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ABSTRACT

Photocleavage of dsDNA by the fluorescent DNA
stains oxazole yellow (YO), its dimer (YOYO) and the
dimer TOTO of thiazole orange (TO) has been
investigated as a function of binding ratio. On visible
illumination, both YO and YOYO cause single-strand
cleavage, with an efficiency that varies with the
dye/DNA binding ratio in a manner which can be
rationalized in terms of free dye being an inefficient
photocleavage reagent and externally bound dye
being more efficient than intercalated dye. Moreover,
the photocleavage mechanism changes with binding
mode. Photocleavage by externally bound dye is, at
least partly, oxygen dependent with scavenger studies
implicating singlet oxygen as the activated oxygen
intermediate. Photocleavage by intercalated dye is
essentially oxygen-independent but can be inhibitied
by moderate concentrations of  [3-mercaptoethanol—
direct attack on the phosphoribose backbone is a
possible mechanism. TOTO causes single-strand
cleavage approximately five times less efficiently than
YOYO. No direct double-strand breaks (dsb) are
detected with YO or YOYO, but in both cases single-
strand breaks (ssb) are observed to accumulate to
eventually produce double-strand cleavage. With in-
tercalated YO the accumulation occurs in a manner
consistent with random generation of strand lesions,
while with bisintercalated YOYO the yield of double-
strand cleavage (per ssb) is 5-fold higher. A contributing
factor is the slow dissociation of the bis-intercalated
dimer, which allows for repeated strand-attack at the
same hinding site, but the observation that the dsb/ssb
yield is considerably lower for externally bound than for
bis-intercalated YOYO at low dye/DNA ratios indicates
that the binding geometry and/or the cleavage
ism are also important for the high dsb-eff
fact, double-strand cleavage yields with bis-intercalated
YOYO are higher than those predicted by simple
models, implying a greater than statistical probability
for a second cleavage event to occur adjacent to the
first (i.e. to be induced by the same YOYO molecule).
With TOTO the efficiency of the ssb-accumulation is
comparable to that observed with YOYO.

mechan-
iciency. In

INTRODUCTION

The dimers (YOYO and TOTO, Fitj) of the asymmetric cyanine
dyes oxazole yellow (YO) and thiazole orange (TO) bind strongly
to double-stranded DNA (dsDNA), and the fluorescence quantum
yields of the bound dyes are typically 1000-fold higher than when
free in solution ). As a result, the background fluorescence from
free dye is extremely low which makes these dyes excellent probes
for high sensitivity quantification of DNAJ, and for imaging of
individual DNA molecules 3-5). YOYO can also be used for
imaging of single-stranded DNA (ssDNAJ)(

The use of these dimeric dyes for such applications is not without
problems, however. First, upon mixing, the strong binding results in
a long-lived bimodal distribution of dye molecules between the
DNA molecules in the sampl&)( Such inhomogeneous staining
may produce serious artefacts in fluorescence-based DNA quanti-
fication, since the quantum yield is strongly dependent on binding
ratio @). This dye distribution problem can be overcome, however,
by a simple equilibration protocol)( A potentially more serious
side-effect in many applications is the tendency of these dyes to
photocleave the stained DNA, especially under the intense illumina-
tion used for imaging of individual molecules by fluorescence
microscopy. By trial and error it has been found that the cleavage
problem can be minimized by exclusion of oxygen, either by
purging with argon) or by enzymatic method8)( and usually
B-mercaptoethanol is also added, as is common in fluorescence
microscopy in order to minimize dye bleachify However, the
mechanisms of photocleavage by YOYO and TOTO and the
manner in which these agents provide protection are not known.

The present work is the first step in a systematic study of the
photochemical behaviour of these dyes, with the aim of rationally
devising the most effective protocols for reduction or prevention
not only of strand cleavage, but also of other photochemical
reactions whose effects may not be so dramatically manifest in
imaging studies, e.g. abasic site or adduct formation. The
strongest binding mode for YOYO is bisintercalation, but at
higher dye loading the dye also binds externally to the Heljx (
Since high dye loading is commonly used in applications of these
dyes, our starting point has been the investigation of how DNA
photocleavage depends on the mode of binding of YOYO, by
studying the effect of binding ratio on the rates of strand cleavage.
The dye binding mode is also of interest from a mechanistic point
of view, since the binding geometry determines not only the
contact points between the helix and the dye, but also the
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Sample preparation

All samples contained 4@M DNA nucleotide and a dye
concentration corresponding to the stated N/C, except for the
lowest N/C of 1.5 (of YO or YOYO) which contained 2@ DNA
nucleotide. The lower DNA concentration was chosen to keep the
maximum absorption of the dye in the samples (at 480 nm) below
[D.1. All samples had a final total volume of @0in 50 mM
TBE-buffer (pH = 8.3), and were prepared by addipfBNA

stock to the dye diluted in the buffer, and subsequently incubating

N
AN Nonasricngicrs v

— —n at 5¢°C for 2 h to reach an equilibrium in the dye distributign (
n For deoxygenation, 10Qu (i.e. five aliquots) was bubbled
X 1 2 vigorously with water-saturated argon for 1 min. The efficiency
o Yo YOYO of this degass!ng procedure was _confirmed by the _observation of
s o TOTO a 64% reduction compared to air-saturated solution of the ssb

induced in dsDNA by methylene blue (N/C =15 and 50 mM ionic
strength) {7). The rate of ssh formation with YO at different N/C
Figure 1. Structural diagram of the cyanine dyes. was also investigated in the presence of 15-50 mM concentra-
tions of Nal, in DO, urea, thiourea or glycerol, and in the
presence of 0.5-2.5 4W/ml of superoxide dismutase and/or

catalase.
accessibility of the dye to potential intermediate species in the
surrounding solution, such as oxygen. llumination

