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The excited-state dynamics of the DNA intercalator YO-PRO-1 and of three derivatives has been investigated
in water and in DNA using ultrafast fluorescence spectroscopy. In the free form, the singly charged dyes
exist both as monomers and as H-dimers, while the doubly charged dyes exist predominantly as monomers.
Both forms are very weakly fluorescent: the monomers because of ultrafast nonradiative deactivation, with
a time constant on the order of-3 ps, associated with large amplitude motion around the methine bridge,
and the H-dimers because of excitonic interaction. Upon intercalation into DNA, large amplitude motion is
inhibited, H-dimers are disrupted, and the molecules become highly fluorescent. The early fluorescence
dynamics of these dyes in DNA exhibits substantial differences compared with that measured with their
homodimeric YOYO analogues, which are ascribed to dissimilarities in their local environment. Finally, the
decay of the fluorescence polarization anisotropy reveals ultrafast hopping of the excitation energy between
the intercalated dyes. In one case, a marked change of the depolarization dynamics upon increasing the dye
concentration is observed and explained in terms of a different binding mode.

Introduction aggregates, the radiative transition from the lowest electronic

The synthesis of e YOYO and TOTO cye familes has been o150 S s shraciriscd by vepy s ovliot svenh
a major breakthrough in the development of fluorescent DNA 9greg y ’

probes for molecular biology? Indeed, they allowed for the This aggregation is dlsrgpted upon blglntercalgtlon Into DNA,
e . - o and because large amplitude motion is also hindered, fluores-
first ime DNA detection with sensitivity comparable to that of . L .

. . . cence becomes the major deactivation pathway of the excited
radioactive probe%.These dyes are homodimers of oxazole dves. The decrease of excitonic counling between the YO
yellow (YO or YO-PRO-1) and thiazole orange (TO or TO- yes. ping

. . . . moieties upon intercalation into DNA is not so much due to a
PRO-1), which are asymmetric cyanine dyes with a monome- . -
. X . larger interchromophoric distance as to the angle between them
thine bridge connecting a benzo-1,3-oxazole and a benzo-1,2-

. . . o . of ca. 83 imposed by the natural pitch of the DNA helix. Under
thiazole moiety, respectively, to a quinoline group. Like many

other cyanines, both dimeric (YOYO, TOTO) and monomeric these conditions, excitation is localized on a single chromophoric
(YO Té) dyes’ have been shown to’have two binding modes unit but can hop from one moiety to another within a few
to D’NA: (1) intercalation between adjacent base pairs, bisin- picoseconds as revealed by fluorescence polarization anisotropy
tercalation for the dimers, and (2) minor groove bindingThe measurements.

first mode is dominant at high base pair to dye (bp/dye) ratio, S & result of the coexistence of aggregated and nonaggre-
that is, when the dye concentration is relatively low compared 92t€d forms, the fluorescence decay of YOYO dyes in water

with that of DNA, while the second is favored at low bp/dye exhibits an ultrafast decay with a time constant on the order of
ratio ' 4 ps, due to the nonaggregated dyes undergoing large amplitude

motion around the monomethine bridge, and additionally a very

from the fact that they are essentially nonfluorescent when free smz;ll de?]f‘y componzn(;_with a much larger time constant due
in aqueous solutions but highly fluorescent when bound to DNA. 1 the sel-aggregated dimers.

This huge enhancement of the fluorescence quantum yield upon Spectral dynamics with &1 ps time constant corresponding
binding to DNA was assumed to originate from the loss of t0 dynamic Stokes shift was also observed with YOYO dyes

mobility around the methine bridge due to the constrictive DNA both free in water and bound to DNA. This feature was ascribed
environment:8 In the free form, the excited dyes can undergo t0 solvent relaxation through diffusive motion of the water
ultrafast nonradiative deactivation through large amplitude Molecules, the smaller amplitude of this component in DNA
motion around this bridge. On the other hand, this nonradiative Peing in agreement with a smaller exposure of the intercalated
deactivation pathway is no longer operative in DNA where this chromophores to water. This result revealed that these dyes
motion is hindered. could also be used to probe the environmental dynamics in
We have recently shown that the fluorescence enhancemenPNA.
of YOYO derivatives upon DNA binding is only partially due We report here on a detailed study of the excited-state
to this mechanisfi:1! Indeed, when free in water, these dynamics of monomeric fluorescent DNA probes of the YO
homodimeric dyes tend to form intramolecular H-type dimers. family both free in aqueous solutions and bound to DNA using
As a result of a strong excitonic interaction within these time-resolved fluorescence spectroscopy. The main motivation
was to obtain a more complete picture of the effect of DNA
* Corresponding author. E-mail: eric.vauthey@chiphy.unige.ch. binding on the excited-state properties of these widely used
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The ability of these dyes to operate as DNA probes comes
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SCHEME 1 Time-Resolved Fluorescence MeasurementSxcited-state
o — P 0 — lifetime measurements in the nanosecond time scale were carried
O:N4 ~ N/\/\/N:% C[N/ N/\/\NQ out with the time-correlated single photon counting (TCSPC)
|2 technique as described earlfeExcitation was performed at a
YOPRO1 H\ YOSAC2 repetition rate of 10 MHz with~60 ps pulses generated with a
SCOCH, laser diode at 395 nm (Picoquant model LDH-P-C-400B). The

