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Abstract: The interaction of a series of
chiral cationic [4]helicene derivatives,
which differ by their substituents, with
double-stranded DNA has been inves-
tigated by using a combination of spec-
troscopic techniques, including time-re-
solved fluorescence, fluorescence aniso-
tropy, and linear dichroism. Addition
of DNA to helicene solutions results to
a hypochromic shift of the visible ab-
sorption bands, an increase of fluores-
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cence quantum yield and lifetime, a
slowing down of fluorescence anisotro-
py decay, and a linear dichroism in
flow-oriented DNA, which unambigu-
ously points to the binding of these
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dyes to DNA. Both helicene monomers
and dimeric aggregates, which form at
higher concentration, bind to DNA,
the former most probably upon inter-
calation and the latter upon groove
binding. The binding constant depends
substantially on the dye substituents
and is, in all cases, larger with the M
than the P enantiomer, by factors rang-
ing from 1.2 to 2.3, depending on the
dye.

Introduction

Chirality is of paramount importance for numerous process-
es in biological systems. It is intrinsically present in the
structure of DNA, both at the molecular and supramolecu-
lar levels, and plays a crucial role in the functionality of
DNA because it guides its interaction with other chemical
species, such as enzymes or drugs. Gaining a deeper insight
into the molecular mechanisms involved in these specific in-
teractions is very challenging. The synthesis of the unnatural
enantiomers of biological macromolecules is a major diffi-
culty. One way to overcome this complication is to study the
interaction of DNA with small chiral organic molecules that
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are easier to access.!! Moreover, molecules that are able to
bind strongly and specifically to DNA can be potentially
used in therapeutical applications,””) medical diagnostics,”!
and genetic screenings.

Over the last decades, the interaction between numerous
drugs and different DNA sequences and conformations has
been intensively studied. Several chiral dyes have been re-
ported to exhibit stereoselectivity for DNA. For example,
the anticancer drug daunorubicin,”! which exists naturally as
the P enantiomer, and its synthetic M stereoisomer
(WP900) clearly show distinct behaviours with B- and Z-
DNA,® the P and M forms binding selectively to the right-
handed B- and left-handed Z-DNA, respectively. Planar
polycyclic aromatic hydrocarbons that usually bind efficient-
ly to DNA can be made chiral upon addition of specific sub-
stituents. For example, the S enantiomers of piperazinecar-
bonyloxyalkyl derivatives of anthracene and pyrene have
been shown to preferentially bind to B-DNA. Numerous
monomeric and linked polyamides have been used to eluci-
date the influence of chirality on binding ability.®! For this
group of molecules, the binding affinity to B-DNA of the R
enantiomer is, in general, strongly enhanced. Other mole-
cules that belong to the helicene family have also been used
to examine chiral selectivity.”) For example, the P enantio-
mer of helicene, bearing a protonated amino group, displays
structural selectivity for binding to DNA as it discriminates
between B- and Z-DNA.I In the latter case, the binding
mode was not determined.

Due to the high importance of DNA-metal interactions, a
vast number of organometallic complexes have been investi-
gated in nucleic acid environments.">""! It has been shown
that the enantioselectivity of DNA binding and the appear-
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ance of undesired effects such as toxicity or mutagenicity
strongly depend on the chirality of these complexes. For ex-
ample, the R,R isomer of platinum complexes with 1,2-di-
aminocyclohexane and other ligands are less toxic and more
efficient anticancer drugs than the S,S isomer.'” Similarly,
chiral selectivity of numerous other metal complexes with
iron, rhodium, ruthenium and osmium has been used as a
tool for probing different DNA conformations.'*!

