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ABSTRACT We used the lad forward mutagenesis system to
determine the mutational specificity of UV-induced mutation in
a repair-proficient (Uvr') and a repair-deficient (AUvrB) strain
ofEscherichia coli. The spectra recovered at similar levels of mu-
tagenesis were similar, the exception being a mutational hotspot
at site A24 specific to the AUvrB strain. Mutations induced at this
hotspot, as well as those induced at other mutational hotspots that
were found to be common to both the Uvr' and Uvr- strains, in-
volve G-C -* APT transitions. All of the hotspots are at sites of
potential dipyrimidine photoproducts, such as thymine-cytosine
and cytosine-cytosine dimers, or of pyrimidine-cytosine photo-
product Py-C* lesions. Each of these hotspots occurs at a site in
the potential hairpin loop of quasi-palindromic sequences. These
observations suggest an important role for DNA structure in de-
termining the fate of UV-induced premutational lesions.

The lacI system of E. coli provides a method for determining
UV-induced mutational specificity at a large number of sites
(1-3). In contrast, earlier studies in other systems generally
relied upon the analysis of reversion at a rather limited number
of sites (4-6). Often the mutants analyzed in such reversion
studies were originally induced by the mutagen (7); therefore,
the possibility existed that preferentially mutable sites or hot-
spots had been selected and that these might behave atypically.
Alternatively, the original mutation might have removed a crit-
ical DNA target sequence rendering the site practically im-
mutable. Moreover, in studies of the reversion of nonsense
mutations, the majority of "revertants" often occur not in the
structural gene but at suppressor loci, which behave differently
in their responses to UV light (4, 8, 9). The lacl system allows
an examination of forward mutagenesis at 65 individual sites
where nonsense mutations can arise by a single base substitu-
tion. Because both the DNA sequence and the location of the
nonsense mutations have been established (10), each mutation
can be attributed to a specific transition or transversion event.

Detailed knowledge ofthe sites at which mutagenesis occurs
and of the specific base changes produced may yield important
clues about the premutagenic lesions and how they are pro-
cessed. In the case ofUV irradiation, the mutational mechanism
is poorly understood. Photoreactivation experiments suggest
that mutagenesis in both excision-proficient and excision-de-
ficient strains requires pyrimidine dimers (11, 12). Neverthe-
less, considerable evidence exists that not all UV-induced mu-
tagenesis occurs at the sites of induced lesions (13). For
example, undamaged bacteriophage A plated on UV-irradiated
hosts show high levels of recA+-dependent mutagenesis ("in-
direct mutagenesis") (14). In a current model, UV-induced
mutagenesis in E. coli proceeds through a recA+-dependent,

inducible error-prone repair pathway called "SOS" repair [re-
viewed by Witkin (13)]. It is postulated that, where alternative
repair pathways are unable to function (e.g., at gaps resulting
from blocked DNA replication at pyrimidine dimers), SOS re-
pair permits bypass of the nontemplating damage but does so
at the cost of replicational fidelity (15, 16). This model suggests
that lesions such as pyrimidine dimers, capable of blocking
DNA replication, would be the premutagenic lesions but makes
no clear prediction as to whether most mutations would be di-
rectly "targeted" or "untargeted" (perhaps the result ofreduced
replicational fidelity or of otherwise cryptic lesions) and would
occur at more distant sites. Thus, studies on mutational spec-
ificity may provide clues as to the nature of the responsible
photolesion and the mechanism of mutagenesis.

