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ABSTRACT: Nucleotide insertion during DNA repair syn-
thesis has been studied in cultured human diploid fibro-
blasts (WI1-38) and Balb/c 3T3 mouse cells damaged with
ultraviolet radiation and two mutagenic carcinogens, /V-
acetoxy-2-acetylaminofluorene (NA-AAF) and 7-bro-
momethylbenz[a Janthracene (7BrMeBA). Evidence from

It is now widely recognized that many mammalian cells
(e.g., Legator and Flamm, 1973; Stich and Laishes, 1973;
Cleaver, 1974; Lieberman and Poirier, 1973,1974a,b) and
tissues (Damjanov et al, 1973; Lieberman and Forbes,
1973) undergo DNA repair synthesis in response to damage
by ultraviolet radiation and by chemical mutagens (Fish-
bein et al., 1970) and carcinogens (Irving, 1973). Relative-
ly little is known in detail about the mechanism of repair in
these cells. In particular, the process of nucleotide insertion
following excision of damaged nucleotides has remained
largely uncharacterized.

At the present time, analysis of the role of repair synthe-
sis in such processes as mutagenesis and carcinogenesis in
mammalian cells rests largely on data derived from investi-
gation of repair in prokaryotic systems. Study of excision
repair in prokaryotes suggests a model in which excision re-
pair is error correcting (Kelly et al., 1969; Kushner et al.,
1971); i.e., that the base sequence on the undamaged com-
plementary strand serves as a template [or nucleotide inser-
tion during repair synthesis. We wondered if we could find
evidence for this model in intact mammalian cells. The im-
portance of such a demonstration stems from the realization
that, although elegant and sensitive techniques exist for as-
sessing the fidelity of purified enzymes in copying well-de-
fined polynucleotides (Kleppe er al., 197!; Hershfield.
1973; Springgate and lLoeb, 1973), it is not clear how well
data from cell free systems reflect intracellular events
(Burd and Wells, 1970; Loeb et al., 1973). Furthermore, to
date, there have been no definitive reports of purification of
repair polymerases from mammalian sources.

To examine this problem, nondividing, confluent, human
diploid fibroblasts (W1-38) and mouse Balb/c 3T3 cells
were damaged with ultraviolet radiation (254 nm) or one of
two mutagenic carcinogens [/V-acetoxy-2-acetylaminofluo-
rene! (Miller, 1970), NA-AAF, 7-bromomethylbenz[a Jan-
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thermal elution chromatography, S, nuclease digestion
studies, and pyrimidine isastich analysis suggests that in
mammalian cells the complementary, undamaged strand
serves as a template for repair synthesis and that the result
of such synthesis is the accurate restoration of the damaged
area to the original nucleotide sequence.

thracene (Dipple er al, 1971), 7BrMeBA] and labeled
with [*H]thymidine during subsequent DNA repair synthe-
sis (Lieberman and Poirier, 1973,1974a,b). In order to ex-
amine how nucleotides are inserted after damage with these
agents, we have used thermal elution chromatography on
hydroxylapatite, S| nuclease digestion, and pyrimidine isos-
tich profile analysis to evaluate base pairing and template
specificity of DNAs labeled during repair synthesis on a
comparative basis with DNAs labeled during replicative
synthesis.

Materials and Methods

Cell Culture and Preparation of DNA. Preparation of
DNAs labeled during repair synthesis has been described in
detail elsewhere (Lieberman and Poirier, 1973,1974a,b).
Briefly, WI-38 human diploid fibroblasts (passage 22-28)
or mouse 3T3 cells were grown to confluence to obtain a
resting, nondividing cell system. Any residual DNA synthe-
sis from cells which escaped contact inhibition was sup-
pressed by 10 mM hydroxyurea; 20 min later the cells were
treated with ultraviolet radiation (200 erg/mm? = 20 J/m?;
254 nm), N-acetoxy-2-acetylaminofluorene (1073 M) (a
gift of Dr. E. K. Weisburger), or 7-bromomethylbenz-
[a]anthracene (107> M) (a gift of Dr. A. Dipple); 20 min
later (40 min after hydroxyurea) [*H]methylthymidine (50
Ci/mmol, New Englad Nuclear) was added, and the cells
were harvested 5 hr later. For experiments in which re-
paired DNA was to be isolated and characterized by physi-
cal techniques this system was used rather than one which
employed asynchronous cultures and bromodeoxyuridine
density labeling (see also Lieberman and Poirier,
1973,1974a). Since no foreign nucleotides (e.g., bromoura-
cil deoxyribonucleotide) are inserted during repair in this
system, the physical properties of repaired DNAs can be
compared directly to those of replicated DNAs without con-
cern for possible alterations in the properties of repaired
DNAs by substitution of varying amounts of bromodeoxyu-
ridine for thymidine.

