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ABSTRACT. DNA structure has recently emerged as one of the key factors governing the ability of
5-bromodeoxyuridine (BrdU) to radiosensitize DNA. Here, we report the dependence of the specific damage
induced by BrdU for different DNA conformations. Strand breaks are specific for B-form DNA, whereas
A-DNA only undergoes formation of piperidine-sensitive DNA lesions. Interstrand cross-links are only
found in semi-complementary B-DNA. DNA conformation was altered by gradually rehydrating lyophilized
DNA samples, which induces an A- to B-form transition. These results were also validated by irradiating
DNA in solution, in the presence or absence of 80% ethanol to induce an A- or B-form, respectively.
Alkali-labile DNA lesions were revealed using hot piperidine to transform both base and sugar lesions
into strand breaks. We also analyzed the location of damage as a function of DNA structure: piperidine-
sensitive lesions were observed exclusively at the site of BrdU substitution, whereas strand breaks were
able to migrate along the DNA strand, with a clear preference for the adenhafel®e BrdU. Thus, not

only the hybridization state but also the DNA conformation affect the degree of sensitization by BrdU by
influencing the amount and type of damage produced. Although clinical trials using BrdU as a radiosensitizer
have been disappointing up to this point, these new findings point to several key features of BrdU
radiosensitization that may alter future radiotherapeutic studies.

5-Bromodeoxyuridine (Brdd), an analogue of thymidine,  structure {1—13), compaction {4—15), and reactivity to
radiosensitizes cell4.{-2) leading to single and double strand ionizing radiation {6—21) as a function of hydration have
breaks 8—4), chromosomal aberrationS)( and cell death. been extensively studied in the last decades. At low levels
The mechanism for single strand break formation involves of hydration (0< I' < 6, wherel represents the number of
electron attachment to BrdU, followed by the departure of a water molecules per nucleotide), Na-DNA adopts a B-like
bromide anion and the generation of a uracil-5-yl radical that conformation, which changes to an A-form at higher levels
further reacts to create strand breaks. Although the radiosen{6 < I < 20). At these lower levels of hydration, radiation
sitizing activity of BrdU was discovered more than 40 years can ionize the water of hydration, but the initial ionization
ago, clinical studies have given disappointing resubs ( holes appear to be transferred to DNA in what is described
10), failing to show a survival advantage for patients with a as the quasi-direct effect. Thus, hydroxyl radicals are not
range of tumor types. Nevertheless, the relatively low toxicity observed below" ~ 9 (22—23), in what corresponds to the
of BrdU as well as its rare ability to directly radiosensitize inner primary hydration shell. Hydroxyl radical formation
DNA suggest that further studies are warranted. We thereforehas been identified in the outer primary hydration shell,
decided to re-explore the molecular basis of BrdU radiosen- which contains an additional ¥112 mol of water per mole
sitization in order to reach a better understanding of the of nucleotide. The secondary hydration shell is formed at
conditions that favor BrdU-related damage and especially higher levels of hydrationl{ > 20), and is indistinguishable
the structural requirements to maximize DNA sensitization from bulk water (2, 17—18, 22).
by BrdU. The importance of DNA structure for sensitization by
Changes in DNA structure with increasing levels of BrdU has already been demonstrated by our grd#p(
hydration have been thoroughly documented. Variations in 26). It was shown that hybridization decreased sensitization
by up to 20-fold compared to that of single stranded DNA.
c *Tgis work was supported by the National Cancer Institute of Moreover, a hybridized BrdU-substituted oligonucleotide
a*ngoﬁesponding author. Tel: (819) 346-1110 ext. 14678. Fax: (819) with a 5-base mismatch produced an interstrand CI_’OSS-Ilnk
564-5442. E-mail: darel.hunting@usherbrooke.ca. (ICL) that was dependent on the presence of a mismatch.
! Abbreviations: A, Adenine; AB, bromodeoxyuridine-substituted Here, we examine other aspects of DNA conformation that
O'igor!gF'e?gCI’gé:AST ’Cﬁ?gr‘é?fgggtidt%ii%gf‘g%%’tg%h‘g%%ég;bE’rm?nde?‘ affect BrdU sensitization. First, we increased the hydration
g)c(:yl\l;llg,lrc]jgoxycyt’idine monoph)(l)s);hate;’ DSBé, double strar{d breaks;level’ thereby changing DNA gonformatlon, and fOUf,"?' that
DSc, complementary double stranded; DSsc, semi-complementaryStrand breaks for BrdU-substituted DNA are specific for
double stranded; dUdeoxyuridinyl radical; &, electron; g, solvated B-form DNA and are not found in A-form DNA. We also

