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Abstract: The excited-state dynamics of the DNA bisintercalator YOYO-1 and of two derivatives has been
investigated using ultrafast fluorescence up-conversion and time-correlated single photon counting. The
free dyes in water exist in two forms: nonaggregated dyes and intramolecular H-type aggregates, the
latter form being only very weakly fluorescent because of excitonic interaction. The excited-state dynamics
of the nonaggregated dyes is dominated by a nonradiative decay with a time constant of the order of 5 ps
associated with large amplitude motion around the monomethine bridge of the cyanine chromophores.
The strong fluorescence enhancement observed upon binding of the dyes to DNA is due to both the inhibition
of this nonradiative deactivation of the nonaggregated dyes and the dissociation of the aggregates and
thus to the disruption of the excitonic interaction. However, the interaction between the two chromophoric
moieties in DNA is sufficient to enable ultrafast hopping of the excitation energy as revealed by the decay
of the fluorescence anisotropy. Finally, these dyes act as solvation probes since a dynamic fluorescence
Stokes shift was observed both in bulk water and in DNA. Very similar time scales were found in bulk
water and in DNA.

Introduction R
CHg
Highly sensitive and even sequence-specific detection of DNA ,C[ %/8“\/\/”/% Ry=H, R=CH; YOYO-1
became a major issue for researchers when the desire to R;=Cl, R,=CH; YOYO-Cl
sequence complete genomes emerged. An important step into p T N"N#CHs  Ry=H, Rp=(CH,)3SCOCH; ~ YOYOSAC
the genomic era was enabled by the development of the YOYO :2 Gt

and TOTO dye familie’s? since they allowed for the first time

DNA to be detected at sensitivity comparable to that of o _

radioactive probes, but without the danger inherent in radioac- @:N,bgl—cng R;=CH; YO-1
tivity.34 These dyes are homodimers of oxazole yellow (YO) : R;=(CH2)3SCOCH; YOSAC
and thiazole orange (TO) and were soon adapted to cover a
large range of emission wavelengths in the visible region of
the light spectrum. YO and TO are asymmetric cyanine dyes The ability of these dyes to interact with DNA has been
with a monomethine bridge connecting a benzo-1,3-oxazole andaddressed through a variety of spectroscopic studies, and two
a benzo-1,3-thiazole moiety, respectively, to a quinoline group. modes of binding have been uncovefed@he first one is

As shown in Figure 1 for YOYO-dyes, the homodimers consist bisintercalation between the base pairs, which is favored at high
of two such chromophores connected with a biscationic linker DNA base:dye ratio, that is, when the dye concentration is low
similar to those of the ethidium homodimer, which is capable compared to that of the DNA base pairs. The occurrence of

Figure 1. Chemical structures of the YOYO-dyes.

of bisintercalating into dsSDNAS this binding mode is supported by circular dichroism (CD) and
fluorescence anisotropy measurements, and linear dichroism
t University of Geneva. spectra of oriented DNA reveal that the bound dyes have a
* University of Sofia. perpendicular orientation relative to the helical éisuclear
(1) Selvin, P.Sciencel992 257, 885-886. magnetic resonance (NMR) studies of TOTO-1 and YOYO-1
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indicate that the chromophore lies across the base pairs withExperimental Section
the benzothiazole and the benzoxazole ring located between the

pyrimidines and the quinoline moiety located between the
purines, and that the two chromophores of TOTO-1 do not lie Information. Briefly, the dye was synthesized in two steps by

Colllnearl); ?on top of Qach other but mz?lke a dihedral angle of condensation of 6-chloro-3-methyl-2-(methylthio)benzo[d]oxazolium
about 83.%%% Absorption and CD experiments further suggest methosuifate and 1-(3-iodopropyl)-4-methylquinolinium iodide, and
that, besides |ntercala_t|on, groove hinding is also operative atsybsequent bisquaternization of the monomeric dye NN’ N'-
low DNA base:dye ratio8. tetramethyl-1,3-propanediamine with an overall yield of 44%. Methanol
The popularity of YOYO-1 and TOTO-1 is due to their large  (MeOH) was purchased from Fluka, DMSO and 1-heptanol from Acros
extinction coefficients, high fluorescence quantum yield when Organics, phosphate buffer saline (PBS) and double-stranded salmon
bound to DNA, essentially zero fluorescence quantum yield sperm DNA from Sigma, and EDTA disodium salt dihydrate from
when free in aqueous solution, very high binding constants, and AppliChem. All compounds were of_t_he hlghest commercially _avalla_b_le
finally the high kinetic stability of the DNAdye complexes. ~ 9"ade and used without further purification, The absence of impurities
The huge enhancement of fluorescence quantum yield uponIn € Solvents was checked by exciing the pure solvents at nm
- . . L. - and looking for any emission not attributable to Raman scattering. One
binding to DNA is pelleveq to originate frlom the loss ,Of moblllty millimolar stock solutions of the DNA binding dyes in DMSO were
around the methine bridge connecting the quinoline and , enared and stored in the dark. DNA (1 mg/mL) stock solutions in
benzoxazt_)le_, reSpeCt'Ve|_)/: and benzothiazole moieties due topi_distilled water were stored at20 °C. All samples were freshly
the constrictive DNA environment.In the free form, isomer-  prepared from the stock solutions. For steady-state and time-correlated
ization around this bridge is an important nonradiative decay single photon counting measurements, the dye concentration was of
channel of the photoexcited dye molecule, whereas, upon the order of +10uM, and for fluorescence up-conversion experiments,
intercalation, large amplitude motion of the probe is strongly they amounted to about 1QfM. Unless specified, all measurements
hindered. This nonradiative decay mechanism’ which governSW|th the bound dyes were performed with a DNA base:dye ratio of
the excited-state lifetime of the free dye, is a common feature 12.51.
of cyanine dyes and has been intensively investigied.On Steady-State Measurementsﬁ.\b_sorption spectra were re_-co_rded on
the basis of the fluorescence quantum yields of the free anda Cary 50 spectrophotometer, V|\'/h”e f]!luore_scence and exc_ﬂapon spectra
bound forms and the radiative lifetime of YOYO-1, this process were measured on a Cary Eclipse fluorimeter (5 nm shtpil cm )
. . . quartz cell. Quantum yield measurements were performed against
has been predicted to take place with a time constant-& 1 fluorescein in ethanoldgy — 0.92)23
ps!® However, this ultrashort excited-state lifetime of free i . o
YOYO-1 has never been confirmed by direct measurements Time-Resolved Fluorescence Measurementsxcited-state lifetime
. “measurements in the nanosecond time scale were carried out with the
Moreover, the q‘!es“on of the r‘atur? of the fluorescence of the time-correlated single photon counting (TCSPC) technique. Excitation
free dyg has until now been widely ignored, even for the best- ;55 performed at a repetition rate of 40 MHz witB0 ps pulses
known intercalators, SUCh_aS TJ@?O _ _ generated by laser diodes either at 395 nm (Picoquant model LDH-P-
We report here on our investigation of the photophysics of C-400B) or at 469 nm (Picoquant model LDH-P-C-470). Fluorescence
YOYO-1 and its newly synthesized analogues YOYOSAC and was collected at 90at magic angle with respect to the polarization of
YOYO-CI bound to DNA and free in water using steady-state the pump _pglses. A 420 or 560 nm cutoff filter placed in front of the
and time-resolved spectroscopies. We confirm the occurrencePhotomultiplier tube (Hamamatsu, H5783-P-01) ensured that no scat-
of a nonradiative relaxation process on the time scale of a few tered excitation Ilght could reach the detector, whose output was
picoseconds and provide evidence that formation of intramo- Coz”s_cfld éopg‘% (')%p:; OfT“:]T?S"PC. dfﬁm'toﬁtel; board mOdlfJVlfh(BeC][(er
lecular dimeric aggregates also contributes to the reduction of &0 "' -300-12). The full width at half-maximum (fwhm) o
the fi t ield of the free f due t itoni the instrument response function (IRF) was around 200 ps. All
€ gorescence quantumyield of the re.e orm ue to excitonic measurements were performeda 1 cmquartz cell. The accuracy on
coupling between the two chromophoric units. In DNA, the

