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ABSTRACT The effect of UV irradiation on the extent and
fidelity of DNA synthesis in vitro was studied by using homo-
polymers and primed single-stranded kX174 phage DNA as
substrates. Unfractionated and fractionated cellfree extracts
from Escherichia colipoP' and polAl mutants as well as puri-
fied DNA polymerase I were used as sources of enzymatic, ac-
tivity. (DNA polymerases, as used here, refer to deoxynu-
cleosidetriphosphate:DNA deoxynucleotidyltransferase, EC
2.7.7.7.) The extent of inhibition of DNA synthesis on UV-irra-
diated kX174 DNA suggested that pyrimidine dimers act as an
absolute block for chain elongation by DNA polymerases I and
III. Experiments with an irradiated poly(dC) template failed
to detect incorporation of noncomplementary bases due to py-
rimidine dimers. A large increase in the turnover of nucleoside
triphosphates to free monophosphates during synthesis by DNA
polymerase I on irradiated 4X174 DNA has been observed. We
propose that this nucleotide turnover is due to idling by DNA
polymerase (i.e., incorporation and subsequent excision of nu-
cleotides opposite UV photolesions, by the 3'_-5' "proofreading"
exonuclease) thus preventing replication past pyrimidine dimers
and the potentially mutagenic event that should result. In sup-
port of this hypothesis, DNA synthesis byDNA polymerase from
avian myeloblastosis virus and by mammalian DNA polymerase
a, both of which are devoid of any exonuclease activity, was
found to be only partially inhibited, but not blocked, by UV ir-
radiation of the template and accompanied by an increased
incorporation of noncomplementary nucleotides. It is suggested
that UV mutagenesis inbacteria requires an induced modifi-
cation of the cellular DNA replication machinery, possibly an
inhibition of the 3'-5' exonuclease activity associated with
DNA polymerases.

UV irradiation of X and 4X174 bacteriophages results in killing,
but not mutagenesis, of phage after infection of untreated host
cells (1, 2), whereas UV irradiation of the host cells causes
mutagenesis of both untreated and irradiated phage (1-4).
Furthermore, UV-irradiated single-stranded qX174 DNA ex-
tracted from untreated host cells was found to be replicated only
to the first pyrimidine dimer (5, 6). Caillet-Fauquet et al. (6)
found that UV irradiation of the host cell leads to an enhance-
ment of the DNA synthesis on UV-irradiated OX174 DNA in
vivo, which led them to propose that pyrimidine dimers in the
cX174 DNA can become mutagenic by causing misincorpo-
ration of deoxyribonucleotides opposite them.

This inducible mutagenic system is thought to be part of a
complex cellular emergency response ("SOS induction") that
is triggered by unrepaired DNA lesions (such as pyrimidine
dimers). The response also includes the arrest of cellular divi-
sion, the arrest of aerobic metabolism, and the induction of
prophage in lysogenic bacteria (7, 8).
DNA polymerases (deoxynucleosidetriphosphate:DNA

deoxynucleotidyltransferase, EC 2.7.7.7) are known to be able

to control the fidelity of DNA synthesis by selection of the
correct nucleotide (9) and by possession of a "proof-reading"
3'-"5' exonuclease activity that can detect and excise 3'-ter-
minal mismatched bases (10, 11).
We have sought to understand the molecular mechanisms

underlying UV-induced mutagenesis by an examination of the
role of DNA polymerases in the in uitro replication of damaged
DNA templates.