When a DNA molecule is imaged with YOYO in the microscope
only double-strand breaks (dsb) are observed. However, few DNJumination was performed using a 150 W xenon lamp, a lens and
cleaving agents directly cause dsb. Most induce single strand breaklong-pass (320 nm) filter, with the sample forming a droplet
(ssb) (1), which result in dsb only when two of the ssb occur bymaximum path length 0.1 cm) in the closed end of a horizontal
chance on opposite strands and separated typically by <13)bp ( Eppendorf tube sealed with a glass lid. In the absence of dye no
A DNA molecule might thus have sustained considerable damaB®A cleavage was detected during the longest illumination time
via ssb, before a break is observed in the imaged polymer. It wéggd in this study (45 min). The stability of the lamp over a 7 h
therefore important to assess both the ssb and dsb efficiencieg@fiod was confirmed by#8% variation in the relative concentra-
YOYO. Supercoiled DNA was used to sensitively assay for sdipns of nicked and supercoiled forms obtained by illumination of an
and dsb, which are detected as conversion of the supercoiled DRifsaturated sample containing YOYO at N/C = 3 for 5 s.
into the relaxed circular and linear forms, respectively, both of The main experimental parameter in this study was the dye
which can be separated from the initial supercoiled form by gkinding ratio. For each binding ratio the time profiles for the
electrophoresis. We show here that the monomer YO behavescagversion of the supercoiled species (form 1) into nicked circles
a classical ssb-agent, whereas the fact that the two chromophdfegn lI), linear DNA (form IIl), and linear fragments (form IV)
in YOYO are forced into proximity results in a high dsb activitywere determined. As the N/C was increased the reaction rates
because of non-random distribution of ssb breaks. decreased, and the range of illumination times therefore had to be
increased in order to monitor the formation of all DNA forms. At the
highest N/C of 40 some illuminations extended over 15 min, and in

MATERIALS AND METHODS those cases evaporated solvent that had condensed on the walls ¢
the tube was recovered by spinning the samples every 15 min in a
Chemicals and samples bench-top microcentrifuge for 2 min.

Supercoiled and nicked circular for#X174 DNA were from
Pharmacia and New England Biolabs, respectively. The negativi
supercoiled sample contained 5-10% nicked circles. Linear forRhotocleavage products were analysed on 1% agarose gels (in
was produced by cleavage of a supercoiled sample with restrictideavage buffer) at 3 V/cm for 4.5 h. The positions of the zones
enzymexhd (Pharmacia). YO-PRO-1, YOYO-1 and TOTO-1 of the separated products in each lane were determined from the
(referred to here as YO, YOYO and TOTO) were from Moleculafluorescence intensity profiles of YO (or YOYO) remaining
Probes, (Eugene, OR, USA) and were used as received. Methylenend, measured by scanning the gel on the stage of a Zeiss
blue (puriss) was from Fluka, and was purified by colummxioplan epifluorescence microscope (excitation filter: 450-490
chromatographyl(3). Concentrations were determined by opticaihm, dichroic mirror; 510 nm, emission long-pass filter: 520 mm, 5
absorption, using the following exctinction coefficiea860 nm)  objective, numerical aperture = 0.15), equipped with a Hamamatsu
= 6600 Mcntl for DNA bases14), (481 nm) = 66 000 M photomultiplier. The epifluorescence illumination provided excel-
cnrlfor YO, (457 nm) = 96 100 Mcntlfor YOYO, (480 nm)  lent signal-to-noise ratio, even for the highest N/C value (= 40),
=97 900 Mlcnrlfor TOTO(15) ande(664 nm) = 81 600 M because of the very low quantum yield of fluorescence for free
cntl for methylene bluel@). Unless otherwise stated, the dyecompared with bound dyé)( As evidenced by comparison with
loading is given as the N/C ratio between concentrations of DNAon-illuminated samples stained at the same N/C, the order of
nucleotide and added dye chromophores (one for monomer and twigration was always nicked circle, linear and supercoil forms.
for dimer). The DNA forms were baseline separated except for a slight overlap

lectrophoretic analysis
é':[y p y
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of the zones of the supercoiled and nicked circlemdiriy ratios  unwinding slows down and broadens the zone of the supercoiled
close to N/C = 12 (due to unwinding effects from the intercalatefdrm compared with form II, but the S/N ratio is considerably
dyes), which were resolved on the basis of the concentratiower with the DAPI protocol. Therefore DAPI was used for
profiles of the pure DNA forms. The zone of the intact linear fornguantification only to investigate effects of differential staining by
(Il and the tailing smear of linear fragments (form V) wereYO or YOYO on apparent cleavage kinetics, by illuminating two
resolved on the basis of the observation that zones of pure fosets of samples and analysing them with both methods.

[l are symmetric.

e ) Relative quantum yields of nicking
Quantification of product concentrations

The consumption of form | DNA was analysed in terms of single

The quantity of each form of DNA was obtained by integratingXponential kinetics with a time constariThe actual absorbance

the scanned intensity over each zone. Repetitive scans along@hgach sample was not measured, so absolute quantum yields have
same lane showed that no detectable bleaching occured as a rélilbeen obtained. The rate of nicking per DNA molecule)(1/

of the scanning. Two different approaches were used for stainigs normalized with respect to the number of absorbed photons by
the DNA. Mainly we have exploited the intrinsic fluorescence oflividing by the number of dye molecules per DNA molecule

the YO or YOYO that remains bound after electrophoresis, in ki = (1h) x (N/C) D

order to make use of the very good signal-to-noise ratio for tho : . L - '
dyes. This protocol also avoids the procedures of removing thevc‘ﬁ'erd(1 Is the relative nicking efficiency per YO chromophore (in

iy NEeRits of s1) whether in a monomer or a dimer. Since cleavage rates
srgrogglg\lly)/a\bound dyﬁshand Isc;JbsechjJently p.l]f.”fy:ng Sndl restaini e normalized with respect to added chromopkgethe average
the , steps which could introduce artificial ssb, cleavage . : ;
v er intercalated, externally bound and free dye, which have slightly
aIkall-Iablle sites or other Qamage. Some bqunq dye was proba fferent absorption cross-sections. Except at the highest N/C values
lost during electrophoresis, but the quantification of ssb and ds

cleavage rates only requires knowledge of the relative concentt'ﬁ-e d, where all dye chromophores can be considered intercalated

