¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Chirality of a rhodamine heterodimer linked to a
DNA scaffold: an experimental and computational
studyT

P. S. Rukin,
F. Remacle

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2020, 22, 7516

1% K. G. Komarova, (%) §*@ B. Fresch, (2° E. Collini 2 ® and

a

The chiroptical properties of multi-chromophoric systems are governed by the intermolecular arrangement of
the monomeric units. We report on a computational and experimental study of the linear optical properties
and supramolecular structure of a rhodamine heterodimer assembled on a DNA scaffold. The experimental
absorption and circular dichroism (CD) profiles confirm the dimer formation. Computationally, starting from
low-cost DFT/TDDFT simulations of the bare dimer we attribute the measured —/+ CD sign sequence of the
S1/S, bands to a specific chiral conformation of the heterodimer. In the monomers, as typical for rhodamine
dyes, the electric transition dipole of the lowest n—n* transition is parallel to the long axis of the xanthene
planes. We show that in the heterodimer the sign sequence of the two CD bands is related to the orientation
of these long axes. To account explicitly for environment effects, we use molecular dynamics (MD) simulations
for characterizing the supramolecular structure of the two optical isomers tethered on DNA. Average absorp-
tion and CD-profiles were modeled using ab initio TDDFT calculations at the geometries sampled along a few
nanosecond MD run. The absorption profiles computed for both optical isomers are in good agreement with
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the experimental absorption spectrum and do not allow one to discriminate between them. The computed
averaged CD profiles provide the orientation of monomers in the enantiomer that is dominant under the
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Introduction

Van der Waals n stacking complexes of organic chromophores
have received a lot of attention as promising charge/energy
transfer units in biological or bio-inspired non-covalent light-
harvesting systems. Their functional optical properties strongly
correlate with the spatial arrangement of the monomers that
can be designed through an assembly procedure. Information
about supramolecular structures available from X-ray crystallo-
graphy data is not always fully relevant for systems in solution. In
multi-chromophoric complexes, electronic circular dichroism
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(CD) spectroscopy serves as an efficient probe' *° of the arrange-

ment of the monomeric units. In such complexes the Cotton
effect, the characteristic change in sign of the CD bands, reflects
the absolute arrangement of the respective transition dipole
moments, which is governed by the relative orientation of the
monomers."*> For example, combined analysis of the spectral
shift in the absorption spectrum with the sign-sequence in the CD
spectra helps to clearly identify H-type or J-type aggregates™>"*® or
to characterize the configuration of conjugated polymers."”

We previously investigated both experimentally and compu-
tationally at the QM/MM level the dynamics of coherent excitation
in a model system engineered to mimic non-covalent light-
harvesting complexes.'"® The photo-active component in this
system is a heterodimer composed of the carboxytetramethyl-
rhodamine (TAMRA) and sulphorhodamine (RHO) dyes. The two
rhodamines are tethered on the 3’ and 5’ ends of suitably
designed DNA strands by aliphatic linkers. When the formation
of the double helix is promoted, these linkers ensure short
distances in a range 3-6 A (FWHM) between the two dye moieties,
see Fig. 1 and Fig. S1 in the ESL{ The formation of a strongly
coupled H-type heterodimer is confirmed by the experimental
absorption and CD spectra (Fig. 1(d) and (e)).'® The maximum
in the absorption spectrum is blue-shifted as compared to the
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Fig. 1 (a—c) Structure of the supramolecular complex and (d, e) its optical response. Chemical structures of the TAMRA (a) and RHO (b) chromophores
and their aliphatic linkers to the DNA nucleotides. (c) Zoom of the DNA double helix linking the chromophores. RHO is bound to the 3’ end of the DNA
strand, while TAMRA is bound to the neighboring 5’ end (shown as blue and red circles). The 3'-5' distance is 2.6 A, which leads to a range of 3-6 A
(FWHM) for the dimer, see details in Fig. S1 (ESIT). (d and e) Experimental absorption and circular dichroism spectra of the supramolecular complex (c) in
water (normalized to the maxima). In panel (d) the absorption spectra of the RHO-DNA (blue) and TAMRA-DNA (red) complexes are shown for
comparison with the spectrum of the dimer. More details on the experimental procedures can be found in Section S1 of the ESI.¥

spectra of the monomers (Fig. 1(d)) and the two optical bands
have opposite signs in the CD spectrum (Fig. 1(e)).

