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ABSTRACT

Far-UV irradiation of DNA leads to the dimerization
of pyrimidine bases, resulting in the formation of
cyclobutane type dimers and (6±4) photoproducts.
In the dry state, an additional thymine dimeric
photolesion, the spore photoproduct, is also gener-
ated. While most photoproducts are expected to be
produced between adjacent pyrimidines, little atten-
tion has been paid to lesions involving bases
located on different DNA strands. Using HPLC±
mass spectrometry analysis of enzymatically
digested DNA, we observed that, in the dry state,
inter-strand dimeric photoproducts represented
30% of the total yield of dimeric thymine lesions.
The major inter-strand damage was found to be the
spore photoproduct. Formation of inter-strand
lesions in signi®cant yield could be obtained in
solution upon modi®cation of the DNA conformation
as the result of the addition of large amounts of
ethanol. In both cases, DNA is in the A-form, which
is characterized by a high compaction, likely to
favor inter-strand photoreactions. Since the latter
DNA conformation is also predominant in bacterial
spores, the formation and repair of dimeric photo-
products involving thymine bases located on
different DNA strands may thus be relevant in terms
of deleterious effects of UV radiation to the latter
microorganisms.

INTRODUCTION

UV radiation is a well known mutagen that induces the
formation of a series of lesions within DNA. In the UVC and
UVB range, damage is triggered by the direct absorption of the
incident light by DNA bases. Reactions of the resulting
excited species lead mostly to the dimerization of pyrimidine
bases. UV-induced photoproducts exhibit a large variety of
chemical structures (1,2). Indeed, cyclobutane type dimers,
pyrimidine (6±4) pyrimidone photoproducts and their related
Dewar valence isomers may be produced at each of the four
bipyrimidine sites with a strong sequence dependence (3).

Under anhydrous conditions, such as within bacterial spores,
5,6-dihydro-5-(a-thyminyl)-thymine, the so-called `spore
photoproduct' (Fig. 1) is additionally generated by a
photoreaction involving two thymine moieties (4±6).
Moreover, all these photoproducts exhibit asymmetric centers
in their base moiety. Consequently, several isomers may be
produced. For instance, the position of the pyrimidine bases
with respect to the cyclobutane ring de®nes the cis and trans
isomers of the cyclobutane dimers. In addition, the latter
lesions may be either syn or anti, depending on whether the
C5±C6 bonds of the two pyrimidines are parallel or
antiparallel, respectively. However, while all the different
isomers may be isolated following irradiation of free bases and
nucleosides, the con®guration of the DNA helix makes the
UV-induced dimerization of adjacent pyrimidine bases very
stereospeci®c. For a given bipyrimidine sequence, only one
diastereoisomer of the (6±4) photoproduct is produced,
together with the corresponding cis,syn cyclobutane dimer.
Under speci®c conditions, one of the diastereoisomers of the
thymine trans,syn cyclobutane dimer may also be obtained in
low yield (7,8). The variety of photoproducts within double-
stranded DNA might be even more complex than it may be
anticipated from the chemical structure of their base moiety.
Indeed, pyrimidine dimerization is usually discussed in terms
of photoreaction between adjacent bases but photoproducts
may also be formed between non-adjacent pyrimidines. This
has been proposed to occur in single-stranded poly(dG´dT)
(9,10) and in DNA hairpins (11). The resulting photoproducts
have been shown to induce frameshift mutations upon
replication of synthetic oligonucleotides (12). In the latter
works, the modi®ed bases were supposed to be located on the
same DNA strand. In contrast, very few data are available on
photoproducts between pyrimidines of different DNA strands.

We presently report that inter-strand thymine dimeric
photoproducts constitute a major class of UVC-induced
lesions in dry DNA. The photochemistry of DNA in the dry
state has received much less attention (13) than in aqueous
solution, for obvious reasons of extrapolation of the results to
the photochemistry of DNA in a cellular environment.
However, UV irradiation of dehydrated DNA has recently
regained attention. First, UV-irradiated dry ®lms of DNA have
been proposed to be used as a new material (14). A possible
application could be the trapping of substances exhibiting
toxic properties through interaction with cellular DNA
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(15,16). Photochemistry of DNA in the dry state is also widely
studied in relation to the behavior of bacterial spores exposed
to extraterrestrial solar radiation (17,18). In addition to its
formation, the spore photoproduct is the topic of extensive
investigations in terms of repair. Indeed, several groups are
studying the spore photoproduct lyase, a DNA repair enzyme
that is able to catalyze reversion of the spore photoproduct to
the original unmodi®ed thymines (19±21). Even though this
activity is well known, the detailed enzymatic process remains
to be completely elucidated (22±24). Radiolabeled plasmid
DNA exposed to UV-radiation in the dry state is often used as
substrate for these studies (24,25). Altogether, the exhaustive
distribution of photo-induced lesions within UV-irradiated dry
DNA is information of interest in several ®elds.

