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ABSTRACT

The mutagenic properties of UV-induced photopro-
ducts, both the cis-syn thymine-thymine dimer (TT)
and the thymine—thymine pyrimidine pyrimidone (6-4)
photoproduct [T(6-4)T] were studied in mammalian
cells using shuttle vectors. A shuttle vector able to
replicate in both mammalian cells and bacteria was
produced in its single-stranded DNA form. A unique
photoproduct was inserted at a single restriction site
and after recircularization of the single-stranded DNA
vector, this latter was transfected into simian COS7
cells. After DNA replication the vector was extracted
from cells and used to transform bacteria. Amplified
DNA was finally analyzed without any selective screen-
ing, DNA from randomly picked bacterial colonies
being directly sequenced. Our results show clearly
that both lesions are mutagenic, but at different levels.
Mutation frequencies of 2 and 60% respectively were
observed with the TT dimer and the T(6-4)T. Withthe TT
dimer the mutations were targeted onthe 3 '-T. With the
T(6-4)T a large variety of mutations were observed. A
majority of G - T transversions were semi-targeted to
the base before the 5 '-T of the photoproduct. These
kinds of mutations were not observed when the same
plasmid was transfected directly into SOS-induced
JM105 bacteria or when the T(6-4)T oligonucleotide
inserted in a different plasmid was replicated in
SOS-induced SMH10 Escherichia coli bacteria. These
semi-targeted mutations are therefore the specific
result of bypass of the T(6-4)T lesion in COS7 cells by
one of the eukaryotic DNA polymerases.

INTRODUCTION

pyrimidones 4). Other minor lesions are also produced that concern
pyrimidines and purines5€7). We designed experiments to
characterize the mutagenicity induced by two of the main
UV-induced lesions, theis-syn thymine—thymine cyclobutane
dimer (TT) and the thymine—thymine pyrimidine pyrimidone (6-4)
photoproduct [(T(6-4)T)]. Studies have been carried out concerning
the mutagenic properties of these two adducts in prokaryotes and in
yeast 8), but no data are available in mammalian cells. We therefore
constructed a single-stranded DNA shuttle vector carrying a unique
photoproduct able to replicate in both mammalian cells and bacteria.
This vector was then replicated in mammalian cells and mutations
were analyzed by DNA sequencing of rescued plasmids after
individualization and amplification of DNA molecules in bacteria,
without any screening.

The main interest of using a single-stranded DNA plasmid is
the fact that the lesion cannot be a substrate for the excision/resyn-
thesis DNA repair mechanism and that survival of the plasmid is
subordinated to replication of its genome across the photopro-
duct. Using a single-stranded shuttle vector carrying a unique
DNA lesion also removes any ambiguity about the strand position
of the lesion and on the targeting of the mutation. Moreover, using
the same DNA sequence for insertion of one of the two lesions
under analysis eliminates any potential effect of DNA structural
features that have been shown to play an important role in the
production of mutational hot spotS).( This modified DNA
sequence is the same as the one udestimerichia coland yeast
studies {0,11).

MATERIALS AND METHODS

Plasmid

The plasmid that has been used is pS189, a generous gift from Dr
Seidman. As described previously); it possesses the origins of
SV40 and offAN7 which allow its replication in mammalian

The mutagenic potency of UV light has been clearly showrirboth cells and in bacteria. Single-stranded DNA was produced using
vitro and in vivo using a variety of experimental systems inthe M13 phage replication origin present on the plasmid and the
mammalian cells as well as in bactetia3). Numerous lesions are M13K07 helper phage according to the procedure described
induced by UV light, usually implicating a doublet of adjacenpreviously in Analects (Pharmacia). Bacteria carrying the vector
pyrimidines, as in the pyrimidine dimers and the pyrimidine (6-4yere selected by their ampicillin resistance.
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Cells and bacteria observed. This mutagenicity is targeted opposite the photolesion,

. _ ading to T- C and T A substitutions. Two transitionsJC
Monkey COS7 cells which constitutively express the SV40 T4 o%e transversion _JA have been observed on theT3
antigen were used in these experiments. They were grown il’ﬂplicated in the dimer.

Dulbecco's modified Eagle’s medium in 90 mm Petri dishes aq tar as the T(6-4)T is concerned a very elevated mutation

supplenrw]ented with 7% fetal calf serum in a water-saturated 5% Cfq ency was observed. This frequency reaches 60% in the plasmid
atmosphere.