Excited-state lifetime measurements on shorter time scales
SCOCH, SCOCH, were performed using fluorescence up-conversion (FU). The
experimental setup has been described in detail elseWhere.
Excitation was achieved at 400 nm with the frequency-doubled
output of a Kerr lens mode-locked Ti:sapphire laser (Tsunami,
Spectra-Physics). The output pulses centered at 800 nm had a
duration of 100 fs and a repetition rate of 82 MHz. The
polarization of the pump beam was at magic angle relative to
that of the gate pulses at 800 nm except for fluorescence
anisotropy measurements. Experiments were carried outina 1
mm rotating cell. The FWHM of the IRF was ca. 280 fs.
Femtosecond-resolved fluorescence anisotropy measurements
were carried out with the FU setup by changing the polarization
of the pump beam with respect to the gate beam with a half-
wave plate. The anisotropy decaft), was reconstructed using
the standard equation(t) = I;(t) — Ia(t)/(Iy(t) + 2I(t)), where
Ii(t) andl(t) are the fluorescence intensities recorded with the
polarization of the pump beam set parallel and perpendicular
to that of the gate beam, respectively.
Samples.The dyes were provided by Professor T. Deligeor-  No significant degradation of the samples was observed after
giev (Faculty of Chemistry, University of Sofia) and were used the measurements.
as received. Their synthesis has been reported in ref 12. Fluorescence Data AnalysisThe observed fluorescence time
Methanol (MeOH) and decanol (DeOH) were from Acros profile, D(4,t), could be reproduced by the convolution of the
Organics, ethanol (EtOH) and DMSO from Fluka, butanol Gaussian-shaped IRF with a trial function, which, in our case,
(BuOH) from Merck, phosphate-buffered saline (PBS, composi- was a sum of one Gaussian and several exponential terms. The
tion NaCl 137 mM, KCI 26.8 mM, N&HPQy 8.1 mM, KHy- convolution of a Gaussian function (IRF) with another Gaussian
PO, 1.5 mM) and double-stranded salmon sperm DNA from function, Djsc(4,t), or with an exponential functiom)ge(4,t),16
Sigma, and ethylenediaminetetraacetic acid (EDTA) disodium |eads respectively to the following analytical expressions:
salt dihydrate from AppliChem. All compounds were of the
highest commercially available grade and used without further Digc(A.t) =
purification. The absence of impurities in the solvents was 1 t— tyr. \2 f—t
checked by exciting the pure solvents at 400 nm and looking a(t) ex ( oty 1+ er'( 0 )
for any emission not attributable to Raman scattering. Stock 2 2 / 2
solutions (2 mM) of the DNA-binding dyes in DMSO were 2\/1+ Wity \/1+ Wity w1+ Wity
prepared and stored in the dark. DNA (1 mg/mL) stock solutions (1a)
in bidistilled water were stored at20 °C. All samples were
freshly prepared from the stock solutions. For steady-state andDiee,(4.1) =
time-correlated single photon counting measurements, the dye g,(7) t—t, t—t, — WA(2r)
concentration was on the order of2 uM, and for fluorescence — ex;{— ) [{— 511+ efi———
up-conversion experiments, it amounted to 20@. Unless 2 4z w
specified, the experiments were performed in PBS containing (1b)
1 mM EDTA, except with YOSAC3, which was handled in
distilled water to avoid J-aggregate formation, and the measure- n
ments with the bound dyes were performed with a DNA bp/ D(4,t) = Digg(A.t) + ) Diggi(d.h) (1c)
dye ratio of 50. An average extinction coefficient of 13 200 i=
cm1-M~1 per base pair was used to determine DNA concentra-
tions13 All experiments were performed at 20 2 °C. wheretp is the centerw is the Gaussian width of the IR
Steady-State MeasurementsAbsorption spectra were re-  andr; are the amplitude and time constant of itheexponential
corded on a Cary 50 spectrophotometer, while fluorescence andfunction, anda; andr; are the amplitude and the inverse of the
excitation spectra were measured on a Cary Eclipse fluorimeterwidth of the Gaussian function. The normalized FU data were
(5 nm slit) in a 1 cmquartz cell. Fluorescence spectra were globally analyzed by adjusting an adequate sum of such terms,
recorded upon excitation at 440 nm and corrected for the eq 1c, to the measured data points using a nonlinear least-squares
wavelength-dependent sensitivity of the detection. Quantum fitting procedure (MATLAB, The MathWorks, Inc.). This
yield measurements were performed against fluorescein inapproach is much faster than iterative numerical reconvolution
NaOH at pH 13 @5 = 0.95)“ or free YOYO-1 by = 0.0011) and allows data sets with nonuniform spacing of the data points
The relative error on the quantum yields is estimatett16%. on the time axis to be dealt with. Measurements were carried

0 — cl 0 — full width at half-maximum (FWHM) of the instrument response
C[N{ = N \O:N< = "/\Q function (IRF) was around 200 ps. The accuracy on the lifetimes
K! H\' is of ca. 0.1 ns.
YOSAC1 YOSAC3

DNA probes. To our knowledge, no information on the ultrafast
excited-state dynamics of these monomeric dyes in water and
in DNA is available in literature.

The investigated dyes are the commercial YO-PRO-1 and
its three analogues, YOSAC1 to YOSAC3 (Scheme 1). Al-
though they all have a rather similar structure, they differ by
their electric charge, two of them being singly charged
(YOSAC1 and YOSAC3) and the two others being doubly
charged (YO-PRO-1 and YOSAC?2). We will show that, while
this difference has a major impact on the aggregation in water
and binding to DNA, it has no significant influence on their
excited-state properties. However, differences between YO and
YOYO dyes exist when their ultrafast dynamics in DNA is
considered.

Experimental Section
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02fF T T T ] TABLE 1: Fluorescence Quantum Yield of the Dyes (+2
MDEEAr A uM Concentration) Free in Water and with DNA (bp/dye
<L g gk - YOSAC2 if] Ratio 50)
W i dye environment [oN
o8 - ' ' " YO-PRO-1 HO 2.4% 10
L 1.0 49 uM B il DNA 0.42
£ YOSAC1 HO 5.3x 107
£ 05+ 47 M . DNA 0.35
< YOSAC2 HO 3.6x 10
o . | ! | DNA 0.41 \
10— 4uM(H,0) il YOSAC3 HO 9.7x 10~
= —— 4 uM (buffer) c DNA 0.61
05 gl /\ : ; , o
i essentially forbidden, while that to the upper excitonic state bears
— . the whole oscillator strength. From the spectral shift, an
83F lYO-PRO—1 | ! ! e excitonic coupling energy on the order of 1050 ¢ghence a
—— YOSACH ~2100 cnt! Davydov splitting, can be estimated for both
] Sl = YOSAC1 and YOSACS3. Similar blue shifts and thus coupling
energies have been reported for the intramolecular H-dimer
0.0 - 1 formed by YOYO-2 and for other cyanine H-dimers in wafér.
400 450 500 550 600 The absorption spectra remain unchanged in aqueous buffer
wavelength (nm) solutions except for YOSAC3, whose spectrum changes dra-

Figure 1. (A) Absorption spectra of 2M solutions of the dyes in mat!qally upon addition of salt. As shown in Figgre ;I.C, an
water, (B) concentration dependence of the absorption spectrum of additional band centered at 532 nm, whose relative intensity

