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The effects of secondary structure and O, on the formation of
direct strand breaks upon UV irradiation of 5-bromodeoxy-
uridine-containing oligonucleotides

Gary P Cook, Tonggian Chen, Andrew T Koppisch and Marc M Greenberg

Background: 5-Bromodeoxyuridine is a radiosensitizing agent that is currently
being evaluated in clinical trials as an adjuvant in the treatment of a variety of
cancers. y-Radiolysis and UV irradiation of oligonucleotides containing
5-bromodeoxyuridine result in the formation of direct strand breaks at the
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5’-adjacent nucleotide by oxidation of the respective deoxyribose. We

investigated the effects of DNA secondary structure and O, on the induction of
direct strand breaks in 5-bromodeoxyuridine-containing oligonucleotides.

Results: The efficiency of direct strand break formation in duplex DNA is
dependent upon O, and results in fragments containing 3’-phosphate and the
labile 3"-ketodeoxyadenosine termini. The ratio of the 3"-termini is also
dependent upon O, and structure. Deuterium product isotope effects and
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tritium-transfer studies indicate that hydrogen-atom abstraction from the

C1’- and C2’-positions occurs in an O,- and structure-dependent manner.

Conclusions: The reaction mechanisms by which DNA containing
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5-bromodeoxyuridine is sensitized to damage by UV irradiation are dependent
upon whether the substrate is hybridized and upon the presence or absence of
O,. Oxygen reduces the efficiency of direct strand break formation in duplex
DNA, but does not affect the overall strand damage. It is proposed that the

¢ radical abstracts hydrogen atoms from the C1’- and C2'-positions of the
5’-adjacent deoxyribose moiety, whereas the nucleobase peroxyl radical
selectively abstracts the C1’-hydrogen atom from this site. This is the second
example of DNA damage amplification by a nucleobase peroxyl radical, and might
be indicative of a general reaction pattern for this family of reactive intermediates.

Introduction

5-Bromodeoxyuridine (BrdU, 1) is a useful tool for analyz-
ing biopolymer structure and interactions, and is poten-
tially useful therapeutically. This pyrimidine continues to
be explored as an adjuvant to radiation and chemotherapy
in the treatment of a variety of malignancies. The clinical
utility of 1 is attributed to its ability to sensitize DNA, in
which it has been substituted for thymidine, to damage by
v-radiolysis [1-3]. 5-Bromodeoxyuridine also sensitizes
DNA to UV irradiation, resulting in increased amounts of
strand damage. The reaction mechanism(s) by which 1
enhances the formation of DNA lesions upon irradiation
has been discussed for more than 30 vears [4]. Significant
advances have been made more recently in understanding
the chemistry of DNA damage that is initiated by irradia-
tion of 1 [5-11]. 2’-Deoxyuridin-5-yl (2), which is formally
derived from the halopyrimidine by homolytic bond scis-
sion of the weak carbon-bromine bond, is believed to be
the critical reactive intermediate in strand scission.

Initial inspection of models of duplex DNA and con-
sideration of thermodynamics led to the proposal that the

s radical (2) that is produced upon homolysis of the
carbon-bromine bond induces direct strand scission at the
S’-adjacent nucleotide by abstracting one of this
nucleotide’s C2’-hydrogen atoms (Figure 1) [4]. Subse-
quent investigations have revealed that the mechanism of
direct strand break formation induced by UV irradiation is
more complicated than originally proposed. Deoxyuridin-
5-y1 (2) itself might result from two different pathways,
one of which involves selective photoinduced single-elec-
tron transfer (PSET) from a 5"-adjacent deoxyadenosine in
duplex DNA [5,6,10]. In addition, it has been suggested
that 2 abstracts hydrogen atoms from the Cl’- and
C2’-positions of adjacent nucleotides (Figure 2) [5,8,10].
Recently, we put forth a proposal to explain the formation
of direct strand breaks upon irradiation of 5-bromodeoxy-
uridine-containing duplex DNA that unifies previously
proposed mechanisms (Figure 3) [5]. The key element in
this proposal is that products resulting from formal oxida-
tion of the C3’- (3) and C1’- (4) positions might result in
part from initial C2’-hydrogen atom abstraction, followed
by further intranucleotidyl rearrangements. We now wish
to report an extension of these studies in an attempt to
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Figure 1
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explain the effects of O, and DNA hybridization on the
formation of direct strand breaks emanating from irradia-
tion of biopolymers containing 1. Our results provide
support for a rare example of oxygen-dependent DNA
damage amplification and point out another limitation of
using product isotope effects [12].