MATERIALS AND METHODS
Bacterial and Phage Strains. Escherichia coli HF 4714

carrying suppressor II (suIl+) and HF 4704, thyA - lacking a
suppressor mutation (sul) were used as permissive and non-
permissive host strains, respectively, for OX174 Eam 3 phage.
E. coli GC 714 (his-4 proA2 argE3 lac+ galK2 str-3 sfiAll tif-1
uvrA), E. coli DM 1180 (thr leu his ilvt, strR tif-1 sifAll
lexA3), and E. coli HMS50 (lacking DNA polymerase I and
endonuclease I and requiring thymine) were provided by J.
George, D. Mount, and C. Richardson, respectively.
Enzymes, Homopolymers, and Other Materials. E. coli

DNA polymerase III was fraction V of the purification scheme
of Livingston and Richardson (12); DNA polymerase I "large
fragment," according to Setlow et al. (13), was purchased from
Boehringer Mannheim. One unit of enzyme activity incorpo-
rates 10 nmol of dNMP into acid-insoluble material during 30
min at 370 using the reaction conditions of Richardson et al.
(14). DNA polymerase a from calf spleen was purified through
DEAE-cellulose, phosphocellulose, hydroxylapatite, and
DNA-cellulose column chromatography (15). E. coli DNA
polymerase I and AMV (avian myeloblastosis virus) DNA
polymerase (reverse transcriptase) purified to apparent ho-
mogeneity (16), were kind gifts from L. Loeb. Photoreacti-
vating enzyme purified from Streptomyces griseus was a gift
of G. Veldhuisen, University of Leyden. Blu II restriction en-
zyme, which is an isoschizomer of Hae III restriction enzyme
(17), was provided by M. Van Montagu. Poly(dC)
and oligo(dG)12 18 were from Collaborative Research.
Poly[14C](dT) and oligo[14C](dA) were kindly prepared by F.
Campagnari. Unlabeled deoxyribonucleotide triphosphates
were purchased from Boehringer Mannheim. [3H]- and
[32P]deoxyribonucleoside triphosphates and [14C]- and [3H]-
thymidine were purchased from Amersham Radiochemical
Center (U. K.). Polyethyleneimine-impregnated cellulose
thin-layer plates (TLC plastic sheets, PEI-cellulose F) were from
Merck.
Primed 4X174 DNA. Template-primer complex was con-

structed by using phage OX174 [14C]DNA (single-stranded) to
which short complementary fragments of kX174 RF-I DNA

Abbreviation: AMV, avian myeloblastosis virus.
* This is the second paper in the series "Molecular Mechanisms of In-
duced Mutagenesis." The first paper is ref. 6.
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(covalently closed, replicative form) were annealed. Preparation
of the two DNA species has been described (18). The specific
radioactivity was 4 X 10-7 cpm per single-strand molecule.
Purified RF-I supercoiled DNA was nicked by either pancreatic
DNase (Method A) or Blu II restriction enzyme (Method B)
(details will be published elsewhere).
Method A. Nicked RF-I DNA molecules were mixed in

equal nucleotide amounts with [14C]DNA (single-stranded; final
concentration, 5 ,gg/ml) in 10 mM Tris-HCl, pH 8/10 mM
EDTA/10 mM NaCl. DNA was denatured by addition of
NaOH (to 0.1 M final concentration) at 420 for 10 min. The
mixture was neutralized by 1:10 dilution with 1.8 M Tris-
HCI/0.2 M Tris base, pH 6.1. Annealing of homologous DNA
fragments was achieved by addition of 50% formamide (Merck)
for 2 hr at room temperature and followed by dialysis against
50 mM Tris-HCI, pH 8/1 mM EDTA/10 mM NaCl. The re-
sultant DNA was characterized and purified by sedimentation
through a neutral sucrose gradient. A sedimentation coefficient
(s20,w) of 24.8 S corresponds to (X174 single-stranded molecules
which are, on average, 15% double-stranded. Visualization of
this DNA by electron microscopy, kindly performed by G.
Michel-Maenhaut, has shown mostly circular phage 4X174
DNA with one double-stranded fragment.
Method B. OX RF-I DNA at 50 ,gg/ml was cleaved to com-

pletion by Blu II restriction endonuclease in 10mM Tris-HCI,
pH 7.5/6.6 mM MgCl2/6 mM 2-mercaptoethanol for 4 hr at
370. The reaction was stopped by addition of EDTA to a final
concentration of 150 mM. All DNA was cleaved into 11 frag-
ments, as observed in 1.5% agarose gel electrophoresis, mixed
in a 1:3 ratio with 4X174 (14C]DNA (single-stranded), and
annealed according to Method A.
UV Irradiation of Primed Templates. UV irradiation of

homopolymers in 50 mM Tris-HCI, pH 8/20 mM KCI and of
primed OX174 [14CIDNA in 50 mM Tris-HCI, pH 8/1 mM
EDTA/10 mM NaCl was carried out as described (6). Fluxes
were measured by a Latarjet dosimeter.