. . : ere are potential effects on the relative rates due to this
tions of the dlfferen_t DNA forms (see étjpelow), V.Vh'Ch were simplificatiorﬁ) which are discussed further in the main text.
obtained by normalizing with respect to the total intensity of the
pertinent lane. For any experiment (i.e. at a certain N/C), as long
as the fraction of dye lost is the same for the different DNA form&alculation of number of ssb and dsb
the relative concentrations and the evaluated rates should not be
affected. As with conventional post-electrophoresis stainind,"€ @verage numbers of saf)(and dsbrfp) per DNA molecule
corrections for the differential binding to supercoiled and nickey€re calculated from the equations of Povirk and co-workers
circular/linear DNA have to be made if an intercalating dye i§21:22)- If the supercoiled form is consumed by both ssb and dsb
employed. Prior to illumination the dye could be considere hich are randomly distributed among the DNA molecules, the

bound to the supercoiled form at the nominal N/C, since t gactionf; of surviving supercoiled circles is related to the total

contamination of relaxed circles in the supercoiled sample coulymber of breaksyot = m + ng, via

be neglected. However, since large amounts of relaxed circles e = —Inf (23)
were produced in the course of the cleavage experiments, dye tot !
may have transferred between the newly created nicked circlggwever, we will argue that in the case of YO and YOYO form
and molecules that remained supercoiled, before the two formg consumed only by ssb since no true dsb (i.e. as a result of a
were electrophoretically separated. (No dye transfer will occgingle absorption event) occurs. In such a fiasaiven by

between nicked circular and linear DNA since the affinity for an _

) X X A Ny = —Inf (2b)
intercalator is the same.) This possibility was tested by removal of
the dye and post-electrophoresis staining with the groove-bindéthe supercoiled fractiofy decreases monoexponentially with
DAPI, the affinity of which is negligibly affected by DNA time, eq.2b) implie_:s t_he number of ssh increases linearly in time.
topology. To keep DNA handling simple and gentle, destaining For a random distribution of dsb over all the DNA molecules,
was performed after the illuminated samples had been migrateg'la total number of dsb can be calculated from the frefgfiar

few millimeters into the gel (at 3 V/cm for 0.5 h). The gel (150 mijhe molecules which are in the linear form

was soaked for 5 h in 1000 ml of 0.1 M NaCl containing 10 mM fil = N exp(-no) (20)
SDS (CMC under these conditions is 2 mM), a step which removeq]
all the YO or YOYO from the DNA, as evidenced by no detectabld
fluorescence from the zones. The gel was washed twice in 1

electrophoresis buffer for 4 h, electrophoresis was resumed for 4 h n, = (f, + Ty + fu)/fu—1 (2d)

at 3 V/cm, and finally the gel was soaked in 500 m| iI@API

in electrophoresis buffer for 4 h and washed in electrophoresideref, is the fraction of the molecules which are found as form
buffer for 1 h. The DNA zones were again detectable, by thHé The presented valuesmfandn, are based on data comprising
blue—white fluorescence characteristic of DAPI bound to DNAs6% of form IV. In the case of YO at N/C = 40 it is only over a
and the gels were scanned using a 365 nm excitation band-passy limited range of illumination times that forms | and Il occur
filter, a 395 nm dichroic mirror and a 420 nm emission long-passmultaneously, which is necessary for 8Q.and 2d to be

filter. [The fluorescence is from groove-bound DAPI, because @fpplicable to the same sample. In this case the number of ssb for
the quenching of the fluorescence of the GC-intercalated DARInger times is estimated by extrapolating the average number of
(20), present in a minor fraction at the staining conditionssb per DNA molecule linearly in time, since the supercoil
employed;18,19.] The separation was better than with YO, wheranicking rates were mono-exponential.

ich can be expressed in a more useful f@&h (
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RESULTS a flusrination time
Time profiles of cleavage products ———]

The results of a typical cleavage experiment, in this case with
YOYO at N/C = 3, are presented in Fig@rerhe overall band
pattern for the illumination time course (F2g) is that expected if
the first cleavage event is a single-strand break. Initially the amount
of nicked circles (ll) increases, at the expense of the supercoil. With
longer illuminations, Il is consumed by accumulation of ssb
producing dsb, which results in the appearance and growth of an
intermediately positioned zone of linear molecules (l11). Ultimatel
these linear molecules are analogously degraded by accumulated I . T T T . r - T
ssb to form linear fragments, manifest as a smear of weak intensity ygo00 - e
extending from the band of intact linear molecules in the direction_ I
of migration. After normalization with respect to the total laneZ e
intensity (Fig.2b), the relative concentrations of each componens 2090 A
can be plotted versus illumination time (F2g). The error bars £
demonstrate that the variation between experiments is within 5% 6000
except when there is an appreciable fraction of fragmented line&r
molecules (IV), the quantification of which requires very accuratg: 4400 |
baseline determinations since the intensity is dispersed over a Iogg
distance on the gel. All quantification of ssb and dsb has therefote
been limited to data containing <6% of form IV. With YO at N/C
= 3 (results not shown) the product profiles of all DNA forms are
very similar to those observed with YOYO. Also TOTO at N/C = 0 O - - - - -
3 exhibits product profiles similar to YOYO but cleaves about five 0 10 20 30 40
times slower than YOYO. This is exemplified by the maximum Distance from well {mm)
concentration of form Il occurring much later (125 s) than with
YOYO (30 s, Fig2c), but with similar amounts of nicked circular ¢
(85%) and linear DNA (10%) at this point. 1.0
At a higher N/C of 40 the overall cleavage rates with YOYO and
YO (Fig. 3) are considerably lower than at N/C = 3, as expected,
since there is less dye per DNA molecule. The concentration: 08
profiles were similar to those observed at N/C = 3 (B, =
however there were some differences between the YO and YOY 44
profiles. The rates of consumption of form | and the initial 2
appearance of Il are very similar in the two cases, but the lineaB
form clearly appears (and form Il disappears) considerably faste@ 0.4
with YOYO than with YO. =
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Quantification of the formation of single-strand breaks

