+r +1>

where fr = R/(S + R) = fraction of repair synthesis sites in
the nuclease-resistant regions. Now, the ratio of the specific
activities () of the purified repaired DNA and the purified
control DNA (from cells treated identically as the repaired
cells without irradiation), is

S+R

g = +1
s+r

Therefore, from eq A4 and AS,

(= (nso = I)E

-1

(A6)

and

fa=REZD (g

= (A7)
o—1

From eq A6 and A7 the fraction of repair-synthesis sites in the
nuclease-sensitive and -resistant regions can be determined
independently from the same data (provided the digestion
conditions are such that a good determination of the initial and
final slopes can be made). Since the sum of these two fractions
must be unity, this method provides a natural test for the values
that one obtains and for the validity of the assumptions made.
Thus, we refer to the sum of fs and fg as the “sum test”.

In order to understand better the method for determining
ns, MR, and £, it is helpful to consider the hypothetical curves
in Figure 9. The figure shows three possible dependencies of
H (1) on C(1) (labeled I, 11, and ““Naked DNA") for the di-
gestion of chromatin with nuclease. The **“Naked DNA” line
(with slope m~ak) 18 so labeled, since it is also the line gener-
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FIGURE 10: Dependence of ng on o. 5s (right ordinate) and ns(o}/ns(=)
(the fraction of maximum 7s: left ordinate) as a function of ¢ are presented
for fs = 1 and fg = 0 (see eq A6).

ated by a digestion of the purified DNA and is defined by eq
A3. If the chromatin digestion data falls on this line, ns = 7r
= 1. This indicates that the number of repair sites per unit
DNA is the same in the nuclease-sensitive and -resistant re-
gions. If the chromatin data fall on a curve above the naked
DNA line, such as curve I, then ng > 1 and there is a preference
of repair sites for the nuclease-sensitive regions. Similarly, a
curve below the naked DNA line, such as curve 11, suggests a
preference for resistant regions. For curve 1, the initial slope
my and the final slope mg have anintercept at Cy. Therefore,
ns = Ms/MNaks TR = MRr/MNak, and § = C1/Cigoe. (The
determination of Cjgge, 1s discussed under Materials and
Methods.) Similar expressions can be written for curve I1.
The sensitivity of this type of analysis is indicated in Figure
10. The figure shows the dependence of the minimum (fs =
0) and the maximum (fs = 1) values of ng on . It can be seen
that ns rapidly approaches 1 /£ for fg = 1 and O for fg = 0. This
is an important advantage of the method, since only a small
fraction of the DNA is damaged or repaired in any given ex-
periment, and thus the number of counts in the repaired cells
may only be five to ten times greater than the number of counts
in the control. Even for a o of 5, there is an appreciable dif-
ference between the maximum and minimum values of 7s.
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