The aggregation of dyes in solution is largely driven by
thermodynamics. The balance between the solvation energy
and the binding energy of the dimer determines the probability
of the self-assembly of the monomeric units. In contrast, in the
DNA-dye complex under study here, where the chromophores
are covalently linked to the DNA scaffold, the stability of the
conformers of the dimer is governed by multiple factors such as
the DNA folding process and the steric hindrance between the
chromophores, the linkers and the nuclear bases. As CD
spectra are sensitive to the relative orientation of the mono-
mers in the dimer, the investigation of the Cotton effect in this
supramolecular complex provides important information about
the structural arrangement of the chromophore units.

The experimental CD spectrum of the supramolecular complex,
Fig. 1(e), points to a dominant orientation of the two monomers in
the dimer tethered on the DNA fragment. In order to provide
insights on the role of the orientation of the two chromophores
of the dimer in the supramolecular complex, we explicitly
simulate the effects of the DNA-backbone on the dimer initial
conformations by building an ensemble of the ground state
geometries."”* To do so, we sample geometries along molecular
dynamics (MD) trajectories of the whole system: the chromophore
dimer linked to the DNA scaffold in water solution. For a given
conformational space, we build the average absorption and CD
lineshapes by computing the absorption and CD spectra of each
sampled geometry via first principles electronic structure compu-
tation at the time-dependent density functional theory (TDDFT)
level.*"?**° Specific interactions®*?>**°>* of the chromophores
with solvent water molecules are taken into account explicitly by
including the first solvation shell within 2.5 A in the TDDFT
computation. Analysis of the MD trajectories shows primarily
solvation of the carboxy- and sulfo-groups in TAMRA and RHO,
respectively, see Section S3 of the ESIf for more details. The
polarizable continuum model (PCM)* is then used to describe
the water solvation effects on the electronic structure of this
water-heterodimer complex.

This journal is © the Owner Societies 2020

The absorption spectrum of the H-type heterodimer formed
by the RHO and TAMRA chromophores exhibits two close in
energy peaks in the UV-visible region separated by 1100 cm™*
(Fig. 1(d)). QM/MM ab initio simulations'® of the dimer allow us
to relate these peaks to two n—n* electronic transitions. Changes
in the geometry of the dimer such as torsional motion in the
chains of the linkers and variation in their relative orientation
occur during the course of the MD trajectory due to the flexible
nature of the aliphatic linkers. Such changes®**® alter the
effective coupling between the dyes, and therefore affect the
optical response (see discussion in the ESI,T Section S4).

Guided by the Kasha model of molecular dimers,** we
characterize the relative motion of the RHO and TAMRA sub-
units using three intermolecular angles. The angle « between
the long axes of the monomers, Fig. 2(a), describes the scissor-
like motion of the subunits along the short axes of the xanthene
moieties. The angle 0 between the RHO long axis and the line
connecting the molecular centers in the RHO — TAMRA
direction, Fig. 2(b), shows the in-plane shift along the long
axes of the xanthenes. In the Kasha approximation for the
coupling between the two subunits these two angles play a
major role. In addition, we monitor the change in the out-of-
plane & stacking coplanar geometry of the xanthene moieties.
To form a dimer, rather short distances (3-5 A, see Fig. S1 in the
ESI{) between the monomeric centers must be realized so that

(©

TAMRA

Fig. 2 Intermolecular angles of the dimer. We use these angles to
characterize the relative orientation of the RHO and TAMRA subunits in
the heterodimer. (a) The angle, o, between the long axes of the monomers;
(b) the angle, 0, between the long axis of RHO and the line connecting the
molecular centers in the RHO — TAMRA direction; and (c) the angle, y,
between the normal vectors to the RHO and TAMRA xanthene planes
(shown as red and blue arrows).
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exchange interaction can be significant. To characterize w
stacking, we use the angle y between the two normal vectors
to the xanthene planes of TAMRA and RHO, Fig. 2(c) (see the
details of the definition of y in Section S4 of the ESIt). Using
these three intermolecular angles we can examine and compare
the relative position of the subunits along the MD trajectory.