However, the situation is more complex. Evidence has ac-
cumulated suggesting that pathways for UV-induced mutagene-
sis differ in excision-proficient and excision-deficient strains
(11, 17, 18). In the case of repair-proficient strains, it is hy-
pothesized that mutations arise at sites within structural genes
during excision-repair gap filling. This process is (lexA' recA+)-
dependent, but protein synthesis is not required for mutation
fixation, and the process may be considered constitutive (18).
However, mutagenesis in excision-deficient cells and in exci-
sion-proficient strains at particular sites, such as suppressor
tRNA loci, appear to involve error-prone postreplication repair,
which also requires the lexA' recA' genotype, but through a
process requiring protein synthesis. Moreover, because of the
low level of UV-induced mutagenesis in Uvr' bacteria, it has
been postulated that excision-proficient bacteria have an error-
free post-replication excision-dependent repair process that is
absent in excision-deficient cells (19).

In this study we made use of the lad system to investigate
UV mutational specificity in both excision-repair-proficient and
excision-repair-deficient strains of E. coli.

MATERIALS AND METHODS
Strains, Media, and the lad System. Unless otherwise

stated, the materials and techniques for the lad forward-mu-
tation system were the same as those used by Miller et aL (1)
and Coulondre and Miller (2, 3). The wild-type strain NR3835
(F' pro-lac/ara, A(pro-lac), thi, trpE9777) has been described
(20). Strain NR3951 [same as NR3835, except (bioFCD, uvrB
chiA)] was constructed by Plvir-mediated transduction with

Abbreviation: MFD, mutation frequency decline.
§ To whom reprint requests should be addressed at NIEHS.
¶ There are 72 characterized base pair substitutions that can give rise
to an amber or ochre mutation by a single base change, but only 65
of these are independent sites. Seven sites correspond to the tyrosine
codons TAT and TAC, which can be converted to an amber or ochre
codon by an alteration at the third position.
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C261 [strr, his, A(bioFCD, uvrB chLA)] as donor (21); chlorate-
resistant transductants of NR3835 were selected and screened
for UV sensitivity. Biotin was provided at 0.5 Ag/ml.
UV Irradiation and Mutant Selection. UV irradiation was

carried out as described (22), and mutational spectra were pre-
pared from 10-15 independent cultures grown to 4-6 X 108
cells per ml. lad mutants were selected by plating 10 p1 of the
irradiated cell suspension in 3 ml ofsoft agar on plates containing
phenyl-,D-igalactoside. Sufficient growth occurred on the se-
lective plates to ensure full expression of all mutants because
the addition of limiting amounts of glucose or glycerol as alter-
native carbon sources did not increase either the spontaneous
or induced mutation frequency. The spontaneous mutational
spectra obtained by this method did not differ from that found
previously (ref. 2; unpublished results). At the UV fluences
used to produce the spectra (100 J-m2 for the Uvr' and 5 Jm-2
for the AUvrB strains), the contribution of spontaneously aris-
ing mutants was less than 1%. Since the mutants were selected
directly following irradiation by plating in top agar, each in-
duced mutant was of independent origin. Furthermore, each
independent culture used to produce the UV spectra was
screened for spontaneous jackpots which would have interfered
with the induced spectra.

RESULTS
The mutational spectra for the Uvr' strain (Figs. 1 and 2) were
obtained after a UV fluence of 100 J m-2. This dose resulted in
a cell survival ofabout 3%, which is similar to the survival levels
used by Coulondre and Miller (3). The induced lacI mutation
frequency was 55 x 10' per survivor, and the frequency of
amber and ochre mutants was 8.1 x 10-6 per survivor, which
is slightly lower than reported by Coulondre and Miller (3) and
may reflect our use of exponentially growing rather than sta-
tionary-phase cells. Nonetheless, the UV spectra obtained by
direct plating of the Uvr' strain were very similar to those of
Coulondre and Miller (2, 3). Mutational hotspots were observed
at sites A23, 024, and 027 and in similar ratios as reported by