Nicking of the supercoil exhibited monoexponential kinetics in 0.0
most cases (Fig). However, with YO at N/C = 40 (Fig, inset) T
an apparent lag in the disappearance of supercoiled circles gave rise illlumination: time (s)
to non-monoexponential kinetics if YO was used for quantification
(open symbol). By contrast, mono-exponential kinetics (and N@igyre 2. Cleavage ox174 supercoiled DNA by YOYO at N/C = &) Gel
lag) were observed if the DAPI-protocol was employed for thehotograph showing separation pattern after illumination for 0, 1, 2, 3, 5, 10,
same sample (closed symbols). With the YO-protocol (but not5. 20, 40, 60, 80, 100, 120, 150 and 200 s. Positions of wells, supercoiled (),
with DAPI post-staining) an apparent lag is expected if YO ighicked circular (Il) and linear (Ill) forms are indicateb) Gel scan of lane

. . corresponding to 15 s illumination time, showing band profile (—) and
_trans_ferr_ed from form |l tO_ form | _m the period between integrated dye fluorescence intensity)( (c) Concentration profiles of forms
illumination and electrophoretic separation of the two components. i, 11l and IV obtained from integrated zone intensities normalized to the total
This can occur with YO because the negatively supercoiled DNAuorescence intensity of each lane. Error bars indicate the deviations between
binds an intercalator more strongly than the nicked circle, if th&vo separate experiments.
N/C is higher than the equivalence binding ratio needed for
complete removal of the supercoiled turns of the DRI. (The
equivalence point of our DNA sample is N/C = 10-11 for YOmechanism disappeared completely at N/C = 12 which is close to
because the mobility of the supercoiled form has a minimum tite equivalence point of our sample. Below N/C = 10-11 transfer
[0.09-0.1 YO per nucleotide, at which point the mobility is close the opposite direction should occur, but the semi-logarithmic
to that for the nicked circle (data not shown). The apparent lag walsts remained linear, presumably since the driving force for
pronounced only at N/C = 40, and as expected from the proposehsfer becomes smaller as saturation of intercalation sites is

50 100 150 200
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Figure 4. Semilogarithimic plot of the fraction of supercoiled DNA versus
illumination time, at the conditions of N/C indicated. Inset: semilogarithmic plots
of the fraction of supercoiled DNA versus illumination time for YO at N/C = 40.
Gel scans based on the fluorescence of YO remaining bound (open symbols)
. . or of DAPI added after electrophoresis (closed symbols) (see Materials and
20 ao 40 50 Methods).

illurmination time {min)

essentially the same per chromophore for the monomer and the
Figure 3. Cleavage ofbX174 supercoiled DNA by YO (top) and YOYO  dimer. As N/C decreases the rate increases gradually with YO,
(bottom) at N/C = 40. Concentration profiles of forrrl),(Il (O), lll (A) and and goes through a maximum around N/YO of 3. from which it
IV (W) obtained as in Figure 2c. . T

falls rapidly for the lowest N/C. By contrast, with YOYO

(bottom) the nicking rate decreases gradually as N/C decreases

approached, and since externally bound dye present at low Nf@m 40 down to N/C = 10, where from a shallow minimum, the
should exhibit no DNA-topology dependence of binding. rate grows rapidly to a value per chromophore almost twice as
The apparent fraction of form | was lower with DAPI by alarge as the_ maximum level observed with YO. No decrease is
magnitude which was reasonable in view of an estirnmmio observed with YOYO even at the lowest N/C. It is C'Iea.r that the
of 1.5 for the binding constants of YO at N/C = 40 (assuming apfoto-cleavage by YO and YOYO cannot be explained in terms
unwinding angle of 20 (10), which in equilibrium corresponds of a single process for one binding mode, since the rate constants
to a transfer of 10% of dye from Il to | when half of the circledor supercoil nicking vary strongly with the binding ratio.
have been converted. For YO such a transfer is likely to haveFurther insight into the cleavage mechanism can be found by
enough time to occur before the DNA forms are separated Byobing for intermediate species. It is common to remove oxygen
electrophoresis 10 min), since the dissociation time constan@nd addp-mercaptoethanoleSH) in microscopy and other
of the similar intercalator propidium (divalent, with a side chaiPplications of YOYO and related dyes, and we have therefore
similar to that of YO-PRO) is typically in the range of seconds dixamined the effects of such conditions on the rate of supercoil
faster @4). With bis-intercalating YOYO (which did not exhibit conversion. With YOYO, removal of oxygen by argon-bubbling
a lag) the off-rate is on the order of houf£¥%), and control reduces the cleavage rate by-&8%6 at N/C = 1.5, b_ut has a much
experiments on a mixture of stained and non-stained DNA inde&ghaller effect (1& 5%) at N/C = 10. By contrast, with §3leSH
showed that no detectable transfer of YOYO occurred on the tirfi@hich is an efficient scavenger of both singlet oxyg@nand
scale of the electrophoretic analysis (not shown). radical species;6) the cleavage rate is dramatically reduced (by
The accumulated evidence shows that the lag is due $§-95%) at both binding ratios.
dye-transfer effects which can be eliminated by using DAP|_The results evidence the participation of oxygen at low N/C and
post-staining. Because of superior signal-to-noise ratios, the r&tece the most common photocleavage mechanism involving
constants for supercoil nicking were obtained from the YO-scaf&YJen is via photosensitized production'@f, this possibility
except when these exhibited a significant lag (YO at N/C = 40y/as tested in the case of YO by carrying out the reaction with added

in which cases the DAPI-scans were employed. Sodium azide, Nag\a 'Oz quencher, although non-specifit)
and in O (which increases the lifetime &D, and hence its

potential to cause damagd)l). At N/C < 5, NaN inhibited
cleavage and D enhanced it, suggesting th@b is indeed the