YOSAC2, (C) ionic strength dependence of the absorption spectrum increases with dye concentration, appears in the absorption

of YOSACS, and (D) absorption spectra ofi#! solutions of the dyes  spectrum of YOSAC3 in buffer solutions. This new band can

with DNA (bp/dye ratio 50). be ascribed to a J-aggregate, which is characterized by a head-
_ to-tail arrangement of the chromophot€g1-22Upon excitonic

out at 8-9 detection wavelengths from 480 to 630 nm over niaraction, all the oscillator strength is concentrated in the

time scales accurately covering the span of the fluorescenceyansition to the lowest excitonic state, hence the red shift upon

decay. aggregation. From this shift, an excitonic coupling energy of

Once the global lifetimes were extracted with this procedure, 21950 cmt is deduced. Such J-aggregation was only observed
the amplitudes of the different decay components were deter-, ..+, vosac3. which is the only dye to have a chlorine

mined by rescaling the time profilé3(,t) with the factorF(4): substituent. The presence of chlorine atoms on cyanines has

been shown to facilitate the formation of J-aggregéates.
F(A) = S(—’D ) Upon addition of DNA, the spectrum of all dyes shifts slightly
wa(i,t) gt to the red Av ~ —200 cml) and displays about 20%
0 hypochromism (Figure 1D). A similar effect has been observed

) ) with YOYO derivatives and TO upon intercalation into DNRA24
where /) is the corrected steady-state fluorescence inten- The shoulder at the blue side of the band can be ascribed to a

sity.'":1 To draw the decay-associated amplitude spectra, the,;honic transitior?, In the case of YOSAC3, addition of DNA

sum of the positive _amﬁlitudes was set equal t? 1 at 495 "M 5 nnot totally suppress the J-aggregate band, indicating that the
(maximum intensity in the spectrum). Time-resolved emission goq energy gain upon intercalation into DNA is most probably

spectra were reconstructed from the analytical expressions,, largely different from that associated with J-aggregation.
obtained for the decays from the fitting procedure. The accuracy e fluorescence quantum yield®

- . : : : q, Of the free dyes in
on the lifetimes and on the amplitudes obtained with this method |, ~tar are very small (Table 1), in agreement with the occurrence
is estimated to ca. 10%, except on lifetimes shorter than about

- e of an ultrafast nonradiative deactivation of the excited state via
500 fs where the uncertainty is about 100 fs. large amplitude motion around the monomethine bridge.
However, Table 1 reveals that, although very small, the
fluorescence quantum yields of the singly charged dyes (YOSACL1
Steady-State Spectra and Nanosecond Fluorescence Dy- and YOSAC3) are higher than those of the doubly charged dyes.
namics. The absorption spectrum of all investigated dyes in Moreover, Figure 2A indicates that the fluorescence spectra of
the visible region consists of a single band centered betweenthe free dyes differ substantially. The spectra of the singly
475 and 485 nm (Figure 1A). For the singly charged YOSAC1 charged dyes are broad and almost structureless, while those
and YOSACS3, the relative absorbance at the blue side of the of the doubly charged dyes are more structured and resemble
band increases with concentration, the absorption spectrum ofmore the mirror image of the corresponding absorption band.
YOSAC1 at high concentration exhibiting a growing shoulder These differences can be ascribed to the propensity of singly
around 450 nm (Figure 1B). Such concentration dependence ischarged dyes to aggregdfeThese fluorescence spectra can be
totally absent in organic solvents. This effect, which was not considered as being due to two emitting species: nonaggregated
observed with the doubly charged dyes, YO-PRO-1 and dyes with a very short fluorescence lifetime and a spectrum
YOSAC2, can be ascribed to the formation of H-type dimers. that should be essentially mirror image of the absorption
In these aggregates, the chromophores are arranged in face-tospectrum and H-dimers with a longer lifetime but with a small
face conformation with the transition dipole moments in radiative rate constant due to the excitonic coupling and a broad,
parallel’® The blue shift of the absorption band upon aggregation red-shifted fluorescence spectrum as observed with YOYO dyes
is due to excitonic interaction. In H-dimers and in higher in water?® The fluorescence spectra of YO-PRO-1 and YOSAC2
H-aggregates, the transition to the lowest excitonic state is are dominated by the emission from the nonaggregated dyes.

Results
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- YO-PRO-1 _|
— YOSAC1
R U YOSAC2
I~ — YOSAC3 7
L ] ] T . = -
450 500 550 600 650 700 750 0 5 10 15 20
wavelength (nm) time delay (ps)

Figure 2. (A) Fluorescence spectra of the dyes in water (refer to legend Figure 3. Wavelength dependence of the fluorescence dynamics of
in panel C), (B) concentration dependence of the fluorescence spectrumYO-PRO-1 and YOSACL in water.
of YO-PRO-1 in water, and (C) fluorescence spectra of the dyes with ) ]
DNA (bp/dye ratio 50). TABLE 2: Time Constants Obtained from the Global
Analysis of the Fluorescence Time Profiles of the Dyes, Free

. .o inW ith DNA, M F -
The bands are however substantially broader than the m|rror$csg?r(2ngn\év';) + Measured by FU (ri—rs) and

image of the absorption band indicating the presence of some
H-dimers. This is supported by the narrowing of the fluorescence
spectrum of YO-PRO-1 observed upon decreasing dye concen

T1 T2 73 T4 T5 Te T7

dye environment (ps) (ps) (ps) (ps) (ps) (ns) (ns)

; ; ; YO-PRO-1 0] 0.17 0.22 1.3 3.1 287 26
]Elratlon (Figure 2B). At t.he Iowes'g concentration measured, the YOSACL l_"éo 022 020 13 43 130 04 3.2
uorescence spectrum is very noisy but resembles rather closelyyggaco HO 018 022 16 52 174 28
the mirror image of the absorption band, confirming that, in yvosacs HO 018 0.27 22 80 487 0.9 3.2
this case, the emission is due to the nonaggregated dyes onlyYO—PRO-1 DNA  0.20 2.3 408 19 4.1
On the other hand, the contribution of the H-dimers to the iggﬁg; DDNNAA 0.18 0.7 29.7 2%-2 4‘;’-8
overall fluorescence spectrum is larger with the singly charged YOSACT DNA 5% 45