. L . . . the lifetimes is ca. 0.1 ns.
interchromophoric interaction is substantially reduced, but For the fluorescence up-conversion measurements, excitation was

remains strong enough to enable ultrafast excitation energy achieved at 400 nm with the frequency-doubled output of a Kerr lens
hopping, as evidenced by fluorescence anisotropy measurementsmode-locked Ti:sapphire laser (Tsunami, Spectra-Phy&iés)The
Finally, it will be shown that these dyes can be used as local output pulses centered at 800 nm had duration of 100 fs and a repetition
polarity probes to investigate the ultrafast dynamics of their rate of 82 MHz. The polarization of the pump beam was at magic angle

Samples.YOYO-1 and YOYOSAC were synthesized according to
literature?>22The synthesis of YOYO-Cl is described in the Supporting

environment, either bulk solvent or DNA.

(9) Spielmann, H. P.; Wemmer, D. E.; Jacobsen, Bifchemistryl995 34,
8542-8553.
(10) Johansen, F.; Jacobsen, JJPBiomol. Struct. Dyn1998 16, 205-222.

(11) Carlsson, C.; Larsson, A.; Jonsson, M.; Albinsson, B.; Norded, Bhys.

Chem.1994 98, 10313-10321.

(12) Sibbett, W.; Taylor, J. R.; Welford, DEEE J. Quantum Electrorl981,
QE—17, 500509.

(13) Velsko, S. P.; Waldeck, D. H.; Fleming, G. R.Chem. Phys1983 78,
249-258.

(14) Akesson, E.; Sundsimy V.; Gillbro, T. Chem. Phys1986 106, 269—
280

(15) Vauthey, EChem. Phys1995 196, 569-582.

(16) Sundstrm, V.; Gillbro, T. Chem. Phys1981, 61, 257-269.

(17) Sauerwein, B.; Murphy, S.; Schuster, G.JBAm. Chem. S0d.992 114,
7920-7922.

(18) Netzel, T. L.; Nafisi, K.; Zhao, M.; Lenhard, J. R.; Johnson].IPhys.

Chem.1995 99, 17936-17947.

(19) Ogul'chansky, T. Y.; Yashchuk, V. M.; Losytskyy, M. Y.; Kochesheyv, I.

O.; Yarmoluk, S. M.Spectrochim. Acta 200Q 56A 805-814.
(20) Nygren, J.; Svanvik, N.; Kubista, MBiopolymers1998 46, 39—51.
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relative to that of the gate pulses at 800 nm unless fluorescence
anisotropy measurements were done. Experiments were carried out in
a 1 mm rotating cell. The fwhm of the IRF was ca. 280 fs. No significant
degradation of the samples was observed after the measurements.

Femtosecond-resolved fluorescence anisotropy measurements were
carried out with the up-conversion setup by changing the polarization
of the pump beam with respect to the gate beam with a half-wave plate
and monitoring the fluorescence dynamics at 510 nm. The anisotropy

(21) Gadjev, N. I.; Deligeorgiev, T. G.; Timcheva, |.; Maximova, Dyes
Pigments2003 57, 161-164.

(22) Deligeorgiev, T.; Gadjev, N.; Vasilev, A.; Drexhage, K.-H.; Yarmoluk, S.
M. Dyes Pigment2006 70, 185-191.

(23) Altmann, R. B.; Kador, L.; Haarer, BChem. Phys1996 202 167.

(24) Morandeira, A.; Fistenberg, A.; Gumy, J.-C.; Vauthey, E.Phys. Chem.
A 2003 107, 5375-5383.

(25) Morandeira, A.; Engeli, L.; Vauthey, B. Phys. Chem. 2002 106 4833—
4837.
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Figure 2. Absorption spectra of YOYO-1 with different DNA concentra-
tions.