In our previous work'® we reported on ab initio simulations
of the geometry and absorption spectrum of a dimer tethered
on DNA described with QM/MM computations. In the present
work we show that depending on the orientation of the mono-
meric units in the dimer, there can be two enantiomers of the
RHO-TAMRA dimer. These optical isomers have different CD
spectra but have very similar absorption spectra. We examine
the distribution of the intermolecular angles during the MD
trajectories in the chiral dimers and characterize the effects on
their absorption and CD spectrum. Comparison with the
experimental CD spectrum (Fig. 1(e)) therefore allows identifying
the dominant orientation of the monomers in the dimer
assembled during the double helix formation and the linking
procedure for the two dyes. The analysis of the structures
generated during room temperature MD shows that one of the
enantiomers is destabilized by internal strains caused by the
relative positions of the linkers tethering the chromophores
to the DNA scaffold, thus explaining the net CD signal experi-
mentally detected.

Computational details

The optical properties of the bare heterodimers are computed
at the TDDFT/CAM-B3LYP-D level for the equilibrium ground
state geometry of each enantiomer. Equilibrium geometries
are obtained via DFT/CAM-B3LYP-D***” calculations with the
effects of the water solvent taken into account at the PCM
level.*® Such a model does not describe the explicit influence
of the linkers and DNA environment, however it provides
qualitative information on the chromophore properties in a
polar medium. This level of modeling allows us to characterize
the two enantiomers of the RHO-TAMRA bare heterodimer,
which have similar absorption spectra and opposite sign
sequences in the CD bands. All DFT/TD-DFT calculations are
carried out using the 6-311G(d,p)**™*' basis set within the
Gaussian09 package.

The conformational space of the supramolecular complex
RHO-TAMRA tethered on a DNA strand is sampled from MD
trajectories. The trajectories are calculated starting from the
monomer orientation specific to each enantiomer, see Fig. S1
of the ESIT for a full structure of the supramolecular complex.
We use the PARM99/BSCO force field** for the atoms of the DNA
strands and the TIP3P water model** for solvation. The force
field for the chromophores and aliphatic linkers has been set-up
within Antechamber using the GAFF force field parameters.”®
The initial geometry of the DNA duplex is built in B-DNA
form using the NAB program.*® As in the synthetic procedure
the dyes are covalently linked to the DNA nucleotides via C6- and
C12-aliphatic linkers, see Fig. 1. The supramolecular complex is
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solvated in a cubic periodic box with a minimum distance of
10 A between DNA or chromophore atoms and the nearest box
edge, see Fig. S2 in the ESI.¥ Sodium counter-ions are added to
maintain the charge neutrality of the system. The system was
optimized with the conjugate gradient and steepest descent
methods to enable the relaxation of the initial solvation shells.
After minimization and equilibration at a constant temperature
(NVT Langevin temperature control, 300 K), a 150 ps simulation
at a constant pressure (NPT ensemble) was run to achieve the
proper density. The long-range electrostatic interactions were
calculated using the particle mesh Ewald summation method*’
with a real-space cut-off distance of 9 A. The SHAKE algorithm*®
was used to constrain bond vibrations involving hydrogen
atoms. The time-step was set to 1 fs. All the MD calculations
are performed within the AMBER12 program package.

The rather high computational cost of the TDDFT calcula-
tions restricts the affordable number of sampled structures to a
few hundreds of snapshots. Starting from the MD trajectories
for each of the enantiomers tethered on DNA we compute
excited state energies and oscillator and rotatory strengths for
the 4 lowest transitions in configurations taken sequentially
each 10 ps (400 samples for each optical isomer). For each
sample only the chromophores with linkers and the nearest
water molecules within a distance from the dye <2.5 A are
retained in the TDDFT/PCM calculations. The 2.5 A threshold
distance for the close contacts with the water molecules that are
included in the TDDFT computation is determined from the
analysis of the MD trajectory (for the details of the analysis see
Section S3 of the ESIY).