YOSAC1 and especially YOSAC3. Moreover, Table 1 reveals
that the fluorescence quantum yields of these two dyes are @FU measurements with YOSAC2 and YOSAC3 in DNA were not
noticeably larger. Because the overall fluorescence quantumperformed.
yield is larger when the spectrum is dominated by the H-dimers,
one can conclude that the intrinsic fluorescence quantum yield the fluorescence maximum, are listed@sandz7 in Table 2.
of the H-dimer is larger than that of the nonaggregated dye. The relative amplitudes associated withand 7 are on the
This aspect is particularly important for the optimization of the order of 0.4 and 0.6, respectively, except for YOSACL1 for which
fluorescence enhancement of DNA probgs. they amount to 0.7 and 0.3. These time constants are very close
By contrast to all nonaggregated dyes and H-dimers, the to those reported for the corresponding YOYO dyes in DNA.
J-aggregates formed with YOSAC3 in buffered aqueous solu- The.prgserjce of two qecay components most probably reflects
tions are much more fluorescent. The J-aggregate fluorescencé distribution of lifetimes due to the heterogeneous base
spectrum exhibits a narrow band centered at 540 nm and aCcomposition of salmon sperm DN&? the fluorescence
broader band at 620 nm. The relative intensity of the latter was lifetime of YOYO-1 having been shown to depend on the base
found to decrease as a function of time on the-18 min time content The differences in the fluorescence quantum yields
scale. This effect was not further studied but is most probably (Table 1) can be well accounted for by different average
due to a structural transformation of the aggregate. Because thestfetimes of the dyes, pointing to a very similar radiative rate
J-aggregates do not fluoresce upon excitation in the absorptionconstant on the order dag = 1.3 x 10° s™%
band of the nonaggregated dye, this emission has in principle TCSPC profiles measured with the free dyes in water are
no direct consequence on the use of YOSACS3 as a fluorescentdominated (relative amplitude0.99) by a decaying component
DNA probe. that is too fast to be resolved with this technique. Nonetheless,
The fluorescence quantum yield of YOSAC1 was also two additional nanosecond components are required to reproduce
measured in a few linear alcohols and was found to increasethe fluorescence decay of singly charged dyes, while a single
with increasing solvent viscositypy rising by a factor of 30 ~ nanosecond component is sufficient for doubly charged dyes
by going from MeOH to DeOH. Contrary to what was found (Table 2).
in water, the fluorescence spectrum in these organic solvents is Ultrafast Fluorescence DynamicsThe ultrafast fluorescence
the mirror image of the absorption band. dynamics of all free dyes in water and of YO-PRO-1 and
Upon addition of DNA to aqueous buffer solutions, the YOSAC1 with different DNA concentrations was investigated
fluorescence quantum yield of all four dyes strongly increases by FU and was monitored at eight to nine different wavelengths
(Table 1), and their fluorescence spectrum becomes mirror spanning most of the fluorescence spectrum 480 nm)
image of their absorption spectrum (Figure 2C). (Figure 3). At each DNA concentration, the time profiles were
The fluorescence decay of the DNA-bound dyes in the analyzed globally using eq 1c. The experimental data could not
nanosecond time scale could be well reproduced using biex-be properly reproduced with less thar-2 exponentials in
ponential functions. The resulting time constants, measured ataddition to the nanosecond components measured by TCSPC.
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Figure 4. Wavelength dependence of the amplitude factors obtained
from the global analysis of the fluorescence dynamics of YO-PRO-1
in water and with DNA (bp/dye ratio 12.3). L

0 5 10 15 20 25 30 35

time delay (ps)
Figure 6. Fluorescence dynamics of the dyes in MeOH at 510 nm
and in water at 550 nm.
: TABLE 3: Time Constants of the Dominant Fluorescence
l I Decay Component of the Free Dyes in Solvents of Various
il = 0 = Viscosity, 7, at 20 °C
E - i i : - 7 (ps)
= R e S IE AT solvent 7 (cP) YO-PRO-1 YOSAC1 YOSAC2 YOSAC3
(i Hz0 1.0 3.1 4.3 5.2 8.0
& b= MeOH 0.55 1.6 1.9 2.5 35
= —29 | EtOH 1.2 34 4.0
YOSACT l — 20 BUOH  2.95 9.6 13.1
- e DeOH  10.6 28
1 | 1 1 1 1
0 5 10 15 20 25 30 35 fluorescence band and not to a decay of the excited-state
time delay (ps) population. The 3-8 ps component was not seen at high bp/
Figure 5. Bp/dye ratio dependence of the early fluorescence dynamics dYe ratio. Its relative amplitudess, strongly depends on the
of YO-PRO-1 and YOSACL. DNA concentration and is the largest with the free dyes.

Interestingly, the DNA concentration at which this component

A Gaussian function had to be included in the trial function to disappears depends on the dye, as illustrated in Figure 5. With
accurately describe the initial rise of the fluorescence intensity. the doubly charged YO-PRO-A&, vanishes above a 6.7 bp/
Without this component, an unrealistically large IRF would have dye ratio, while a bp/dye ratio larger than 25 is required to
had to be assumed. The resulting time constants obtained withsuppress this component with the singly charged YOSAC1.
the free dyes and with YO-PRO-1 and YOSACL1 at high DNA  The fluorescence dynamics at the band maximum was also
concentration (bp/dye ratio of 12.3 for YO-PRO-1 and 29 for measured with all dyes in MeOH and with YO-PRO-1 and
YOSAC1) are listed in Table 2. The spectral dependence of YOSACL in a few longer-chained alcohols. The time profiles
the amplitudesa; —ay, associated with the various time constants are dominated by a decay component that varies from 1.6 to
is shown in Figure 4 for YO-PRO-1 free in water and with DNA. 3.5 ps in MeOH and increases up to 28 ps in DeOH (Table 3).
The sum of all positive amplitudes was normalized to one at Figure 6 shows that in MeOH, the fluorescence intensity of all
495 nm. The amplitudes at the other wavelengths were dyes decays to zero in less than-1% ps, while in water a
determined using eq 2. Because the steady-state spectra werng-lived component is present. The relative intensity of this
recorded at lower concentrations than those used for the FUcomponent is larger with the singly charged dyes YOSAC1 and
measurement, some underestimation of the relative amplitudesYOSAC3 than with the doubly charged dyes YO-PRO-1 and
at long wavelengths cannot be ruled out. The decay-associatedYy OSAC2.
spectra obtained for the other dyes are qualitatively very similar A weak component with a lifetimess, on the order of 15
to those found with YO-PRO-1. 50 ps was found with all dyes, in both water and DNA. In water,