Wavelength (nm)

Figure 3. Fluorescence spectra of the YOYO-dyes in aqueous buffer
solutions with DNA (solid lines) and without DNA (dashed lines) measured
. upon excitation at 440 nm.

decay,r(t), was reconstructed using the standard equéfion:

Table 1. Fluorescence Quantum Yields, ®jg, of the Dyes in

1,0 =150 Various Environments Measured upon 440 nm Excitation
0= [, (®) + 20(1) @ dye environment @
YOYO-1 HO 0.001%
wherel(t) andl(t) are the fluorescence intensities recorded with the DNA 0.45
polarization of the pump beam set parallel and perpendicular to that of YOYOSAC H0 0.0016
the gate beam, respectively. VOYOCl Bi\g‘ %?J?MO
Fluorescence Data AnalysisTime-resolved fluorescence data were DNA 0.'50

analyzed by iterative reconvolution of the instrument response function
with trial functions (sum of exponentials and one Gaussian function)

using a nonlinear least-squares fitting procedure (MATLAB, The o ) )
MathWorks, Inc.). Measurements were carried out a8 Hetection very similar to those in DNA are measured with the free dyes

wavelengths from 480 to 630 nm (except anisotropy experiments, wherein organic solvents (Supporting Information, Figure S2).
the detection wavelength was 510 nm) and over 4 to 5 time scales It should be noted that the spectra of the free dyes in aqueous
accurately covering the span of the fluorescence decay. The data weresplutions are substantially broader than those of the bound dyes.
then normalized, linearly interpolated to have at all time scales the Thijs difference manifests itself by the presence of one or two
same time increment as on the shortest time scale, and analyzedgggpestic points. These spectral changes upon DNA binding
globally. To determine the amplitudes of the different decay compo- have been attributed to the excitonic coupling between the two
nents, the time profiled)(4,t), were rescaled with the fact®i(4): aggregated chromophoric units in the free fofrThe 490 nm

) band measured with DNA is due to the unperturbed chro-
P mophore, while the 460 nm band might be ascribed to the
j(‘) DA Hdt transition to the upper excitonic state of the coupled chro-
mophores. Because of the mutual orientation of the transition
whereS(2) is the corrected steady-state fluorescence intefist#he dipoles in the dimeric aggregate, almost the whole oscillator
accuracy on the lifetimes and on the amplitgdes obtained by this methOdstrength of the two chromophores is associated with this
is estimated to be ca. 10%, except on lifetimes shorter than about SOOtransition. This point will be discussed in more details below
fs, where the uncertainty is about 100 fs. (see Discussion).

As shown in Figure 3, the fluorescence spectra of the bound
dyes (DNA base:dye ratia 12.5) are very similar and are the
mirror image of the absorption spectra. Their fluorescence
guantum vyields lie between 0.4 and 0.5 (see Table 1). On the
other hand, the free dyes exhibit very broad emission spectra

S1 in Supporting Information for YOYOSAC and YOYO-CI). with & maximum be_tween 550 and 58.0 r_lm._Th|s feature has
The absorption spectrum of all three dyes undergoes importantprewousW been attributed to a large distribution of conforma-
changes upon intercalation, as already reported for YOY&R1 tions of the free molecules in soluti8h.The fluorescence
The spectra of the free dyes in aqueous buffered solutions areduantum yields of all three dyes are less than 0.01 (see Table

characterized by maxima around 460 and 485 nm, the last onel)'

2Value taken from ref 18.

F() = @)

Results

Steady-State Spectra and Nanosecond Fluorescence Dy-
namics. Figure 2 shows the U¥vis absorption spectra of
YOYO-1 titrated in aqueous buffer solution with double-
stranded DNA up to a DNA base:dye ratio of 15 (see Figure

appearing as a shoulder for YOYO-1 and YOYO-CI. The spectra Contrary to those of the DNA-bound dyes, the fluorescence
excitation spectra of the free dyes were found to depend on the

detection wavelength, as illustrated in Figure 4 with YOYO-1.

he two features around 460 and 490 nm observed in the
absorption spectrum are also present in the excitation spectra.
However, their relative intensity varies substantially with the

detection wavelength. The 490 nm band associated with the
unperturbed “monomeric” absorption is the strongest when the
detection is performed at 510 nm, a wavelength corresponding

of all three DNA-bound dyes are almost identical with a

maximum at about 490 nm and a shoulder at 465 nm. SpectraT

(26) Lakowicz, J. RPrinciples of Fluorescence Spectroscoppgd ed.; Kluwer
Academic: New York, 1999.

(27) Fustenberg, A.; Vauthey, BPhotochem. Photobiol. S@005 260-267.

(28) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, MPhys. Chem.
1995 99, 17311+17337.

(29) Cosa, G.; Focsaneanu, K.-S.; McLean, J. R. N.; McNamee, J. P.; Scaiano,
J. C.Photochem. PhotobioR001, 73, 585-599.
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0.7 for the fast and slow components, respectively. The

o 1y i

YOYO-1 — 510 nm fluorescence lifetime obtained with YOYO-1 agrees with that
- ggg o of the literature!®2® The difference in fluorescence quantum

— 700 nm ] yield of the three bound dyes (see Table 1) can be well
accounted for by their different average lifetime, indicating a
very similar radiative rate constant of the ordekgfi= 1.3 x

1 s71. The presence of two decay components might reflect
the two ways the dye binds to the DNA double strand, namely,
bisintercalation and groove binding. However, even if bisinter-

. calation is the only binding mode, a rather large distribution of

: 450' '560' 550 local environments can be expected because of the heteroge-
Wavelength (nm) neous base composition of salmon sperm DNA. As the
fluorescence lifetime of bound YOYO-1 has been shown to

Intensity

P
400

il =
LI B I B e T T
[=] ! I ! !

Figure 4. Intensity-normalized fluorescence excitation spectra of free

YOYO-1 at different detection wavelengths. depend on the base contéhtthe apparent biexponential
fluorescence decays measured here are rather due to a distribu-

Table 2. Time Constants Obtained from the Analysis of the tion of lifetimes30:31

Fluorescence Time Profiles Measured by TCSPC (zs and 77) and . L

Up-Conversion (t1—7s) TCSPC measurements with the free dyes indicate that most

of the fluorescence decays on a time scale shorter than 200 ps,

system (ftsl) (frsz) (;Z) (;;) (;Z) (ffs) (;;) the IRF of the setup. Only a very minor fraction of the
YOYO-1 190 180 11 37 30 11 fluorescence time profile is associated with a nanosecond time
YOYOSAC 160 150 11 59 32 12 constant.
YOYO-CI 170 170 1.1 57 42 16 Ultrafast Fluorescence DynamicsThe ultrafast fluorescence
YOYO-IDNA 170 110 1.0 44 19 41 gunamics of the free YOYO-1, YOYOSAC, and YOYO-CI,
YOYOSAC/DNA 160 100 1.2 47 18 3.9 o
YOYO-CI/DNAP 23 4.4 and of YOYO-1 and YOYOSAC with different DNA concen-