Resulits

The effects of oligonucleotide hybridization and O, on
product formation

Previously, a significant preference for the formation of
direct strand breaks was reported at 5-dABrdU versus
5’-dGBrdU sequences upon irradiation of duplexes (5d,
Figure 4) under anaerobic conditions. The selectivity was
attributed to a contra-thermodynamic PSET process that
is modestly affected by O, (Table 1). The formation of
direct strand breaks in single-stranded DNA was
between 2.5 and 4.0 times less efficient than in the com-
parable duplex. In addition, selectivity for cleavage at
deoxyadenosine was not observed in single-stranded
DNA (5s) when irradiations were carried out under either
aerobic or anaerobic conditions. Also, O, did not affect
the overall efficiency of direct strand scission in 6s,
whereas approximately twice the amount of such lesions
were observed in the corresponding duplex (6d) under
anaerobic conditions than in the presence of O, The
total amount of alkaline labile lestons and direct strand
breaks formed upon irradiation of 6d, however, were
independent of O,.

The distribution of fragmentation products resulting from
oxidation of the 5’-adjacent nucleotide also proved to be
highly dependent upon O, and the secondary structure of
the biopolymer. The ratio of labile 3’-ketodeoxyadenosine
(3) : 3’-phosphate (4) is reduced in 6d from ~1.0 under
anaerobic conditions to ~0.2 when O, is present. In single-
stranded DNA (6s), the ratio of 3:4 formed under anaerobic
conditions is somewhat variable, but is reduced to between
0.25 and 0.10 from ~1.0 in duplex DNA. Furthermore, 3 is
not observed and is estimated to be < 10%, when single-
stranded DNA (6s) is irradiated under aerobic conditions.
In contrast, the identity of the 5’-terminal end groups of
the other oligonucleotide fragment that accompanies the
formation of 3 and 4 is unaffected by hybridization or O,
and consists exclusively of phosphate monoesters.

Deuterium kinetic isotope effects

Deuteration of particular positions in the deoxyribose ring
of a nucleotide at which oxidative strand damage occurs
has been employed for directly or indirectly determining
sites of hydrogen atom abstraction by DNA damaging
agents [13-15]. Product kinetic isotope effect (KIE)
studies have been particularly useful for indirectly deter-
mining sites of hydrogen atom abstraction induced in a
number of DNA-damaging systems [16-20]. Previously,
we reported on a method by which observed KIEs were
measured using oligonucleotides containing two cleavage
sites with 1dentical local sequences as substrates
(Figure 5) [5]. Control experiments in which neither dA
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Figure 3
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adjacent to 1 was deuterated were run side by side. KIEs
were determined by measuring the ratio of strand scission
at the two sites in the protonated duplex (control, 6d), rel-
ative to the same ratio in which dA; was selectively
deuterated at the Cl1’- (7d) or dideuterated at the
C2’-positions (8d). In this way, the exact percentage of
cleavage in the biopolymer was removed as a variable in
the experiment. In a typical experiment, five samples of
each oligonucleotide were irradiated and the cleavage
product(s) at each site were quantitated using a phospho-
rimager. The KIE was determined from the average cleav-
age ratio in each oligonucleotide. The standard deviations
presented (Table 2) represent the deviation from the
average KIE for a series of experiments carried out as
described above. All of the KIEs reported herein were
determined for 5’-32P-labeled oligonucleotides deuterated
at dA,, that were photolyzed at 302 nm.

C1’-deuteration and C2’-dideuteration were previously
shown to differ significantly in their effects on the forma-
tion of the 3"-phosphate (4) and 3’-ketodeoxyadenosine (3)
products in double-stranded oligonucleotides irradiated
under anaerobic conditions. The observations were ratio-
nalized in terms of the proposed mechanism involving
C2’-radical oxidation, followed by competing 1,2-hydride
rearrangements (Figure 3) [5]. The magnitude of the

observed KIEs upon deuteration of these positions are
affected by O, and whether the oligonucleotide is com-
plexed with its complement. In duplex DNA, the

Figure 4
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Sequences of 5-bromodeoxyuridine-containing oligonucleotides. The
respective single-strand substrates are composed of the
5-bromodeoxyuridine-containing oligonucleotides (top strand of
duplexes shown) and are designated in the text using the same
numbers with the suffix s (6s-10s).
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Table 1

Effect of O, and hybridization on sequence selectivity of direct
strand scission.