In water, the amplitudea; anda, have opposite sign at all  its amplitude as, is positive at all wavelengths, while in DNA
wavelengths. The same feature was present with the other dyest changes from positive to negative upon increasing wavelength.
and has also been reported for YOYO dyés.DNA however, To visualize the temporal evolution of the spectral shape of
no decaying component with a 26800 fs time constant could  these dyes more easily, time-resolved emission spectra were
be observed. The amplitude associated wihs positive at reconstructed from the time profiles recorded at the different
short wavelengths and negative at long wavelengths in both wavelengths. Such intensity-normalized spectra obtained with
water and DNA. This corresponds to a red shift of the YO-PRO-1 in water and with DNA (bp/dye ratio 12.3) are
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Figure 8. Bp/dye ratio dependence of the decay of the fluorescence
| | A | | | A polarization anisotropy of YO-PRO-1 and YOSAC1 at 510 nm.
480 500 520 540 560 580 600 620

wavelength (nm) TABLE 4: Best-Fit Parameters Obtained from the Analysis
Figure 7. Intensity-normalized time-resolved fluorescence spectra of Of the Fluorescence Anisotropy Decay of YO-PRO-1 and
YO-PRO-1 in water (A) and with DNA (bp/dye ratio 12.3) (B) YOSAC1 with DNA at Various bp/dye Ratios
reconstructed using the time profiles recorded at different wavelengths, bp/dye fo r 7, (pS) ry 7., (pS) I
together with the steady-state (ss) spectrum.

YO-PRO-1

1.5 0.40 0.19 3.3 0.12 50 0.08
. . . 3 0.32 0.09 4.3 0.12 62 0.11
illustrated in Figure 7. Although the number of wavelengths is 7 035 005 4.4 0.12 70 0.17
small, it is immediately clear from this figure that the emission 12 035 0.04 5.4 0.10 95 0.20
spectrum of free YO-PRO-1 exhibits fundamental changes, 26 035 003 54 0.08 160 0.25
while only a weak broadening on the red side of the spectrum YOSAC1
is observed with DNA-bound YO-PRO-1. The relatively small %-5 8-3} 8-3; 1g4 8-82 ﬁg 8-%3
number of wavelengths used to reconstruct the spectra does not 0 035 002 23 0.06 100 007

allow band shifts smaller than about 600 ¢irto be seen.
Therefore, the red-side broadening of the spectrum of YO-
PRO-1 with DNA should in fact correspond to a red shift of
the whole band as suggested by the spectral dependerge of  Ultrafast Nonradiative Deactivation of the Free DyesThe
and ay (Figure 4). Qualitatively similar time-resolved spectra dominant decay component observed with all free dyes in water
are obtained with YOSACL1. can be unambiguously ascribed to nonradiative deactivation
The fluorescence polarization anisotropymeasured with  through large amplitude motion. First, the spectral dependence
all free dyes in water was found to decay exponentially to zero Of the related amplitude,, indicates that this process leads to
with a time constant on the order of 25 ps. Because the average® decay of the excited-state population and not to a spectral
fluorescence lifetime of these free dyes is much smaller, the Shift. Seconda, decreases with increasing bp/dye ratio and
error on this time constant is very largeg ps). Figure 8 shows ~ totally vanishes when all dyes are bound to DNA. Third, the
the decays of the fluorescence anisotropy measured with YO-lime constant; varies substantially Wlth solvent viscosity. Thle
PRO-1 and YOSAC1 at different bp/dye ratios. For both dyes, VI_SCOSIty depen_dence of _the dynamics _of processes as_somated
only a partial depolarization is observed, the residual anisotropy With large amplitude motion, such as eisans isomerization,
r.. decreasing with increasing relative dye concentration. The Nas been very intensively investigated both theoretically and
time profiles ofr could be satisfactorily reproduced with a €XPerimentally’=32 The following empirical relationship has
biexponential function with a time constant,, on the order of ~ P&en proposetf:
3—10 ps, and a second ong,, varying from 20 to about 200
ps. These time constants as well as their associated amplitudes Tigo U 7" (3)
are listed in Table 4. For both dyes, the residual anisotropy
decreases with decreasing bp/dye ratio. However, the depolarwhereris, is the time constant of isomerizatiopjs the solvent
ization time constants obtained with YO-PRO-1 and YOSACL viscosity, andu is a factor that varies between 0.1 andxls
show opposite trends when going to small bp/dye ratio. In the 1 corresponding to the high friction limit in Kramers the&#y.
case of YO-PRO-1, both;, and 7;, decrease weakly with  The value ofx has been shown to be related to the barrier height
decreasing bp/dye ratio. With YOSACL1 on the other hand, both for isomerization, the largex values being observed with low
time constants increase with decreasing bp/dye ratio. As barriers. This barrier height effect on the influence of viscosity
discussed in more detail below, the anisotropy decay measuredon 7js, has been rationalized by Grote and Hynes in terms of
in the presence of DNA is due to the excitation energy hopping frequency-dependent frictioH.
among the DNA-bound dyes and the difference in the effect of A doubly logarithmic plot ofr, measured with YOSAC1 vs
bp/dye ratio on the anisotropy time constant might reflect viscosity results in a straight line with a slopeof 1.0+ 0.1.
different binding modes. This indicates that the large amplitude motion responsible for

Discussion
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the nonradiative deactivation of this dye has no intrinsic barrier due to the fact that the true instrument response function of the
and is purely controlled by friction. This is in total agreement FU setup differs, because of group velocity dispersion or
with the very short time constant found for this process. The geometric effects, from that obtained from the cross-correlation
small differences i, measured with the various dyes are most of the pump and gate pulses or from Raman scattering. Similar
probably due to volume variation of the groups involved in the problems have already been reported in the literau@n the

large amplitude motion. Finally, it should be noted that the other side, because the FU experiments have been performed
values found here with YO-PRO-1 and YOSAC?2 are essentially using 400 nm excitation, that is, with about 0.6 eV excess
the same as those measured with the corresponding YOYOenergy, intramolecular vibrational relaxation could also con-
compounds. tribute to this delayed appearance of the fluorescence signal.