trations was investigated by fluorescence up-conversion and
aTDe relative amplitude of this component is below 2% with the free monitored at 79 different wavelengths spanning most of the
%gss.y;gcr)]rlescence up-conversion measurements were not performed WIthflUOfescenCe spectrum (480 up to 630 nm) (Figure 5). For each
DNA concentration, the time profiles were analyzed globally
to the fluorescence maximum of the bound dyes. The relative by iterative reconvolution with a sum of a Gaussian and several
intensity of this band decreases continuously as the detectionexponential functions. Not less thar-8 exponentials were
wavelength is shifted to the red. The fluorescence excitation needed to properly reproduce the data in addition to the
spectrum measured at 700 nm is dominated by the-450 nanosecond components obtained from TCSPC measurements.
nm band, ascribed above to the transition to the upper excitonic The presence in the trial function of a Gaussian component was
state of the aggregate. This indicates that the dimeric aggregateequired to accurately describe the initial rise of the fluorescence
contributes significantly to the broad fluorescence of the free intensity. Alternatively, an unrealistically large instrument
dyes especially on the red side of the band. response function would have had to be assumed. The resulting
The fluorescence decay of the bound dyes in the nanosecondime constants obtained with the free dyes and with the highest
time scale could be well reproduced using biexponential DNA concentration (DNA base:dye ratio of 12.5) are listed in
functions (Supporting Information, Figure S3). The resulting Table 2.
time constants;s andz7, measured at the fluorescence maximum As shown in Figure 6 for YOYO-1, the amplitudes associated
are listed in Table 2. The relative amplitudes of these compo- with the two fastest components, andt,, of which the first
nents are very similar for all three dyes and amount to 0.3 and corresponds to the Gaussian component, have opposite sign,

LA L L L L L L PO

Free YOYO-1

Intensity (a.u.)

Bound YOYO-1

BFSIRRe i 5
GO

o 480nm = 550 nm
495 nm o 570 nm

510 nm 590 nm
o 530 nm = 610 nm
...I...I...I...I...I...A...I...I...I...I...I..
0 2 4 6 8 10 12 0 2 4 6 8 10
Time delay (ps) Time delay (ps)

Figure 5. Wavelength dependence of the early fluorescence dynamics of YOYO-1 and YOYOSAC, free in water and bound to DNA.
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05k ' . ' ' ! BI _ Figure 8. Fluorescence dynamics of YOYO-1 in various solvents measured
at the fluorescence maximum (organic solvents, 510 nm; aqueous buffer,
~ 0.0 — 550 nm).
3
&-05- W . Table 3. Time Constants of the Dominant Decay Component of
2 . . ) . ) . the Fluorescence of YOYO-1 in Solvents of Various Viscosity, 7
% 0.ak solvent 7 (ps) 1 (cP)
£ 0.2 methanol 1.2 0.54
< water 37 0.89
01r DMSO 6.2 1.99
0.0 b=z - - : heptanol 10.2 7.42

— 1 I I
480 500 520 540 560 580 600
Wavelength (nm)

Figure 6. Wavelength dependence of the amplitude factors obtained from Table 4. Best Fit Parameters Obtained from the Analysis of the
the global analysis of the fluorescence dynamics of free (A) and DNA- Fluorescence Anisotropy Decay of YOYO-1 at Various DNA

aFrom ref 32.° From ref 33.

bound (B) YOYO-1. Base:Dye Ratios
— Tn Tn

- ", s u';nwuﬁ:x M“T N ' . ' ' 1 J: DNA:dye I n (ps) I (ps) Ieo
i o O TR S S e R s g | 0 025 025 60 0 0
- TOSRR00 oo ol o o - o] 4 0.25 0.14 33 0.08 68 0.03

S f ' ' e 0 12.54] 125 0.30 0.13 2.9 0.08 55 0.09

s L ° 80 1 25 030 012 26 008 51 010

> I D oen ] 50 0.27 0.10 23 0.07 40 0.10

2 [ 20 |

2 L o © 00 ]

2 L [Save s :L > A«' Z e E_

=1 1 at the fluorescence maximum wavelength (Figure 8). It is
- ] dominated by a decay component with a time constant varying
] . | S S rssrrre] from 1 to 10 ps depending on the dye and the solvent viscosity
o0 s 10 15 20 25 a0 35 (Table 3). Figure 8 shows that, in DMSO and MeOH, the

Time delay (ps) quorescenpe decays to zero within 35 ps and does not exhibit
] i any long-lived components, such as in water.
g;%](g;izs g}fl\l;gr\\(coe_f the DNA base:dye ratio on the early fluorescence An additional decaying component, .With a time gon_stant
between 30 and 50 ps, was found both in water and inside DNA.
independently of the wavelength. This feature, observed with Its amplitude is positive at all investigated wavelengths and is
these two components, is very similar for all investigated dyes similar to the steady-state emission spectrum.
in the presence or in the absence of DNA. The amplitude The decay of the fluorescence anisotropy of the free dyes
associated withr; is positive at short wavelength and becomes was found to decay exponentially to zero with a time constant
negative when going to the red. This corresponds to a red shiftof ca. 60 ps (Table 4). Due to the short average fluorescence
of the fluorescence spectrum and not to a decay of the excited-lifetime of the free dyes, the error on this time constant is quite
state population. While the magnitude of the first two compo- large.
nents does not vary noticeably upon DNA binding, thatg6 Although large amplitude motion of the fluorescent probes
substantially smaller with the bound dyes. is strongly hindered in DNA, the decay of the fluorescence
The 3-6 ps componentrs, was only found with the free  anisotropy of DNA-bound YOYO-1 and YOYOSAC was found

dyes. Its amplitude strongly depends on the DNA concentra- to have an ultrafast component with a time constaat,of ca.
tion: it is the largest component with the free dyes and 3 ps and an absolute amplitude, of about 0.12 independently
ultimately drops to zero when all dye molecules are bound to of the DNA base:dye ratio, as shown in Figure 9 and Table 4.
DNA (Figure 7). This amplitude is always positive and matches An additional decay component with a time constagat,around
rather closely the steady-state emission spectrum, indicating that0 ps was also observed. However, these two components do
this component is associated with the decay of the excited-state
population of the free dyes. The fluorescence dynamics of (30) Siemiarczuk, A.; Wagner, B. D.; Ware, W. &. Phys. Chem199Q 94,

- h 1661—1666.
YOYO-1 and YOYOSAC was also measured in organic solvents (31) Wiodarczyk, J.; Kierdaszuk, Biophys. J2003 85, 589-598.
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0301%"' AAARLRARALARARLARRRE MARAAARANL as rotation around the monomethine bridge of the d§es.
: ¢ 504 The increase of, by going from YOYO-1 (3.7 ps) to YOYO-
° fg:gﬂ ClI (5.7 ps) and YOYOSAC (5.9 ps) could further be attributed
o 41 to a slowing down of this isomerization dynamics due to the
increasing volume of the moving groups. It is interesting to note

0.25§

Anisotropy

PEETETE B LAl B |

2 e that these differences are very small, and that all three YOYO-
2020 800 dyes behave very similarly.