In general, molecules interacting with DNA can be split
into two main groups: those that intercalate and those that
bind to the minor or major grooves of DNA.['"I In the first
case, the dye is inserted between two base pairs in the
double helix with its molecular plane parallel to that of the
neighbouring base pairs. Because the distance between
DNA base pairs is small, intercalation occurs mostly with
small planar aromatic molecules. Moreover, it very often in-
duces a lengthening and unwinding of the DNA helix. Fur-
thermore, the base pairs can be tilted by several degrees
compared with their usual arrangement (perpendicular to
the long DNA axis) upon dye intercalation.

The variety of groove-binding molecules is much broader
and includes molecules with different structures. Because of
the size of the grooves, groove binding results in a smaller
distortion of the DNA duplex structure than intercalation. It
is often presumed that small molecules interact with the
minor groove, whereas large dyes tend, for steric reasons, to
bind to the major groove." The binding to the minor
groove is stabilised by the strong electronegative potential
of the AT base pairs.'’] Alternatively, the amino group of
guanine in GC base pairs generates a steric barrier for bind-
ing to the minor groove.

The cationic [4]helicene derivatives (HelR) depicted in
Figure 1 represent new, intrinsically chiral aromatic dyes

\ HelMe: R=CH,
0 HelPr: R=(CH,),CHj
Y HelOH: R=(CH),OH

AN

Figure 1. (M)-HelR dyes.

emitting in the NIR region.'! Due to their favourable prop-
erties, namely their aromatic and positively charged struc-
ture, HelR can be used for exploring recognition mecha-
nisms in biological systems. We report here on a detailed in-
vestigation of the interaction of different enantiopure forms
of HelR with right-handed double stranded DNA (dsDNA).
Evidence for binding is provided by different techniques in-
cluding stationary and time-resolved absorption and fluores-
cence spectroscopy. Furthermore, linear dichroism spectro-
scopy was used to establish the binding mode. The influence
of the substituents on the binding ability, binding geometry
and chiral selectivity will be discussed.
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Results

Steady-state experiments: The absorption spectra of the
HelR dyes in aqueous solution exhibit three major bands
between A=300 and 700 nm, with maxima that depend only
slightly on the R substituents (Figure 2A)."l Significant
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Figure 2. A) Absorption and B) fluorescence spectra measured with a
5 um aqueous solution of (P)-HelPr and different concentrations of
sspDNA base pairs.

changes in the absorption spectra arise upon addition of
double-stranded salmon sperm DNA (sspDNA): the intensi-
ty of all three bands decreases, their maxima undergo a
small redshift and their shapes change, with the shoulder
around 580 nm becoming more pronounced, the band
around 430 nm broader, and that around 615 nm narrower.
These effects were observed with all HelR samples, irrespec-
tive of whether they were racemic mixtures or enantiopure.
Simultaneously to these changes, significant alterations of
the fluorescence spectrum appear upon addition of sspDNA
(Figure 2B): the emission band narrows, shifts to shorter
wavelengths and its intensity increases. At a given DNA
concentration, the band intensity stops rising, indicating that
all HelR present in solution are bound to DNA. The fluo-
rescence quantum yields, @;, determined for the free and
DNA-bound HelR are listed in Table 1. Upon binding to
DNA, the fluorescence of the HelR dyes increases by fac-
tors varying between 3.1 and 4.4, depending on R and the
chirality of the dye.

As previously discussed in detail,['”! the HelR dyes tend to
form dimeric aggregates in aqueous solutions. Therefore, all
DNA titration experiments were performed at very low
HelR concentration (1-6 um) to minimize dimerization. The
relative concentrations of free and DNA-bound HelR dyes
were determined from the absorption spectra by assuming
that all dyes are in monomeric form at the beginning of the
titration and bound to DNA after saturation of the fluores-
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Table 1. Fluorescence quantum yields of free and DNA-bound HelR
dyes.
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Figure 3. Relative concentrations of free and DNA-bound HelR dyes as
a function of sspDNA base-pair concentration determined from the ab-
sorption spectra. Open symbols denote bound and filled symbols free
dye, respectively.

cence signal. The decrease of the relative concentration of
free HelR dyes upon addition of DNA is depicted in
Figure 3.