Cleavage ratio (dA:dG)*

Secondary structure

of oligonucleotide Aerobic Anaerobic
ssDNA? 08402 0.8+ 0.1
dsDNA* 8.0+0.7 13.8+0.7

*Cleavage ratio is an average of a minimum of two experiments. Each
experiment consists of at least four samples. TOligonucleotide 5s was
used. *Oligonucleotide 5d was used.

observed KIEs upon deuteration of the C1’- (7d) and
C2’-positions (8d) under aerobic conditions are intermedi-
ate between those measured under anaerobic conditions.
Measurable KIEs are also observed upon deuteration of
these positions when the single-stranded substrate is irra-
diated under anaerobic conditions. Photolysis of single-
stranded deuterated oligonucleotides under aerobic condi-
tions yields an observed KIE only when the CG1’-position
(7s) is deuterated.

Tritium-transfer experiments

The deuterium kinetic isotope effects are not intrinsic but
are derived from the effects of isotopic substitution on
strand break (product) formation. By their nature, they are
indirect measurements and might reflect a step(s) in a
reaction process other than, or in addition to, hydrogen
atom abstraction. Furthermore, the observed kinetic
isotope effects are modulated by the fraction of the
product (a direct strand break) that is produced by the
pathway(s) involving the isotopically substituted site
[12,20]. Direct nonquantitative evidence for the transfer of
atoms under anaerobic conditions from specific positions
of the sugar to the uracil ring was obtained using tritiated
biopolymers (9-10, d,s). Oligonucleotides 9 and 10 contain
a single 5"-dABrdU site and were chemically synthesized
using the same methods described for their deuterated

Figure 5

analogs [5]. The specific activity of 9s and 10s were 1.1
and 2.4 (1.2 per atom mol) Ci/mol, respectively. Tritium
transfer was not examined under aerobic conditions
because of the anticipated lability of the tritium abstracted
by the putative peroxyl radical. Tritium transfer involved
in direct strand break formation was determined using
liquid scintillation counting of the amount of tritium in
deoxyuridine following enzymatic digestion of the direct
strand scission product (isolated using anion exchange
high-performance liquid chromatography (HPLC)) pro-
duced under anaerobic photolysis. The amount of tritium
transferred from each respective position (C1” and C2)
was consistent with the more efficient formation of direct
strand breaks in double- stranded DNA than in single-
stranded DNA. When comparable amounts of 9s,d and
10s,d were irradiated for equal amounts of time, the
amount of tritiated deoxyuridine formed from the double-
stranded substrate was approximately 3.4 (9d:9s) and 3.3
(10d:10s) times greater than from the single-stranded
biopolymer, which is consistent with the greater overall
photolability of the double- stranded substrate. Moreover,
tritium transfer from C1” was favored relative to that from
the C2’-position in single-stranded (4.6) and double-
stranded (4.3) substrates.

Discussion

The previous mechanistic proposals regarding the UV-
induced strand scission of oligonucleotides containing 1
must be expanded in light of the observations described
above. The effects of oligonucleotide hybridization and O,
are evident from examination of the efficiency of direct
strand break formation, the distribution of 3’-phosphate (4)
and 3’-ketodeoxyadenosine (3) products (Figure 3), and the
product deuterium isotope effects (Table 2). The
¥-ketodeoxyadenosine product is indicative of the genera-
tion of 2 by PSET. Moiety 4, however, can be produced by
initial PSE'T or direct carbon-bromine bond homolysis (see
below). The decrease in the ratio of fragments containing
termini consisting of 3 to 3’-phosphate in single-stranded
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A schematic design of deuterium kinetic
isotope effect (KIE) experiment. The
polyacrylamide gel is represented within the
box and A-D correspond to bands associated
with specific cleavage products. A and B are
products from the protonated control
oligonucleotide; C and D are products from
the deuterated oligonucleotide. A and C
correspond to the BrdU site that is closer to
the 3’ terminus of the oligonucleotide. B and
D correspond to the BrdU site that is closer to
the 5 terminus of the oligonucleotide.
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Table 2

Observed deuterium kinetic isotope effects atdA,, as a
function of hybridization and O,.