We characterize the transitions from the ground to each
excited electronic state using natural transition orbital (NTO)
analysis®"*”*° of the TDDFT transition density. From the
coefficients of the atomic orbitals involved in each NTO we
determine whether the orbital is localized on RHO, TAMRA or
delocalized over both units. This allows us to group excited
states by their character: localized on RHO or TAMRA, deloca-
lized over the two units or RHO-TAMRA charge transfer states.
The results of these computations are used to build the
averaged absorption and CD profiles, see details in Section S5
of the ESL¥

Results and discussion

Spectroscopic properties of the optical isomers of the bare
heterodimer in solution

We begin by analyzing the spectra at the equilibrium geometry
of the two possible enantiomers at the TDDFT/CAM-B3LYP-D
level of theory. The structure and spectra of the bare dimers
in a water solution are simulated using PCM** to account for
solvation effects.

The electric transition dipoles for the two lowest excited
states in the RHO-TAMRA heterodimer are aligned with the
long axes of the monomeric unit on which the transition is
localized. The lowest S-S, transition is largely localized on the
RHO unit and the electric transition dipole is parallel to the
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Fig. 3 Optical isomers of the heterodimer. Vectors of electric transition
dipoles u for the So—S; (blue arrows) and Sp—S; (red arrows) transitions for
the chiral conformations D (a) and ch-D (b) in the bare heterodimer in
solution. The vectors of the magnetic transition dipoles are collinear with
the short axis of the xanthene plane (see Fig. S5 in the ESI¥). The sign of
the rotatory strength for the So—S; transition for D is positive, while for the
ch-D orientation it is negative. The sign of the rotatory strength for the
So—=S; transition is opposite to that of So—S;, leading to an opposite sign
sequence in the CD spectra of the two enantiomers, see details in Table S1
of the ESI.¥

direction of the RHO long axis. The second S,-S, transition is
mainly characterized by excitation on TAMRA, and its dipole is
sensitive to its orientation with respect to RHO. This correlation
allows us to construct a pair of chiral dimers, D and ch-D,
where the ‘ch’ prefix stands for the ‘chiral’ form, see Fig. 3. The
electric transition dipoles in these two enantiomers are
oriented as a mirror image of one another. As the two structures
differ only slightly for the two orientations of the units, the
computed energy difference of the bare conformers is less than
1 kcal mol . The quantum chemical simulation of the rotatory
strengths of the So-S; and S,-S, transitions indeed shows
opposite signs of the CD bands in the D and ch-D conforma-
tions (see Table S1 in the ESIf).

The two bare enantiomers are essentially numerically degen-
erate, therefore one would expect to have both of them present
in solution. The covalent linking of the chromophores to the
DNA scaffold restricts the interconversion because of the rather
short length of the linkers and other steric effects. Neither the
D- or ch-D dimer tethered on DNA interconverts for a 4 ns run
of the MD trajectory at room temperature. The difference in the
DNA-linker environment in the two enantiomers tethered on
DNA lifts the degeneracy of the bare forms, destabilizing one
more than the other. This result is in agreement with the
experimental CD spectrum, Fig. 1(e), which shows a definite
sign of the two bands, which suggests that one optical conformer
is significantly more abundant than the other.

In order to get a realistic simulation of the spectra of the
dimers tethered on DNA and to better understand the struc-
tural constraints favoring the presence of one enantiomer over
the other, we build a conformational space for each enantio-
mer. We use MD trajectories of the entire supramolecular
complex with an initial geometry of the chromophores in the
D or ch-D specific orientation. We then obtain the absorption
and CD lineshapes for each enantiomer by averaging the
spectra computed over a set of MD snapshots. By sampling
the geometries along the MD trajectory we can readily include
the effects of the partial flexibility of the weakly coupled
heterodimer such as torsional motion in the chains of the
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linkers, variation in the relative orientation of the units and
proximity of the units to the DNA backbone. This approach
allows us to simulate realistic absorption and CD spectra in
very good agreement with the experimental ones.

Sampling the conformations of the dimer linked to a DNA
scaffold

We characterize the conformations of the dimers along a 4 ns
MD trajectory for each enantiomer by looking at the distribu-
tion of the intermolecular angles, Fig. 4. Samples are taken
sequentially with a 2 ps step, giving in total 2000 structures for
each enantiomer. The histograms are computed using a 2° bin
size for all the angles.