. DNA progeny. Among these mutations a large majority of
D(;—I5a vt\;were _utllllzeo!{ o céetgcé’rgxtarts a_r:jd JM105 or XL1 Blue t%emi-targeted transversions was obtained. Eighty percent @f G
produce the single-strande plasmid. transversions occurred in the immediate vicinitpfthe photo-

Sl\_/lHlO and JM105 pacteria were SO.S induced as describ@ ion. Very few mutations are targeted directly opposite the lesion
previously (.3), before being transformed with the damaged VeCtO(S%) and a few frameshifts are recorded near the original lesion,

) ) particularly a —1 deletion of the G residue corresponding to the hot
Oligonucleotides spot of G- T substitutions of the Border of the lesion. No mutants

A control oligonucleotide (GCAAGTTGGAG) or a modified V&'® folund l\;vh_en CTO 920'[?11;5'0” was dpresent (ole
oligonucleotide carrying either thes-syn TT dimer or the Results obtained with thes-synTT dimer are not surpr|§|ng
T(6-4)T photoproduct were synthesized and purified as describ genh compared W'teh . IFngut?jgenlihpotlgnCy '2 Eakgg ¥ﬁa5t’
previously ((4,15). Other oligonucleotides necessary for vector>2¢CNalOMYyCes cerevisiamaeed in his lower: eukaryote, the
construction were prepared in our laboratory by the soli utation frequency of this lesion was <136)( In SOS-induced

- ; : : cteria the error rate was higher and the mutation frequency
g&ﬁ%@%ﬁg%ﬁ method using an Applied Biosystems 380reachedD?%. Although we detected only a few mutants, the

mutations we observed are those expected from the observations in
. bacteria, that is to say, a base substitution at tie @ the
Construction of the vector photoproduct. As argued by Banegeal (14) for bacteria, it seems

An adaptation of the method described by Banetjab(14) and that the_low Ievel of mutation induced by the TT dimer_in
Leclercet al (15 was used 16). The single-stranded DNA mammallan cells is most probab_ly dut_a to the_fact that the dimer
vector was linearized at the unigBglll site after hybridization Tétains enough correct base pairing information for polymerase
of a 20mer oligonucleotide, creating a double-stranded structf#Pass, rather than a bias of adenine incorporation opposite a
at this restriction site. The oligonucleotide helper was removed B¢n-instructive lesior2(). In this latter case, the mutagenic potency
heating at 80C for 2 min then by cooling to°@ and filtration ~ OF the photoadduct should be greatly elevated, since the A insertion
through a Sephacryl S-400 column (Pharmacia). The lineariz&g§quency iS50-80% in the case of non-instructive apurinic sites
molecule was then re-circularized with a 50mer scaffold oligd)- A mutation frequency of 20-40% should therefore be observed
nucleotide, the sequence of its central part corresponding to #fBen TT dimers are replicated, if the °A rule’ should apply.
single-stranded region of the gapped molecule thus formed beind/lutations observed after replication of T(6-4)T in COS7 cells
complementary to the oligonucleotide carrying the uniqu@r® more difficult to interpret in view of what has been observed
photolesion. This latter was then inserted in the gap and ligati#h Pacteria and in yeasfl}15). Indeed a large variety of
was performed using 400 U T4 DNA ligase at@3or 30 min. mutations was o_bserved and,_abo_ve all, a hot spot Iocate_zd in the
The 50mer scaffold was finally removed as described above fopmediate vicinity of the 'ST implicated in the photolesion.

the 20mer. Finally, in order to remove any partially doubleMoreover, it has to be noted t_hat in five cases (almost 8% of the
stranded intermediate molecules which may have been lefutants) this base 5f the lesion has been deleted. It appears
digestions wittHincll andXba enzymes, whose restrictions sitestherefore that the nucleotide adjacent to tha Bf the

are located at each site of the 50mer, were perforhd ( photolesion is a privileged target under our experimental
conditions. In order to test if some impurities in the modified

oligonucleotides could explain this result, we used the same batch
of modified oligonucleotides to transfect SOS-induced bacteria
COS7 cells were transfected with the plasmid DNA using thas described previousl¥4). The T(6-4)T and TT photoproduct-
DEAE-Dextran methodL{). After 3 days, replicated extrachro- carrying oligonucleotides were inserted into the single-stranded
mosomal DNA was extracted from cells using an alkaline lysi@NA vector M13mpL1 {3). This DNA was then transfected
method {8). This extracted DNA was used to transformdirectly into competent SOS-induced SMH10 bacteria, which is
DH5arecA™ bacteria by Hanahan's proceduté)(in order to  a uvr A6 derivative of the AB1157 strain. As in experiments
isolate and amplify DNA molecules. The ampicillin resistancearried out in COS7 cells, no selection was applied, as colonies
conferred by the plasmid allowed selection of transformantwere picked and sequenced at random. As shown in Zadile
Vector DNA was then prepared by alkaline lysis and DNAhe mutations were targeted. However we have no explanation for
sequencing of the plasmid DNA containing the inserted oligghe higher frequency of targeted deletions found in these
nucleotide was performed by the chain elongation terminaticgxperiments as compared with that observed previoliS)y (