FIG. 1. Amber lad- mutant spectra for the wildtype and AUvrB
strains. a, Frequency distribution of 160 lad- wild-type mutants
among the 36 available amber sites after a UV dose of 100 J m-2, re-

sulting in a total frequency of lad- mutants of 55 x 10-6; , frequency
distribution of 193 amber mutants obtained in the AUvrB strain after
a UV dose of 5 J m-2, resulting in a ladc mutation frequency of 75
X 10-6 mutants per survivor. The potential pyrimidine dimer avail-
able at each site is indicated. N, sites where a pyrimidine dimer cannot
form; D, sites where both C-C and T-C dimers could potentially form.
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FIG. 2. Ochre lacd mutant spectra for the wild-type and AUvrB
strains. o, Frequency distribution of 108 lacd ochre mutants in the
wild-type strain after a UV dose of 100 J m2; m, frequency distribu-
tion of 120 ochre mutants in the 'AUvrB strain after a UV dose of 5
J'm-2. For details see Fig. 1. Sites 06 and 07 have not yet been as-
signed specific positions in the lad gene (10, 23), and the base change
is uncertain.

Coulondre and Miller (2, 3). These hotspots arise as a conse-
quence ofGC -- APT transitions at thymine-cytosine sites. The
5 J.M-2 dose used to produce the UV spectra for the AUvrB
strain was chosen to generate a frequency ofinduced amber and
ochre mutants similar to those produced by 100 J-m-2 in the
Uvr' strain. The spectra for the AUvrB strain are given along-
side those of the Uvr' strain in Figs. 1 and 2.
A comparison of the spectra obtained with the Uvr' and

AUvrB strains reveals a new hotspot at site A24 in the AUvrB
strain. This site accounted for almost 19% of all mutants arising
among the 36 potential amber sites. The frequency with which
A24 mutants were induced in the AUvrB strain was 149 x 10-8
compared with 2.9 x 108 in the wild type. A24 mutants arise
as a consequence ofG'C -* AT transitions at a cytosine-cytosine
site.

Because the mutational responses at individual sites might
show different dose-response characteristics, UV spectra were
determined at lower UV fluences (10 J'm-2 and 0.5 Jm-2 in the
case of the Uvr' and AUvrB strains, respectively). At these
doses, cell survival is almost unaffected, and the mutation fre-
quency is less than double the spontaneous level. Therefore,
the spectra obtained largely reflect spontaneous occurrences;
however, the induction of mutants at specific sites (particularly
hotspots) might be discernible. The spectra for the amber and
ochre mutants produced in the Uvr' strain did not show any
indication of specific mutagenesis at the A23, 024, and 027
hotspots (data not shown). However, in the case of the AUvrB
strain (Fig. 3), the hotspot A24 accounted for almost 20% of the
total mutants. This is at least 10-fold greater than expected from
the spontaneous spectrum and is even higher than the spon-
taneous "deamination" hotspots at A6, A15, and A34 (23).

DISCUSSION
The Nature ofthe A24 Mutational Hotspot. The single strik-

ing difference between the mutational spectra obtained for the
Uvr+ and AUvrB strains is the A24 hotspot found only in the
repair-defective strain (Fig. 1). This site is-further unique in that
the induction of A24 mutants was detected in the AUvrB strain
at UV fluences at which mutagenesis at other hotspots was not
observed (Fig. 3). The A24 hotspot is produced by a GC -) APT
transition at a cytosine-cytosine site. Five other transition sites
also involve a cytosine-cytosine target, yet A24 clearly behaves
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FIG. 3. Amber (Upper) and ochre (Lower) mutational spectra ob-
tained in the AUvrB strain after a UV dose of 0.5 J m-2; 102 amber
and 71 ochre mutants were analyzed. At this dose, survival is not sig-
nificantly affected, and the frequency of nonsense mutations is ap-
proximately double the spontaneous level.