.g Although isomerization times of 60 fs have been reported in
< the particular environment of a proteihthe isomerization

0.15 process taking place with these YOYO-dyes is one of the fastest
measured in a homogeneous condensed environment. It is indeed

only slightly slower than the photoisomerizationaié-stilbene,

Loy 10y

0.10 e y which takes place in about 1 ps imhexane® This indicates
NPT PRI TR FTTE TATT PUTUT TR PR PETTE ST TN that there is essentially no activation barrier for the photoi-
2 4 6 8 10 12 somerization of these dyes apart from that associated with
Time delay (ps) friction.

Figure 9. Decays of the fluorescence anisotropy measured with YOYO-1  |ntramolecular Aggregation as an Additional Fluorescence

at different DNA base:dye ratios. Contrast Mechanism.Figures 2 and S1 show that the absorp-
o tion spectra of the YOYO-dyes in water substantially change
not lead to a total depolarization of the fluorescence, and a upon binding to DNA. This change cannot be simply ascribed

resu_jual anisotropyf., Was m.easure(.j as |IIustrat.ed m_the inset to a solvatochromic shift as the absorption spectra of the free
of Figure 9. At low DNA base:dye ratio, its magnitude increases dyes in polar organic solvents, such as methanol, heptanol, and

with increasing DNA concentration up to a constant value of givcerql, are very similar to those of the bound forms in aqueous
about 0.1. Steady-state polarized fluorescence measurementgg|,tions (Supporting Information, Figure S2). The “anomalous”
with DNA-bound dyes indicate a similar anisotropy value. As  apsorption spectra of the free dyes in water can be ascribed to
discussed in more detail in the next section, such an ultrafastthe formation of aggregates. As the spectra do not vary with
anisotropy decay is evidence of the occurrence of an intramo- dye concentration, the aggregation takes place between the two
lecular excitation energy hopping between two dimer subunits YO subunits of the dimeric dyes. Aggregation of cyanine dyes

intercalated in DNA. is a well documented phenomenon, and two types of aggregates
_ _ are known®-42 J-aggregates are characterized by a intense and
Discussion red-shifted absorption band, and a head-to-tail arrangement of

the chromophores, where the transition dipole moments are
. . collinear, has been suggestéd® On the other hand, H-

sFror.lg enhancement of the quore;cence |nten3|.ty upon DNA aggregates exhibit a blue-shifted absorption spectrum, which
binding of YOYO-1 has been attributed to the inhibition of 55 een explained in terms of a ladder-type arrangement of
nonradiative deactivation of the excited state via isomerization. {q chromophores where the transition dipole moments are

Knowing the fluorescence quantum yields of the free and bound parallel4143 Considering the structure of the YOYO-dyes,
forms of YOYO-1 in addition to the excited-state lifetime of jntramolecular H-aggregation is certainly more probable than
the Iatter, Netzel et al. have estimated the excited-state lifetime J_aggregation_ Moreover, the blue shift of their absorption band
of free YOYO-1 to be of the order of a few picosecon#éiSuch in water compared to DNA is consistent with H-aggregates. This
an estimation is, however, only valid if the radiative lifetime aggregation is mainly driven by hydrophobic interactions and
of the dye, kag does not change upon intercalation. The thus does essentially not take place in organic solvents. As
spectacular changes in both the absorption and fluorescencealiscussed in more detail below, the intercalation of the dye in
spectra of the dyes upon DNA binding indicate that this DNA also prevents aggregation. Whereas other classes of cyan-
assumption may not be rigorously valid. Despite this, our up- ines use DNA as a template for intermolecular aggregé&tioh
conversion measurements, performed with the required subpi-or have to be dissolved at relatively high concentrationsto form
cosecond resolution, indeed confirm that the first singlet excited (32) Riddick, J. A Bunger, W. BOrganic Sabents 3. Wiley: New York
state of the free dyes is very short-lived. Among the various 1970. Y ' ) '

i i 33) Moog, R. S.; Ediger, M. D.; Boxer, S. G.; Fayer, M. D.Phys. Chem.
components observed in the ultrafast fluorescence dynamics of( 1982 86, 4654-4700.

Ultrafast Isomerization Dynamics of the Free DyesThe

the free dyes, the 46 ps components, in Table 2, can be (34) Cremers, D. A.; Windsor, M. WChem. Phys. Lettl98Q 71, 27—32.
. . . (35) Akesson, E.; Hakkarainen, A.; Laitinen, E.; Helenius, V.; Gillbro, T;
safely attributed to the dfacay of the exmt_ed-state populqnon by Korppi-Tommola, K.; Sundstra, V. J. Chem. Phys1991 95, 6508-6523.
a process associated with a large amplitude motion. First, the(36) Bagchi, B.; Oxtoby, D. WJ. Chem. Phys1983 78, 2735-2741. )
. . . .. (37) Kandori, H.; Sasabe, H.; Nakanishi, K.; Yoshizawa, T.; Mizukami, T.;
associated amplitude spectrum is similar to the steady-state’ ’ shichida, Y.J. Am. Chem. Sod996 118 1002-1005.
fluorescence spectrum (Figure 6A), indicating that this com- (38

, , ) Fleming, G. R.J. Chem. Phys199Q 93, 8658-8668.
ponent is due to population dynamics and not to solvent or (39) Jelley, E. ENature1936 138 1009-1010.