Aggregation. The deviation of the fluorescence spectrum of By contrast, the short decay component with a time constant
the dyes from the mirror image of the absorption band and the 7, ~ 200-300 fs had only to be included to reproduce the
concentration dependence of its shape clearly reveal thatfluorescence dynamics of the free dyes. The spectrum of the
aggregation also plays a role in the fluorescence contrastamplitude associated with this component is similar to the mirror
mechanism of these monomeric dyes. However, this effect is image of the absorption spectrum, indicating that this component
much less important than with the YOYO dy®esndeed, originates from the dye in the nonaggregated form. Above 580
contrary to these homodimeric compounds, the absorption nm, the amplitude is zero or very slightly negative. Because
spectrum of the YO dyes does not exhibit a very significant this decaying component has a lifetime very similar to that of
contribution of H-dimers. This is particularly true for the doubly the Gaussian rising component, the error on the amplitages
charged YO-PRO-1 and YOSAC?2 (see Figure 1). Moreover, and a, should be quite large. A recent investigation of the
the absorption spectrum of the YOYO dyes was found to excited-state dynamics of TO in MeOH has revealed the
dramatically change upon addition of DNA, because of the occurrence of a red shift and a broadening of the fluorescence
disruption of the intramolecular H-dimer upon intercalation. band of this dye within the first 200 £§. The authors have
Such an effect is clearly not present with the YO dyes as testified assigned this ultrafast spectral dynamics to an asymmetric
by Figure 1D. Because the relative H-dimer concentration is distortion in the methine bridge during the relaxation of the
very weak and because it is clearly observed in the fluorescenceexcited molecule toward the global &inimum. Considering
spectrum, one can conclude that the intrinsic fluorescencethe structural similarity of TO and the YO compounds, this
quantum yield of these dyes in water must be larger in the process can also be expected to take place with the latter and
aggregated than in the nonaggregated form. to be at least partially responsible for tagcomponent. The

The H-dimers are most probably responsible for the slow decay-associated spectrum is notincompatible with such spectral
fluorescence decay components measured in water. Indeed, thelynamics. The instrument response function of the FU setup
reconstructed fluorescence spectra of the free dyes after a fewused here is however not short enough to properly resolve this
tens of ps are broad structureless and red-shifted relative to thaprocess. The absence of this component with DNA-bound dyes
of the nonaggregated dyes (Figure 7), in agreement with the supports this interpretation, the relatively rigid environment of
spectrum of the amplitude associated wigtandz7 (Figure 4). the intercalated molecules preventing such distortion.
Moreover, as shown in Figure 6, this slow component is absent  The component with the time constant~ 1—2 ps can be
in organic solvents where aggregation is not operative. Fur- related to a red shift of the fluorescence band as testified by its
thermore in water, the amplitude of the slow component is larger decay-associated spectrum where the sigasathanges from
with the singly charged than with the doubly charged dyes in positive to negative with increasing wavelength. The relative
agreement with the steady-state spectra that clearly show largemagnitude ofas at 495 nm, that is, at the blue side of the
H-dimer contribution with singly charged compounds. The emission band, is on the order of 0.15 for all dyes in water. In
higher propensity of singly charged dyes to aggregate can beDNA however, this value, measured with YO-PRO-1 and
simply explained by a reduced electrostatic repulsion. YOSACL1 only, is more than 5 times smaller. The time constant

In the nonaggregated form, the dyes have a large radiativefound for this component coincides very well with the time
rate constantk.ag but a very short lifetime due to ultrafast constant of diffusive solvation of bulk watét.Solvation in
nonradiative deactivation, hence their small fluorescence quan-water has indeed been shown to be biphasic, with inertial motion
tum yield. This deactivation channel is inhibited in the H-dimer taking place within a few tens of femtoseconds and diffusive
and thus the excited-state lifetime of the latter is much longer. motion in the 1 ps time scale. The location of the absorption
In principle, H-dimers are totally nonfluorescent because of the and emission bands of the dyes depends on the environment as
cancellation of the transition dipole moments in the lower testified by the red shift of the spectra observed upon intercala-
excitonic state. However, if the two chromophores are not tion into DNA (Figures 1 and 2). Therefore, solvent relaxation
perfectly parallel in the aggregate, this cancellation is not should result in a dynamics Stokes shift of the fluorescence
complete, and thus the dipole moment for emission from the spectrum. However, a contribution to the Stokes shift from
lowest excitonic state no longer vanishes. Khgvalue of the structural changes of the excited dyes in water, as reported for
H-dimer is thus not zero but is substantially smaller than that TO in MeOH?2® cannot be ruled out. The smaller relative
of the nonaggregated dye. As a consequence, the smallmagnitude ofaz in DNA could be explained by both a smaller
contribution of the H-dimers to the total fluorescence in water exposure of the intercalated molecules to water and the rigid
is due to their small concentration as well as to their small environment that restricts structural changes and thus suppresses
fluorescence quantum yield. this contribution to the Stokes shift.

Origin of the Additional Decay Components. The 150~ Interestingly, a similar-1 ps component has also been found
200 fs Gaussian component with negative amplitude was seenwith the YOYO dyes in DNA? However, the relative amplitude
with all dyes, both free in water and bound to DNA. This of this component at 495 nm was on the order of 8:08.7,
component was also required to reproduce the rise of thethat is, much larger than that found here with YO-PRO-1 and
fluorescence intensity measured with the YOYO dyde YOSACL. This large difference is possibly due to the effect of
origin of this component is not totally understood. It might be intercalation on the structure of the DNA helix. It has indeed
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been shown that bisintercalation of YOYO-1 leads to a°106 decay depends on the bp/dye ratio and that this dependence is
unwinding of the DNA helix and to a helical repeat of 13 base not the same for YO-PRO-1 and YOSACL.

pairs (instead of 10.4% Such distortion is larger than that found By contrast, the decay of the anisotropy measured with
with TOTO (60 unwinding) and is due to the constraint YOYO-1 was found to be almost independent of the bp/dye
imposed by the relatively rigid structure of YOYO-1. Although ratio down to a ratio of about 10Above this value, the decay

no structural information exists, a smaller unwinding of the helix was found to be biphasic with 228 ps and 56-60 ps
upon intercalation of YO dyes can be anticipated, since the components of similar amplitude. Moreover, a residual anisot-
structural constraint imposed by the linker is absent. Conse-ropy . of 0.1 was measured. These findings were explained
quently, the exposure to water of YOYO dyes in the unwound by excitation energy hopping (EH) between the two chro-
DNA helix can be expected to be substantially larger than that mophoric moieties of YOYO-1, the dihedral angle between the
of the YO dyes. This difference could thus account for the two transition dipole moments being distributed around. 83
smaller relative contribution of the 1 ps Stokes shift observed The smaller residual anisotropy measured at lower bp/dye ratios

here with the monomeric dyes in DNA compared with that Was attributed to the occurrence of intermolecular EH, namely,
found with their homodimeric equivalents. EH between different YOYO-1 molecules.