We have recently reported the distribution of photoproducts
involving adjacent pyrimidine bases in UVC-irradiated ®lms
of DNA (26). The main differences with results obtained in
aqueous solution were the formation of the spore photoproduct
and the main trans,syn diastereoisomer of the TT cyclobutane
dimer, together with an increase in the ratio between the yield
of (6±4) adduct and cyclobutane dimer at TC sites. The study
of the photochemistry of DNA in the dry state is presently
extended to the formation of inter-strand dimeric lesions. This
investigation required the development of a highly speci®c
assay for the quanti®cation of these photoproducts based on
the use of HPLC coupled to tandem mass spectrometry
following appropriate DNA hydrolysis. Emphasis was also
placed on the role of the conformational differences between
DNA in the dry state, on the one hand, and in aqueous
solution, on the other, that may explain the formation of inter-
strand photoproducts. For this purpose, experiments involving
irradiation of DNA in the presence of a large amount of
ethanol and studies on the UVC-photolysis of thymidine (Thd)
under different conditions were carried out. Altogether, it
could be concluded that DNA in the A-form favors the
formation of both inter-strand thymine dimer lesions and the
spore photoproduct.

MATERIALS AND METHODS

Chemicals

Calf thymus DNA, phosphodiesterase I, phosphodiesterase II
and nuclease P1 were purchased from Sigma (St Louis, MO).
Ethanol was analytical grade (Prolabo, France). Calibrated
solutions of the cyclobutane dimers, spore photoproduct, (6±4)
photoproduct and Dewar valence isomer of thymidylyl-(3¢-
5¢)-thymidine (TpT) were prepared as previously reported
(7,8). Thd dimeric photoproducts were synthesized and
isolated as previously described (27,28). The concentration
of the solutions of Thd cyclobutane dimers was determined
following photoreversion of the compounds to Thd and
subsequent measurement of the UV absorption at 267 nm.
The concentration of the solutions of (6±4) adducts and spore
photoproducts was determined spectrophotometrically using
reported UV absorption features (29). Thymine cis,syn
cyclobutane dimer and spore photoproduct were prepared by
hot formic acid hydrolysis (88%, 135°C, 6 h) of the
corresponding Thd derivatives. Solutions of resulting photo-
products were then calibrated by UV spectrophotometry,
using reported molecular absorption coef®cients (29).

HPLC±mass spectrometry analyses

Samples were injected onto an Agilent 1100 series chromato-
graphic system equipped with an Uptisphere ODB
(MontlucËon, France) octadecylsilyl silica gel column (3 mm
particle size, 150 3 2 mm i.d.). The column oven was set at
28°C and the ¯ow rate was 200 ml min±1. The mobile phase
was a gradient of acetonitrile (maximum proportion 20% v/v)
in either 2 mM ammonium formate or 2 mM triethyl-
ammonium acetate. Methanol was added at a ¯ow rate of
100 ml min±1 at the outlet of the UV detector set at 280 nm.
Then, the resulting mixture was directed towards an API 3000
triple quadrupolar mass spectrometer (Perkin-Elmer/Sciex,
Thornhill, Canada). The latter apparatus was used either in
the product ion scan or the multiple reaction monitoring
(MRM) mode. In the former con®guration, the ®rst quadru-
pole is used to isolate the pseudo-molecular ion to be
characterized prior to fragmentation in the collision cell.
The spectrum of resulting daughter ions is determined by
scanning of the third quadrupole. In the MRM mode, pseudo-
molecular ions of a given mass are isolated in the ®rst
quadrupole and fragmented. Daughter ions speci®c to the
compound of interest are then quanti®ed following isolation in
the third quadrupole.

Irradiation of DNA

The UVC source used was a 2 3 15 W germicidal lamp (VL
215G; Bioblock Scienti®c, Illkirch, France). A stock solution
of isolated calf thymus DNA (1 mg ml±1 in deionized water)
was prepared. Irradiation of DNA in solution was performed
with aliquots of 3 ml under magnetic stirring in a 4.5 cm
diameter Petri dish. The lamp was placed above the sample.
The ¯uence was 2100 J m±2 min±1 and irradiation times ranged
between 5 and 60 min. Dry DNA ®lms were prepared by
lyophilization of 2 ml of solution in a 4.5 cm diameter Petri
dish. Following freeze-drying, the ®lm was allowed to
equilibrate with ambient atmosphere for 1 h. It was then
exposed to the UVC light (¯uence 2400 J m±2 min±1) for 1 min.