Secondary structure KIE*

of oligonucleotide 0, C1-2HdA, C2-2H,-dA,,
ssDNA* + 1.701£0.21 0.91+0.09
ssDNA? - 1.68+0.13 218+0.29
dsDNA* + 1.66 £0.07 2.04 £0.07
dsDNA*S - 0.91+0.01 4.43£0.19

*Values reported are the average of at least three experiments. Each
experiment consists of five samples. fOligonucleotides 7s and 8s
were used. *Oligonucleotides 7d and 8d were used. SPreviously
reported in [5].

DNA irradiated in the absence of O, relative to the respec-
tive duplex suggests that the contribution of the PSET
pathway to the overall UV-irradiation-induced formation of
direct strand breaks is greater in the double-stranded sub-
strate. This is attributable to the decrease in m-stacking in
single- stranded oligonucleotides. In addition, the observed
decrease in overall strand break formation in single-
stranded oligonucleotides also suggests that the PSET
pathway gives rise to direct strand scission more efficiently.

The pronounced effect of O, on the formation of
3’-ketodeoxyadenosine (3) and overall efficiency of direct
strand break formation in double-stranded DNA might be
attributed to quenching of the PSET process. This expla-
nation is consistent with the observation that O, reduces
the observed sequence selectivity for direct strand scission
attributed to the PSET generation of 2 (Table 1), but is
eliminated from consideration on the basis of the observa-
tion that O, does not diminish the overall formation of
lesions (direct strand breaks and alkaline labile lesions) in
the duplex substrate. Instead, we ascribe the effects of O,
on direct strand break formation to competitive trapping
of one or more of the radicals formed following
deoxyuridin-5-yl (2) generation en route to the frag-
mented products, which alters the product distribution
and the efficiency of their formation. For instance, the
pathway to 3 can be diverted by trapping 2 with O,. This
explanation can also be reconciled with the observed
effect of O, on sequence selectivity in 5d. Given that
cleavage at 5-dGBrdU is presumably caused by direct
carbon-bromine bond homolysis, and cleavage at
5’-dABrdU is caused by this pathway and PSET, more
efficient divergence of the latter pathway from direct
strand scission by O, would result in the observed effect
of O, on sequence selectivity.

The observed deuterium KIE’s are consistent with the
above effects of hybridization and O, on product forma-
tion. The large KIEs observed upon dideuteration of
C2’-A;, in duplex DNA under anaerobic conditions have

been ascribed to hydrogen atom abstraction from this site
[5]. In single-stranded DNA, substantial KIEs are observed
under anaerobic conditions upon deuteration of both the
C1’- (7s) and C2'-positions (8s). The reduced magnitude of
the KIE observed at C2” and increased KIE upon deutera-
tion of C1” in A, suggest decreased and increased extents
of hydrogen atom abstraction, respectively, from these
centers compared with irradiation of duplexed DNA under
anaerobic conditions. This hypothesis is consistent with
the greater conformational freedom in the single-stranded
substrate, providing easier access to the Cl1-hydrogen
atom. One cannot discount different proportionation of
direct strand breaks through the C1"-and C2’-radical mani-
folds in single- stranded DNA and/or changes in the intrin-
sic KIEs for hydrogen atom abstraction (particularly from
C1"), however, because of a decrease in the fraction of
strand scission produced by the PSET pathway (Figure 6).