The anisotropy decays measured here with YO-PRO-1 and
YOSAC1 with DNA can also be safely assigned to EH.
However, the origin of the different bp/dye ratio dependencies
is not so evident. The EH rate constak,, calculated within
the framework of Frster theory i€

However, the similarity of thes value found in DNA with
the diffusive solvation time of water might be coincidental, and
this Stokes shift might in fact be due to structural relaxation of
the DNA region around the excited intercalated dye, the smaller
as value with the YO dyes being possibly related to a different
structural perturbation upon intercalation. The dynamic Stokes Kep = 1.18/20 (4)
shift of a coumarin replacing a base pair in DNA has been H
recently shown to follow a power-law kinetics over six decades \yherekeyis in ps?, @ is the overlap integral between the donor

in times> Moreover, no distinct component that could be emission and acceptor absorption spectra with the area normal-
assigned to bulk water was found. As a consequence, the originjzed to unity on the cm* scale, andV is the dipole-dipole

Of 73 in DNA cannot be attributed Unambiguously. interaction energy in Crﬁ_ The |atter iS given W
Although a component with a time constast~ 15-50 ps
was found with both free and DNA-bound dyes, the spectral 5.04{u|2fL2/<
dependence of the associated amplit@ggis not the same for V= T (%)
op

the free and DNA-bound cases, suggesting different origins. The

spectral dependence e for free dyes is very similar to that \\here |, is the magnitude of the transition dipole moment in
of a4 related to the ultrafast nonradiative deactivation. Moreover, D, « is the orientational factord is the distance in nmf, =

as is about 20 times smaller than pointing to a minor fraction (eop + 2)/3 is the Lorentz local field correction factor, aag
of the excited-state population. Because of this small amplitude, j5 the dielectric constant at optical frequencigs~ n?, n being
the error onzs is large. We have no definitive explanation for  {he efractive index of the surrounding medium.

this component. A slower nonradiative deactivation of molecules  Both |4 and © can be determined from the steady-state

partially aggregate_d or adsorbed on the windows of the FU cell absorption and emission spectfalhe dipole moment for the
could account for it. S—S; transition amounts to 6.8 and 7.1 D for YO-PRO-1 and
The spectral dependence af for the DNA-bound dyes YOSAC1, respectively, while spectral overlap integrals of 8.1
suggests thats corresponds to a red shift of the fluorescence. x 107 and 3.8x 105 were found. From eq 5 and assuming
A red shift with a~20 ps time constant has also been observed n = 1.5, the coupling energy between two parallel chromophores
with a dye bound in the minor groove of DNA and has been (x = 1) at 1 nm is very similar for both YO-PRO-1 and
ascribed to the motion of water molecules ordered at the DNA YOSAC1 and amounts to 210 and 230 Tmrespectively.
surface’®41Because of their different binding mode, at least at Inserting these values in eq 4 results in EH rate constants of
high bp/dye ratio, the dyes investigated here should be less4.2 and 2.3 pst. From these values, the depolarization of the
exposed to interfacial water molecules as already discussedfluorescence by EH is a priori not expected to differ very much
above. Consequently, it is more reasonable to assign this redfor these two compounds. However, the geometrical parameters
shift to structural dynamics of DNA. This time scale is also in used for these calculations, nametys= 1 nm andc = 1, are
agreement with that calculated for other biopolynférand is not realistic for EH between DNA-intercalated dyes. The
consistent with the conclusions of the above-mentioned study distance between two base pairs amounts to 0.34°rangd
performed with a coumarin substituted for a base Haithe therefore, that between two intercalated chromophaorasdj,
time window and the spectral resolution of the FU measurements¢an be approximately estimated as
shown here are not sufficient to establish in detail the solvation
dynamics of these intercalated dyes. This would however go dj = 1.02nm+n0.34 nm n=012.. (6

far beyond the scope of this study. The value of 1.02 nm originates from the fact that two
Decay of the Fluorescence Polarization AnisotropyThe intercalated dyes are separated by at least two base*pSirxe

decay time of the polarization anisotropy of the free dyes in no structural information on the DNA with intercalated dyes of
water is consistent with that of about 60 ps found with free the YO family exists, the distance between intercalated dyes is
YOYO-1. As discussed in detail for this dye in ref 9, this taken as being the same as the distance between two given base
anisotropy decay can be unambiguously assigned to the reori-pairs. This is not totally realistic because the sugar backbone
entational motion of the molecule in water. On the other hand, restricts the structural relaxation of the DNA helix upon
reorientational motion can clearly not be invoked to account intercalation. As a consequence, the distance between adjacent
for the anisotropy decay of YO-PRO-1 and YOSAC1 in the dyes, namely, two dyes without any additional intercalated dyes
presence of DNA. Table 4 and Figure 8 show that this anisotropy in between, should be smaller than that calculated from eq 6.
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5 10 5 20 25 12 006 56 002 25 005 370 0.27
separating base pairs 26 0.03 5.7 0.01 25 0.03 430 0.33

Figure 9. Effect of the distance, in units of separating base pairs, ) . . )
between two intercalated dyes on the orientational factor (A), the excited,0Pi/dt, were then solved numerically. The time profile
dipole—dipole interaction energy (B), the EH rate constant (C), and of the anisotropy was finally calculated as

the fluorescence polarization anisotropy after a single EH step (D).

12
rt) =) Pr; (7)
On the other hand, the distance between two nonadjacent dyes i=
is most certainly larger than predicted by eq 6.

The orientational factok, is totally controlled by the helicity
of DNA, whose natural pitch in the B-form amounts to 3.54
nm 5 Because of thisg, calculated assuming that the dyes are
coplanar, is larger for dyes separated by four base pairs- (

1) than for dyes separated by only two base paits< 0.06).