The effect of binding mode on the single-strand cleavage wdamaging species. By contrast at N/C >%) Dad no significant
investigated by evaluating the rate constant (per chromophosdject on the ssb yield, consistent with the observed minor role of
for supercoil nicking (eql) at different binding ratios of O, while NaN;, which may also scavenge radicals, had a small
nucleotide to added dye chromophore (BjgAt high N/C, YO  inhibiting effect. At N/C < 5, addition of catalase and/or superoxide
(top) and YOYO (bottom) exhibit a nicking efficiency that isdismutase had no significant effect on the ssb yield, indicating that

Mechanistic studies of the single-strand cleavage
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Figure 6. Yield of dsb plotted versus the square of time normalized for the
binding ratio, [timex (N/C)]2, for YO and YOYO at N/C = 40 (data from Fig.
3), and N/C = 3 (data for YOYO from Fig. 2c).

0.0 Ly been consumed, which is expected for random accumulation of
0 10 20 30 40 ssb created by a true single strand cleaving agéntWe will
N/C return below to the enhanced efficiency of linearization with the

dimer, but at this stage we simply demonstrate that YOYO is not a
Figure 5. Rate of nicking of supercoiled DNA per chromophore for YO (top) true double-strand cleaving agent, in the sense that a dsb is not
angd YOYO (bottom) ve?sus thg ratio N/C betV\Peen DNA ngcleotide and ach)ieaC reated as a result of a §|ngle excitation even.t' The n.u mbt_ar of dsb
chromophore concentrations. Rate constants evaluated according.to eq.  Per DNA molecule (Fig.6) grows quadratically with time

(normalized to binding ratio by muiltiplication by N/C), both for

YOYO and YO. A linear growth in the number of dsb with time is
neither @~ nor H,O, were involved in the cleavage by eitherexpected for true ds1,30), but inclusion of a linear term did not
intercalated or externally bound dye. Neither did tygrradical — improve the quality of the fits. Thus, the data for the photocleavage
scavengers such as urea, thiourea or glycémlsignificantly — of DNA by YOYO and YO can be analysed assuming that the first

affect the ssb yield. damaging event is always nicking of one strand.
After equilibration {) the sites of bound YOYO molecules are
DISCUSSION expected to be approximately randomly distributed, since YOYO
does not exhibit any significant sequence specifigjtyrpe sites
Modes of binding of YO and YOYO under our of the first nick should therefore occur randomly over the

supercoiled molecules, leading to Poisson statistics for the
distribution of the ssk(l), and to monoexponential kinetics for
The binding of YO and YOYO to double-stranded DNA has beethe supercoil conversiofif) as we observe. The rate constant for
studied 8,10) under the the same buffer and DNA conditions asingle-strand cleavage of form | evaluated from semilogarithmic
employed here, except T2 DNA was used. The population of tiots was used to assess the nicking activity of YO and YOYO
different binding modes should be very similar Witkl74 DNA,  under various conditions.

since YO exhibits very little sequence dependence of binling (

Many of the results presented here can be understood in term$@fgle-strand breaks

YO and YOYO having two binding modes: (i) at high N/C, -

intercalated (bis-intercalated for YOYO) and strongly fluorescenBound dye cleaves more efficiently than.fiBiee drop of ssb

and (ii) at low N/C, externally bound and more weakly fluorescerctivity for YO below N/C = 3 (Figb, top) indicates that the free
(8,10). Being structurally very similar to YOYO (Fit) a similar dye does not cause photocleavage, since spectroscopic studies
binding behaviour for TOTO is indicated by very similar spectraf10) show that free YO is present at these binding ratios. This
changes in absorption and fluorescenteupon binding to interpretation is furtht_a_r supported by the observation that release
dsDNA, and NMR studies2g) support bis-intercalation as the Of bound dye by addition of Mg decreases the photo-cleavage

conditions

most stable binding mode. yield (results not shown). By contrast, with YOYO no decrease

in supercoil-cleavage efficiency is observed even at very low N/C

: . ) (Fig. 5, bottom). No data are available for the amount of free dye
B‘g;ﬁr YO nor YOYO cause direct double-strand at N/C = 1.5, but no free dye could be detected at N/C £2@.5 (