N . : ; (40) Scheibe, GAngew. Chem1936 49, 563.
vibrational relaxation. Second, the amplitude of this component (41) Harison, w. J.; Mateer, D. L. Tiddy, G.-J., Jr.Phys. Cheml996 100,

decreases with increasing DNA concentration (Figure 7) and 2310-2321.
. . . . . . (42) Khairutdinov, R. F.; Serpone, N. Phys. Chem. 8997 101, 2602-2610.
vanishes at high DNA base:dye ratio. Third, the time constant (43) Czikkely, V.; Forsterling, H. D.; Kuhn, FChem. Phys. Letl970 6, 207—

i i i i i 210.
increases substantially with solvent viscosity (Table 3) as (44) ‘Argaman. R.: Huppert, DI Phys. Chem. A998 102, 6215.

expected for a process involving large amplitude motion, such (45) Hannah, K. C.; Armitage, B. Acc. Chem. Re004 37, 845-853.

) Todd, D. C.; Jean, J. M.; Rosenthal, S. J.; Ruggiero, A. J.; Yang, D.;
)
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most often J-aggregatés®the YOYO-dyes do not require such  down by the close proximity of the two chromophores in the
conditions because of the preorganization induced by the linker aggregates. The fluorescence of the aggregates might be
between the two chromophores, making intramolecular aggrega-responsible for the decay component with the time constant
tion on one hand easily possible in water (no concentration ranging between 1.1 and 1.6 ns (see Table 2) measured with
dependence) and on the other allowing a dihedral angle closethe free dyes in water. As shown in Figure 7, the spectrum of
to 9¢° in DNA, thus disrupting the excitonic interaction. The the amplitude associated with this decay tiag,is weak and
short interchromophoric distance in the aggregate, of the orderred-shifted compared to that associated with the isomerization,
of 3.5-4 A, is responsible for a strong excitonic coupling. In as. In other words, the fluorescence measured at short time
the lowest excitonic state, the transition dipole moments of the delays 20 ps) with the free dyes in water is essentially due
two chromophores more or less cancel out, resulting in an almostto the nonaggregated dyes. This is further supported by the
complete loss of oscillator strength for the lower energy absence of any long-lived component in the fluorescence decay
transition. Essentially, the whole oscillator strength is associated of the dyes in organics solvents (Figure 8).
with the transition to the upper excitonic state, causing the shift  The enhancement of the fluorescence quantum yield upon
of absorption band from 491 to 459 nm upon aggregation. From DNA binding is thus due to two phenomena: (1) the inhibition
this shift, an excitonic coupling energy of 1400 chtan be of the ultrafast isomerization of the nonaggregated dyes, and
deduced. Similar energies have been reported for the coupling(2) the disruption of the excitonic coupling upon dissociation
in other H-aggregates of cyanine dyé&42454Divergence of  of the aggregates. Excitonic interaction in YOYO-1 is widely
a few hundreds of wavenumbers can be explained by the accepted in the literatufé;2%5but with one exceptio®? it has
different chemical structures of the dyes and also by the not been considered as a mechanism which reduces the emission
dissimilar aggregation mechanism. The transition to the lowest of the free form of the dye. It is interesting to note that, if
excitonic states should, in principle, be characterized by a very aggregation was not taking place, the fluorescence contrast
weak absorption band red-shifted by the same energy, that is,between free and DNA-bound dyes would be even larger than
around 525 nm. This transition might be responsible for the that observed. Indeed, multiplying the radiative rate constant
enhanced absorption above 510 nm of the dyes in waterof 9.1 x 107 s! by 74 results to a theoretical fluorescence
compared to DNA (Figures 2 and S1). quantum yield smaller by a factor-J than those listed in Table
The broad fluorescence spectra of the free dyes in water havel. In other words, aggregation is not as efficient as isomerization
until now been attributed to the existence of a large distribution as a fluorescence contrast mechanism, at least for the dyes
of conformations of the free dye in soluti8hThe wavelength investigated here.
dependence of the fluorescence excitation spectrum of YOYO-1  Origin of the Ultrafast Fluorescence Dynamic Compo-
in water shown in Figure 4 indicates that this broad emission nents. Several ultrafast components are observed in the
band can be ascribed to two forms of the free dyes: (1) the fluorescence dynamics of the dyes, both free and bound to DNA,
nonaggregated dyes with a spectrum that must be similar toadditionally to that associated with isomerization. The two
that in DNA and with a similarly large radiative rate constant, fastest components (16@00 fs) have time constants smaller
and (2) the aggregated dyes with a red-shifted spectrum, mirrorthan the response function of our apparatus. However, they have
image of the absorption band associated with the lowest to be included to properly reproduce the collected data, indepen-
excitonic state and with a small radiative rate constant. This is dently on the dye and the presence of DNA. The Gaussian
further supported by the fact that in organic solvents, where component, which has negative amplitudes at all wavelengths,
aggregation is not operative, the fluorescence spectrum of theis very important to describe the initial rise of the fluorescence.
dyes is the mirror image of the absorption spectrum and is thus This rise, which introduces an initial delay between excitation
very similar to the fluorescence spectrum in DNA. and the start of the emission, might be associated with
Both these two forms contribute to the fluorescence quantum vibrational relaxation as excitation is performed at 400 nm, that
yield, but the shape of the spectrum indicates that the contribu-is, in the far blue edge of th&—S, absorption band. Indeed,
tion of the aggregates is larger. Although the nonaggregatedsome intramolecular relaxation might have to take place before
dyes have a large radiative rate constant, their contribution to the Franck-Condon factor for th&,—S emission is sufficiently
the fluorescence quantum yield is small because of their shortlarge. The second ultrafast component with the time constant,
excited-state lifetime and also because of their relatively weak 72, might also be due to vibrational relaxation. Its amplitude is
concentration. The radiative rate constant of the nonaggregatedpositive at all wavelengths and seems to match the steady-state
dyes in water, calculated from that in DNA after correction for fluorescence spectrum quite well. However, as batandz,
the different refractive indice®, amounts to about 9.% 107 are very short and have similar magnitude but opposite
s~L. On the other hand, the larger contribution of the aggregatesamplitude, the error oa; anda; is very large. Therefore, given
can be due to their larger relative concentration and to a longerthis uncertainty on both the lifetimes and the amplitudes, it is
excited-state lifetime that compensates for the small radiative not possible to give a precise assignment of the origin of these
rate constant. Indeed, isomerization that is ultrafast with the components. It is, however, important to note that these
nonaggregated dyes can be expected to be sterically slowedcomponents are essentially unchanged upon DNA binding.
As shown in Table 2, the component with a time constant of

(46) gggggbgﬂéé Silva, G. L.; Armitage, B. AJ. Am. Chem. So200Q 122, ca. 1 psys, was observed with all three dyes. The spectrum of
(47) Mcbius, D.Ady. Mater. 1995 7, 437. the associated amplitudes, indicates that this process corre-
(48) é/ggzgesr;%%sch, H.; Boettcher, C.; DaehneJLPhys. Chem. B00Q 104, sponds to a red shift of the fluorescence spectrum and not to a
(49) Chowdhury, A.; Yu, L.; Raheem, |.; Peteanu, L.; Liu, L. A.; Yaron, D. J.