The interaction of HelR dyes with DNA can also be de-
tected from circular and linear dichroism measurements.
The circular dichroism (CD) spectra of the dyes change
upon addition of sspDNA because of the coupling of the
electric transition dipoles of the HelR with those of the nu-
cleobases (Figure 4). The bands are slightly redshifted and
the rotational strength of the positive bands increases
(except for the A=615 nm band), whereas that of the nega-
tive bands become smaller. In the UV region, the sspDNA
bands overlap with those of the dyes.

As shown in Figure S1, the intensity of the CD signals de-
crease linearly with decreasing HelR concentration, whereas
the shape of the spectra is unaltered.
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Figure 4. CD spectra of an aqueous solution of (M)-HelMe (17 um) with
and without sspDNA, and of a solution of sspDNA (0.65 pm).
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Figure 5. LD spectra measured with an aqueous solution of ctDNA
(60 um) and with racemic and enantiopure HelMe ([(M)-HelMe]=45 um;
[(P)-HelMe] =56 pm; [(rac)-HelMe] =86 um).

Figure 5 shows linear dichroism (LD) spectra of flow-ori-
ented racemic and enantiopure HelMe with calf-thymus
DNA (ctDNA). The existence of an LD signal confirms the
interaction of the dyes with DNA. Indeed, noninteracting
dyes have a random orientation relative to the ctDNA
strands and, thus, do not exhibit any dichroism. For HelMe
and all the HelR investigated, the LD spectra consist of
three negative bands around 1=615, 460 and 310 nm, origi-
nating from HelR, and a very intense peak at 257 nm arising
from ctDNA. Figure 6 shows that an increase in the HelR
concentration leads to changes in the intensity and shape of
the LD spectra. The 580 nm shoulder becomes more pro-
nounced and the intensity around 400 nm decreases (Fig-
ure 6B).

Time-resolved fluorescence measurements: For time-corre-
lated single photon-counting (TCSPC) measurements, much
higher dye concentrations (20-30 um) than for the steady-
state experiments described so far had to be used. As previ-
ously discussed in detail,’” the fluorescence decays meas-
ured with aqueous HelR solutions in this concentration
range are biexponential with 1-2 and 4-5 ns time constants
due to the emission of the monomeric and dimeric forms, re-
spectively. Upon addition of sspDNA, the fluorescence
decays measured with the HelR enantiomers and racemic
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Figure 6. A) LD spectra of flow oriented solutions of ctDNA with differ-
ent (M)-HelMe concentrations and B) comparison of the intensity nor-
malised LD spectra with the absorption spectrum of (M)-HelMe in
water.
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Figure 7. Intensity-normalised fluorescence decays measured with (M)-
HelPr and increasing concentrations of sspDNA. The black lines indicate
the result of a global biexponential analysis.

mixtures slow down significantly, as illustrated in Figure 7.
Each individual decay measured with a given HelR and
sspDNA concentration could be very well reproduced with
a biexponential function. However, the decays measured
with different sspDNA concentrations could only be partial-
ly reproduced when performing a global biexponential anal-
ysis (Figure 7). The shorter time constant was found to be of
the order of 1.3-2 ns, that is, close to that measured for the
decay of the monomeric emission, whereas the longer was
between 5 and 8ns (Table S1). As discussed below, both
HelR monomer and dimer probably bind to DNA, and thus
four fluorescent species should be present in solution and a
four-exponential decay should be expected. However, the
fluorescence lifetimes of each of the four species cannot be
reliably distinguished. Whereas the monomer is responsible
for the short decay component, the other three forms,
namely the DNA-bound monomer and the free and DNA-
bound dimers, probably have similar lifetimes and contrib-
ute to the long decay component of the fluorescence.
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Figure 8. Fluorescence anisotropy decay measured with (M)-HelMe with
and without sspDNA and best single exponential fits.