electron; @n, kinetic electron; EDTA, ethylenediaminetetraacetic acid; ; ; PR ;
I, gamma (HO/nucleotide); ICL, interstrand cross-link; als, alkali- investigated the effect of DNA conformation in solution by

labile DNA lesion; sb, strand break; SS, single stranded; T, thymine; USiNg ethanol to dehydrate DNA and produce an A-
TA, complementary oligonucleotide; UHV, ultrahigh vacuum. conformation. For both experimental approaches, irradiation
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Description Sequence Abbreviation

Non bronmnated
single swanded 5 C-G-AGTACTGCAATAACGT-G-T-A-C-A-G-C3|SS AT*

oligonucieotide

Non brominated
complementary 5’ C-G-A-G-T-A-C-T-G-C-A-A-T-A-A-C-G-T-G-T-A-C-A-G-C 3’ o AT*/TA
3'G-C -C-

oligonucieotide

Non brominated
semi-complementary
oligonucleotide

AATAACGT-GTACAGCY
G A A G 3 IDsse AT*/AT

Brominated .
sl smanded 5 C-G-A-G-T-A-C-T-G-C-A-A-B-A-A-C-G-T-G-T-A-C-A-G-C 3’ | SS AB

oligonucieotide

Brominated
complementary
oligonucleotide

GAGTACTGCAABAACGTGTACAGCY g AB/TA

Brominated semi- R
complementary 5 C-
oligenucleotide 3

g: DSsc AB#//AT|
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Q
=
Q
®
3
Q
®
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C
A/GCA-CAT-GT-CG
A

Ficure 1: Sequences of the brominated (B) and non-brominated (T) oligonuclectides. The asterisk (*) indicates the labeled strand. The
hybridization state is indicated as follows: single-stranded (SS), double stranded, complementary (DSc), and semi-complementary (DSsc).

of A-DNA produced BrdU-specific alkali-labile lesions, as the present study. In addition, this relationship between
revealed by treatment with hot piperidine, whereas BrdU- steady-state hydration levels and relative humidity was
specific strand breaks were only found in B-DNA. ICL confirmed by our group using plasmid DN&§). Under

production also displayed the same specificity for the these conditions, control samples of dried, unirradiated

B-conformation. samples showed less than 1% breaks. Control samples of
deoxygenated DNA solutions were irradiated in the presence
MATERIALS AND METHODS of 50 mM EDTA (pH 8.0) in order to prevent hydroxyl

Oligonucleotides.5-Bromodeoxyuridine modified and radical de_gradation, Ieayirjg only BrdU-specific strand breaks,
nonmodified oligonucleotides were purchased from the as described in Cecchini et a2g).
University Core DNA Services (University of Calgary, AB, Ethanol ExperimentsSingle stranded (SS AB* and SS
Canada). Sequences are shown in Figure 1. OligonucleotideAT*), double stranded (DSc AB*//TA and DSc AT*//TA),
were end-labeled witP?P [y-ATP] using T4 polynucleotide  and hybridized semi-complementary (DSsc AB*//AT and
kinase (Amersham Pharmacia Biotech). Labeling was carriedDSsc AT*//AT) oligonucleotides (20 nM final concentration,
at an initial oligonucleotide concentration ofy for 45 in 10 mM phosphate buffer at pH 7.5) were deoxygenated
min at 37 °C with 10 U of kinase. The enzyme was by bubbling for 1 min with N and irradiated in water or
inactivated by heating for 10 min at 7&. Oligonucleotides 809 ethanol. Certain experiments were conducted in the
were diluted to 400 nM and purified on a G50 Sephadex presence of @or N,O to scavenge solvated electrons. All
microcolumn. Hybridization was carried out at a final samples contained EDTA (25 mM, pH 8.0) to scavenge

excess of the unlabeled strand. Samples were heated to 82 Irradiation and Treatment of DNA SampléBNA was