In Vitro Photoreversal of Pyrimidine Dimers. Photo-
reactivation of UV-irradiated 4X174 DNA was carried out in
0.15 M NaCI/0.015 M sodium citrate, pH 7.0, for 1 hr by flash
photolysis at 370 in the presence of saturating amounts of
photoreactivating enzyme. The flash light, 10 kW-sec (1 kW-hr
= 3.6 X 106 J), was filtered through glass and water layers.

Cell-Free Extracts. Cells were grown to a concentration of
5 X 108 bacteria per ml in rich medium [1% (wt/vol) bacto-
tryptone/0.5% (wt/vol) yeast extract, 1% (wt/vol) NaCI] sup-
plemented with 15 jig of thymidine per ml when required,
centrifuged at room temperature for 10 min at 8000 X g, re-
suspended in 0.02 vol of 10% (wt/vol) sucrose/50 mM Tris-HCl
(pH 7.5) at room temperature, quickly frozen in liquid nitrogen,
and stored at -200 until used. Cell-free extracts were prepared
as described (19).

Assays for DNA Synthesis. The assay mixtures (0.1 ml) for
E. coli pol+ cell-free extract or purified DNA polymerase I
contained 50 mM Tris-HCl(pH 8), 6 mM MgCl2, 1 mM di-
thiothreitol, 2 nmol of each of the four deoxyribonucleoside
triphosphates, 100-200 pmol of primed 4X174 [14C]DNA, and
either 50-100 gg of protein from cell-free extracts or 0.07 unit
of DNA polymerase I. The assay mixture (0.1 ml) for E. coil
polAl cell-free extract was the same as for purified DNA
polymerase III and contained 50 mM Tris-HCI, (pH 7.4), 10
mM MgCI2, 5 mM dithiothreitol, 5 mM ATP, 5 mM spermi-
dine.HCl, 5 nmol of each of the four deoxyribonucleoside tri-
phosphates, 400-500 pmol of primed 4X174 [14C]DNA, and
50-100 Mug of protein from cell-free extracts. The 3H-labeled
deoxyribonucleoside triphosphate had a specific activity of
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FIG. 1. Extent of DNA synthesis on intact and UV-irradiated
primed OX174 phage DNA. Sources of DNA polymerase activity are:
(A) cell-free extract of E. coli pol+, (B) cell-free extract of E. coli
polAl -, (C) DNA polymerase I (large fragment). Polymerization in
A was carried out essentially by DNA polymerase I (see Materials and
Methods) and in B, byDNA polymerase III complex because the re-
action conditions were optimal for this enzyme and the activity was
inhibitied by 0.2M KCl (22). Knowing both the specific radioactivity
of the OX174 DNA template and the fraction covered by the primer
fragments, it was possible to express DNA synthesis as percentage
acid-insoluble template replicated. Because a substantial fraction of
the template was covered by primer fragments, both 5'-3' exonu-
cleotic degradation and strand displacements of these primer frag-
ments could increase the amount of template available for DNA
synthesis. Thus, the estimates of the residual DNA synthesis on ir-
radiated templates (see Table 1) may be overestimated. 0, Intact
template; A, UV-irradiated template (100 J/m2); A, UV-irradiated
(100 J/m2) photoreactivated template; o, reaction without template;
*, reaction in the presence of 0.2 M KC1.

500-1000 cpm/pmol. Reactions were carried out at 300, ali-
quots were withdrawn at indicated times and spotted onto
GF/C glass fiber filters, which were washed by the method of
Bollum (20), and radioactivity was measured in Omnifluor
scintillation fluid.