Even higher HelR concentrations (90-100 um) had to
used for the time-resolved fluorescence anisotropy measure-
ments, although the HelR/sspDNA ratio was kept at 1/60.
Figure 8 depicts the fluorescence anisotropy decay measured
with (M)-HelMe with and without sspDNA after 400 nm ex-
citation. The poor signal to noise ratio originates from the
very small (0.025-0.03) initial anisotropy at this wave-
length.'”7 A’ monoexponential function with a lifetime of
(200£50) ps can reproduce the anisotropy decay of (M)-
HelMe in aqueous solution, whereas in the presence of
DNA, at least two exponential functions are needed. In the
latter case, the first time constant around (110+30) ps can
be ascribed to diffusional reorientation of the free dye in
solution. The second time constant is much longer (more
than 10 ns) than our time window and cannot be determined
precisely. It can be attributed to the slow tumbling of the
DNA-bound HelR.

Discussion

Evidence of binding: The large changes in the absorption,
fluorescence and CD spectra observed with the HelR dyes
upon addition of DNA (Figure 2 and Figure 4), together
with the increase of fluorescence quantum yield and lifetime
(Figure 7) unambiguously point to binding of the HelR dyes
to DNA. The LD signal recorded with the dyes in solution
in the presence of oriented DNA is further clear evidence of
their interaction, as is the significant slowing down of the
fluorescence anisotropy decay upon addition of DNA. A
similar slowing down has been reported for other dyes upon
binding to biological macromolecules.™

The decrease of the extinction coefficient of the HelR
dyes upon binding to DNA (Figure 2 A) points to a signifi-
cant decrease of their radiative rate constant, k.. Unfortu-
nately, the k, value of the DNA-bound dyes cannot be di-
rectly calculated from the fluorescence decay, because four
fluorescent species (monomer and dimer HelR, both either
free or bound to DNA), three of which have very similar
fluorescence lifetimes, contribute to the total decay. In a
previous work, it has been shown that the radiative rate con-
stant of the HelR dye is not very sensitive to the environ-
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ment and is almost solvent independent.'”! Consequently,
the observed hypochromism and the ensuing decrease of k;
probably arise from some structural alteration of the dyes
upon binding to DNA or some electronic coupling with the
DNA bases. Such hypochromism upon DNA binding has al-
ready been reported with other dyes binding to DNA upon
intercalation.”” On the other hand, both the fluorescence
lifetime and quantum yield of the HelR dyes have been
shown to increase by a factor of 3-4 by going from aqueous
solutions to organic solvents.'”l As a consequence, the in-
crease of fluorescence lifetime and quantum yield measured
here upon addition of DNA could be accounted for by the
intercalation of the HelR dyes into DNA and a reduced ex-
posure to water.

It is important to note that the shape of the LD spectra
depends on the DNA/dye ratio (Figure 6B). These differ-
ences can arise from either 1) the existence of two different
DNA-binding modes of the monomeric dyes or 2) the ability
of the HelR dimers to bind to DNA as well. The appearance
in the LD spectra of the A=580 nm shoulder (the main fea-
ture of HelR dimers)!'” speaks in favour of interaction of
the dimers with DNA. Thus, both HelR monomers and
dimers bind to DNA and the experimentally observed LD
signal consists of at least two contributions. However, it is
not clear whether the dimers bind to DNA directly or
whether dimerisation takes place between a free monomer
and another one already bound to DNA.

In contrast to other molecules that have several DNA
binding modes,?” no changes in the CD spectra with in-
creasing HelR concentration were observed (Figure S1).
This lack of changes can be explained by very similar CD
spectra of monomer and dimer bound to DNA, which are
consequently almost indistinguishable. Another possibility
might be that the range of concentration chosen is not suffi-
ciently broad.