°C for 5 min, then cooled slowly for 3 h. Hybridization . "'~ ) T

controls were carried out as described in Cecchini e28). ( irradiated in a Gammacell 22@(.:0) with ¢|ther 3.00 or 2400

Deionized, sterile water was used in all experimental Gy at a dose/rate 9f3'06 Gy/mm._Aftgr_|rrad|at|on, hyd_rated

protocols ' samples were redissolved at their original concentration by
N . . . adding 20uL of water and gently pipetting the solution to

Hydration of DNA Samplegliquots of the initial labelin )
reac)iion were diluted to F; fina? concentration of 20 nl\slJ in Le;u;pgnhd thg DNS" Sampcljes from eth dancj)l_ e>|<2p£fr|ments were
ried with a Speedvac and resuspended im water.
phosphate buffer (10 mM, pH 7.5). DNA samples were - =~ experiments (hydration and ethanol),.d0was

pipetted into 0.5 mL Eppendorf tubes and dried using a . A
; taken from each sample and treated with 10% hot piperidine
Speedvad evaporator for 45 min, and then hydrated by (30 min at 90°C) to reveal alkali-labile DNA lesions.

placing the tubes in scintillation vials containing various
saturated solutions in order to control the relative humidity. ~ Gel Electrophoresis and AnalysiSamples were loaded
Scintillation vials contained roughly 0.5 g of crystals and 4 on a 20% denaturing (7 M urea) polyacrylamide gel (35

mL of the corresponding saturated solution. Samples were43 cm). A molecular weight ladder was generated byta®G
hydrated for 24 h at #C before irradiation. Saturated Maxam & Gilbert sequencing treatme&9. Electrophoresis
solutions yielded levels of relative humidity similar to those was carried out at 40 W f@2 h and 45 min, with a 30 min
reported by Stokes2f) and were measured using a VWR pre-run at 45 W. The gel was exposed overnight in a
hygrometer: KCO; (~ 45%), NaCl & 76%), KCI (~ 84%), Phosphor Screen cassette (Molecular Dynamics, Inc.), and
H.O (~ 99%). The relationship between relative humidity scanned with a fluorescence scanner (Storm, Molecular
andT’, as determined by Huttermanh4( 16), was used in Dynamics Inc.). The bands were quantified using Im-
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Ficure 2: Strand breaks and base lesions as a function of hydration. Hybridized, semi-complementary DNA, unsubstituted (DSsc AT*//
AT) or substituted (DSsc AB*//AT) with BrdU was irradiated with increasing levels of hydration (ffom6 toI" ~ 31). Lanes 2, 8, 14,

and 20 are unirradiated controls, whereas lanes 3, 9, 15, and 21 are positive controls, irradiated in solution under a nitrogen atmosphere
with EDTA in phosphate buffer. Lanes +25 were treated with hot piperidine to reveal alkali-labile DNA lesions. (Note: the portion of

the gel between the wells and the parental oligonucleotide is not shown.)

35

ageQuant software (Molecular Dynamics) as described in
-@-DSsc AB*//AT sb

Cecchini et al. 24). 301 _o DSsc ATY/AT sb

- DSsc AB*//AT sb+als
-8- DSsc AT*//AT sb+als

N
(&)

RESULTS

N
o

Hydration and BrdU SensitizatioiVe first examined the
role of DNA structure in BrdU sensitization by gradually
increasing the DNA hydration level frofi~ 6 toI" ~ 31.
Although BrdU is a well-known radiosensitizer in solution
(30—32) and in cells 83—35), we found no BrdU-specific 51
strand breaks when a hybridized, semi-complementary oli-
gonucleotide (DSsc AB*//AT, Figure 1) was hydrated 5 10 15 2 2 %0 35
betweenl” ~ 6 andI’ ~ 21 (Figure 2, lanes46 and 10~ Hydration (HOlnt)

12 and Figure 3). Specific BrdU sensitization (strand breaks Ficure 3: Damage yield as a function of DNA hydration. Strand
and |CL3) was Only found When the hydrat|on |eve| reached breaks (Sb, CirCleSO, .) and strand breaks$ alkali-labile DNA