Assays for Misincorporation. Assays for misincorporation
are described in the legend to Table 2.

Assay for Incorporation and Hydrolysis of Newly Incor-
porated Nucleotides. Both incorporation and subsequent hy-
drolysis of newly incorporated deoxyribonucleotides were as-
sayed by using one-dimensional .thin-layer chromatography to
separate the radioactive DNA template, labeled dNTP, and
dNMP derived from labeled dNTP after the reaction was
completed. Polyethyleneimine thin-layer chromatography was
performed as described by Hershfield (21), except that the areas
corresponding to dNMP, dNTP, and DNA template (the origin)
were scraped off and their radioactivity was measured directly
in Omnifluor scintillation liquid. The substrate was primed
OX174 [14CIDNA and the labeled nucleotides were [3H]dTTP
and [3H]dATP.

RESULTS
Inhibition of In Vitro DNA Synthesis by E. coli DNA

Polymerase I and III on UV-Irradiated qX174 DNA. Sin-
gle-stranded 4X174 phage DNA was primed by annealed
fragments of 4X174 RF-I DNA. Up to 100% of the input non-
irradiated 4X174 DNA template can be replicated in poly-
merization reactions by cell-free extracts from E. coil pol+ (Fig.
1A; ref. 22) or from E. coil lackingDNA polymerase I (Fig. 1B)
or by purified E. coil DNA polymerase I "large fragment" (Fig.
IC). In agreement with previous studies (23-26), all three
polymerization reactions were similarly inhibited by UV irra-
diation of the 4X174 DNA template. The dose response of the
inhibition of DNA synthesis suggests that each pyrimidine
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Table 1. Relationship between the numbers of pyrimidine dimers
per genome, lethal hits, and the extent of DNA synthesis byE. coli

DNA polymerases on primed OX174 DNA

Residual synthesist
DNA

No. of pol I
UV dose, No. of lethal Cell extracts large
J/m2 Pyr-Pyr* hitst Pol+ PolA1 fragment

0 0 0 1 1 1
50 4 5 ND 0.24 0.23

100 8 10 0.15 0.12 0.15
200 16 § ND 0.08 0.09
500 32 § ND 0.041 0.035

ND means not done.
* No. of pyrimidine dimers (Pyr-Pyr) per OX174 DNA from ref. 1.
t Number of lethal hits equals -In of surviving fraction at the indi-
cated doses. The survival curve of the OX174 phage (exponential
up to 100 J/m2) was kindly provided by P. Caillet-Fauquet and M.
Defais.
The residual DNA synthesis on irradiated DNA may be slightly
overestimated (see legend to Fig. 1).

§ Survival curve is not exponential at these doses.

dimer is both an absolute block to polynucleotide chain elon-
gation in vitro and a lethal hit invivo (Table 1), as was shown
by in vivo studies (6). This conclusion is supported by the
finding that in vitro monomerization of pyrimidine dimers by
photoreactivation enzyme could restore approximately 25%
of the template activity (Fig. 1A). The probable reason that the
restoration of template activity was not more efficient is that
only one of the four possible isomers of pyrimidine dimers in-
duced by UV irradiation of the single stranded DNA can be
photoreactivated (27).
Turnover of Nucleoside Triphosphates during DNA Syn-

thesis by DNA Polymerase I on UV-Irradiated Template.
E. coli DNA polymerases I and III possess the "proofreading"
3'1-5' exonuclease activity which could clearly be involved in
the failure of these enzymes to replicate a damaged template.
To examine this possibility, both incorporation of nucleoside
monophosphates from labeled triphosphates into primed +X174
DNA and subsequent production of free nucleoside mono-
phosphates from incorporated labeled nucleotides were fol-
lowed in a single assay during synthesis by DNA polymerase
I (large fragment) using unirradiated and irradiated DNA as
templates (see Materials and Methods and legend to Fig. 2).