Figure 1. UV-induced thymine dimeric lesions within DNA. (A) Chemical
structure of the photoproducts involving adjacent bases. The stereochemistry
of the spore photoproduct formed within DNA has not yet been determined.
(B) Schematic representation of the different isomers of the thymidine
cyclobutane dimer. dR, 2-deoxyribose. cis,syn and trans,anti cyclobutane
dimers are meso forms and thus exist as a single isomer.
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The ®lm was then solubilized in 2 ml of water and an aliquot
(150 ml) was collected. The remaining solution was freeze-
dried. The same irradiation protocol was repeated three
times (overall exposure times 1, 2, 3 and 4 min). Irradiations
were performed in triplicate. Following exposure to the lowest
dose (2100 and 2400 J m±2 for dry ®lm and aqueous solution,
respectively), melting temperature (Tm) of calf thymus DNA
was determined and compared with that of a non-irradiated
sample. For this purpose, the concentrated DNA solution
(1 mg ml±1) was diluted 30 times in 50 mM NaCl. The thermal
denaturation was followed between 20 and 90°C by monitor-
ing the UV absorption at 260 nm on a 8453 Hewlett-Packard
spectrophotometer equipped with a 89090A thermostated cell.
Another series of experiments involved irradiation of DNA
solutions containing increasing concentrations of ethanol. For
that purpose, 200 ml of a 1 mg ml±1 DNA solution was mixed
with the appropriate volume of deionized water and ethanol in
order to obtain 1 ml of solution containing 0, 20, 40, 60 or 80%
(v/v) of the latter alcohol. Samples were exposed, under
magnetic stirring in a watch glass, to increasing doses of UVC
(800, 1500 and 3100 J m±2). Ethanol was then removed under
vacuum and the resulting aqueous phase was freeze-dried. The
obtained residue was solubilized in 200 ml of deionized water.

Quanti®cation of photoproducts

Following any type of irradiation, fractions of 50 ml of DNA
solution were digested as previously reported (8) by nuclease
P1 and phosphodiesterase I at pH 5.5 for 2 h at 37°C. The pH
was then adjusted to 8, and alkaline phosphatase and
phosphodiesterase II were added. The sample was left at
37°C for 2 h. Then, the pH was set at 6.5 by addition of 0.1 N
HCl. The samples were analyzed by HPLC±MS/MS for their
content of TpT lesions as previously described (8). Thd
dimeric photoproducts were quanti®ed in the same samples.
The chromatographic conditions were very similar to those
used for TpT lesions, with the exception that the aqueous
mobile phase was a 2 mM solution of ammonium formate
instead of triethylammonium acetate. Thd photoproducts were
quanti®ed by MRM mass spectrometry detection in both the
positive and negative electrospray modes. Chromatographic
features of the photoproducts and transitions used for their
detection are listed in Table 1. The difference between values
obtained in the negative and positive modes was below 5%
and results were thus averaged. The contents of thymine spore
photoproduct and cis,syn cyclobutane dimer were also deter-
mined following hot 88% formic acid hydrolysis of DNA. The
respective transitions used were 253®236 and 253®210 in
the positive mode, and 251®208 and 251®125 in the

negative mode. The HPLC conditions were the same as for
the detection of Thd lesions. The retention times of the
thymine spore photoproduct and cis,syn cyclobutane dimer
were 14.7 and 10.9 min, respectively. In all cases, the amount
of photoproduct detected was determined by external calibra-
tion. The amount of analyzed DNA was inferred from the area
of the peak of 2¢-deoxyguanosine and adenine of the HPLC-
UV chromatogram of enzymatically digested and chemically
hydrolyzed samples, respectively.

Irradiation of thymidine

UVC irradiation of Thd was performed in a 10 cm diameter
Petri dish using the UVC source described above. First, 15 ml
of a 1 mM Thd solution was frozen at ±80°C and then exposed
to UVC light on dry ice (overall dose 100 000 J m±2). Another
sample was prepared by lyophilization of 15 ml of a 1 mM
aqueous solution of Thd followed by exposure of the resulting
®lm to 40 000 J m±2 UVC light. A similar experiment was
performed with a Thd ®lm prepared by overnight evaporation
of a 10 mM solution (15 ml) of Thd in ethanol in a fume hood.
Following irradiation, the ®lms prepared for the latter two
experiments were solubilized in 15 ml of deionized water. All
irradiated samples were analyzed by HPLC±MS/MS in the
product ion scan mode. Fragmentation of either protonated
([M+H]+, m/z = 485) or deprotonated ([M±H]±, m/z = 483)
pseudo-molecular ions of the dimeric photoproducts was
monitored. The HPLC UV detector was set at 260 nm.