~ . _ : lesions (sbt als); squarest], ®) were measured for unsubstituted
I~ 31 (Figure 2, lane 7), where there was a 5-fold increase DNA (DSsc AT*//AT, open symbolsO, O0) and BrdU-substituted

in damage in DNA substituted with BrdU compared to that pNA (DSsc AB*/AT, filled symbols: ®, W) in phosphate buffer.
in unsubstituted DNA (Figure 3). BrdU-specific ICLs were

only found atI’ ~ 31 (not shown). Because it has been lower hydration levels. Thus, we treated irradiated DNA with
reported that dehalogenatioB6-37), uracil-5-yl radical hot piperidine to reveal alkali-labile DNA lesions.
production 88—41), and base fragmentatioAd—43) occur Treatment with hot piperidine revealed DNA lesions that
in dehydrated BrdU-substituted DNA, we decided to test were created betwedn~ 6 andl” ~ 31 only in substituted
whether other types of BrdU-specific damage occurred at DNA (lanes 14-19 of Figure 2 and Figure 3). Although

Damage yield (%)
s o
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A the BrdU was also observed but occurred predominantly in
hydrated DNA (Figure 4, panel A). Treatment with hot
Strand breaks O Solution piperidine revealed that alkali-labile DNA lesions arise
12 & Hydrated virtually exclusively at the BrdU site (Figure 4, panel B).
10 _|—_ Role of DNA Structure in BrdU Sensitization in Solution.
Single stranded (SS AB* and SS AT*, Figure 1), double
s stranded (DSc AB*//TA and DSc AT*//TA, Figure 1), and
6 } semi-complementary (DSsc AB*//AT and DSsc AT*//AT,
4 Figure 1) oligonucleotides were irradiated in the presence
F% or absence of 80% ethanol to induce an A- or B-form DNA,
G C | A

% of DNA damage

’_% F‘% ﬂ respectively. Single stranded oligonucleotides substituted
‘ with BrdU showed no evidence of conformation dependent
A Br A A strand break formation (Figure 5, panel A). However, for
Mismatch zone hybridized, semi-complementary DNA, an 8-fold increase
DNA sequence (5' to 3) in strand breaks in the BrdU region was observed when
BrdU-DNA was in B-form rather than in A-form (Figure 5,
panel C). Similar results were obtained for double stranded
18 DNA (not shown). Treatment with hot piperidine exposed a
16 | Strand breaks O Solution similar tendency for alkali-labile DNA lesions. ICLs were
14 | + @ Hydrated also specific to B-form DNA, with a 4-fold increase (Figure
12| Alkali-labile 6) compared to A-DNA. Substitution with BrdU always
10 lesions produced substantially more damage than in unsubstituted
oligonucleotides under all conditions (Figure 5, panels B and
; D). Irradiation in the presence of an electron scavenggd{N

] F% ke=9.1x 10° L mol~* s7* (44)) reduced the percentage of
G ‘ C ‘ A ’
|

w

% of DNA damage

o N ~ O ©
L L

damaged molecules from 9% 0.3 to 3.7+ 0.1% (after
FT'% 7 correction for unirradiated DNA) following a dose of 2400
A s A A Gy. In the presence of ethanol, a hydroxyl radical scavenger
' (ke = 1.9 x 10° (44)), N,O induced a further reduction in
strand break formation from 1.2 0.3% to 0.4+ 0.2%.
. ~ When DNA was irradiated with 300 Gy in the presence of
Ficure 4: Damage as a function of DNA sequence. The relative gjnother electron scavenger, ( = 1.9 x 10'° L mol~!