where a significant fraction of the more weakly bound YO was free.
With YOYO at N/C = 40 form Ill appears when 50% of theWe therefore suggest that the absence of a decrease in ssb activity
supercoil has been converted (Fp.By contrast, with YO the for YOYO at low N/C is due to a low free dye concentration as a
linear form appears only when >95% of the supercoiled form hassult of the strong dimer binding. Attempts to create free dye by
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increasing the YOYO concentration even further, resulted img agents in the solution, such as dissolved oxygé&n No
aggregation of the DNA. evidence was found for involvement of hydroxyl radical species
An apparent decrease in cleavage rate at low N/C ratios (e.g. (elher at high or low N/C), which suggests that intercalated dye
with YO) could potentially arise from strong light absorption at theeacts directly with the DNA, perhapsa hydrogen-abstraction
comparatively high dye concentrations. However, the cleavage réiem the sugar, but more detailed studies of the cleavage mechanism
increases with YOYO but decreases with YO when N/C is reducég the intercalated YO chromophore are needed to clarify this point.
from 3 to 1.5, even though the dye absorption is similar in all four
samples, so this is not a dominant effect. Cleavage efficiency at intermediate N/C of intercalated chromo-
phore.With YOYO there was an increase in cleavage efficiency
Externally bound dye cleaves more efficiently than intercalatedvith increasing N/C (>4), which was surprising because in this
The decrease of the average cleavage rate per YO above N/C raBge the dimer is reported to bind only by bis-intercalation (
towards an approximately constant level at high N/C §rigp) YOYO may bind in a third mode as monointercalated dimer,
indicates that externally bound YO, present at low N/C, induces ssihich is expected to occur when the intercalation sites are almost
more efficiently than intercalated dye, which is the only boundaturated3?) i.e. just above N/C = 4. However, this seems an
form at high N/C. For YOYO (Fig5, bottom), the supercoil unlikely explanation for the partial quenching of the cleavage in
conversion rate is also considerably higher when externally bouttds range of binding ratios, since externally bound YO-chromo-
dye is present (N/C < 4) than when all dye molecules agghores cleave more efficiently than intercalated ones.
bis-intercalated (N/C >> 4), consistent with intercalated chromo- Variations with N/C of the quantum yields for fluorescence of
phores being less efficient at creating ssb also as dimers. fully intercalated dye have been reported for both YO and YOYO
There are clear differences in the behaviour of YO and YOY@10). These observations suggest interactions between interca-
however. YOYO exhibits a shallow minimum in the cleavage rat@ted chromophores that might also modulate other photophysical
(at N/C = 6), before the rapid increase at lower N/C. By contragiroperties of the DNA-dye complex, such as cleavage efficiency.
with YO there is a monotonous and more gradual increase Annotable similarity is that for both fluorescence quantum yield
cleavage rate as N/C is decreased. We tentatively ascribe thé®eand the cleavage rate (Fa).the same value per chromophore
differences in the cleavage profiles to YO and YOYO beings obtained for YO and YOYO, when measured at such high N/C
differently partitioned between the two binding modes at intei= 40) that interactions between different dye molecules should
mediate N/C values. With YOYO, intercalation sites are essentialbe negligible. Hence, the chromophores seem to act independent-
saturated (at N/C = 4) before external binding ocdulis which Iy when constrained in a dimer, which apparently contradicts the
explains the abrupt increase in cleavage efficiency for the dimargument that interactions between dyes are responsible for the
below N/C < 4. For YO, the two binding modes overld}) &nd  variation of fluorescence quantum yield and cleavage rates with
the transition to higher average cleavage rates due to the presét®, i.e. the effect of interactions between intercalated YO
of externally bound dye therefore occurs more gradually. Trehromophores in close proximity would be expected to be
guestion, why with YOYO there is an increase in the cleavageermanently manifest in YOYO.
efficiency with increasing N/C above N/C = 4, although all To explain the variation of the fluorescence quantum yield with
molecules should be in the same bis-intercalated binding modeNAC, Larssoret al (10) have suggested that the dye molecules
returned to after discussion of the results of mechanistic studiegiteract either directly, by electronic coupling of the chromophores,
or indirectly, through alterations in the DNA helix due to
Mechanistic studies of the rate of ssb by YOX®a first step unwinding. In solution the absorption spectrum of YOYO is
towards understanding the chemistry underlying the cleavage, diferent from that of YO, most likely because of electronic
have investigated some key elements of the reaction mechanigmteractions between stacked chromophores in the diB@gr (
including the role of binding geometry. The fact that deoxygenatidBis-intercalation of YOYO with DNA ruptures chromophore—
had a stronger inhibiting effect on cleavage at N/C = 1.5 (botthromophore stacking, which essentially removes the electronic
intercalated and externally bound dye) than at N/C = 10 (intercalateteractions between the chromophores as evidenced by the YO
dye only), shows that{plays a more important role in cleavage byand YOYO absorption spectra being almost identical when the
externally bound than by intercalated dye. This observation suggedyes are intercalated . This suggests that the interactions
different cleavage pathways for the different YOYO bindingbetween intercalated chromophores are not electronically coupled
geometries, and it is thus likely that the large difference in the ratest mediated by a helix perturbation. Possibly, the demands of
of ssh formation in the two binding modes is due to the existenceacfcommodating the YOYO-linker by the extended and unwound
two different cleavage mechanisms, rather than only one mechanB®MNA result in less pronounced perturbation of the helix between
which is less efficient for the intercalated mode. two YO chromophores within a dimer than between adjacent
The accumulated evidence from the quencher experiments wittonomers or dimers. Hence, helix-mediated interactions within
NaNg, D20, catalase and superoxide dismutase suggests that whglglated dimers may be reduced compared with interactions between
externally bound dye effects cleavage at least in part vigighbouring dimers or monomers, consistent with fluorescence,
photosensitizedO, production, intercalated dye reacts primarilycleavage and absorption observations.
via a pathway that does not involve an activated oxygen speciesit intermediate N/C, where interactions between different
(Some quencher experiments were performed with YO rather thiautercalated dye molecules are observed to o&yuthere is less
YOYO, but it is reasonable to assume that the YO chromophotensistency between fluorescence quantum yield and cleavage. It
cleaves by the same mechanism in the monomer and the dimerioonly with YOYO that we observe an increase in cleavage rate
a given binding mode.) Lack of oxygen involvement in cleavage hyith increasing N/C above N/C = 4 (Fi), and in fluorescence
intercalated dye is not surprising, since it is well known that thiéis instead the quantum yield of YO which increases most strongly
intercalation pocket usually protects fluorescent dyes from quenchith increasing N/C&). However, direct comparison is not trivial
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chemical (as opposed to photochemical) ss cleaving agents has
been shown to enhance the dsb efficiency compared to the
corresponding monomeB&,37). However, in both cases the
extent of reaction was controlled by varying the cleaving agent
concentration (rather than time), so there are potential effects due
to variations in the occupancy of different binding modes during
the titration. Here, by direct comparison of the monomer and the
dimer under conditions where all dye molecules can be considered
intercalated, we have shown that the dimer of YO does exhibit a
considerably enhanced dsb efficiency.