The scissor-like motion of the chromophore subunits results
in a broad distribution of the « angle in both enantiomers, see
Fig. 4(a) and (d). The main contribution to the ensemble comes
from the range of « ~ 12-24° (Fig. 4(a)) for D and « ~ 16-30°
for ch-D (Fig. 4(d)). Smaller values of the a angle correspond to
almost parallel xanthene moieties, while the larger values that
appear as a tail in the distribution, « & 30-60°, correspond to
oblique ones. Shifts along the long axes of the xanthene
moieties are characterized by the histogram of the 0 angle,
Fig. 4(b) and (e). The distribution is asymmetric with a max-
imum at around 110° and a shoulder at around 90° (Fig. 4(b)
and (e)). Comparison of the distribution of the « and 6 angles
for D and ch-D shows a larger dispersion in ch-D. Following the
Kasha model briefly described in Section S4 of the ESI,{ the
increase in the dispersion of these angles leads to a larger
dispersion in the coupling strength between the monomeric
subunits, see eqn S4 (ESIt), which results in broader bands in
the absorption and CD spectrum. Comparison of the averaged
lineshapes for the D- and ch-D-dimers confirms this correlation
as we discuss below.
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Fig. 4 Distribution of the intermolecular angles. The histogram for the «,
0 and y angles in the D (a—c) and ch-D (d-f) heterodimers tethered on DNA.
See the definition of the angles in Fig. 2. Samples are taken sequentially along a
4 ns MD trajectory for each enantiomer with a 2 ps step (2000 structures).
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The distribution of the y angle, which characterizes deviations
from the n stacking coplanar conformation of the dimer, has
two components in both isomers: the main one located around
y &~ 10-24° and a tail that decays smoothly till almost 50°, Fig. 4(c)
and (f). The major contribution of the smaller angles reflects a
substantial exchange interaction between the units. The analysis of
the MD trajectory of the D dimer shows a correlation of the
intermolecular angles with the internal rotation of the voluminous
ethyl-amino groups of RHO (Fig. S6 and S7 in Section S7 of the
ESIT). In the MD snapshots when the RHO amino groups are both
in cis-form outside the dimer subspace, Fig. S6b (ESIt), there is no
steric hindrance between two monomeric units and coplanar
conformers with small values of y and « are observed. In the MD
snapshots when one of the amino-groups is in the trans-
configuration, Fig. Séc of the ESLi the motion of TAMRA is
restricted and parallel orientations of the monomers are not
possible. Therefore, for these structures, if y is small, providing
good 7 stacking orientation, « is large (Fig. S7(e) and (i) of the ESIY).
Such a trans-configuration of the ethyl-amino groups sterically
restricts the relative motion of the two subunits and plays an
important role in the dynamics and in the computed absorption
and CD spectra.

Averaged absorption and CD lineshapes of the optical isomers
tethered on DNA

The MD simulations at room temperature (300 K) capture
various changes in the relative orientations of the monomers.
These changes affect the coupling strength between the two
chromophores and therefore the electronic structure of the
excited states of the dimer. Moreover, the dynamics of the
intermolecular modes coupled with the ethyl-amino group
torsion in RHO governs the weights of different orientations
in the ensemble. The consequences for the averaged optical
response can be described only using explicit sampling of the
configurational space of the dimer in its ground state.

The absorption profiles computed from averaging over the
ensemble depend on the structures sampled during the MD
trajectory and on the accuracy of the electronic structure
calculations. Due to the large size of the dimer, QM/MM MD
sampling®'***>*” is not affordable. In the electronic structure
calculations we use a TDDFT/PCM model as described above to
compute the excited electronic states at geometries of the dimer
taken from the snapshots from the MD trajectory (see an
example of such a snapshot in Fig. S8 of the ESIf).