DNA was prepared directly in CsCl gradients from 1so-
lated nuclei (Lieberman and Poirier, 1973,1974b). When
mouse DNA was to be fractionated into satellite and main-
band DNA, DNA was prepared by phenol extraction and
centrifugation in Ag*-Cs;SO;4 gradients (Lieberman, 1973;
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TABLE 1: Summary of Hydroxylapatite Thermal Elution Profiles of Repaired and Replicated DNAs.

No. of
Type of Synthesis Cell Type Tx 509" (°C) SD Determinations
Replicative WI-38 87.4 +0.5 6
Repair after NA-AAF WI-38 87.6 +0.8 5
Repair after 7BrMeBA WI-38 87.4 +0.5 3
Repair after uvr® WI-38 87.4 1
Replicative 313 86.9 +0.2 3
Repair after NA-AAF 313 86.5 +0.3 3
Repair after uvr T3 86.9 +0.4 2

@ Uvr, ultraviolet radiation. * The temperature at which 50%; of the radioactive DNA has been eluted from the column. The
values were determined as described in the text and the legend to Figure 1.

Lieberman and Poirier, 1974a). Gradients used for prepara-
tion of DNAs labeled during repair synthesis were similar
to those previously presented (Lieberman and Poirier, 1973,
Figure I; Lieberman and Poirier, 1974a, Figure 1; Lieber-
man and Poirier, 1974b, Figure 1). After treatment with ul-
traviolet radiation or chemical carcinogens there was a 15-
to 60-fold increase in the specific activity of DNA from
confluent cultures. In most cases, less than 5% of the label
introduced under these conditions was the result of contam-
ination by replicative synthesis (Lieberman and Poirier,
1974b). All DNAs were dialyzed into the appropriate buff-
er before use.

Labeled replicated DNAs were prepared from rapidly di-
viding asynchronous cells incubated for 6-12 hr with tritiat-
ed thymidine; DNA extraction was as described above, and
DNAs from replicating cells and repairing cells were han-
dled identically. Paper chromatography of nucleoside di-
gests of both repaired and replicated DNAs indicated that
96-99% of the label was present as thymidine (Lieberman
and Poirier, 1973).

Thermal Elution Chromatography. A detailed descrip-
tion of this method has been provided elsewhere (Lieber-
man and Poirier, 1974b).

S| Nuclease Digestion Studies. S| nuclease was purified
through step 4 by the method of Vogt (1973); DNAs (about
10,000 cpm) in 0.2 ml of buffer A (Vogt, 1973) were mixed
with 0.02 ml of enzyme preparation adjusted to contain
about a tenfold excess of enzyme (i.e., 10 times the amount
needed to digest an equivalent amount of single-stranded
DNA completely) and incubated at 36°. Single-stranded
DNAs were prepared by heating to 100° for 4 min. Release
into acid-soluble material was assayed by the addition of
bovine plasma albumin carrier, precipitation with perchlo-
ric acid, and measurement of radioactivity in the superna-
tant after centrifugation.