This analysis was done with a purified DNA polymerase
fraction that was free of DNA-independent triphosphatases.
In addition, the large fragment of DNA polymerase I (13),
which lacks the 5'-"3' exonuclease (nick translation) but pos-
sessess the 3'-"5' exonuclease activity, was used to avoid possible
production of free monophosphates by the 5'-'3' exonuclease
degradation of newly incorporated nucleoside monophosphates.
Results obtained with [3H]dTTP (Fig. 2A) and [3H]dATP (Fig.
2B) as precursors clearly showed an increased, continued pro-
duction of free monophosphates even after a complete arrest
of DNA synthesis on UV-irradiated OX174 DNA. In contrast,
DNA synthesis on nonirradiated DNA produced only small
amounts of free monophosphates. This result indicates that the
arrest of DNA synthesis by pyrimidine dimers is accompanied
by an increased turnover of nucleoside triphosphates. When
total nucleotide turnover was calculated from Fig. 2, no pref-
erence for dATP turnover over dTTP turnover was observed
with UV-irradiated template. The differences observed using
unirradiated template are not very accurate in view of the small
amounts of free monophosphates produced.
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incorporated deoxyribonucleotides, by purified DNA polymerase I
(large fragment) on intact and UV-irradiated primed OX174 DNA.
The assay mixture (30 Al) contained 50 mM Tris-HCl (pH 8), 10 mM
MgC02,1 mM dithiothreitol, bovine serum albumin at10050g/ml, 500
pmol of each of the four deoxyribonucleotide triphosphates, 60 pmol
of nucleotide of primedoX174n14C]DNA, and 0.03 unit of DNA
polymerase I (large fragment). The 3H-labeled deoxyribonucleoside
triphosphate, either dTTP (A) or dATP (B) had a specific activity
of 1000 cpm/pmol. Reactions were carried out at30e and, at indicated
times, 6-,l aliquots were spotted on polyethyleneimine-celHulose plates
and the chromatography was performed. No significant conversion
of dNTP to dNMP was found in the absence of either enzyme or
substrate. 0, Incorporation on intact template;e, incorporation on
irradiated templater(500 J/M2); , free dNMP production on intact
template;mo,free dNMP production on irradiated template.

The observed production of nucleoside monophosphates by
DNA polyMrase I on a damaged template, even in the absence
of detectable DNA synthesis, could be explained by repeated
attempts of the polymerase to incorporate nucleotides opposite
pyriridine dimers, followed by exonucleolytic 3'tio5' excision
of the resulting nucleoside monophosphates. We will refer to
this phenomenon as polymerase "idling."

Extent of DNA Synthesis on UV-Ieadiated bX174 DNA
byAMVDNA Polymerase. If the 3' 5' exonuclease activity
of E.comt DNA polymerases I and III were to remove nucleo-
tides inserted opposite (or near) pyrimidine dimers, thereby
effectively blocking replication past dimers, the DNA poly-
merases lacking the 3raeI35'exonuclease may replicate a dam-
aged template more effectively than polymerases having this
activity. Fig. 3 shows that this is true for AMV reverse tran-
scriptase, an error-prone DNA polymerase devoid of any exo-
nuclease activity (16), which copies UV-irradiated kX174 DNA
far above the level copied by E. coli DNA polymerase I.

Fidelity and Extent of DNA Synthesis on UV-Irradiated
Poly(dC) Template. Pyrimidine dimers are bulky structural
deformations in DNA and are the principal UV-induced mu-
tagenic lesions (8) that drastically affect hydrogen bonding
properties of the involved bases If they were frequently copied,
the overall effect would be a higher rate of incorporation of
incorrect bases than on an unirradiated template. To study the
fidelity of in vitro DNA synthesis, three different DNA