RESULTS

Analytical approach

Pyrimidine dimeric photoproducts were quanti®ed by HPLC
coupled to tandem mass spectrometry following hydrolysis of
DNA. The latter step was carried out under different
conditions. First, hot acidic hydrolysis was used to release
the photoproducts as modi®ed bases through the cleavage of
the N-glycosidic bonds. This DNA hydrolysis procedure has
been widely applied to irradiated radiolabeled DNA in order to
quantify cyclobutane dimers (7,30,31) and spore photo-
products (32±34). However, this approach failed to accurately
quantify the labile (6±4) photoproducts and their related
Dewar valence isomers. Digestion of DNA by exonucleases
was used as an alternative hydrolysis technique. The latter
enzymes have been found to be unable to cleave the intra-
dimer phosphodiester bonds (35,36). The photoproducts
involving adjacent pyrimidines are thus released as modi®ed
dinucleoside monophosphates that are readily quanti®ed by
HPLC±MS/MS.

Table 1. Parameters of the HPLC±MS/MS detection of Thd dimeric photoproducts in the positive (ESP+) and negative (ESP±) electrospray ionization
modes

Product
<>c,s <>t,s <>c,a <>t,a (6±4) Spore

Retention time (min) 16.8 17.1/17.6 18.9/19.2 23.4 23.0/25.4 25.6/27.6
ESP+ 253 253 127 127 235 253
ESP± 350 350 125 241 n.d.a 279

Parent ions were set at m/z = 485 and 483, respectively. Detection in the multiple reaction monitoring mode involved the daughter ions listed. Retention times
are provided for the single or the (+) and (±) diastereoisomers of each photoproduct. <>c,a, <>c,s, <>t,s and <>t,a, cis,anti, cis,syn, trans,syn and trans,anti
cyclobutane dimers; (6±4), (6±4) photoproduct; spore, spore photoproduct.
aThymidine (6±4) photoproducts are ionized in very low yield in the negative mode and cannot be quanti®ed under these conditions.
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In the present work, enzymatic digestion of DNA was also
applied to the quanti®cation of dimeric photoproducts involv-
ing thymine bases located on different DNA strands. This
approach was based on the assumption that, as far as the DNA
digestion was concerned, inter-strand photoproducts could be
considered as two monomeric lesions. Therefore, the enzymes
used for the digestion should release the latter class of lesions
as nucleoside derivatives (Fig. 2). One limitation might have
been the bulky nature of the photoproducts that may reduce the
activity of the enzymes. However, in contrast to lesions
involving adjacent pyrimidines, inter-strand damage is
unlikely to strongly distort the short pieces of DNA produced
during the digestion process. In addition, the combination of
endo- and exonucleases used has been shown to allow the
release of digestion-resistant lesions such as thymidine glycols
and 5-formyl-2¢-deoxyuridine (37).

HPLC±MS/MS was then used to discriminate between the
inter- and intra-strand photoproducts in the enzymatically
digested samples; the molecular weight of TpT photoproducts
is 546 while that of the corresponding Thd lesions is 484. In
addition, we previously reported that the structure of Thd
dimeric photoproducts exhibited a drastic effect on their
collision-induced fragmentation pathways in electrospray
mass spectrometry in the positive mode (28). In the course
of the present work, similar observations were made in the
negative mode (data not shown). This data allowed the setting-
up of highly speci®c MRM methods in both the negative and
positive modes. In addition, the speci®city of the detection
was improved by the ef®cient separation of all of the Thd
photoproducts on the reverse-phase HPLC column.

UVC irradiation of thymidine

HPLC±MS/MS was found to be a straightforward technique to
determine the distribution of photoproducts within UVC-
irradiated Thd samples. Indeed, combination of HPLC separ-
ation and analysis of the fragmentation mass spectra made
possible the identi®cation and determination of the relative
yield of all possible photoproducts in a single injection.
Therefore, the latter assay allowed the accurate comparison of
the effect of exposure of Thd to UVC under various
conditions, as an extension of early works (29,38,39). A ®rst
observation was the similarity in the relative yields of the
different photoproducts in frozen and lyophilized aqueous
solution (Table 2). In contrast, the distribution of dimeric
lesions was drastically different in dry Thd depending on the
preparation of the solid ®lm. Indeed, when an ethanolic
solution was dried, spore photoproducts, and mostly one of the
two diastereoisomers (Fig. 3), were the major UV-induced
lesions. In contrast, irradiation of a freeze-dried aqueous
solution yielded all photoproducts in signi®cant yields
(Table 2). Under the latter conditions, the two diastereoiso-
meric spore photoproducts were generated in similar amounts.