Pyrimidine Isostich Analysis. Pyrimidine isostichs
(runs) were prepared from [3H]thymidine-labeled repaired
and replicating mouse mainband and satellite DNAs.
DNAs (2.5 X 104-2.5 X 10° cpm) were digested with for-
mic acid diphenylamine (Cern§ et al., 1968, 1969; Harbers
and Spencer, 1974). After extraction of formic acid and di-
phenylamine with ether (Sneider, 1971), isostichs were sep-
arated on DEAE-cellulose columns (1 X 30 c¢cm) with a
0.0-0.2 M NaCl linear gradient in 0.1 M sodium acetate
buffer (pH 5.5) and 7 M urea (modified from the work of
Spencer and collaborators by Lieberman et al., 1971). Re-
covery of labeled nucleotides from columns was approxi-
mately 100%.
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FIGURE 1: Thermal elution chromatography of DNAs labeled during
repair or replicative synthesis. DNA samples labeled during repair or
replicative synthesis were prepared as described under Materials and
Methods. DNA was sonicated to 450 nucleotide length (Hoyer et al.,
1973), and 15,000-20,000 cpm (less than 75 ug; specific activity 200-
20,000 cpm/ug) was loaded onto a hydroxylapatite column (2 ml
packed volume, freshly boiled; Bio-Gel HTP, Richmond, Caif.) and
eluted with a thermal gradient (Lieberman and Poirier, 1974b). Repti-
cate samples eluted from different columns during the same run had
T g so% values within 0.1-0.2°. Replicate samples sonicated and run on
different days showed a range of 0.5-0.7°. Left panel: Thermal elution
profiles of W1-38 DNA [(O) replicated DNA; (v) DNA repaired after
damage with uvr (200 erg/mm?; 254 nm); (o) DNA repaired after
damage with NA-AAF (10~° M); (@) DNA repaired after damage
with 7BrMeBA (105 M)]. Right panel: Thermal elution profiles of
3T3 DNA (symbols are the same). The ordinate represcnts cumulative
per cent of the total cpm eluted.

Results and Discussion

Thermal Elution Chromatography. DNAs labeled dur-
ing repair and replicative synthesis were prepared (see Ma-
terials and Methods section) and subjected to thermal elu-
tion chromatography on hydroxylapatite (Lieberman and
Poirier, 1974b). Thermal elution chromatography has been
used to estimate the extent of sequence mismatch under a
variety of conditions (McConaughy and McCarthy, 1970;
Hough and Davidson, 1972; Crosa et al., 1973; Grady and
Campbell, 1973; Gummerson and Williamson, 1974). If the
insertion of nucleotides during repair synthesis is template
directed, then newly inserted nucleotides (identified by *H
label) should be base paired with the complementary
strand, and DNA sequences containing repair patches
should have the same elution profiles and midpoint of elu-
tion (T g s0%) as those from replicated DNA. Inspection of
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TABLE 11: S, Nuclease Digestion of DNAs Labeled during Replicative or Repair Synthesis.

Percentage

Damaging Acid Soluble
Type of Synthesis Agent Strandedness Cell Type (10-min incubation)
Replicative Native 3T3 2.8
Replicative Native 3T3 2.3
Replicative Native WI-38 2.6
Replicative Native WI-38 0.8
Repair Uvr Native 3T3 2.6
Repair Uvr Native WI-38 2.8
Repair NA-AAF Native 313 2.8
Repair NA-AAF Native WI-38 3.7
Replicative Denatured 3T3 97.3
Replicative Denatured WI-38 942
Repair NA-AAF Denatured WI-38 100
20— 1972; Setlow et al., 1972), one may estimate that a 5% mis-
match in the repair patch would result in at least a 1° low-
ering of the Tg 5o, and would be detectable by this tech-
nique (Lieberman and Poirier, 1974b). These data suggest
that the nucleotides inserted during repair synthesis are
15 - base paired with those on the complementary, undamaged
w strand.
S| Nuclease Digestion Studies. It was desirable to inves-
e tigate base pairing in repair patches by an independent
[ 2 method. S, nuclease is an endonuclease with some exonu-
S‘O\F g cleolytic activity and a preference for single-stranded DNA.
< } I Thus regions of mismatch (single-stranded areas) may be
‘ detected as the release of acid-soluble nucleotides (Sutton,
| 1971; Crosa et al., 1973; Vogt, 1973: B. H. Hoyer, personal
i communication). DNAs labeled during repair or replicative
05 synthesis were digested under conditions designed to detect
J areas of mismatch (Table 11). To reduce possible artifacts
1 such as “sticking” or binding of enzyme to unremoved di-
\ mers or carcinogen or to trace RNA or protein contami-
‘, . d nants, a tenfold excess of enzyme was used (see Materials
OfFET"20 30 4 5 e 70 and Methods section). It is apparent that a 10-min incuba-