Binding geometry: Analysis of the sign and relative ampli-
tude of the LD signal provides information about the orien-
tation of the bound molecules." Figure 9 shows the reduced
linear dichroism (LD") spectra recorded with very low HelR
concentration to minimize the signal originating from bound
dimers. The LD" amplitudes of the HelR bands are more
negative than that of the DNA band at 1=260 nm. The
same effect was previously observed with other molecules
that are known to intercalate into DNA, for example oxa-
zole yellow (YO) cyanines," ruthenium polypyridyl com-
plexes,”!! phenothiazinium,” and acridine dyes.™! Two pos-
sible explanations can be suggested: first, dye intercalation
can tilt the DNA bases, and, second, the DNA may become
stiffer at the binding sites and thus better oriented in the
flow.

The significant variation in the LD’ amplitude of the
DNA band upon addition of HelR (Figure 9) is further evi-
dence of the changes in DNA flow orientation upon interac-
tion with HelR, as mentioned above. As both HelR and
DNA absorb in this region, it may also partly originate from
an excitonic coupling between the DNA-bases and HelR.

Chem. Eur. J. 2013, 00, 0-0
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Figure 9. Absorption spectrum of (M)-HelMe and ctDNA and reduced
linear dichroism spectra of (M)-HelMe with and without ctDNA. The re-
duced linear dichroism of the ctDNA band in the presence of a high
(M)-HelMe concentration is also shown.

As a result, the LD" signal of the DNA band cannot be di-
rectly used for the determination of the orientational param-
eter S.

According to time-dependent density functional theory
(TD-DFT) calculations performed on the HelR dyes and re-
ported by Kel et al.,'”! the transition dipole moment associ-
ated with the 615nm band, %, is parallel to the y axis
(Figure 10 and Figure S2 in the Supporting Information).

I, (465 nm) § ,
) y

i, (415 nm)

Figure 10. Orientation of the transition dipole moments of HelMe ac-
cording to TD-DFT calculations described by Kel et al.'”! The Cartesian
coordinates xyz have been chosen so that the transition dipole moments
W, and ' coincide with the x and y axes, respectively.

On the other hand, the band around 430 nm arises from two
transitions, that with the lowest energy having its dipole
moment, #,, along the x axis and the other, «’5, located in
the yz plane and making an angle of about 30° with ;.
These data, together with the measured LD" values, were
used to estimate the angles between the transition dipole
moments and the orientational axis, a, ;. These calculations,
described in detail in the Supporting Information, yield o, =
89, a,=69 and a;=60°. These angles suggest that the molec-
ular plane of the HelR dyes is mostly perpendicular to the
orientational axis. In other words, the bound HelR dyes
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have their molecular plane essentially parallel to the DNA
bases, pointing to intercalation rather than groove binding.
In the latter case, the molecular plane is expected to be par-
allel to the orientational axis. These angles should, neverthe-
less, be considered with some caution because of the possi-
ble contribution of dimeric HelR dyes to the LD spectra,
the fact that the LD" values are treated as coming from non-
overlapping transitions, which is not the case for those re-
sponsible for the 430 nm band, and finally that they are
based on calculated transition dipole moments. Neverthe-
less, Figure 11 and Figure S4 in the Supporting Information

Figure 11. Side (left) and backward (right) views of a hypothetical, non-
optimised structure of the HelMe/DNA complex.

show that a HelMe molecule can indeed partially intercalate
between DNA base pairs without clear steric hindrance.
This hypothetical structure was obtained by manually insert-
ing the gas-phase optimised structure of HelMe into the
crystal structure of a d(CGCGAATTCGCG), DNA strand
obtained from the protein data bank (IBNA.pdb), without
further optimisation. Intercalation is further supported by
the hypochromism of the HelR absorption band upon inter-
action with DNA, and by the larger LD" amplitude of the
HelR band compared with the DNA band.*! On the other
hand, intercalation can be safely excluded for the HelR
dimers for steric reasons. This indicates that the free dimers
interact directly with DNA and undergo groove binding.
Therefore, dimerisation does not occur between a free HelR
molecule and a DNA-bound monomer.