Biochemistry: ViRani et al.
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FIG. 3. Extent of DNA synthesis by AMV DNA polymerase
("reverse transcriptase") on intact and UV-irradiated primed OX174
phage DNA. The assay mixture (0.2 ml) contained 50mM Tris-HCl
(pH 8), 5mM MgCl2, 5mM dithiothreitol, 20mM KCl, 5 nmol each
of the four deoxyribonucleoside triphosphates, 5 nmol of nucleotide
of primed 4X174 [14C]DNA, and 2 Mog of AMV DNA polymerase or
2 units ofE. coli DNA polymerase I. The specific activity of [3H]dGTP
was 1000 cpm/pmol. Reactions were carried out at 300, aliquots (20
Ml) were withdrawn at indicated times, and acid-insoluble counts were
determined. Curves show incorporation by E. coli DNA polymerase
I on Intact template (0) and on UV-irradiated (200 J/m2) template
(@). They also show incorporation by AMV DNA polymerase on in-
tact template (A) and on irradiated template (-).

polymerases were tested with UV-irradiated and intact
poly(dC) (Table 2) and poly(dT) (results not shown) homo-
polymers as templates. Synthesis by E. coli DNA polymerase
III showed the highest fidelity and the greatest sensitivity to
inhibition by UV-irradiation, whereas synthesis by purified,
exonuclease-free, mammalian DNA polymerase a and by AMV
reverse transcriptase was less inhibited by UV-irradiation and
showed a high increase in misincorporation.

DISCUSSION
E. colt DNA polymerases I and III possess the same enzymatic
activities (12). Once initiated, DNA synthesis by these two en-
zymes appears to be similar by all measureable parameters (12,
22) and their behaviors toward pyrimidine dimers also appear
to be similar in two different experiments (Fig. 1 and Table 1).
Therefore, all we have learned about DNA synthesis by DNA
polymerase I on irradiated template may also apply to DNA
polymerase III,t which is more likely to be involved in UV-
induced mutagenesis (28).

Because there is an absolute blockage of DNA synthesis (Fig.
1) and an excessive turnover of nucleoside triphosphates (Fig.
2) with E. colt DNA polymerase I at pyrimidine dimers and

Table 2. Fidelity and inhibition of DNA synthesis on UV-
irradiated poly(dC) template

Error
UV dose, Incorporation, pmol frequency

Enzymes J/m2 dGMP dAMP X 104

E. coli DNA 0 796 -0.009 -0.1
pol III 10,000 149 ND ND

50,000 17 ND ND

AMV reverse 0 3,599 1.03 2.8
transcriptase 10,000 1,471 0.59 4.0

50,000 711 0.65 9.1

Calf spleen 0 613 0.10 1.6
DNA pol a 10,000 688 0.25 3.6

50,000 159 0.20 12

E. coli DNA 0 495 -0.021 -0.42
pol III* 5,000 320 -0.011 -0.34

15,000 73 -0.008 -1.1

The reaction mixtures for E. coli DNA polymerase III and AMV
reverse transcriptase are described in Materials and Methods and
the legend to Fig. 3, respectively. DNA polymerase a was assayed in
30 mM phosphate buffer, pH 7.2/1 mM dithiothreitol/0.1 mM
EDTA/10 mM MgCl2/250,Mg bovine serum albumin per ml/6% glyc-
erol. All reaction mixtures contained 250 MM poly(dC).oligo(dG)
hybridized in a 2:1 ratio, 50MuM [3H]dGTP (50 cpm/pmol) as correct
nucleotide, and 30 MM [32P]dATP (10,000 cpm/pmol) as incorrect
nucleotide and were incubated for 4 hr at 300, during which all reac-
tion kinetics were found to be linear. Reactions were stopped by ad-
dition of 100 Ml of carrier DNA at 1 mg/ml and 2 ml 1096 perchloric acid
and pelleted by centrifugation. To eliminate excess soluble radio-
activity, pellets were resuspended in 0.2 M NaOH, reprecipitated
twice with perchloric acid, and finally spotted onto GF/C glass fiber
filters (20). The subtracted blank values (no template added) for
dATP were 400-700 cpm.
* Additional results of synthesis by E. coli DNA polymerase III on
templates at low UV fluxes are given in order to facilitate compar-
ison of error frequency at levels of inhibition of DNA synthesis
similar to those found for the other polymerases.