FRACTION NUMBER

FIGURE 2: Separation of mouse DNA into mainband and satellite
peaks. Mouse 3T3 cells were damaged with uvr and allowed to repuir
in the presence of [*H]dT as described in the text: 500 ug of DNA was
complexed with Ag* (molar concentration Ag*/molar concentration
DNA-P = 0.3) and centrifuged in a 10 mi Cs3804 gradient in a 50 Ti
rotor (Beckman) as previously described (Licberman and Poirier,
1974a). Similar gradients were run with DNA labeled during replica-
tive synthesis. Left ordinate, 4240 (O) of the diluted fraction: right or-
dinate, cpm X 107 (@) of a 0.1-ml aliquot. Fraction [ represents the
bottom of the gradient. Fractions 26-48 were pooled for mainband
DNA while fractions 57-63 were used for satellite DNA.

profiles (Figure 1) and 7'g sq0 data (Table I) indicate that,
within the limitations of the technique, DNAs labeled dur-
ing repair synthesis or replicative synthesis have similar or
identical elution profiles and T soe values. The —AT g s0%
(amount of lowering of the midpoint of the elution profile
compared to a standard) may be used to estimate the extent
of mismatch (Laird et al., 1969; Ullman and McCarthy,
1973; Bonner er al., 1973). In our studies the —AT g 500
ranges from 0.0 to 0.4° (Table ). Using the most conserva-
tive estimate of the relation between —ATE 5oy, and per
cent mismatch (0.7°/1% mismatch) (Laird er al, 1969)
and knowing the piece size (450 nucleotides; legend to Fig-
ure 1) and the size of repair patches (100 nucleotides)
(Cleaver. 1968: Regan er al., 1971; Setlow and Regan,
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tion at 36° has little effect on native (non-heat-denatured)
DNAs whether labeled during repair synthesis or replica-
tive synthesis. Incubation of samples for up to | hr pro-
duced only a small increase in the percentage of acid-solu-
ble counts from nondenatured repair-labeled and replica-
tive-labeled DN As (data not shown). These findings are in
agreement with the data from thermal clution chromatog-
raphy studies: i.e., DNA in repair patches behaves as dou-
ble-stranded DNA.

Pyrimidine Isostich Profiles from Mouse Mainband and
Satellite DNA. The template specificity of repair synthesis
in intact cells may be examined by preparing pyrimidine
isostich profiles (Cern$, er al., 1968, 1969; Lieberman ez
al., 1971: Sneider, 1971) from mouse mainband and satel-
lite. DNA labeled during repair or replicative synthesis
(Lieberman and Poirier, 1974a). The experiment takes ad-
vantage of the distinctively different is0-
stich profiles of these two DNA species (Harbers and Spen-
cer, 1974) (see also Figure 3). Thus, if repair synthesis is
template-directed, isostich profiles from mouse satellite
DNA labeled during repair synthesis should resemble those
from satellite DNA labeled during replicative synthesis.
The same is true, of course, for mainband DNAs. Mouse
3T3 cells were damaged with ultraviolet radiation (200 erg/
mm?; 254 nm) and DNA labeled during repair synthesis
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FIGURE 3. Pyrimidine isostich profiles of mouse mainband and satel-
lite DNA labeled during repair synthesis after damage with ultraviolet
radiation (see Materials and Methods section for details). Top panel:
Isostich profile from mainband DNA labeled during repair synthesis.
Bottom panel: Isostich profile from satellite DNA labeled during re-
pair synthesis.