Chiral selectivity: The affinity of the HelR dyes for double-
stranded DNA can be quantified by the binding constant K
for the following equilibrium:

HelR+DNA = HelR - DNA (1)

The data presented in Figure 3 were analysed using the
McGhee and von Hippel model [Eq. (2)].”! The best fits of
Equation (2) to the dependence of r/[HelR] on r are shown
in Figure S3 and the so-obtained binding constants, K, to-
gether with the number of base pairs perturbed by a bound
dye, n, are listed in Table 2.

The binding constants reveal that the HelR dyes exhibit
some stereoselectivity in their interaction with DNA. For all
dyes investigated, the M enantiomer interacts more effi-
ciently with DNA than the P enantiomer. This selectivity
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Table 2. DNA binding constants (K) and number of base pairs involved
in the binding () for the HelR enantiomers determined by using Equa-
tion (2).

HelR n K [x10%]
-HelMe .6+0. +
(M)-HelM 1.6+0.2 37+3
-HelMe 7+0. 2+
(P)-HelM 1.7+0.1 16.2+4
-HelPr 7+0. .8+
(M)-HelP 1.7+0.1 10.8+6
-HelPr 9+0. S+0.
(P)-HelP 1.9+0.3 8.5+0.8
-He .6+0. 3+0.
(M)-HelOH 1.6+0.2 33402
-He 7+0. 8+0.
(P)-HelOH 1.7+0.1 2.8+0.2

originates from the chirality of DNA, which, in its B form, is
right-handed. Such preferential binding of the M form to
DNA has also been observed with other chiral molecules.
The better affinity of the M enantiomer of the HelR dyes to
DNA is compatible to our proposed intercalation hypothe-
sis. As shown in Figure 11, only the planar part of the dye,
consisting of the benzene ring with the two heterocycles, can
be expected to intercalate between the DNA base pairs,
whereas the two out-of-plane methoxy-benzene rings stick
out in the major groove. For the M form, these two rings
point away from the helical base-pair stack, whereas for the
P form, they point towards it. Therefore, the M form should
experience less steric hindrance upon intercalation than the
P form.

As shown in Table 2, the binding ability of the HelR dyes
depends on the nature of the R substituent on the N atoms.
The binding constant is highest with methyl substituents,
slightly smaller with propyl groups, and significantly smaller
with R=(CH,),-OH, although the latter substituent has a
similar size to a propyl group. Such difference might be ex-
plained by the dissimilar polarity of the two groups. Indeed,
intercalation might be favoured with HelPr because it mini-
mizes the exposure of the hydrophobic propyl groups to
water. With HelOH, on the other hand, intercalation might
lead to a loss of the solvation energy associated with H-
bonding between the OH groups and water molecules.

Figure 3 shows that, at a given concentration, the binding
affinity measured with the racemic HelR mixtures is not the
average of those of the enantiomeric (M)- and (P)-HelR
forms. For HelPr and HelOH, binding with the racemic mix-
tures is stronger than with the enantiopure compounds. This
effect could be explained by a higher binding constant of
the dimers, which are present at higher concentrations in
the racemic mixtures,!'”) compared with the monomers. The
opposite behaviour can be observed with HelMe, pointing
to a larger binding constant of the monomer. However, an
exact determination of the binding constants of the dimers
is complicated by the overlap of the spectral bands and has
consequently not been carried out. The same effect is proba-
bly at the origin of the similar fluorescence contrasts meas-
ured with the (rac)- and (M)-HelR forms. Therefore, com-
parison of the fluorescence contrasts is only meaningful with
the enantiopure forms, for which the dimerisation constants
are the same.