because such blockage is not observed with purified AMV DNA
polymerase (Fig. 3) and human DNA polymerases a, fl, and y
(15, 24, 26) devoid of detectable 3'-5' exonuclease activity,
it is likely that the 3'-5' exonuclease (proofreading) activity
is responsible for the lack of DNA synthesis past pyrimidine
dimers in vitro and in vtvo. We propose that the 3'-*5' exo-
nuclease activity provokes idling of DNA polymerase at each
nonpairing DNA lesion, due to repeated excision of all nu-
cleotide residues incorporated opposite such DNA lesions. In
this way, the exonuclease activity prevents chain elongation.
The same proofreading activity could clearly account for lack
of mutagenesis of UV-irradiated phage in unirradiated host cells
(1, 2). The observed increased efficiency of repair and muta-
genesis of irradiated phage in irradiated cells (14, 6) could be
due. to inhibition of the 3'--5' exonuclease activity, which
would be consistent with results indicating a decreased fidelity
of DNA synthesis by crude extracts of "SOS-induced" bacteria
(24). Such an inhibition of proofreading exonuclease activity
could then allow DNA synthesis across pyrimidine dimers
(survival) accompanied by an incorporation of noncomplem-
entary nucleotides (mutagenesis) opposite pyrimidine dimers
and also elsewhere on undamaged DNA. This proposal is in
agreement with recent findings that there is a certain lack of
base specificity in UV-induced mutagenesis in E. coli (30).

There is a high proportion of double-neighbor base changes
originating at the sites of pyrimidine doublets (J. Miller, per-
sonal communication) that could originate from a double

t Our attempts to measure nucleoside triphosphate turnover during
synthesis that was catalyzed by DNA polymerase III failed because
only a purified, complete system for in vitro synthesis of OX174 DNA
can be used for this purpose (29).

3040 Biochemistry: Villani et al.
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misincorporation event opposite a pyrimidine dimer. A smaller
proportion of UV-induced mutations in E. coli does not occur
in sequences containing pyrimidine doublets J. Miller, personal
communication). These mutations could originate from the
proposed diminished fidelity caused by inhibition of the
proofreading exonuclease (6, 26), as well as from lesions other
than pyrimidine dimers.

Genetic studies have suggested that there is a class of "non-
pairing" (as distinguished from mispairing) DNA lesions, such
as pyrimidine dimers, that induce a mutagenic capacity (SOS
repair) in bacteria (7, 8, 15). The production of free mono-
phosphates by DNA polymerases idling at such nonpairing
DNA lesions may well be the initial inducing signal leading to
the inactivation of X repressor (31) and of cellular SOS repressors
(26, 32), probably by proteolytic cleavage. If SOS induction
produced an inhibition of the 3'-'>5' exonuclease activity, this
would lead to diminished production of free nucleoside mo-
nophosphates. It would also permit DNA synthesis across DNA
lesions, and hence turn off the inducing signal. This simple
mechanism would account for the observation that mutagenic
DNA repair is turned on after damage to DNA and then off
again once DNA synthesis is restored.
A discussion relating results of this paper to DNA repair and

mutagenesis of double-stranded DNA genomes of both bacterial
and mammalian cells by UV light and other mutagens can be
found elsewhere (15, 26).

Drs. K. Backman, M. Errera, A. Falaschi, M. S. Fox, I. Molineux, and,
in particular, Drs. L. Loeb and D. Mount and Mrs. C. de Buyl have
contributed to the quality of this manuscript. G.V. and S.B. were Eu-
ratom fellows. This research was supported by Fonds Canc6rologique
of the Caisse Genenerale d'Epargne et de Retraite of Belgium and by
Research Contract Euratom-Universit6 Libre de Bruxelles 224-76-I
Biology Belgium.

1. Weigle, J. J. (1953) Proc. Natl. Acad. Sci. USA 39,628-636.
2. Bleichrodt, J. F. & Verheij W. S. D. (1974) Mot. Gen. Genet. 135,

19-27.
3. Defais, M., Caillet-Fauquet, P., Fox, M. S. & Radman, M. (1976)

Mol. Geti. Genet. 148,125-130.
4. Ishikawa-Ryo, H. & Kondo, S. (1975) J. Mol. Biol. 97,77-92.
5. Benbow, R. M., Zuccarelli, A. J. & Sinsheimer, R. L (1974)J. Mol.