In the dimer there are localized excitations on each chromo-
phore and partial charge-transfer excitations between them, which
might be of importance in the description of the low-lying excited
states.>> We use the range-separated CAM-B3LYP functional to
minimize the errors in the TDDFT description of the charge
transfer states.” We expect that similar errors in the computation
of excited electronic states are made only for the cases when the
transitions have the same localization character. The two chromo-
phores are from the same family of rhodamine dyes, and hence we
assume that the local excitations in RHO and TAMRA are described
with the same accuracy in TDDFT. We analyze the NTO involved in
the 4 lowest transitions to characterize the electronic transitions
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and filter out from the ensemble samples that lead to a spurious
electronic structure (see Section S10 of the ESI{ for details). Because
the NTOs are localized on each chromophore, see the NTOs for the
two transitions in Fig. S9 of the ESL} we use the weight, w, of the
main NTO of the transition as a measure of localization. This
allows us to build the absorption profile separately for two groups:
configurations with localized transitions where the main NTO has a
weight @ > 0.8 and delocalized transitions with @ < 0.8. The first
group forms the major contribution of the ensemble, 64% and 70%
for D and ch-D, respectively. Delocalized transitions are found in
20% and 14.5% of samples in the D and ch-D ensemble. In these
two groups the first transition is mainly localized on RHO, while
the second transition is mainly localized on TAMRA, similar to
the dimers studied in their equilibrium geometry.'® The remaining
16-17% of samples have significantly different character of
localization, therefore we do not include them in the averaging
procedure, see a detailed description of this group in Section S10
in the ESL}

The absorption and CD profiles for the D and ch-D enantio-
mers averaged over localized transitions are shown in Fig. 5 and
Fig. S10-S13 of the ESI.f The partial contributions to the full
absorption profile from the So-S; and S,-S, transitions are
highlighted as shaded areas of blue and red colour, respec-
tively. The changes in the ground state geometry of the hetero-
dimer result in the dispersion of the excitation energies and
transition dipoles for both the Sy-S; and Sy-S, transitions. The
relative intensities of the absorption bands and the resulting
lineshapes (dashed lines in Fig. 5(a) and (b)) are in very good
agreement with the experimental profile.

Most of the D and ch-D structures in the group with
localized transitions show a rather intense first band in the
absorption profile. For the group of samples with delocalized
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Fig. 5 Averaged absorption and CD spectra. Experimental (black solid
line) and calculated (black dashed line) for samples of the D (a and c) and
ch-D (b and d) isomers. The spectrum of the D isomer is averaged over 255
structures, and the one of the ch-D isomer over 280 samples. The partial
contribution to the overall profile for the Sg—S; (blue) and So—S, profiles
(red) is shown as shaded areas. The profiles are built up with same
Gaussian broadening for all transitions. The intensity of each spectrum is
scaled to its maximum. The calculated profiles are shifted down to the
position of the experimental absorption maximum: —584 cm™ and
—713 cm™! for the D and ch-D isomers, respectively.
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transitions the So-S; band becomes almost dark, see Fig. S10
and S11(c), (d) in the ESL This is in agreement with the Kasha
model, which predicts a fully dark lowest and a bright second
excited state for an ideal dimer where the two eigenstates are
fully delocalized. Such a correlation between the degree of
localization of the NTO and the oscillator strength is also seen
inside the group of localized transitions. Those structures
which have weight of the RHO-localized NTO w > 0.9 lead to
higher oscillator strengths for this transition (see Fig. S14,
ESIY).

The comparison of the CD spectra for the D and ch-D optical
isomers is shown in Fig. 5(c) and (d). We contrast the results of
both computations with the experimental CD spectrum, where
one can resolve two main peaks: a negative low-energy peak at
17000 cm ™" and a positive one at around 19000 cm ™" with a
shoulder at 18 000 cm ™. The computed CD spectra capture the
two main peaks very well but not the shoulder. The more
complicated lineshape in the experimental spectrum could be
attributed to the mixture of the two enantiomers, or to a
mixture of the relative orientations of the dimer influenced
by the specific assembly path of the supramolecular complex.
Nevertheless, the sign sequence of the CD bands in the experi-
mental spectrum clearly corresponds to a dominant contribu-
tion of the ch-D enantiomer.

The relative stability of the two enantiomers is therefore
strongly influenced by the environment composed of the linkers,
the DNA scaffold and the solvent. An estimate of the free energy
difference between the two enantiomers from our MD simula-
tions is out of reach because of the importance of specific solvent-
chromophore interactions and the impossibility of evaluating the
entropic contribution with useful accuracy.”>> Nonetheless, a
statistical analysis of the conformational space sampled by the
MD trajectory of each isomer reveals that the D form is subjected
to enhanced structural strains imposed by the configuration of
the linker molecules.