These issues also warrant consideration when reconciling
the deuterium KIEs with the results of tritium transfer
studies. Upon photolysis of duplex DNA substrates con-
taining approximately equal specific activity (on a per atom
basis), direct strand breaks containing tritium-transferred
from the Cl’-position are formed more efficiently than
those containing tritium transferred from the C2’-position.
There are several points to consider when explaining this
apparent discrepancy. The intrinsic effect of isotopic sub-
stitution of the C2’-position (which is an aggregate effect of
a primary and a secondary KIE, and will be even larger for
tritium transfer) might induce a greater proportion of
abstraction of hydrogen from another position(s). Such a
shuttling of reactive positions has been seen in other DNA-
damaging systems [18,19]. In addition, the intrinsic KIE in
duplex DNA involving abstraction at G1” might be signifi-
cantly smaller than that encountered upon C2’-hydrogen
atom abstraction. Assuming that in duplex DNA the
deoxyuridin-5-yl (2) is formed by PSET, the C1’-carbon
hydrogen bond would be analogous to the B carbon hydro-
gen bond of an aminium ion radical (Figure 6). This bond is
very weak, and hydrogen atom abstraction from it should
be extremely rapid [21-23]. Bimolecular rate constants for
hydrogen atom abstraction from one such ion radical are
extremely rapid, even by relatively unreactive radicals (e.g.
tbutyl thiyl, £=23.2x10°M-1s-1) [21]. Consequently, by
analogy with the hydroxyl radical, hydrogen atom abstrac-
tion from an ion radical by a highly reactive s radical, such
as 2, might result in very small KIEs [20,24-26]. Finally, it
should be noted that hydrogen atom abstraction from C1
of the radical cation gives rise to the carbocation from
which direct strand breaks in the form of 4 have been sug-
gested, but remains to be proved [27-29]. This is signifi-
cant, because less efficient strand scission will reduce the
observed KIE.

The apparent increased contribution (according to deu-
terium KIEs) of direct strand breaks proceeding through
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Figure 6
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C1’-hydrogen atom abstraction in the single-stranded
oligonucleotide substrate compared with duplexed mater-
ial might be reconciled with the fact that formation of
deoxyuridin-5-yl (2) by the PSET process is at most a
minor pathway in the unhybridized material. Conse-
quently, Cl’-hydrogen atom abstraction might face an
intrinsically larger KIE than in a double-stranded substrate
(Figure 6). It is also possible that C1’-hydrogen atom
abstraction produces direct strand breaks more efficiently
when the ¢ radical is formed by direct carbon-bromine
bond homolysis compared with the process discussed
above following PSET. Independent generation of

Figure 7

deoxyuridin-1’-yl at a defined site in an oligonucleotide has
shown that direct strand breaks make up a small fraction of
the total strand damage resulting from C1°-hydrogen atom
abstraction [30]. In contrast, as mentioned above, it is
unclear whether or not Cl’-nucleotide carbocations
produce direct strand breaks. The uncertainty in the fate of
nucleotide radicals in biopolymers also clouds any argu-
ments that might be put forth to explain the decrease in
the observed KIE upon C2’-dideuteration in single-
stranded DNA. Very little is known a priori about DNA
damage resulting from C2’-hydrogen atom abstraction, and
it is possible that strand scission is less efficient by this
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Figure 8
The proposed mechanism for the formation of
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pathway in the absence of prior electron donation by the
appended adenine [31].

Similarly, irradiation of 8s under aerobic conditions might
fail to exhibit a substantial KIE at C2’ due to inefficient
strand scission following hydrogen atom abstraction at
this position. Prior experiments involving the generation
of a nucleobase radical in single-stranded DNA under
aerobic conditions, however, suggest that an alternative
explanation is more likely [32]. Given that PSET-initi-
ated strand scission is believed to be at most a minor
pathway in single-stranded DNA, the aforementioned
product studies and product KIE are more easily
explained in terms of formation of a highly-selective
nucleobase peroxyl radical. On the basis of the previously
reported selectivity of the peroxyl radical derived from
O, trapping of 5,6-dihydrothymidin-5-yl, the observed
KIEs in single-stranded DNA (Table 2) are believed to
be due to exclusive C1’-hydrogen atom abstraction by 11
(Figure 7), which is formed faster than hydrogen atom
abstraction by deoxyuridin-5-yl [32]. Attempts at charac-
terizing the expected hydroperoxide-containing fragmen-
tation product (12) resulting from hydrogen atom
abstraction by electrospray or matrix-associated laser des-
orption lonisation—time of flight (MALDI-TOF) mass
spectrometry were unsuccessful, and are attributed to
the expected instability of the vinyl hydroperoxide
(Figure 8). Nevertheless, this proposal is also consistent
with recently reported gel electrophoretic studies carried
out on an irradiated single-stranded oligonucleotide con-
taining 5-bromodeoxyuridine [33]. It should also be
noted that the involvement of 11 in the formation of
lesions results in damage at two contiguous nucleotides
and represents another example of intrastrand DNA
damage amplification [32].