Compared with other molecules that bind to DNA, the
HelR dyes have quite good affinity to DNA, their binding
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constant being almost one order of magnitude higher than
those reported for 2,2 2-trifluoro-1-(9-anthryl)ethanol,?” pi-
perazinecarbonyloxy-2-propyl derivatives,”) the anticancer
drug Daunorubicin,” 5 .8-bis(aminomethyl)-1,12-dimethyl-
benzo[c]phenanthrene,’* and other compounds.>!'*) How-
ever, it cannot compete with the strongest binding molecules
such as Hoechst 33258, and Dervan’s polyamides.®>¢! On
the other hand, the enantioselectivity of the HelR dyes to
DNA (K,/Kp~1.5) is rather small in comparison with other
chiral binding probes, such as the hairpin polyamide-
Hoechst 33258 conjugate, the R enantiomer of which exhib-
its a 10 to 30 fold high binding affinity than the S enantio-
mer.® However, contrary to the HelR studied here, this
large enantioselectivity does not originate from the fluoro-
phore itself but rather from the chiral polyamide ligand.

Conclusion

All the various spectroscopic techniques used in this work
point unambiguously to binding of the HelR dyes to DNA.
This can be clearly seen by changes in the electronic absorp-
tion, CD and fluorescence spectra, by an increasing fluores-
cence quantum yield and by a slowing down of the fluores-
cence anisotropy decay. The substituents on the nitrogen
atoms strongly affect the binding ability of the dye, the high-
est binding constant being found with HelMe, which is the
smallest hydrophobic substituent. The marked difference be-
tween the binding constants of HelPr and HelOH shows
that the size of the substituents is not the only important
factor. The hydroxyl group in HelOH lowers the binding
ability by almost one order of magnitude in comparison
with the propyl group. For all three HelR dyes, the highest
binding constant is found with the M enantiomer, revealing
a clear, but not dramatic, stereoselectivity. Intercalation is
the most probable binding mode of the HelR monomers,
whereas the dimers undergo groove binding. One interesting
feature of the HelR dyes is their increasing fluorescence
quantum yield upon DNA binding, making the dye-DNA
complexes more visible in fluorescence-based techniques.
This, together with a near-infrared emission, makes these
HelR dyes promising candidates for biochemical sensing.

Experimental Section

Samples: All racemic HelR dyes were synthesised according to literature
procedures."®?! Enantiopure HelMe, HelPr and HelOH have been de-
scribed previously."*™¢&!7l Dimethylsulfoxide (DMSO) was purchased
from Fluka, phosphate buffer saline (PBS: NaCl 137 mm, KCI 26.8 mwm,
Na,HPO, 8.1 mm, KH,PO, 1.5 mm), double-stranded salmon sperm DNA
(sspDNA) and calf-thymus DNA (ctDNA) were from Sigma-Aldrich.
All compounds were of the highest commercially available grade and
used as received. Stock solutions of the dyes were prepared in DMSO
before every experiment. DNA (1 mgmL™) stock solutions were stored
at —20°C. For steady-state and linear dichroism measurements, the dyes
were diluted in 5 mm NaCl buffer, whereas for time-correlated single-
photon counting and up-conversion measurements, the dyes were diluted
in PBS/EDTA buffer (1 mm of EDTA). sspDNA was used for all experi-
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ments except linear dichroism spectroscopy. In the latter case, ctDNA
was used because it orients better in the flow.

Steady-state measurements: Absorption spectra were recorded with a
Cary 50 spectrophotometer, whereas fluorescence emission and excita-
tion spectra were measured with a Cary Eclipse fluorimeter. All fluores-
cence spectra were corrected for the wavelength-dependent sensitivity of
the detection. The fluorescence quantum yields were determined relative
to oxazine 1 perchlorate in ethanol (®r=0.11).""! All CD spectra were
measured with a Jasco J-815 spectropolarimeter in a 10 mm cuvette that
does not change the polarization of light at RT. All spectra are an aver-
age of at least eight scans.