J. Phys. Chem. 2003 107, 3351-3362. (51) Simon, L. D.; Abramo, K. H.; Sell, J. K.; McGown, L. Biospectrosc.
(50) Strickler, S. J.; Berg, R. Al. Chem. Phys1962 37, 814-822. 1998 4, 17-25.
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population decay. Therefore, this time constant can be ascribedwhich, as discussed above, can be well reproduced by a
to solvation. The solvation dynamics of water has been shown biexponential function. The decay components with time
to be essentially biphasic, with inertial motion occurring within  constantrs andzg might thus correspond to such a distribution.
a few tens of femtoseconds and diffusive motion in the 1 ps However, other hypotheses cannot be excluded.
time scale?’28:5253|n the case of the free dyes in water, this 1 Decay of the Polarization Anisotropy.Keeping in mind that
ps component can thus be safely ascribed to the diffusive essentially only the nonaggregated dyes are monitored in time-
solvation of water. resolved fluorescence experiments, the 60 ps decay of the
Interestingly, this 1 ps dynamic Stokes shift of the fluores- fluorescence anisotropy measured with the free dyes in water
cence is still observed with the DNA-bound dyes, although the can be reasonably assigned to the reorientational motion of the
chromophores could be expected to be in a hydrophobic excited chromophore. Indeed, quasi-free rotation of the YO
environment. Its relative magnitude is, however, substantially moieties in the nonaggregated dyes should be enabled by the
smaller than that for the free dyes. The origin of this component flexible linker. The reorientational time,,, can be estimated
is not absolutely clear. As the time constant is the same as thatusing the StokesEinstein-Debye equationgo, = Vr/kgT,>8:59
in bulk water, it is very tempting to attribute it to the diffusive whereV is the volume of the rotating body andthe solvent
motion of water molecules surrounding DNA. Intercalation of viscosity. With a molecular volume of 26284or YO estimated
the YOYO-dyes is known to partially unwind the DNA helx from the van der Waals increment metH8dhis equation results
and might favor the access of water near the chromophores.in a reorientational time of 65 ps at 2@ in water, in very
The absence of any other Stokes shift component seems to poingood agreement with the experimental value. If these dimeric
out that there is no significant reorganization of the DNA interior dyes were rigid, rotational motion in water would occur with a
upon excitation of the dyes, unless it takes place on a time scaletime constant of about 200 ps.
very similar to that of water. Zewail and co-workers have  The decay of the fluorescence anisotropy measured in DNA-
reported a biphasic dynamic fluorescence Stokes shift with a bound dyes is clearly not due to rotational motion, but can be
dye bound in the minor groove of DNA. The major component, ascribed to excitation energy hopping between the two chro-
with a time constant of 1:11.4 ps, was ascribed to bulk water, mophores of the dimeric dye. Upon DNA intercalation, the
while the smaller component with a time constant around 20 strong excitonic interaction present in the intramolecular ag-
ps was assigned to water molecules “ordered” at the DNA gregates vanishes. The NMR structure of the structurally related
surface?*>>On the other hand, a recent report on the dynamic dye TOTO-1 intercalated in DNA (available in the protein
fluorescence Stokes shift measured with a coumarin replacingdatabank, file 1080)shows that the two chromophores of the
a base pair in DNA indicates a solvation dynamics following a dye are coplanar and at a distance of about 9.5 A. The length
power-law kinetics over six decades in tiffeMoreover, no of the linker is such that, upon intercalation into DNA, two
distinct component that could be attributed to bulk water was base pairs are “sandwiched” between both chromophores. The
observed. The difference between all these results may originatecoupling between the chromophores is now too weak to give
from the nature of the solvation probe. The YOYO-dyes rise to two excitonic states, but is however large enough to
investigated here are certainly much less sensitive polar probesnable energy hopping. Using the point dipole approximation,
than coumarin and than that used in ref 54, and may thus onlywhich can be reasonably assumed at this distance, the rate
reveal the main solvation component. Moreover, the exposure constant of energy hoppinggn, is®!
of the probe to water might also depend very strongly on its

location in DNA. Indeed, the coumarin probe investigated in key = 1.18x VZO 3)
ref 56 can be expected to be less exposed to water than the
YOYO-dyes. wherekey is expressed in p3, © is the overlap integral between

Finally, the origin of the 3650 ps component is unclear. the donor emission and acceptor absorption spectra with the
This component, whose amplituds, is very weak, is present  area normalized to 1 on the ctscale, andV is the dipole-
in both free and DNA-bound dye emissions, but the similarity dipole coupling energy in cm. The latter is given bf?
of the time constants and amplitudes might be coincidental. The
spectral dependence of the amplitude suggests a process 5.04 x |y|2ff/<
associated with population dynamics. Furthermore, DNA breath- V= . o
ing takes place on much slower time sc&l€%his component op
might be due to the dyes attached to DNA by groove binding
gnd for which photoisomerization is Ies_s inhibited than f_or the D. « is the orientational factord is the distance in nmf, =
intercalated dyes. For the free dye, this component might be . : .

. ; . €op T 2)/3 is the Lorentz local field correction factor, agg

associated with aggregates. A distribution of aggregate structures

T o is the dielectric constant at optical frequencigs n?, n bein
should, in principle, lead to a distribution of fluorescence decays, o P d ®p~ % 9
the refractive index of the surrounding medium.

(4)

where|u| is the magnitude of the transition dipole moment in

(52) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, Nature 1994 To estimateV and kgy for the YOYO-dyes in DNA, the
369, 471-473. i i ; ;

(53) Pal. S K. Peon, J.: Bagchi, B.: Zewail, A. B Phys. Chem. B002 106 relative orientation of the two chromophores in DNA has to be
12376-12395.