As a consequence, thie® dependence of the EH rate constant
is strongly modulated by the periodicity of the orientational . . ;

factor as illustrated in Figure 9. This figure also shows that EH that the resqltln@(t).Dwas Fhe samotj for each simulation, such
is predicted to be faster for dyes separated by 3 than by 2 baseoutcome being realized with = 10"

pairs, the larger interchromophoric distance being compensated deT?c?erg?rllillt:Si (ﬂ‘r;hiostrp#éaﬁggz I)Ot:s\é?\r/lggivﬁﬁlfk?: ;ﬁit'szstrgre
by a smaller angle between the transition dipoles. A similar P 9 ) Py

modulation of the energy transfer efficiency has recently been decay of YO-PRO-1 is well reproduced. These calculated time

reported by Lewis and co-worketsFigure 9 also indicates that profiles can be P erfectly rep!lcated W'Fh .the sum of thre_e
. . exponential functions. To obtain a quantitative agreement with
EH can be operative over a large number of base pairs, the EH

. . . the experimental data, the coupling constants calculated using
eff!C|ency ampuntlng t0 0.4 and to 0.1 with 14 and 20 base the parameters described above had to be multiplied by a
pairs, respectively.

o ) ) correction factor of 0.6. The resulting best-fit parameters are
The decay of the fluorescence polarization anisotropy via EH jisteq in Table 5. One can see that the time constants, especially
between the intercalated dyes is due to the helicity of DNA. ; “qecrease weakly with decreasing bp/dye ratio, as observed
Interestingly, orientational factors that favor EH are not those experimentally. Moreover, the variations of the amplitude of
leading to a large depolarization. The loss of anisotropy upon ihe decaying components and of the residual anisotropyre
a single EH process bgtween two dyes separated by a varyingye|| reproduced. The small amplitude of the two slower
number of base pairs is shown in Figure 9D. components explains why only a single slow decay component
To have a better insight into the effect of bp/dye ratio on the could be detected in the experimental data.
anisotropy decay, numerical simulations of the EH dynamics  This agreement between the simulations and the YO-PRO-1
in a DNA helix with randomly intercalated dyes have been data clearly supports the validity of the model used to describe
performed. In order to account for the variation of bp/dye ratio, the anisotropy decay, namely, EH between randomly intercalated
the number of intercalated dye molecules was kept fixed at 12, dyes. This is a further evidence that the binding of YO-PRO-1
while the number of base pairs was changed. These dyes werg¢o DNA is completely noncooperative?
randomly substituted to a base pair, taking into account a The simulation without the correction factor of 0.6 results in
minimum separation of two base pairs. For a given random too fast an anisotropy decay(~ 1.9 ps), indicating that EH
arrangement, the 12 12 matrices of distance, orientational is slower than predicted. The most probable origin of this
factor, and EH rate constant between each dye were determineddifference is the structural change of DNA helix upon intercala-
The initially excited dye was then chosen randomly, and the tion, which has been totally overlooked in the simulation. First,
12 equations of motion for the probability of each dye to be intercalation leads to an increase of the inter-base-pair distance

wherer; is the polarization anisotropy for the case where the
excitation has hopped on chromophdarafter having been
initially on chromophorg. It is clear that the resulting(t)
strongly depends on the arrangement of the dyes in the helix.
As a consequence, this procedure was repeated for a large
number of random arrangemenit,and an average anisotropy
decay,[(t)[] was calculated. The value &f was chosen so
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and therefore the actual interchromophoric distance differs from dimeric analogues. Indeed, the major fluorescence enhancement
that calculated with eq 6. Second, intercalation of YOYO-1 has mechanism of the monomeric dyes upon intercalation is the
been shown to be accompanied by a 2L06winding of the inhibition of the large amplitude motion around the methine
DNA helix and thus to an increase of the DNA pitch of about bridge that leads to an ultrafast nonradiative deactivation.
30%38 Some local decrease of the helicity, although smaller Contrarily to the YOYO dyes, the disruption of nonfluorescent
than with YOYO-1, could also take place upon intercalation of H-dimers upon binding plays only a minor role for the YO dyes,
a YO dye. According to our simulations, a 5% increase of the especially those with two positive charges. Moreover, some
DNA pitch leads to an increase of from 1.9 to 2.4 ps. Third, difference between YOYO and YO dyes, which could reflect a
the intercalated dyes have been assumed to be coplanardifferent distortion of the DNA helix upon intercalation, was
Departure from coplanarity may lead to a reduction of the observed.
orientational factor and hence of the interaction enexgy, This study also reveals that time-resolved fluorescence
The anisotropy decay measured with YOSAC1 at high bp/ anisotropy combined with numerical simulations can be a very
dye ratio can also be accounted for by EH between intercalatedpowerful tool for obtaining direct information on the binding
dyes. With the EH parameters for YOSACL discussed above, amechanism of these dyes to DNA.
71, value of 2.8 ps is obtained in the simulation, very close to
the 3.3 ps found at high bp/dye ratio. However, the error on ~ Acknowledgment. The authors wish to thank Prof. T.
this time constant is large due to the very small associated Deligeorgiev (Faculty of Chemistry, University of Sofia) for
amplitude ¢; = 0.02), and this value should thus be considered supplying the dyes. This work was supported by the Fonds
with caution. A correction factor of 0.7 has to be used to National Suisse de la Recherche Scientifique through Project

reproduce the 5.4 ps value found at low bp/dye ratio. Lowering
further the bp/dye ratio results in a slower anisotropy decay.
This behavior differs from that found with YO-PRO-1 as well

as that predicted by the simulations. At bp/dye ratios smaller
than two, a significant part of the dye population cannot
intercalate. The polarization anisotropy originating from these
free dyes decays exponentially to zero by rotational diffusion
with a time constant on the order of 25 ps (vide supra). A
contribution of free dyes to the anisotropy could possibly explain
ther. value of 0.08 measured with YO-PRO-1 at a bp/dye ratio
of 1.5. Indeed, the residual anisotropy upon EH over chro-
mophores in a coplanar arrangement but with a random
distribution of dihedral angles between the transition dipoles

moments should amount to 0.1. Nevertheless, a departure from
coplanarity of the intercalated dyes could also account for the | .

r» value of 0.08.

As shown in Figure 5, the fraction of free dyes at low bp/
dye ratio should be significantly larger with the singly charged
YOSACL. Therefore, the contribution of the free dye population
to the anisotropy decay should be larger than with YO-PRO-1.
The measured 10 ps,-value could in fact be due to the
contribution of two components around-6 and 25 ps that

cannot be resolved because of the relatively small signal-to-

noise ratio of the data.
An alternative explanation could be a different binding mode
of YOSACL1 at high concentrations. Indeed, circular dichroism
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