differently. Upon examining the nucleotide sequence sur-
rounding the A24 site, we found that A24 occurs in an unpaired
terminal loop of a potential hairpin structure of a quasi-palin-
dromic sequence (see position 7 in loop B of Fig. 4). The location
of the A24 hotspot within a configuration ofpotential secondary
structure is particularly intriguing in view of the high UV mut-
ability of suppressor loci and their location within the loops of
potential secondary structure (25).
We do not yet know the molecular events leading to muta-

tions at the A24 hotspot (or at any other site). The high muta-
bility of this site in the Uvr- background might be related to

a predisposition for the formation of a premutagenic lesion that
is excised by the UV-endonuclease in the Uvr' strain. Alter-
natively, complex differences in the structures and processing
ofpremutagenic lesions might be responsible for the differences
in mutational outcome in the two genetic backgrounds. Indeed,
evidence has accumulated that the mechanism(s) ofmutagenesis
in the Uvr- strain may differ from those ofthe Uvr' strain, even
though both error-free and error-prone modes of repair are
available in both genetic backgrounds (11, 13, 17-19).
One model deserving of consideration is that the transient

formation ofDNA secondary structure during DNA replication
might reduce the efficiency of error-free postreplicational re-
combination repair (13, 26), if secondary structures inhibited
strand exchanges. Clearly, a low level of error-free repair
strongly predicts the high level of mutation at the A24 site seen
after low UV fluences (Fig. 3), where the cell's error-free repair
capacity is unlikely to be overtaxed.

Possibly the absence of the A24 hotspot in the Uvr' strain
was related to the action ofmutation frequency decline (MFD),
which occurs only in excision-proficient strains at specific sites
within tRNA genes (25, 27-30). MFD is very rapid: up to 50%
of the mutants can be lost within 2 min (25, 27). Although the
mechanism ofMFD remains unclear and its occurrence within
a structural gene is questionable (31), the location of the A24
site in the loop of a hairpin might be analogous to the situation
in tRNA and suggests the possibility that MFD might be re-
sponsible for the loss ofthe A24 mutants in the repair-proficient
strains. MFD is characteristically blocked by the addition of
nutrient broth or Casamino acids to the post-irradiation growth
medium. Neither the addition of nutrient broth or Casamino
acids to the selection plates nor up to 18 hr of incubation in
media containing these components increased the frequency of
A24 mutants in the Uvr+ strain (data not shown). Therefore, it
seems unlikely that MFD is responsible for the absence of this
hotspot in the Uvr+ strain.
The Other Sites. The mutational hotspots 024, 027, and

A23, seen in both Uvr' and Uvr- strains, lie in the same region
of the lad gene as A24 does. In fact, almost 50% of all the non-
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sense mutants arose in a segment spanning only 6% ofthe DNA.
These three hotspots involve GC -+ A-T transitions at DNA

sequences where thymine-cytosine dimers could form. Intri-
guingly, each of these hotspots is also located at unpaired sites
within potential secondary structures. Therefore, these hotspot
sites could reflect also a decreased probability of error-free re-

pair in regions of DNA.secondary structure. The fact that these
three sites differ from site A24 in that they are readily mutated
in both the Uvr' and Uvr- background must reflect either dif-
ferences in the premutagenic lesion between A24 and the other
hotspot sites or unique interactions between site A24 and the
E. coli repair systems.

The spectra produced by UV treatment in the Uvr+ and Uvr-
strains are (with the exception of the A24 site) very similar.
However, we do not know the basis of this similarity. These
similarities in genetic consequences may simply reflect the fate
of a common lesion processed in a similar fashion, but in no way
excludes the possibility that the processing of the same or even

different DNA lesions by different mechanisms might be
responsible.