(54) Pal, S. K.; Zhao, L.; Zewail, A. HProc. Natl. Acad. Sci. U.S.£2003 (58) Debye, PPolar Molecules Dover: New York, 1929.
100 8113-8118. (59) Fleming, G. RChemical Applications of Ultrafast Spectrosco@xford

(55) Pal, S. K.; Zewail, A. HChem. Re. 2004 104, 2099-2123. University Press: New York, 1986.

(56) Andreatta, D.; Perez Lustres, J. L.; Kovalenko, S. A.; Ernsting, N. P.; (60) Edward, J. TJ. Chem. Educl97Q 4, 261-270.
Murphy, C. J.; Coleman, R. S.; Berg, M. A. Am. Chem. So@005 127, (61) Pullerits, T.; Hess, S.; Herek, J. L.; Sundstrd/. J. Phys. Chem. B997,
7270-7271. 101, 10560-10567.

(57) Altan-Bonnet, G.; Libchaber, A.; Krichevsky, ®hys. Re. Lett. 2003 (62) van Amerongen, H.; Valkunas, L.; van Grondelle, Fhotosynthetic
90, 138101/138101+138104. Excitons World Scientific: Singapore, 2000.
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known. As this is not the case for YOYO-1, the parameters  The initial value of the anisotropys, is substantially smaller
reported for TOTO-1 were usédFrom this structure, the than the expected value of 0.4. This difference is most probably
orientational factor amounts o= 0.12 only. This very small due to the fact that excitation was carried out at 400 nm, that
value is due the fact that, although coplanar, the two chro- is, rather far from the maximum of tH&—S; absorption band.
mophoric units make a dihedral angle of ca?.8&onsidering Vibronic coupling might introduce some admixture from upper
the natural pitch of DNA in the B-form of one turn every 3.5 excited states that could affect the orientation of the dipole
nm@3 a dihedral angle of about 98ould have been expected. moment of vibronic transition%:66

The smaller angle measured experimentally is evidence of the Finally, the residual anisotropy value indicates that energy
unwinding effect of intercalation. Withu| = 7.75 D for YOI hopping does not result in a total depolarization of the
and a refractive index of 1.5, the dipeldipole coupling energy  fluorescence. After a single energy hopping from the originally
amounts td/ = 38 cnT L. This coupling is of similar magnitude  excited chromophore to the other one, the polarization anisotropy
to that found between the bacteriochlorophyll pigments B800 should, in principle, decay from 0.4 te0.19. However, as the
and B850 of the light harvesting antenna of photosynthetic energy hopping is reversible, a final anisotropy value of ca. 0.1
bacteria and where the B800 to B850 excitation energy transfershould be achieved upon randomization of the excitation. This
occurs with a time constant of 1.2 f5sThis V value also value agrees well with that found experimentally.

confirms that the excitation is indeed localized on a single YO )

chromophore. With these parameters and a spectral overlapConclusion

integral,®, of ca. 6x 107°, eq 3 predicts an energy hopping  The investigation presented here gives a much clearer picture
rate constant okey = 0.1 ps™. This value cannot be directly  of the origin of the remarkable fluorescence enhancement of
compared to the rate constant of anisotropy decay,Indeed,  YOYO-dyes upon interaction with DNA. The excited-state
if the decay of the anisotropy is due to a reversible hopping of gynamics of the free dyes in water could be resolved for the
the excitation energy between the two chromophores, thefirst time, and the time scale of the ultrafast nonradiative
relationship between the anisotropy decay timeand the rate  deactivation process could be firmly established. However, the
constant of energy hoppinden, is 7, = 2ken. Thus the  present study shows that this ultrafast process is not the main
anisotropy data indicate an energy hopping tim, of about reason for the strong fluorescence enhancement of the dyes upon
6 ps, while Foster theory predicts 10 ps. DNA binding in water. Indeed, most of the dyes in water form
As the transition dipoles are close to orthogonal, a small intramolecular H-type aggregates that are essentially nonfluo-
deviation from the value of 83used in the calculation has a  rescent because of a strong excitonic interaction, which is clearly
strong repercussion agy. Indeed, the calculategty goes from visible in the absorption and emission spectra. Intercalation of
4.5 to 470 ps by varying this angle from 80 to°8@ value of  the dyes in DNA results in both the inhibition of the ultrafast
6 ps being found with an angle of 81 nonradiative deactivation of the chromophores and the disruption
The slower component of the anisotropy listed in Table 4 of the excitonic interaction in the aggregates. Interestingly, the
has a decay time;, close to that measured with the free dye suppression of the excitonic interaction is not really caused by
and thus could, in principle, be ascribed to dyes where only the distance between the chromophores in DNA but rather by
one chromophore is intercalated in DNA. However, this their quasi-orthogonal relative orientation. Indeed, if both
assignment can be ruled out, first because the amplitude of thischromophores were parallel, the dipeldipole interaction
component is independent of the DNA base:dye ratio and secondenergyV would be sufficiently largey ~ 300 cn? according
because ultrafast photoisomerization would not be totally to eq 4, to enable the presence of two excitonic states. Although
suppressed and thus the fluorescence quantum yield would béntercalated into DNA, the YOYO-dyes would in this case be
much smaller than that measured. Therefore, this slower decayessentially nonfluorescent.
component is most probably also due to energy hopping.
orientation of the chromophores, the biphasic decay of the With the NMR experiments. This work was supported by the
fluorescence anisotropy to a constant value of about 0.1 could Fonds National Suisse de la Recherche Scientifique through
be due to a distribution of the relative orientations of the Project No. 200020-107466/1.
chromophores in DNA. Simulation of the fluorescence anisot-
ropy decay, assuming a Gaussian distribution of angles centere
at 83 with a full width at half-maximum of 18 results in a
decay that can be perfectly reproduced with a biexponential
function with time constants of 3.8 and 42 ps. Such a distribution
of angle is reasonable as intercalation does not involve any bond

Supporting Information Available: Details of YOYO-CI
dsynthesis, absorption spectra of YOYO-dyes in various solvents
and with DNA, and time-correlated single photon counting
traces. This material is available free of charge via the Internet
at http://pubs.acs.org.
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