In the DNA titration experiments, the absorption spectra of HelR were
corrected for dilution. The concentrations of free and bound forms were
calculated from the absorption spectrum using that of HelR without
DNA (assuming that only free HelR is present in solution) and that of
HelR at high DNA concentration (assuming that all HelR are bound).
The binding constant K and the parameter n were calculated by using
the excluded site model of McGhee and von Hippel [Eq. (2)]:*

r 1—nr n=l
Her] ~ K017 (1 e 1)r> @

in which r=[HelR-DNA]/[HelR] is the ratio of bound to free dye con-
centrations. The parameter n represents the number of DNA base pairs
that are occluded by a bound dye due to occupation and/or structural
perturbation.” Only the data with 15 to 80% of bound HelR was used
in the analysis.""!

LD spectroscopy: LD spectra were measured with a Chirascan LD spec-
tropolarimeter. A homemade outer-rotating quartz Couette flow cell
with 1 mm pathlength and a shear flow gradient of 3000 s~' was used for
orienting the samples.'>*) All spectra were baseline corrected by sub-
traction of the spectra recorded without rotation and the LD values cor-
rected to 1 cm pathlength.

The sign and relative amplitude of the measured LD can be used to un-
ravel the binding geometry in terms of angles between the transition
dipole moments of the dye and the direction of macroscopic orientation
of the sample." The LD is defined as the difference in absorption of
light linearly polarized parallel and perpendicular to the axis of orienta-
tion [Eq. (3)]:

LD=A-A, 3)

For the determination of the dye orientation, the so-called reduced linear
dichroism, LD", which is normalized to the absorption of the isotropic
sample (A;,), is used [[Eq. (4)]. This LD" value is independent of the dye
concentration, pathlength and dipole strength, and depends only on the
angle a between the transition dipole moment of the dye and the orienta-
tional axis:"!

LD

LD:A

:%S(3cosza71) (4)
in which S is an orientational parameter that takes into account the aver-
age distribution of angles between the local orientation and the macro-
scopic orientation direction. For DNA, S can be determined from the
LD value of the m* transition of the DNA bases at 260 nm as it is com-
monly accepted that the bases are oriented at 86° relative to the helix
(orientational) axis.’!! The different types of DNA have distinct orienta-
tion parameters, because S strongly depends on their length and stiffness.

Time-resolved fluorescence: Fluorescence lifetime measurements on the
nanosecond timescale were performed by using the TCSPC set-up descri-
bed in detail elsewhere.’” Excitation was carried out at 395 nm with a
laser diode (Picoquant model LDH-P-C-400B) generating ca. 60 ps
pulses at 10 MHz. The instrument response function (IRF) had a full-
width at half-maximum (FWHM) of about 200 ps.

The excited-state dynamics of the HelR dyes was additionally measured
by fluorescence up-conversion (FU).®! Excitation was achieved at
400 nm with the frequency-doubled output of a Kerr lens mode-locked
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Ti:Sapphire laser (Mai Tai, Spectra-Physics). The polarization of the
pump pulses was at magic angle relative to that of the gate pulses at
800 nm. For anisotropy measurements, the polarization of the gate pulses
at 800 nm was varied with a 4/2 plate. The pump intensity on the sample
was of the order of 5 pJcm™ and the FWHM of the IRF was ca. 210 fs.
The sample solutions were located in a 0.4 mm thick rotating cell and
had an absorbance of ca. 0.1 at 400 nm.
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Binding [4]Helicene Derivatives to DNA

FULL PAPER

Getting in the groove! Chiral selectiv-
ity toward DNA binding is observed
with fluorescent cationic helicene
derivatives (see scheme). The binding
to double-stranded DNA is evidenced
by absorption, linear and circular
dichroism spectroscopies, as well as
stationary and time-resolved emission.
A fluorescence enhancement of up to
4.4 is found in the presence of DNA.
The binding constant to DNA, most
probably through intercalation, is in all
cases larger for the M than for the P
enantiomer by factors ranging from 1.2
to 2.3.
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