Quanti®cation of inter-strand photoproducts in UVC-
irradiated DNA

The formation of inter-strand photoproducts released as Thd
lesions and intra-strand dimeric lesions hydrolyzed as modi-
®ed dinucleoside monophosphates was quanti®ed within
UVC-irradiated isolated DNA. Only traces of the inter-strand
cis,syn cyclobutane dimer and, to a lesser extent, of the
trans,anti related lesion were detected within DNA exposed to
UVC in aqueous solution. The respective yields were 0.022
and 0.004 lesions 108 bases±1 J±1 m±2, while that of the intra-
strand cis,syn thymine cyclobutane dimer was 8.4 lesions
108 bases±1 J±1 m±2. It should be mentioned that reported yields
for the latter photoproduct are often in the range of 1 lesion
105 bases±1 J±1 m±2. This apparent discrepancy with our results
is accounted for by the fact that we used concentrated DNA
solutions in order to limit the level of photoproducts and
prevent secondary photoreactions. We have previously shown
that the quantum yield obtained under our conditions is in
close agreement with available data (40).

In contrast to results obtained with aqueous solutions,
photoproducts involving non-adjacent thymine residues were
detected in high yields in UVC-irradiated dry DNA. The two
diastereoisomers of the Thd spore photoproduct were detected
in almost equal amounts in enzymatically digested DNA
samples. Their level was found to be proportional to the
applied UVC dose and their combined yield was slightly

Figure 2. Principle of the enzymatic and acidic release of inter- and intra-
strand photoproducts from DNA. B, normal base; dR, 2-deoxyribose; P,
phosphate.

Table 2. Distribution of dimeric photoproducts (expressed as a percentage of the combined yield of quanti®ed lesions) upon exposure of Thd to UVC light
under different conditions

Condition Product
<>c,s <>t,s <>c,a <>t,a Spore (6±4)

Frozen aqueous solution 10 12 24 3 38 13
Lyophilized aqueous solution 12 22 28 7 27 4
Air-dried ethanolic solution 5 6 8 1 78 2

<>c,a, <>c,s, <>t,s and <>t,a, cis,anti, cis,syn, trans,syn and trans,anti cyclobutane dimers; (6±4), (6±4) photoproduct; spore, spore photoproduct. For the
trans,syn and cis,anti cyclobutane dimers, the (6±4) and the spore photoproducts reported values represent the sum of the yield of the two diastereoisomers.
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higher than that of the corresponding intra-strand lesion
(Fig. 4). Quanti®cation of the spore photoproduct was also
performed as a thymine dimeric lesion following acidic
hydrolysis. The level of spore photoproduct measured under
the latter conditions was found to be equal to the combined
amount of TpT and Thd spore photoproducts detected in
enzymatically digested DNA samples (Fig. 4). Similar obser-
vations were made for the cis,syn cyclobutane dimer. Its
formation was found to be linear with respect to the dose. As
for the spore photoproduct, the sum of the yield of inter-strand
and intra-strand cis,syn thymine cyclobutane dimer deter-
mined in enzymatically digested DNA was identical to that of
the related thymine lesion quanti®ed following acidic
hydrolysis. The yields of formation were found to be 2.9,
9.7 and 13.6 lesions 108 bases±1 J±1 m±2 for the Thd, TpT and
Thy derivatives, respectively.

Actually, all types of Thd photoproducts resulting from the
formation of dimeric lesions between non-adjacent thymine
bases were readily detected within UVC-irradiated dry DNA
(Fig. 5). The spore photoproduct was the main thymine inter-
strand dimeric lesion. The cis,syn, cis,anti and trans,anti
isomers of the cyclobutane dimers were also produced in
signi®cant yields. The level of inter-strand (6±4) photoproduct
and trans,syn cyclobutane dimer was signi®cantly lower. The
yield of inter-strand lesions could be compared with those
of photoproducts involving adjacent thymine bases (26).
Altogether, inter-strand lesions represented 31% of the
quanti®ed thymine photoproducts. This high yield of inter-
strand photoproducts resulted in a drastic stabilization of the
DNA duplex by formation of covalent bonds between bases
located on opposite strands. Indeed, the Tm value for calf
thymus DNA exposed to UVC light in the dry state was found
to be 84.8°C while that of freeze-dried non-irradiated DNA
was 78.8°C. In contrast, calf thymus DNA exposed to UVC
radiation in aqueous solution exhibited a Tm value of 75.4°C.
The latter result is in agreement with a destabilization of the
double helix by intra-strand bipyrimidine photoproducts, as

previously suggested by the formation of trans,syn cyclobu-
tane dimer between adjacent thymine bases upon exposure of
aqueous solution of DNA to high doses of UVC light (8).