Finally, the most economical explanation that is consis-
tent with the observation of significant KIEs at C1” and
C2’ under aerobic conditions in duplex DNA includes
hydrogen atom abstraction by different radical intermedi-
ates derived from 5-bromodeoxyuridine. In contrast to

single-stranded DNA, we suggest that the conformational
constraints of the duplex increase the effective molarity of
the adjacent sugar, enabling hydrogen atom abstraction by
2 to compete with O, trapping. Extrapolation of known
rate constants for hydrogen atom abstraction from tetrahy-
drofuran by aryl radicals suggest that the aforementioned
processes will be competitive with one another provided
the effective molarity of the sugar component of A is on
the order of 0.1 M (Figure 7) [34,35]. Consequently, the
isotope effect observed upon deuteration of G2 is inter-
preted to mean that hydrogen atom abstraction by the
deoxyuridin-5-yl ¢ radical (2) occurs from this site, as
observed under anaerobic conditions. The reduced mag-
nitude of the C2” KIE compared with that observed under
anacrobic conditions, is attributed to the partitioning of
direct strand break formation between the 6 radical and
the peroxyl species. The peroxyl radical, as it does in
single-stranded DNA, selectively abstracts a hydrogen
atom from the C1’ position.

Significance

5-Bromodeoxyuridine (1) sensitizes DNA to UV irradia-
tion and Y-irradiation. In this study UV-induced direct
strand break formation in oligonucleotides containing
S-bromodeoxyuridine was shown to occur more effi-
ciently in a double-stranded oligonucleotide than in the
respective unhybridized material. This is attributed to the
higher proportion of cleavage events resulting from initial
photoinduced single-electron transfer (PSET) between a
5’-deoxyadenosine and 1 in the double-stranded substrate.

The kinetic isotope effects (KIEs) suggest that the s radical
(2) abstracts hydrogen atoms from the C1’- and (G2’-posi-
tions in single-stranded DNA, but that a greater propor-
tion of C2-hydrogen atom abstraction occurs in
double-stranded DINA. Tritium-transfer experiments
indicate preferential transfer from the C1’-position inde-
pendent of secondary structure. These experiments
reveal the limitation of the use of deuterium product
KIEs, as well as qualitative isotope-transfer experiments.
Together, the isotopic labeling experiments indicate that
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both deoxyribose positions are accessible to the ¢ radical
and that further studies of the inherent reactivity of the
sugar radicals are necessary in order to fully elucidate
the details of these processes.

The peroxyl radical (11), obtained from O, trapping of 2,
selectively abstracts the Cl’-hydrogen atom from the
S’-adjacent nucleotide, as was observed previously for
the respective peroxyl radical of 5,6-dihydrothymidin-5-
vl [32]. In double-stranded DINA this results in a
decreased efficiency for the formation of direct strand
breaks, albeit presumably via a rare example of a
pathway that produces two contiguous damaged
nucleotides in a single oligonucleotide. One should note
that the total amount of direct-strand breaks and alka-
line labile lesions are independent of O, in double-
stranded DINA. Moreover, the enhanced efficiency of 1
in sensitizing duplex DINA towards direct strand breaks
under anaerobic conditions is a desirable property given
the application of this agent in the treatment of cancer-
ous cells that are often hypoxic.