was separated into mainband and satellite BNA (Figure 2)
(see also Lieberman and Poirier, 1974a). Similar separa-
tions were carried out on DNA labeled during replicative
synthesis. After degradation of DNA with formic acid-di-
phenylamine, isostichs were separated by DEAE-cellulose
chromatography (Figure 3), and the percentage of total
counts eluted in each peak was plotted as a function of peak
number (Figure 4). Clearly the profile from satellite DNA
labeled during repair synthesis closely resembles that from
satellite DNA labeled during replicative synthesis. Similar
results are seen for the mainband DNAs. These data
suggest that repair synthesis is template-directed and clear-
ly rule out other models for repair synthesis such as random
insertion, insertion of runs of a single nucleotide (e.g., po-
ly(dT), or insertion of runs of simple repeating units (e.g.,
poly(dAT)). However, the method will not detect shuffled
sequences (p-T-p-C-p-C-p-T vs. p-T-p-T-p-C-p-C-p) (Lie-
berman, et al., 1971) or occasional substitutions of purines
for pyrimidines (or vice versa) which would only slightly
alter the relative abundance of various isostichs.
Implications for Mammalian Cells. The present studies
suggest that repair synthesis in response to three mutagenic
and carcinogenic agents in two different mammalian cell
lines results in accurate restoration of the damaged strand
to the original nucleotide sequence. It appears that gap-fill-
ing in association with excision is template-directed and
that any errors introduced during the process are the result
of the intrinsic error frequency of the polymerase itself in
reading the template (Hershfield, 1973; Springgate and
Loeb, 1973) and not of an error-prone, non-template-direct-
ed process. These data are in general agreement with proka-
ryotic models and imply that removal of potentially muta-
genic sites (photoproducts and alkylated bases) before repli-
cation results in the conservation of genetic information. In
contrast, post replication repair, according to a recent
model (Lehmann, 1972), may restore linear continuity
without conservation of information. The present studies
demonstrate that repair synthesis in mammalian cells is not
grossly inaccurate and represent a first step in evaluating
the absolute template specificity (fidelity) of this process.
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FIGURE 4: Distribution of [*H]thymidine labeled nucleotides arnong
isostichs from DNA labeled during repair synthesis after ultraviolet ra-
diation or replicative synthesis. The percentage of total counts in cach
peak (ordinate) is plotted as a function of peak number (abscissa).
DNA labeled during replicative synthesis (O ---0); DNA labeled
during repair synthesis (®—@®). Left panel: Isostich profiles from
mainband DNA. The symbols represent the average from two separate
experiments; the size of the symbols approximates the range of values.
Right panel: Isostich profiles from satellite DNA (single determina-
tion). There is a slight tendency for more ultraviolet-induced repair
synthesis to occur in longer runs of pyrimidines, perhaps reflecting a
tendency to form more thymidine-containing cyclobutyl dimers in long
runs of pyrimidines (Brunk, 1973).
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Isolation of DNA Segments Containing Promoters from

Bacteriophage T3 DNAT

T. Takeya and M. Takanami*

ABSTRACT: in order to isolate DNA segments containing
promoters, bacteriophage T3 DNA was cleaved into about
60 unique fragments with endonuclease - Hap, which intro-
duces duplex cleavages at the sequence of

---C/C-G-G---
---G-G-C/C---

(Sugisaki, H., and Takanami, M. (1973), Nature (Lon-
don), New Biol. 246, 138). The specificity of RNA initia-
tion was not influenced by this digestion, as far as the num-
ber of initiation and starting sequences for RNA synthesis
was concerned. When the digest was incubated with either

Since the role of o factor in the selection of initiation sites
by RNA polymerase was elucidated (Burgess er al., 1969;
Krakow er al., 1969; Travers and Burgess, 1969), a number
of investigations have focused on the molecular mechanism
of RNA initiation. However, little information is as yet
available concerning the structure of RNA at which RNA
synthesis is initiated. One of the difficulties in isolating the
RNA initiation site (promoter) is that RNA polymerase
can tightly bind to single-stranded regions of DNA, which
are often created by the breakage of DNA (Hinkle er al.,

* From the Institute for Chemical Research, Kyoto University. Uji,
Kvoto-fu. Japan. Received February 28, 1974.
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Escherichia coli RNA polymerase holoenzyme or T3 RNA
polymerase, each enzyme was shown to form stable com-
plexes with specific fragments depending on the combina-
tion of nucleoside triphosphates present in the binding mix-
ture. The selectivity of binding by the host polymerase was
lost if the ¢ factor was removed from the enzyme. Evidence
that promoters are contained in the fragments isolated by
the specific interaction with the polymerases was demon-
strated with the fragment derived from the left end of T3
DNA. The procedures used in the present study should
make possible isolation of DNA segments containing pro-
moters from any DNA molecule.

1972; Okamoto et al., 1972). Recently, restriction endonu-
cleases which degrade foreign DNA at a limited number of
sites have been isolated from a variety of bacterial strains
(for reviews, see: Boyer, 1971; Meselson et al., 1972). As
this type of enzyme introduces duplex cleavages on double-
stranded DNA at a specific sequence of several nucleotides
(Kelly and Smith, 1970, Hedgpeth er al., 1972; Bigger et
al., 1973; Boyer et al., 1973), these cleavages may not
create nonspecific binding sites for RNA polymerase at the
terminal regions. Accordingly, experiments were designed
to isolate DNA segments containing promoters from bac-
teriophage T3 DNA after the cleavages with this type of
enzyme. T3 DNA is known to provide at least two types of