Effect of the DNA conformation on the photoproduct
distribution

Modi®cation of the DNA conformation was induced by
addition of ethanol to an aqueous solution, using the protocol

Figure 4. Formation of the spore photoproduct within UV-irradiated freeze-
dried DNA. The lesion was quanti®ed as dinucleoside monophosphate
(TpT, intra-strand) or thymidine (Thd, inter-strand) dimeric photoproduct in
enzymatically digested DNA. The reported level of Thd spore photo-
products represents the sum of the amount of the two diastereoisomers. The
total level of spore photoproduct, released as a thymine lesion, was
measured in acid-hydrolyzed DNA samples. Results represent the mean
6 SD of three independent experiments.

Figure 5. Distribution of intra- and inter-strand thymine photoproducts
within UVC-irradiated freeze-dried DNA (<>c,a, <>c,s, <>t,s and <>t,a,
cis,anti, cis,syn, trans,syn and trans,anti cyclobutane dimers). Yields of
formation of intra-strand photoproducts were taken from Douki and Cadet
(26). Results represent the yield of formation 6 SE obtained by linear
regression of the level of lesion with respect to the applied dose (n = 15).
For the trans,syn and cis,anti cyclobutane dimers, the (6±4) and the spore
photoproducts, reported values represent the sum of the yield of the two
diastereoisomers.

Figure 3. Chromatograms recorded upon analysis of Thd exposed to UVC
radiation in (a) frozen aqueous solution, (b) lyophilized aqueous solution
and (c) air-dried ethanolic solution. An octadecylsilyl silica gel column
(3 mm particle size, 150 3 2 mm i.d.) was used at a temperature of 28°C.
The mobile phase (¯ow rate 200 ml min±1) was a gradient of acetonitrile
(maximum proportion 20% v/v) in 2 mM ammonium formate. The elution
was monitored by a UV spectrophotometer set at 260 nm. Other dimeric
photoproducts are not detected due to their low absorption at the latter
wavelength.
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described by Patrick and Gray (7). Both inter- and intra-strand
photoproducts were quanti®ed. Three increasing doses of
UVC radiation were applied to the samples. A linear
dose±course relationship was observed for all photoproducts
and all ethanol concentrations. Linear regression of the latter
data allowed determination of the yield of each of the studied
lesions. As previously reported, addition of ethanol resulted in
a decrease in the yield of intra-strand cis,syn cyclobutane
dimer (7). Indeed, the yield of the latter lesion in the presence
of 80% ethanol represented only 64% of that formed in pure
aqueous solution. A similar observation was made for the
(6±4) photoproduct. It may be added that, in order to prevent
DNA precipitation, these experiments were performed at low
ionic strength. As previously observed (40), signi®cant
formation of the main trans,syn isomer of the intra-strand
thymine cyclobutane dimer was observed under these con-
ditions. The conformational changes associated with the
addition of ethanol had a much more drastic effect on the
formation of the latter photoproduct than on the other intra-
strand lesions since its yield upon UVC irradiation of DNA in
80% ethanol represented only 11% of that generated in pure
water.

In contrast to the three above-mentioned lesions involving
adjacent thymines, the spore photoproduct was detected in
larger amounts in DNA samples irradiated in the presence of
80% ethanol. As previously reported (7), the increase in the
yield of spore photoproduct was not linear with respect to the
ethanol concentration but occured abruptly for alcohol con-
centrations between 60 and 80% (Fig. 6). Interestingly, the
same trend was observed for the inter-strand thymine dimer
photoproducts. The cis,syn, cis,anti and trans,anti thymine
cyclobutane dimers were the major inter-strand lesions, while
the (6±4) photoproduct and the trans,syn cyclobutane dimer
were detected in lower amounts (Fig. 7). The main difference
between DNA exposed to UV light in the dry state and in 80%
ethanolic solution was the proportion of inter-strand spore

photoproduct. Indeed, the ratios between the yield of intra-
and inter-strand spore photoproduct were 0.9 and 9.1,
respectively.

DISCUSSION

The far-UV photochemistry of DNA components is now for
the most part well established. Identi®cation of the major
lesions and determination of their physical and chemical
properties has been extensively carried out on model systems
such as bases, nucleosides and dinucleoside monophosphates
(for reviews see 1,2). However, the distribution of UV-
induced photoproducts within DNA has long remained to be
completely determined. Indeed, most of the biochemical
assays used for the quanti®cation of the latter lesions do not
exhibit a high speci®city. First, methods based on the use of
antibodies raised against a given class of photolesions (41±43)
do not allow the individual measurement of the photoproducts
at each of the four possible bipyrimidine sites. This limitation
is partly avoided in assays involving sequencing following
conversion of the lesions into strand breaks (44±46). However,
the sensitivity of such techniques is often poor. In addition,
(6±4) photoproducts are mostly revealed following alkaline
treatment, which is known to degrade only a minor fraction of
the latter lesion (47±49). HPLC associated with tandem mass
spectrometry represents an interesting alternative to achieve a
more speci®c quanti®cation of UV-induced DNA photopro-
ducts. In particular, we applied the latter approach to the
determination of the distribution of each of the four possible
cyclobutane dimers, (6±4) photoproducts and Dewar valence
isomers within isolated and cellular DNA (3,8,28). The assay
was also recently applied to 2¢-deoxyuridine hydrates (50)
and the spore photoproduct involving adjacent thymine bases
(26).