Materials and methods

General methods

All H,O used was obtained from a Nanopure® Barnstead still. Commer-
cially available DNA synthesis reagents were obtained from Glen
Research Inc. Radionuclides and NaBjH, were obtained from Amer-
sham. The T4 polynucleotide kinase and calf intestine alkaline phos-
phatase were obtained from New England Biolabs. Oligonucleotides
were synthesized on an Applied Biosystems Inc. 380B DNA synthesizer
using standard protocols. Deuterated and tritiated oligonucleotides
were prepared as described previously [5]. Oligonucleotides containing
1 were deprotected in 28% NH,OH at room temperature for 48 h. All
other oligonucleotides were deprotected in 28% NH,OH at 55°C
overnight. DNA manipulations were carried out using standard proce-
dures [36]. Oligonucleotides were sequenced using a reaction selective
for adenine [37)]. Preparative and analytical oligonucleotide separations
were carried out on 20% polyacrylamide denaturing gels (5% crosslink,
45% urea (by weight)). Radioactive samples were counted by Cerenkov
counting, using a Packard Tri-Carb 1500 scintillation counter. Photoly-
ses were carried out at 302 nm in Pyrex tubes using a UV Photoprod-
ucts dual wavelength transilluminator containing eight 8 W lamps.
Photolysis tubes were positioned 8 cm from the source. Anaerobic pho-
tolyses were carried out in tubes that were flame sealed under vacuum,
following freeze-pump-thaw degassing (three cycles). Phosphorimaging
analysis was carried out using a Molecular Dynamics Phosphorimager
equipped with Imagequant software (Version 3.3). Densitometry was
carried out using a CCD camera in conjunction with a commercial soft-
ware package from Technology Resources inc.

Tritium atom transfer experiments

Photolyses of freeze-pump-thaw degassed samples were carried out
for 4 h. The direct strand scission product(s) from the crude photo-
lysate were separated from intact and alkaline labile containing oligonu-
cleotides using anion exchange chromatography. The direct strand
break products (tetramers) eluted from the column between 5.1 and
6.6 min, and were collected in sterile 15 pl polypropylene tubes and
concentrated to dryness in a vacuum. The intact and alkaline labile
lesion containing oligonucleotides co-eluted at 16.2 min. The oligonu-
cleotide samples were resuspended in H,O (81 pl}, and reaction buffer
(15mM MgCl,, 0.t mM Tris—acetate pH 8.8, 10 ul). Snake venom
phosphodiesterase (SVP, 3 ul) was added and the reaction incubated
at 37°C for 2h. The SVP digest was heat denatured and a second
portion of SVP (3 pl) added, followed by incubation at 37°C for an

additional 2 h. Calf alkaline phosphatase (3 pl) was added directly to
the digest, and the reaction was incubated for 12 h at 37°C, after
which the reactions were precipitated from EtOH. The dried pellet was
resuspended in H,0O and concentrated to dryness (2 x50 pl). The
oligonucleotide pellet was then resuspended in H,O (60 pl) and ana-
lyzed directly using C,5 reverse phase HPLC. The free nucleoside
digestion products were collected in 20 ml scintillation vials, mixed with
10 ml of Picofluor scintillation cocktail, and allowed to stand for 6 h.
The tritium content of each fraction was measured by liquid scintillation
counting and converted to dpm using a standard tritium quench curve.

Anion exchange HPLC conditions

A Vydac 301 VHP575 column was held at 50°C with an Eppendorf TC-
45 temperature controller and a CH-30 Eppendorf column heater.
Solvent A, 10 mM Tris—HCI pH 8.0; Solvent B, 10 mM Tris—HCI pH 8.0,
1.0 M NaCl. Flow conditions: initial to 10 min, 10% B (1.0 pl/min}; lin-
early to 100% B and 2 pl/min over 5 min; 100% B (2 ul/min) for 10 in.

Reverse-phase HPLC conditions

A Microsorb-MV, 100 A, 5 mm C18 reverse phase column was used at
ambient temperature. Solvent A, 10mM KH,PO,, 2.5% MeOH,
pH 7.0; Solvent B, 10 mM KH,PO,, 20% MeOH, pH 7.0. Flow condi-
tions (1.0 wi/min): Initial 100% A, linearly to 100% B over 15 min;
100% B for 15 min. Retention times: dC, 10.5 min; dU, 14.3 min; dG ,
20.2 min; T, 21.0 min; dA, 26.0 min.

Standard photolysis conditions of 32P-labeled samples
Photolyses were carried out in phosphate-buffered saline solution
(50 ul, 10 mM phosphate (pH 7.0), 10 mM NaCl) of DNA. Photolyses
were cartied out for between 0.5 and 2 min. The photolysate was trans-
ferred to autoclaved Eppendorf tubes. Each photolysis tube was
washed with H,O (60 ul). The photolysate was precipitated from.
EtOH. Denaturing 20% PAGE analysis was carried out using
30,000 cpm from each photolysis.
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