The observation that the dsb rate per ssb for YOYO is lower at
N/C = 3 than at N/C = 40 indicates that bis-intercalated YOYO
induces dsb more efficiently than the externally bound form.

: . . . However, since the ssh mechanism is different in the two binding
0 50 100 150 209 modes, we cannot say if the enhanced dsb activity is an inherent
(s5b)° property of the bisintercalative binding geometry, or a result of the
cleavage mechanism for the intercalated chromophore being
Fiqure 7. Plot of number of dsb versus the square of the number of ssb. for thNOT'€ favourable for generation of dsb. (We also note that the dsb
sagnL:p(Iees of?:igureu&blﬁsgt: ?JTOI 0? :anbe?' f)(f:I dibevoersues trL:e njm?)esrsg"sgb, fg]ﬁiCienCy per ssb of TOTO is similar to that of YOYO, although
the samples of Figure 6. the overall cleavage efficiency is lower with TOTO.) The dsb
efficiency of YOYO can be compared with that of true dsb agents,

. . . . . such as enediynesq39), for which the slope of the number of
since with YO there is overlapping of binding modes, and furth@{sy, versus the number of ssb is a convenient measure of dsb

studies of the excited state properties of YO and YOYO in bolfiity. At N/C = 40 a slope @10.05 dsb per ssb is obtained for
binding modes are clearly needed in order to understand the effgéSy o, which is a factor of four lower than optimal yields

dsb

of N/C on single-strand cleavage. obtained with neocarzinostatidQ), while YO produces only
about 0.004 dsb per ssb at N/C = 40. Although useful for
Double-strand cleavage comparison with other dsb agents, the analysis of dsb generation

h based on the plot in the inset of Figires not entirely correct

Enhanced double-strand cleavage with the diBiece with bot ; . . ; .
YO and YOYO dsb occur as a consequence of ssh-accumulatigfce & Strict proportionality between dsb and ssb is not observed,
reflecting that YOYO is not a true dsb agent.

comparison of the dsb rates must take the nicking efficiencies
YO and YOYO into account. Figueshows that the rates of ssb The dsb yield increases quadratically with ssb for both YO and

formation per chromophore by YO and YOYO are indeed Ve%OYO With both YO and YOYO, the number of ssb increases

similar at N/C =40 (0.35%, and itis thus clear from Figubdnat gnearly with time (as evidenced, in view of g, by the linearity
the dimer induces dsb considerably more efficiently (per chrom ‘ the plots such as those in Figh. The quadratic time

hore) than the monomer. This effect is better demonstrated by a T
Slot of)the number of dsb versus the number of ssb{Fiset), ependence of the number of dsb (Bjgherefore implies that

from which it is clear that at N/C = 40 the number of dsb induce§® _relationship between the number of dsb and ssb is more

per ssb is much higher with YOYO than YO. correctly described as quadratic than as linear. This is borne out
The intuitive interpretation is that linkage forces the two Y@ _Figure 7 which reveals a quadratic dependence on ssb,

chromophores of YOYO into close proximity, thus significantlyexma'n'ng t_he absence of linearity in the inset of_the same Figure.

increasing the probability that two ssb will occur within the 15 b% A quadratic dependence on the number of ssb is expected for dsb

separation typically required to produce a dh (This interpreta- aused by accumulation of randomly distributed ssb, according to

tion is reinforced by the observation that the dsb efficiency &€ €duation

approximately the same for YO and YOYO at N/C = 3 (Fig. n2

inset), where the dye density is so high that the YO chromophores n, = 4—E(2h + 1) ®

bind close together, whether linked or not. An enhanced probability

for ssh-proximity is anticipated if the two YOYO chromophoresvherel is the length of the DNA in bp (5386 bp bX174) and

are excited and create ssb on opposite strands in successiaine maximum distance (in bp) between two ssb that will lead to

without the dimer changing binding site between excitation evengs.dsb if they are on opposite strardd.(For YO at N/C = 40 the

However, at this stage we cannot exclude the possibility that tvetope in Figur& corresponds to a value foof 32.7. This is about

ssb are induced by the same chromophore, and the only roletwice as large as the value of 15.8 obtained at a somewhat lower

dimerization is to enhance the binding constant of the (single) s&lmic strength (10 mM) by Freifelder and Trumia)( who used

agent. This is clearly a possibility if the ultimate cleaving agent X-rays to induce ssb in linear B3-DNA (30 kbp), and ultracentri-

an intermediate diffusable species, suchl@s but may be fugation to analyse the number of ssb and dsb. Petvirk(21)

unlikely if the excited dye molecules attack the backbone directblso employed ionizingy) radiation to induce ssb, but used

and are chemically altered by the photo-cleavage reaction.  supercoiled ColE1 DNA (10 900 bp) and an electrophoretic
Attempts to attach an intercalatir®yl) or groove-bound35)  analysis similar to ours. At 100 mM ionic strength they obtained

anchoring-group to a repetitively cleaving monomeric ssbh-agedsb efficiencies which were2-fold higher than predicted for

has resulted in enhanced rates of ssb, but to date no significeaxtddom accumulation of ssbj, assumindp = 15. Their data was

increase in dsb yields34,35). By contrast, dimerization of too limited to establish a quadratic dependence, but an average
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value forh of (B4 can be calculated from their FigRr& he reason
for the discrepancy between the two studies employing ionizing
radiation is not fully clear. Since the higher ionic strength used by
Povirk et al (similar to ours) should decredsél?), it appears
that DNA topology or the fact that B3-DNA naturally contains
nicks (corrected for by Freifelder and Trumbo) may be of
importance in the process of ssb-generation. Values®farge
as 40-80 have been observed when ssb are induced by UV
irradiation, although in these cases enhanced helix-instability due
to other types of photo-induced damage may contribute to
apparently high values bf(41).