yield of damage was measured for each base of the mismatch__; L . 0
(AABrAA, see Figure 1 for the complete sequence) and for two s (44)), a similar reduction was observed from 33L.2%

bases Sof the mismatched, substituted oligonucleotide (DSsc AB*// With N2to 0.7+ 0.8% with Q. Under these latter conditions,
AT). Strand breaks (panel A) and strand bregkalkali-labile DNA strand break levels were indistinguishable from unirradiated
lesions (panel B) were measured for both solution and hydrated samples. At 300 Gy, the addition of ethanol had no effect
DNA (I' ~ 31, in phosphate buffer). Base lesions and sugar damageqn ragioinduced damage (04 0.5% and 0.4+ 0.7%
were revealed using hot piperidine. The background signal was _ . - . .
removed by subtracting damage at each nucleotide of the unsub-Without or with Q respectlvely)._ Ewdently, the presence
stituted oligonucleotide (DSsc AT*/AT). of 25 mM EDTA in all samples efficiently reduced hydroxyl
radical attack because total degradation of non-substituted
treatment with piperidine revealed low levels of DNA lesions DNA was less than 6% following a dose of 2400 Gy,
present in unirradiated, substituted oligonucleotides (Figure compared to more than 60% in the absence of any hydroxyl
2, lane 14), irradiation substantially increased the amount radical scavenger (not shown).
of DNA damage. Both strand breaks and alkali-labile lesions
are quite specific for BrdU because irradiation of unsubsti- DISCUSSION
tuted oligonucleotides induced strand breaks in fewer than Hydration and BrdU SensitizationVhen a hybridized,
4% of the molecules under these conditions compared to 16%semi-complementary oligonucleotide is irradiated at increas-
with substituted DNA (Figure 3). The only notable damage ing levels of hydration, the frequency of strand breakage in
not specific to BrdU was the creation of alkali-labile DNA BrdU-substituted DNA is indistinguishable from non-
lesions at the central thymidine betweBrr 14 andl’ ~ substituted DNA betweeh ~ 6 andI" ~ 21. Specific BrdU
31 (Figure 2, lanes 2325). Although BrdU-specific deg-  sensitization (strand breaksICL) is only found atl" ~ 31.
radation afl” ~ 31 is concentrated in the mismatch region In contrast, when irradiated DNA is treated with hot
(Figure 2, lane 7), leaving the double stranded portion of piperidine, alkali-labile DNA lesions that are specific for
the oligonucleotide relatively unharmed, it extends farther BrdU-substituted DNA are revealed over the entire hydration
on either side of the mismatch than in oligonucleotides range (Figure 2, lanes 6.9, and Figure 3). Such evidence
irradiated in solution (lane 3). To further investigate this, of DNA lesions under low hydration conditions is in
we examined damage localization as a function of DNA agreement with previous results obtained under ultra high
sequence. Panel A of Figure 4 shows a clear bias for strandvacuum (UHV) é2—43). However, in these previous studies,
scission on the adeniné &f the BrdU, both in solution and  no evidence of strand breaks was detected, most probably
in hydrated DNA, in accordance with previous studi24)( because irradiation under UHV precluded any hydration of
The second adeniné &f the BrdU (i.e., AABrU) is also DNA. Our experimental system indicates that a striking
affected, albeit to a lesser extent. Damage migrationf3  change in reactivity occurs betwe&h~ 21 andI’ ~ 31,

Mismatch zone

DNA sequence (5 to 3')
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Ficure 5: Damage yield in the mismatch zone as a function of DNA structure. Strand breaks (hatched) and strand bheaik$abile

DNA lesions (plain) were measured in the mismatch zone in the absence or presence of 80% ethanol for single stranded DNA with (SS
AB*, panel A) or without (SS AT*, panel B) BrdU and hybridized, semi-complementary DNA with (DSsc AB*//AT, panel C) or without
(DSsc AT*//AT, panel D) BrdU. DNA lesions (base lesions and sugar damage) were revealed using hot piperidine. Double stranded DNA
adopts an A conformation in 80% ethanoldaa B conformation in aqueous solution.