Experimental protocol

method using Sequenase Il kits (Amersham). Mutagenesis induced by tteys-syndimer in SOS-induced
bacteria was totally as expected, i.e. a low mutation frequency
RESULTS AND DISCUSSION (9.6%) and all mutants being targeted at th& 8f the dimer

(Table 2). It therefore demonstrates that the semi-targeted
The mutagenic properties of TT dimers and T(6-4)T in mammalianutations observed using the COS?7 cells are not artefacts due to
cells are shown in Table The mutagenicity of TT dimers is the T(6-4)T-carrying oligonucleotide. Another hypothesis to
relatively low. A mutation frequency of only 2% has beerexplain our results in COS7 cells could be that our vector exhibits
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specific secondary structure at the site of the T(6-4)T lesior80S-induced JM105 bacteria. TaBlshows that mutations are
due to the DNA sequence present around it. This putativeainly those expected according to the results observed previously
structure could be a substrate for a specific type of error-protig5). Only one mutation was identical to the semi-targeted
replication at that particular sited the T(6-4)T. Indeed, ithas mutational hot spot observed in mammalian cells, while the vast
been shown in experiments in which UV DNA lesions werenajority (80%) of mutations are targeted at the lesion. In
randomly induced that hot spots of mutagenesis could be tlgenclusion, the specific mutational hot spot found in COS7 cells is
consequence of particular DNA structure features. The conneally due to replication of the lesion by the cells and not to a defect
plete construction of pS189 carrying the unique DNA lesiorin the oligonucleotide or to a conformational structure of the pS189

used to transfect COS7 cells was thus used to transfonplasmid DNA.

Table 1. Mutagenesis of TTEis-syncyclobutane dimer and T(6-4)T in mammalian cells

Sequences observed TT cis-syndimer T(6-4)T TT control
Number of Mutation Relative Number of Mutation Relative Number of Mutation
sequences frequency mutation sequences frequency mutation sequences frequency
analyzed (%) frequency analyzed (%) frequency analyzed (%)

(%) (%)

5'-GCAAGTTGGAG-32 120 41 102

GCAATTTGGAG? 51 80.9
GCAAGTCGGAG 2 66.6 2 3.2
GCAAGGTGGAG 1 1.6
GCAAGTTGGGG 2 3.2
GCAAGTTCGAG 1 1.6
GCAA(AG)TT(+C)GGAG 5 7.9
GCAAGTTGGQA)G 1 16
GCAAGTAGGAG 1 33.1
Total 123 2.4 104 60.5 102 <1%

The photoadduct was located at the T-T site in the sequeBRAGTTGGAG-3.

aNon-mutated sequence.
bMutations are underlined.

Table 2. Mutagenesis of TEic-syncyclobutane dimer and T(6-4)T in SOS-induced SMHELBoli bacteria

Sequences observed Photolesion
TT cis-syndimer T(6-4)T
Number of Mutation Number of Mutation
sequences frequency (%) sequences frequency (%)
5-GCAAGTTGGAG-32 188 3
GCAAGTAGGAG? 18
GCAAGTCGGAG 2 28
GCAAGCTGGAG 1
GCAAG(AT)TGGAG 27
Total 208 9.6 59 95

The photolesion was located at the T-T site in the sequ&BEAAGTTGGAG-3.

aNon-mutated sequence.
bMutations are underlined.
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Table 3. Mutagenesis of the T(6-4)T photolesion inserted in pS189
replicated in SOS-induced JM105 bacteria

obtained in Chinese hamster cells usinghpe gene as target
(25,26). These studies showed that the T(6-4)T photoproduct was
the main UV-induced mutagenic lesion and that no preferential

Sequences Number of Mutation repair of the lesion in the transcribed gene was found. It seems,
observed sequences frequency (%) therefore, that the mutagenic properties of the photoproduct is
5 _GCAAGTTGGAG-32 29 correlated with the organism and with the replication conditions.
GCAAGTCGGAGP 10 In bact_eria, replication of poth .Iesions requires a pretreatment in
GCAAGCTGGAG ord_er to mduc_e SOS conditions in the cells. A%.cergwsmand .
unlike in E.coli, UV pretreatment is not necessary in mammalian
GCAALTTGGAG cells to bypass the lesions. No pretreatment of any kind in
GCAAGTGCAGCC mammalian cells was necessary to obtain a mutated plasmid
GCAAGTTGGLCG progeny. However, we cannot eliminate the possibility of the
Total 45 35.5 induction of SOS-like conditions in COS7 cells by the transfection

) o protocol itself.
The photolesion was located at the T-T site in the sequérfGEAAGTTG-

GAG-3.
aNon-mutated sequence.
bMutations are underlined.
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