In the present work, HPLC±MS/MS was used to quantify
the formation of inter-strand thymine photoproducts, based on

Figure 6. Effect of the presence of ethanol on the yield of formation of
intra- and inter-strand spore photoproducts and inter-strand trans,anti
thymine cyclobutane dimer. Each point represents, for a de®ned ethanol
concentration, the yield of formation (6 SE) obtained by linear regression
of the level of lesion with respect to the applied dose (n = 12).

Figure 7. Distribution of inter-strand lesions and spore photoproducts within
isolated DNA exposed to UVC light in aqueous solution containing 80%
ethanol. Each value represents the yield of formation (6 SE) obtained by
linear regression of the level of lesion with respect to the applied dose
(n = 12).
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the assumption that the latter type of lesions would be released
as nucleoside dimers following cleavage of the phosphodiester
linkage by phosphodiesterases. A possible ¯aw in the latter
approach could be the cleavage, by the digestion enzymes, of
the intra-dimer phosphate group of photoproducts involving
adjacent pyrimidines. However, this has not been observed
upon incubation of trinucleotides carrying cyclobutane dimers
and (6±4) photoproducts with phosphodiesterases (35,36). In
addition, in contrast to early reports (35), we (36) and others
(51±53) did not observe any hydrolysis of the intra-dimer
phosphate group by nuclease P1. The latter observations of the
resistance of the phosphodiester linkage of bipyrimidine
photoproducts to enzymatic hydrolysis are presently con-
®rmed by the negligible amount of cyclobutane dimer and
(6±4) photoproduct detected as Thd derivatives in digests of
DNA exposed to UV light in aqueous solution. Moreover, the
ratio between intra- and inter-strand spore photoproducts was
10 times lower in DNA exposed to UV light in solution
containing 80% ethanol than upon irradiation of dry DNA
®lms. This shows that the large proportion of inter-strand
spore photoproduct detected under the latter conditions was
not artifactual and that the phosphodiester group of the TpT
derivative of the spore photoproduct was also resistant to
exonuclease activities. These observations are in agreement
with time±course studies of the enzymatic hydrolysis of the
latter lesion from DNA as modi®ed TpT (26). The quantitative
aspect of the release of the inter-strand dimers as nucleoside
photoproducts was also inferred from the identity of the
amount of spore photoproduct and cis,syn thymine cyclo-
butane dimer quanti®ed as base derivatives, on the one hand,
and as modi®ed dinucleoside monophosphates and Thd
lesions, on the other. Indeed, the acidic hydrolysis aimed at
releasing the modi®ed bases is expected to allow the
quanti®cation of the total amount of photoproducts.
Therefore, since the release of intra-strand lesions as
dinucleoside monophosphate is quantitative, it may be con-
cluded that all inter-strand photolesions are quantitatively
detected as modi®ed nucleosides. Altogether, this series of
control experiments established the reliability of the proposed
analytical approach for the separate quanti®cation of inter-
and intra-strand UV-induced photoproducts.

The induction of inter-strand dimeric lesions was found to
be a major feature of the photochemistry of DNA in the dry
state, in addition to the established formation of the spore
photoproduct (4,13). Indeed, the global yield of inter-strand
photoproducts represented one-third of that of overall thymine
dimer lesions. This was con®rmed by thermal denaturation
studies showing that, in contrast to irradiation in aqueous
solution, exposure of DNA to UVC light in the dry state results
in the stabilization of the double helix. One likely explanation
for the latter observation is the induction of covalent bonds,
i.e. photoproducts, between the two DNA strands. In contrast,
photoproducts involving non-adjacent thymine bases were
barely detected in UVC-irradiated DNA solutions.
Interestingly, not all inter-strand lesions were equally pro-
duced in dry DNA ®lms. Inter-strand (6±4) photoproducts,
eluted as two separated diastereoisomers, were detected in
relatively low amounts, as well as the (+) and (±) trans,syn
diastereoisomers of the cyclobutane dimer. The corresponding
cis isomer of the latter photoproduct was produced in a 10
times higher yield. Both the cis,anti and trans,anti isomers of