25 However, the hydration levels reported here were not
I O Unirradiated measured by us but were assumed on the basis of the

2,0 & B-DNA measurement of relative humidity and the hydration levels
WA-DNA published for these values. The use of synthetic oligonucle-

15 otides rather than plasmid DNA may produce slightly

3 different levels of hydration. Plasmid or cellular DNA, even

10 when every care is taken to purify it, often contains

e contaminants (e.g., proteins and Tris buffer) originating from
05 1 the extraction protocol or the storage conditions. The
presence of other molecules could affect the measurement

0.0 l_r_ [ of the hydration levels of plasmid DNA. Therefore, it is

DSsc AB*//AT DSsc AT*/AT possible that the reason no strand breaks are obsended at
FiIGURE 6: Interstrand cross-link yield as a function of DNA ~ 21 is because the hydration level is slightly lower tfian
structure. Interstrand cross-links (ICLs) were measured in the =~ 20, where DNA would mostly still be in A-form. For this
absence (B-DNA) or presence (A-DNA) of 80% ethanol for reason, we proceeded to validate our hypothesis by inducing
mismatched DNA, brominated semi-complementary DNA (DSsc g A-form DNA in solution using ethanol to verify the effect

> ) . !
ﬁ-?*;//ﬁ% r%rsgggﬂf’,;?;‘? inated semi-complementary DNA (DSsc of conformation on DNA radiosensitization by BrdU.

Damage Localization and DNA Structuteis well known

leading to strand breaks as well as alkali-labile DNA lesions that strand breaks occur predominantly at the nucleotide 5
when DNA is in a higher hydration state. to the BrdU. This is because the pathway leading to strand