Role for Pyrimidine Dimers in UV Mutagenesis? About 90%
of the lacI- nonsense mutants recovered in either the Uvr' or

Uvr- strain occurred, primarily as transitions, at sites where
pyrimidine dimers could form. This is similar to the observa-
tions of Miller et aL (10). Although this is consistent with a role
for pyrimidine dimers as important determinants of the site of
UV mutagenesis, this observation in no way proves their role.
In fact, in the simplest case, one might expect the frequency
distribution of mutations within a spectrum to reflect the fre-
quency distribution of the different pyrimidine dimers (cyto-
sine-cytosine, cytosine-thymine, thymine-cytosine, and thy-
mine-thymine) in irradiated DNA (32). Clearly this is not the

case. This disparity may reflect the modulating effect of DNA
repair or the specificity of SOS in the determination of muta-
tional spectra or might indicate that some other lesion contrib-
utes to mutagenesis at some or all sites. Recently a pyrimidine-
cytosine photoproduct dubbed Py-C* has been shown to occur
at physiologically relevant levels (33). As noted earlier, all the
hotspot sites involve potential thymine-cytosine or cytosine-cy-
tosine dimer targets and, therefore, are also potential Py-C*
targets. Indeed, most mutagenesis in either the Uvr+ and Uvr-
strain, including that at nonhotspot sites, involves G-C -- AT
transitions at what could be either Py-C* or pyrimidine dimer
sites. Unfortunately, because A-T -* G C transitions cannot

generate amber or ochre mutants, the potential contribution of
thymine-thymine and cytosine-thymine dimers to transition
mutagenesis cannot be evaluated. This inability to measure AT
-+ GC transitions means that the lad system cannot yet be used
to distinguish the potential contributions ofPy-C* and thymine-
thymine or cytosine-thymine dimers to mutagenesis.

Further Discussion. The localization of UV mutational hot-
spots in the lad gene ofE. coli at regions ofpotential secondary
structure is not only interesting in terms ofmutagenesis but also
might prove to be a sensible indicator of its actual occurrence

in vivo. Secondary structure has been predicted to play a role
in a number of processes, including the initiation ofDNA rep-
lication and the regulation of transcription. Cruciform struc-
tures have been invoked to explain certain nuclease-sensitive
sites in plasmid DNA (34, 35). Although the energetic costs of
forming such structures in double-stranded DNA is usually pro-
hibitive, the formation of certain cruciform structures in un-

derwound, superhelical DNA is favored (36). Furthermore, in
single-stranded DNA as may occur during DNA replication,
recombination, or repair, the secondary structure containing
the A24 site should be stable because energy considerations
[inferred from values calculated for tRNA (37) and, therefore,

only approximate] yield a AG of -31 J mole-'. The other hair-
pin loops (labeled A and C in Fig. 4) also generate negative AG
values and are, therefore, not unlikely to form in single-
stranded DNA.
The apparent relationship between mutational hotspots and

secondary structure prompted a computer-assisted search for
such structures throughout the lacI gene. However, in only one
such sequence was there a nonsense site (A35) present. Despite
the fact that the local DNA sequence ofthe loop containing the
A35 site is very similar to that of hotspot 024, and both contain
potential thymine-cytosine targets (10, 24), site A35 does not
constitute a hotspot (Fig. 1). Although we are currently unable
to explain why A35 is less mutable than A23, 024, and 027 if
secondary structure is a determinant ofmutational hotspots, this
may be only because we are largely ignorant of the factors de-
termining the in vivo occurrence of secondary structure. The
degree of local supercoiling or the binding ofproteins that might
facilitate or hinder the formation of secondary structure might
be strongly influenced by nearby sequences. Alternatively, sec-
ondary structure might be favored in regions of gapped DNA
such as might be associated with initiation or termination sites
of Okazaki fragments.
The localization of mutational hotspots at sites within poten-

tial secondary structures in DNA is exciting. DNA structural
isomers may transiently form during DNA replication, just
when mutations may be fixed most readily by error-prone repair
processes (13, 26, 38), or such isomers may provide unusual
DNA templates for specific endonucleases that interfere with
error-free repair. These structures also may exist as recombi-
national intermediates during a process that normally provides
an opportunityfor error-free repair (13). We propose, therefore,
that DNA secondary structures can modulate the extent of both
error-free and error-prone repair and, as a result, can contribute
to the determination of mutational hotspots.
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