cyclobutadithymidine were also obtained in large amounts.
The latter result provided further support for the fact that the
quanti®ed lesions were actually inter-strand photoproducts.
Indeed, while one can argue that the syn isomers of thymidine
cyclobutane dimer may involve non-adjacent bases located on
the same strand of the duplex in unusual conformations or in
pieces of single-stranded DNA, anti cyclobutane dimers may
only be obtained between thymine residues with their
respective C5=C6 double bond in an antiparallel orientation.
Such a conformation cannot be obtained between pyrimidines
covalently linked to the same DNA strand. Among all lesions
involving thymine residues located on different strands, the
spore photoproduct was produced in the highest yield. The
level of the latter lesion was even slightly higher than that of
the corresponding photoproduct involving adjacent thymines.
Interestingly, the two diastereoisomers of the spore photo-
product of Thd were detected in approximately equal amounts.
In contrast, recent observations suggested that the spore
photoproduct was induced between adjacent thymines as a
single diastereoisomer (26). These results strengthen the
proposal that inter-strand lesions are produced in the dry state.

We then tried to establish whether the formation of inter-
strand dimeric lesions was either speci®c to dry DNA as the
result of dehydration or explained by the conformation
encountered under the latter conditions. A similar issue has
previously been discussed for the formation of the spore
photoproduct (7,13). Experiments involving UVC irradiation
of free Thd showed the predominant effect of the stacking
between thymine moieties on the distribution of UV-induced
photoproducts. Indeed, when a dry ®lm was prepared by
lyophilization of an aqueous solution, all types of photo-
products were produced while one of the two diastereoisomers
of the spore photoproduct was the major lesion upon
irradiation of a Thd ®lm prepared by evaporation of an
ethanolic solution. In both cases, Thd was in the dry state but
the arrangement of the molecules differed due to differences in
®lm preparation. In contrast, similar results were obtained
with frozen and freeze-dried aqueous solution, indicative of a
minor effect of the presence of water molecules. Further
evidence for the major role played by the conformation was
obtained from experiments involving exposure of DNA to
UVC light in aqueous solution containing a high concentration
of ethanol. Indeed, it has been reported that for a proportion of
ethanol higher than 60±70% (7,54), DNA exhibits a conform-
ation similar to the A-form adopted in the dry state (55).
Interestingly, the formation of spore photoproduct is still
favored in such ethanolic solutions in spite of the presence of
water (7). Using HPLC±MS/MS, we observed that the number
of inter-strand dimeric lesions and spore photoproduct within
irradiated DNA remained very low for ethanol concentrations
below 60%. A sharp increase in the yield of both types of
photoproducts was observed when the proportion of ethanol
was 80%. The remarkable similarity in the distribution of
inter-strand thymine dimer lesions in 80% ethanolic solution
and in dry ®lms of DNA strongly suggests that conformational
features are involved in the formation of non-adjacent thymine
photoproducts.

The fact that dry DNA (55,56) and DNA in 80% ethanol
(7,54) are both mostly in the A-form, rather than in the B-form
as in aqueous solution, provides further support for the major
role of the conformation in the formation of inter-strand
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lesions. However, the analytical approach used does not allow
de®nitive conclusions to be drawn on whether the involved
thymine bases are located on opposite strands of the same
DNA duplex or on different DNA ®bers. The latter proposal
would provide an explanation for the insolubility of highly
UVC-irradiated DNA ®lms (14), which is expected to be
extensively reticulated. However, formation of photoproducts
between different DNA ®bers is hampered by the low
accessibility of the C5=C6 double bond of thymine bases. In
addition, the observation that inter-strand photoproducts are
produced in solution in the presence of 80% ethanol also
suggests that thymines of a same duplex are involved. Indeed,
even though DNA is partly aggregated under the latter
conditions (54,57), interaction between DNA ®bers is likely to
be much weaker than in the dry state. Moreover, A-form
DNA is characterized by a much higher compaction than the
B-conformation. This is likely to explain the favored inter-
strand photoreactions within DNA in the dry state and in 80%
ethanolic solution.

Interestingly, A-form DNA is largely predominant in
bacterial spores following complexation of small acid-soluble
proteins (25,58). Therefore, it would be interesting to check
whether inter-strand spore photoproducts are produced therein
and, if so, if the spore photoproduct lyase is able to restore the
chemical integrity of DNA at such damaged sites. More
generally, the formation and repair of inter-strand UV-induced
lesions by either nucleotide excision repair (59), photolyases
(60), UV endonuclease (61) or the system involved in the
removal of chemical crosslinks (62) would also be interesting
to investigate. In that respect, the analytical tools developed in
the present study would be useful to monitor the rate of
elimination of the photoproducts.
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