Biol. 88, 629-651.
6. Caillet-Fauquet, P., Defais, M. & Radman, M. (1977) J. Mo!. Bid.

117,95-112.
7. Radman, M. (1974) in Molecular and Environmental Aspects

of Mutagenesis, eds. Prakash, L., Sherman, F., Miller, M. W.,

Lawrence, C. W. & Taber, H. W. (Thomas, Springfield, IL), pp.
129-142.

8. Witkin, E. M. (1976) Bacteriol. Rev. 40,869-907.
9. Gillin, F. D. & Nossal, N. G. (1976) J. Biol. Chem. 251,5225-

5232.
10. Brutlag, D. & Kornberg, A. (1972) J. Biol. Chem. 247, 241-

248.
11. Ko-Yu, L. & Bessman, M. J. (1976) J. Biol. Chem. 251, 2475-

2479.
12. Livingston, D. M. & Richardson, C. C. (1975) J. Biol. Chem. 250,

470-478.
13. Setlow, P., Brutlag, D. & Kornberg, A. (1972)J. Biol. Chem. 247,

224-231.
14. Richardson, C. C., Schildkraut, C. L., Aposhian, H. V. &

Kornberg, A. (1964) J. Biol. Chem. 239,222-232.
15. Radnan, M., Spadari, S. & Villani, G. (1978) J. Nat. Cancer Inst.,

Monograph on UV-carcinogenesis, in press.
16. Battula, N. & Loeb, A. L. (1976) J. Biol. Chem. 251, 982-986.
17. Roberts, R. J. (1976) C.R.C. Critical Reviews in Biochemistry

20,123-164.
18. Radman, M. (1976) J. Biol. Chem. 251, 1438-1445.
19. Wickner, R. B., Wright, M., Wickner, S. & Hurwitz, J. (1972)

Proc. Nat!. Acad. Scd. USA 69,3233-3237.
20. Bollum, F. J. (1967) Procedures in Nucleic Acid Research, ed.

Cantoni, G. L. & Davis, D. R. (Harper and Row, New York), Vol.
1, pp. 296-30.

21. Hershfield, S. M. (1973) J. Biol. Chem. 248, 1417-1423.
22. Kornberg, A. (1974) DNA Synthesis (Freeman, San Francisco,

CA).
23. Masamune, Y. (1976) Mol. Gen. Genet. 149,335-345.
24. Villani, G., Defais, M., Spadari, S., Caillet-Fauquet, P., Boiteux,

S. & Radman, M. (1977) in Research in Photobiology, ed.
Castellani, A. (Plenum, New York), Vol. 88, pp. 709-720.

25. Poddar, K. R. & Sinsheimer, R. (1971) Biophys. J. 11, 355-
368.

26. Radman, M., Villani, G., Boiteux, S., Defais, M., Caillet-Fauquet,
P. & Spadari, S. (1977) in Origins of Human Cancer, ed. Hiatt,
H., Watson, J. D. & Winsten, J. A. (Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, New York), Book B, pp. 903-922.

27. Ben Hur, E. & Ben Ishai, R. (1968) Bioch. Biophys. Acta 166,
9-15.

28. Bridges, B. A., Mottershead, R. P. & Sedgwick, S. G. (1976) Mol.
Gen. Genet. 144,53-58.

29. Livingston, D. M., Hinkle, D. C. & Richardson, C. C. (1975) J.
Biol. Chem. 250,461-469.

30. Coulondre, C. & Miller, J. H. (1977) J. Mol. Biol. 117, 577-
606.

31. Roberts, J. W. & Roberts, C. W. (1975) Proc. Natl. Acad. Sci. USA
72, 147-151.

32. Meyn, T. S., Rossman, T. & Troll, W. (1977) Proc. Natl. Acad.
Sci. USA 74,1152-1156.

Biochemistry: Villani et al.