DNA adopts an A-form between 4% (~ 6) and 90% I breaks involves hydrogen abstraction from thel@xyribose
~ 20) of relative humidity, which shifts to a B-form when moiety of the base '5to BrdU (@5). When we examined
hydration is increased (—14). Because BrdU sensitization strand break location as a function of DNA structure, we
has been shown to be extremely dependent on the hybridiza-observed a similar tendency for both dissolved and hydrated
tion state and on the presence of a mismatched region, weDNA (I" ~ 31, Figure 4, panel A), although damage spread
propose that the change in reactivity observed between farther in the hydrated sample (Figure 2, lane 7) than in
21 andI’ ~ 31 occurs because of a conversion from A-form solution (lane 2). In the former case, the limited availability
to B-form DNA. However, it should be noted that Bt~ of water molecules probably allows radicals to migrate farther
21, the conversion to B-form is already relatively complete along the DNA strand before being trapped byOH
and thus one would expect to observe strand breaks at thisRemarkably, piperidine-sensitive DNA lesions occurred
level of hydration, according to the hypothesis stated above. exclusively at the site of BrdU substitution (Figure 4, panel
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B). Several factors other than conformation may explain this of ethanol, but also in the presence of dinitrous oxidgd)\
observation; a higher hydration level may favor protonation an efficient electron scavenger. Although we observed a
of the uracil-5-yl radical and creation of a radical cation, diminution in strand breaks in both A-form and B-form DNA
thus allowing migration of the damage. However, no inthe presence of XD, we were unable to eliminate all strand
preference for the G’s near the initial damage site was breaks produced at 2400 Gy. Because it is possible that a
observed, as would be expected if this were the case. Insubstantial amount of D is consumed at this high dose,
addition, the greater mobility and wobbling afforded by a we lowered the dose to 300 Gy and used oxygen, another
higher hydration level of DNA may facilitate charge transfer well-known electron scavenger. Strand breaks produced in
of radicals to distant base46). This could also explain why  B-form DNA were completely suppressed by irradiation in
a Gaussian distribution of DNA damage is observed (Figure the presence of oxygen. However, the number of strand
4, panel B) when all types of damage (strand breakdkali- breaks produced in A-form DNA at 300 Gy was too low to
labile DNA lesions) are taken into account. The increase in observe an effect of the presence of oxygen. These results
mobility generated by the formation of a mismatch za2# ( clearly indicate that although hydroxyl radicals may be
has already been proposed by our group to be responsiblaesponsible for a small portion of strand breaks generated
for the increase in strand breaks and the production of in B-form DNA at 2400 Gy, the majority of damage to BrdU-
interstrand cross-links observed in mismatched DNA. Indeed, substituted DNA indeed occurs through a reductive pathway
the mobility of the DNA bases is likely to affect the ability and that the reduction in strand break formation observed
of any radical created in DNA to react and migrate, and upon addition of ethanol originates from a change in DNA
higher levels of hydration greatly increase the mobility of con-
DNA compared to that of solid-state DNA. However, formation. Thus, the results obtained with ethanol support
hydration also induces a change in conformation that affectsthose from our hydration experiments: the type of DNA
the number of potential donors and acceptors near the radicadamage resulting from BrdU sensitization is dependent on
created at the BrdU site. Therefore, it becomes extremely DNA conformation. Irradiation of A-DNA will induce alkali-
difficult to distinguish between the two factors. Because labile DNA lesions, whereas B-DNA will lead primarily to
several factors can indeed affect the chemistry of solid-statefrank strand breaks and lower levels of alkali-labile DNA
DNA and for the reasons cited in the previous section, we lesions.
proceeded to examine the effect of conformation on the DNA structure has an important influence on the produc-
radiosensitization of BrdU-substituted DNA in solution. tion of strand breaks. Both simulatior®9 and experimental
Role of DNA Structure in BrdU Sensitization in Solution. results 60) suggest that hydroxyl radical attack is dependent
Itis well established that ethanol will cause a conformational on DNA structure, both on DNA form (A, B or Z) and on
change in DNA from the canonical B-DNA to A-DNALD). hybridization state (single or double stranded). Several papers
In light of our results with hydrated DNA, we examined the also report that chromatin structure per se affects the extent
effect of conformation for BrdU-substituted DNA in solution. of DNA damage by ionizing radiation5(—55). As for
In this system, 25 mM EDTAkon = 4.0 x 10°L mol~1s™? brominated DNA, recent evidence by Kimura et al. pointed
(48)) was added to each sample to scavenge hydroxyl radicalsto enhanced reactivity in Z-DNA compared to that in B-DNA
and thus to reduce both random breakage of our DNA asin 8-bromo-2-deoxyguanosine substituted oligonucleotides
well as site-specific strand breakage resulting from hydroxyl (56). Cecchini et al. Z5) also presented evidence that
radical attack on BrdU. Therefore, the majority of strand hybridization lowered the total yield of single strand breaks
breaks produced by irradiation of these samples wereinduced byy-rays in BrdU-substituted DNA by up to 20-
assumed to be due to the interaction of solvated electronsfold and that substituted double stranded oligonucleotides
with BrdU. With this experimental system, we saw no effect containing a mismatch produced ICLs. Previous reports have
of ethanol on the sensitization of single stranded DNA by already shown that DNA structure strongly influences the
BrdU (Figure 5, panels A and B), whereas mismatched DNA preference for hydrogen abstraction ori @1C2 by a uracil-
displayed a conformation dependency similar to what was 5-yl radical generated by photoirradiation of BrdU-substituted
observed with the hydration experiment, regardless of DNA (57—58; for a review, see reb9). Thus, it is likely
whether strand breaks (Figure 5, panels C and D) or ICLs that DNA conformation also affects the type of damage
(Figure 6) were considered. It is possible that the interaction resulting from uracil-5-yl radical production. In our case,
of ethanol with the uracil-5-yl radical could prevent the attack the A-form that exists betwedn~ 6—21 probably prevents
of the latter on the sugar and the subsequent creation of aboth the H-atom abstraction from the@oxyribose moiety
strand break. However, our observation that ethanol doesand the migration of damage along the DNA strand,
not influence break formation in single stranded DNA argues precluding the formation of frank strand breaks. Thus, the
against this hypothesis (Figure 5A). A slight reduction of uracil-5-yl radical remains localized at the BrdU site, possibly
alkali-labile DNA lesions was observed upon addition of allowing slower, competing pathways to create other types
ethanol and could be attributed to a low level of remaining of lesions that can be revealed by piperidine treatment and
hydroxyl radicals that are scavenged by ethanol. Although are located exclusively at the site of BrdU substitution.
solvated electrons are thought to be the primary reactive However, the structural conditions necessary for the genera-
species to interact with BrdU, hydroxyl radicals can also tion of strand breaks exist in B-form DNA &t~ 31 and in
attack BrdU, leading to debromination and creation of a solution. Although the nature of the alkali-labile lesions was
strand break 37). Because further scavenging of these not determined in these experiments, it is entirely possible
hydroxy! radicals by ethanol could explain part of the thatthey coincide with the damage leading to the production
reduction in strand breaks, we performed another experimentof the base fragments observed under UHA2-43).
where DNA was again irradiated in the presence or absenceElectron attachment to BrdU leads to the formation of the
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FiGUurRe 7: Major degradation pathway for BrdU-substituted DNA for single stranded, double stranded, and mismatched DNA for A- and
B-DNA. (Note: only the most important lesions are indicated. Minor levels of alkali-labile lesions are generated in B-DNA.)