We conclude that using similar techniques of analysis, YO has
approximately the same dsb/ssb yield as ionizing radi&idn (
which is known to induce ssbZ). In this sense YO acts as a true I |
ssb agent which nicks DNA randomly, as concluded above (by @ 1ok M=75
comparison with theon29) from the small amount of form | | Aa a2t
remaining when the linear form is first detected. Importantly, a
guadratic dependence is in itself not evidence that a ssb agent
creates nicks randomly; only by comparing the value of the slope
with those of known ssb-agents can this be established. For
example, for YOYO at N/C = 40 the slope corresponds to an
apparent value df = 142, which is considerably higher than
expected for accumulation of randomly distributed ssb. This is
not surprising, since the basic assumption (underlying)esf. .
random distribution of the ssb over the nicked circular DNA ) 100 200 300 400 500
cannot be fulfilled when the ssb agents are coupled in a dimer ssb?
which is tightly bound. Nonetheless, a quadratic relation is still
expected for this case of non-random distribution of the ssb (as

|Ong as no true dsb are Created)’ which is apparent from t@ure 8. The number of dsb versus the number of ssb for low number of ssb,
foIIowing simple model for isolated dimers calculated from the model &f isolated dimeric cleavers per DNA molecule,

under the assumption thaj €ach chromophore is destroyed after the first ssb
. (eq.4-6) or (b) each chromophore is capable of repetitive cleavagé-{@q.
Model for dsb generated by non-random accumulation of ssb hiset shows the probability of linearizatiéh, for the whole range of ssb.

dimer Consider the limiting case of such low densities of bound
dimer, that the average distance between different molecules is
much greater than that required to produce a dsb from two
generated on opposite strands. Furthermore, assume that
chromophore is capable of creating only one ssb (for exam ?o
because it is consumed in the cleavage reaction), and that the
dissociation time constant is much longer than the average ti
between two cleavage events. Hence, there will be a fini{g
probability that a second ssb will be generated close to an ext
ssb, since two successive ssb are created while the moleculg
bound at the same site. Assuming therévacimers per DNA
molecule, the probability that sgb-(1) will result in a dsb, given
that none of thgearlier ssb has done so, is

roximate the average number of dsb per DNA molecule well
.n2 ~ PL), as long as, << 1. When there is an appreciable
bability for more than one dsb per original DNA molecule, the
P@bability that ssb will accumulate to give two or more dsb per
lecule (that will lead to ds-cleavage of the linear form) has to be
en into account. Therefore we consider the predictions of the
del only in the limit of the number of ssb per DNA molecule
gproaching zero, where the average number of dsb &uals
Figure 8a shows that initially the predicted number of dsb
(calculated for different values ®f) is a quadratic function of the
number of ssb. This model thus demonstrates that a quadratic
1 - a) dependence is possible even if accumulation of ssb is non-statisti-
Piv1= S5 —5 (4 caland the model may thus be applied to the data we obtain with

2M — |
. - . the dimer. With YOYO at N/C = 40 an average of 1 dsh/molecule
wherea is the probability that the second ssb is on the same Strqgireated aftef1L5 min (Fig.6), which is cor?siderably shorter

as the first ssb caused by the other chromophore of the same d"ﬁ'ﬁ{

o p e . : h the typical dissociation-time for similar dimeric dy&3.(
The total probability of linearizatiod_ afterj + 1 ssb will be The assumption of a long-lived dye—DNA complex is thus

PL =1 —Psypy (5  reasonably fulfilled in this particular example.
r For YOYO at N/C = 40, which correspondsMo= 135 for
©X174 DNA, the observed value for the slope (0.0135, filled
squares in Fig7) is considerably higher than that predicted
(0.00156, Fig8a,M = 135) despite assuming a perfect dsb yield
=1 for a given dimer (i.e. settirg= 0, which leaves the model with
Psurv = n(l - P) (6)  no adjustable parameters). This could be due to the assumption of
i=1 isolated dimers not being fulfilled. At N/C = 40 the average
The probability of linearizatiorP() is equal to the probability distance between the dimers is 40 bp, which is larger than the
for generation of dsb per DNA molecule and will therefore  generally accepted value for the critical distance of 16 bp, but not

wherePgy is the probability that the molecule remains circula
afterj + 1 ssh. Thu®g, is the accumulated probability for
survival of allj + 1 ssb
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much larger than the value of 33 deduced from YO-data under ouintercalated dye cleaves less efficiently, and by an essentially
conditions. Thus dsb should result also from combination of ssixygen-insensitive pathway.
caused by different dimers, but since this contribution also isYOYO does not cause direct dsb, but the dsb-yield is still in clear
guadratic in the number of ssb, the combined number of dsb watkcess of that expected (and observed with the monomer YO) from
still exhibit this dependence. An estimate of the contribution to theccumulation of randomly distributed ssb, because the coupling of
slope from intermolecular dsb can be obtained from the numbertbe chromophores in YOYO leads to an enhanced accumulation of
dsb created by YO at N/C = 40 (Fij.open squares), which is ssb compared to the monomer.
actually an upper limit because the average distance between thidlodels for permanently bound and isolated dimers of an
YO monomers is only 20 bp. However, even after including thissb-inducing agent predict an initially quadratic variation of the
contribution of 0.0031 to the theoretical slope, the predicted valmeimber of dsb with the number of ssb, in agreement with
(0.0047) remains considerably lower than that observed. observations for YOYO, but the predicted dsb yields are consider-
The deviation between experiment and theory could in principlbly lower than those observed even if repetitive cleavage by each
be due to the YO chromophore not fulfilling the assumption of onlghromophore is allowed.
one cleavage event per chromophore. This possibility was tested by OYO gives higher yields of dsb/ssb at high N/C than at low
altering the model to allow repetitive gerienaof ssb by the same N/C, which indicates that bis-intercalation is important for

chromophore. Equatichis then replaced by realization of the dimer’s potential for double-strand cleavage.
o
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