In the case of the D enantiomer, the aliphatic linker of the
RHO moiety can fold in proximity to the DNA backbone,
Fig. 6(a). This is also seen from the comparison of the
DNA—{RHO linker} distance distribution along the two MD
trajectories, Fig. 6(c). One can see that the D-isomer remains
closer to the DNA scaffold. It is characterized by restricted
mobility compared to the ch-D form, as evidenced by the
narrower distance distribution. The relative orientation of the
two chromophores in the case of the ch-D form leaves the RHO
linker in a less folded configuration which is not restricted by
the DNA-strands, Fig. 6(b). The broader distribution of the
DNA-{RHO linker} distance in the ch-D isomer suggests
increased mobility of the {RHO linker} moiety in this isomer,
likely associated with a favorable entropic gain in the free
energy of the complex. The small portion of D-type structures
for such a flexible conformation of the linker indicates that the
length of the RHO linker is short enough to prevent significant
isomerization into the D-form, see the illustration in Fig. S15 in
the ESL.¥

Destabilization of the chromophore in the D-dimer can be
also seen indirectly from the distribution of the torsion angle of
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Fig. 6 Bent (a) and unfolded (b) conformation of the linkers in the two
enantiomers tethered on DNA. Comparison of the configuration of the
aliphatic linkers in the D (a) and ch-D (b) chromophores covalently linked
to DNA. RHO and TAMRA chromophores are shown in blue and red colors,
respectively. Each chromophore’s linkers are highlighted with the same
color code. (c) Radial distribution functions, g;_j(r), relating two interacting
centers (i) and (j) for D (dashed line) and ch-D (solid line) optical isomers
tethered on DNA. (i) Atoms of the DNA duplex and (j) atoms of the RHO
aliphatic linker. (d) The histogram for the dihedral angle related to the
torsion of the phenyl substituent in RHO for the two enantiomers: D — gray
color, ch-D - black color. Each distribution is normalized to its maximum.

the RHO phenyl-substituent with respect to the xanthene
moiety. The chromophore is anchored to the DNA by covalent
linking to this phenyl-ring and therefore its relative orientation
is sensitive to the strains due to the linker conformation.

The phenyl ring is almost perpendicular to the xanthene
plane in the optimized bare dimer (with a dihedral angle of 83°
for the ch-D dimer and 91° for the D-form), while it is perturbed
by the strain imposed by the linker once the dimer is tethered
to the scaffold. Comparison of the distribution of this angle
along MD trajectories of the two enantiomers shows that in the
D dimer the phenyl substituent is more perturbed than in
the ch-D dimer, see Fig. 6(d). The mean value of the angle
distribution is about 60° in the D-form, and about 80° in the
ch-D-isomer, confirming an enhanced strain imposed on the
D-form with subsequent destabilization of the D-complex. Such
a difference in the DNA-linker environment of the two enantio-
mers tethered on DNA lifts the degeneracy of the bare forms
and dictates the chirality of the whole complex.

Conclusions

In this work, we model the structural and optical properties of
the RHO-TAMRA heterodimer tethered on a DNA scaffold. We
characterize the effect of the environment on the relative
orientation of the two chromophores, on the electronic properties
of the heterodimer and on the corresponding absorption and CD
spectra by sampling geometries along a MD trajectory. We
identified and characterized two enantiomers, D and ch-D, that
can contribute to the experimental CD spectrum. Starting from
the bare dimers in solution we relate the sign sequence of the CD
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spectra to the angle between the long axes of the xanthene
moieties of RHO and TAMRA. The optical isomers of the bare
dimers are almost degenerate, and therefore both can be present
in solution. Tethering of the dimer on the DNA scaffold through
aliphatic linkers leads to specific steric hindrance that lifts the
degeneracy of the bare enantiomers. Comparison between experi-
mental CD spectra and the computed spectra averaged over the
MD sampled geometries allows us to identify that ch-D is the
dominant enantiomer formed under the experimental conditions.
Our joint experimental and computational study suggests that
specific chiroptical properties of heterodimers can be induced by
a complex environment and assembly procedure.
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