----------- > o
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Single stranded lesions

same uracil-5-yl radical, whether the electron is solvated or chromatin structure was shown to have an effect on radiation
not (38—41), although it is also possible that the dissociative sensitivity ©4), and some evidence points to a similar
electron attachment mechanism that was proposed byinfluence on BrdU sensitizatior84, 65).
Sanche’s groupgQ) could also yield products different from Although clinical studies using BrdU as a radiosensitizer
those observed in solution. Because of the high dependencérave been disappointing up to this point, a new class of
of BrdU sensitization on DNA structure, the experimental halogenated pyrimidines has been emerging as a potent
system presented here may be a sensitive probe for DNAradiosensitizer§6—67). Sensitization by chlorodeoxycytidine
conformation. (CIdC) relies on the elevated levels of deoxycytidine kinase
Figure 7 summarizes our conclusions. We propose that, and dCMP deaminase in human tumors compared to normal
during irradiation, electron attachment to DNA occurs in all tissues. CIdC is incorporated in DNA as chlorodeoxyuridine
oligonucleotides, independent of the hybridization state and (CldU). Because electron attachment to CldU will yield the
structure. However, dehalogenation and creation of the uracil-same uracil-5-yl radical that is responsible for BrdU sensi-
5-yl radical, which are dependent on the probability of tization, itis extremely likely that similar sensitization mech-
electron localization on BrdU, are strongly influenced by DNA anisms will also apply to CIdC, including the production of
structure 25). Furthermore, once the uracil-5-yl radical is ICLs. Therefore, it is crucial to pursue the study of the chemi-
formed, the type of damage will also depend on DNA cal processes leading to BrdU- and CldC-induced damage
conformation. We propose that in A-DNA, the uracil-5-yl in order to develop and exploit tumor radiosensitizers.
radical is unable to abstract a hydrogen atom from the
adjacent 2deoxyribose, thus localizing the radical at the site ACKNOWLEDGMENT

of substitution. Further reactions with adjoining donors will - \ye thank Drs. Jean Cadet, Tsvetan Gantchev, and &iganc
lead to the creation of alkali-labile lesions that possibly pergeron for their helpful comments.

include the fragmented base that was observed by Sanche’s
group @2—43). In B-DNA, the structural requirements for
hydrogen abstraction exist, and strand breaks will occur,
although a certain amount of transient, unfavorable structure
must also exist because a fraction of the uracil-5-yl radical
population will generate alkali-labile DNA lesions and ICLs.

B-DNA also allows the migration of the original radical to 2.

distant bases, thereby permitting delocalized induction of
strand breaks. Therefore, A-DNA will produce piperidine- 3
sensitive DNA lesions localized on BrdU, whereas B-DNA
will also produce strand breaks that can spread on either side
of the original radical. ICL production will be limited to
mismatched DNA in B-form. Single stranded DNA will not
be affected because of its less ordered configuration in

solution. It is interesting to note that the reactivity of the 5

mismatched nucleotides in semi-complementary DNA is
affected by DNA conformation. This observation appears

to favor the zipper-like structure for mismatcheésl{63) 6.

rather than the open bubble mod&4), which would
possibly not be affected by DNA conformation.

BrdU and DNA Structure: Biological Implicationk light
of the results presented in this article, we propose that the
fate of BrdU upon irradiation is highly dependent on the
regional conformation of DNA. BrdU-substituted DNA in

A-form will only produce base lesions, as was observed in 8.

experiments studying dehydrated DNA. Strand breaks will
occur at BrdU sites when DNA adopts a B-form because
the DNA conformation is now favorable to the steps leading
to sugar-phosphate backbone cleavage. How this hypothesis
would translate into a cellular environment is still unknown;
in cells, DNA is mostly in B-form but is wrapped tightly
around nucleosomes to form chromatin. DNA packing and
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