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Chromophore-DNA complexes are useful for understanding charge transport alongπ-stacks once their structural
properties have been clarified. We studied two rhodamine 6G semicapping complexes with 15-mer B-DNA duplexes
to determine the preferred orientation of the dye with respect to the neighboring base pair. For each of these
systems, two distinct chromophore alignments were identified and quantified in terms of base-step parameters.
The obtained geometries agree well with those derived from an NMR structure refinement of similar complexes.
Cross-correlation analysis of the base-step parameters shows that slide and twist are highly interdependent during
the structural transition from one conformation to the other.

Introduction

Structures of chromophore-DNA complexes have been
intensively studied in recent years,1-5 because such assemblies
may be useful for constructing novel nanoelectronic devices.6

Oxidized and reduced DNA can result from photoinduced
electron transfer, possibly along theπ-stack of the DNA helix.7

In this process, the external chromophore acts as the electron
acceptor and DNA as the electron donor or vice versa.7-9 The
best-characterized DNA modifications in terms of (mostly)
electron hole transfer and its dynamics result from precise
positioning of the dye through covalent bonding to one or both
of the DNA strands via various linkers (bridges), mostly CH2

tethers.3,4,8,10,11The rate of electron transfer was found to be
highly sensitive to the sequence of the nucleobases and
especially the nearest or next-nearest neighbor nucleobase.3,4

A major factor is the electronic coupling between the chro-
mophore and the nearest part of a DNA base.3a,4a,12For hole
transfer from the chromophore, the location of the nearest
guanine is important as it is the easiest one to oxidize among
the canonical nucleobases.13 Therefore, information about the
mutual alignment of the chromophore and neighboring base
pairs is very important.

NMR spectroscopy is a powerful experimental technique for
determining the structure of complex bioorganic molecules in
aqueous solution.14 From a simulation perspective, vital struc-
tural information can be obtained via force-field-based molecular
dynamics (MD) simulations. Also, insight into energetics and
dynamics of chromophore-DNA systems can be gained at the
time scale of several nanoseconds.

Rhodamine 6G (R6G) is a dye frequently used as a semi-
capping charge injector into DNA.15,16 It is a zwitterionic
π-conjugated molecule (Figure 1a) that contains a positively
charged xanthene ring that, after excitation, can act as electron
hole donor to a base of the neighboring DNA duplex. Recently,
the structures of several R6G-DNA complexes have been
studied by two-dimensional NMR.16b,cTwo different orientations
of the dye with respect to the DNA base stack have been

identified as well as a structural exchange between them on
the NMR time scale.

Conformational variation of rhodamine binding to DNA was
also reported in other studies.15b,17,18Vamosi et al. were the first
to publish a very detailed fluorescence study on the binding of
tetramethylrhodamine via a linker to a series of DNA duplexes.15b

They discriminated three chemical species in their samples,
exhibiting different patterns of interaction between rhodamine
and DNA. Two of the states were fluorescent with significantly
different fluorescence decay times (∼0.7 and∼3.0 ns), and the
third one was designated as a “dark state”. Later on, Unruh et
al. observed three different fluorescence decay times of the same
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Figure 1. (a) Rhodamine 6G (R6G) with the aliphatic linker for binding
to the DNA duplex (junction between R6G and linker indicated by a
solid line). (b and c) Experimentally studied R6G-DNA complexes
(NMR structure available for complex b). The dashed lines indicate
the positions where the oligonucleotides were truncated to create the
theoretical models R6G-CAA (modeling complex b) and R6G-GAA
(modeling complex c).

3429Biomacromolecules 2007,8, 3429-3438

10.1021/bm700549g CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/26/2007

CDV



dye bound to an aptamer at high temperature, which they related
to a higher probability of two different conformations, as
manifested by easier motion at an elevated temperature.17aThey
associated the two short decay times (0.14 and 0.63 ns) with
electron transfer between the dye and the DNA while they
related the long one (2.6 ns) to a geometric rearrangement of
the N-alkyl substituents within the dye. On the basis of the three
decay times, the authors estimated two rotational correlation
times (corresponding most probably to two different rotations
of the dye-aptamer system).17bThe shorter rotational correlation
time for the long-lived fluorescent state ranged up to 1.7 ns,
and the longer one from 3 to 10 ns.

Similar fluorescence decay patterns were observed by von
Feilitzsch.16a The resolved fluorescence decay times of the
two fast components in one of the complexes under study
were 0.18 and 0.63 ns, while the slow component, with a
longer characteristic time of 4.1 ns, was assigned to a frac-
tion of dyes that did not cap the duplex. The fluorescence
anisotropy of the free dye decays monoexponentially within 0.2
ns, while the fluorescence anisotropy of an unquenched chro-
mophore-DNA reference system decays biexponentially with
characteristic times of 0.4 and 5 ns, assigned to DNA rotational
relaxation.16a

The relative populations of the various rhodamine configura-
tions on top of DNA stacks were found to depend on
temperature,15b,17salt concentration, and concentration of ethanol15b

but not on the length of the DNA duplex.18 In spite of several
models proposed to rationalize the conformational behavior of
rhodamine bound to DNA,15-18 many aspects remained unclear
at the atomistic level.

To provide more insight into the molecular structure and the
dynamics of the R6G-DNA systems studied by NMR and time-
resolved fluorescence,16 we carried out molecular dynamics
simulations for two R6G-DNA complexes that are similar to
those studied experimentally. We analyzed snapshots along the
resulting trajectories to quantify the relative orientation of R6G
with respect to the neighboring bases and compared the results
to experimental data.16 In this comparison, we used suitably
generalized base-step parameters (three translational and three
rotational) that are common for characterizing the local structure
of DNA π-stacks.19 With the help of a statistical analysis of
the base-step parameters, we characterized the two distinct
patterns of dye location with respect to its nearest neighboring
bases.

Molecular Models

The original dye molecule R6G has been modified, both for the
experiments under discussion16 and the present simulations, with an
additional aliphatic linker, which allows its covalent attachment to one
of the strands in the DNA stack (Figure 1a). In the fluorescence
spectroscopic studies,16b R6G was attached to nine different DNA
duplexes, but a full NMR structure was resolved for one R6G-DNA
complex only,16b where rhodamine is bound to the 5′-end of a DNA
duplex consisting of 20 base pairs (Figure 1b). The NMR structure
refinement experiment revealed the coexistence of two substruc-
tures (Figure 2) of the R6G-DNA semicapping complex with dif-
ferent alignment of the dye “on top” of its neighboring base pair. In
the structure with 20% amplitude, the dye is located primarily on
top of the guanine base; the two aromatic planes are essentially
screening each other (Figure 2b). In the more abundant structure, R6G
occupies an intermediate position between guanine and cytosine (Fig-
ure 2a).

Kinetic and spectroscopic experiments were also carried out on
R6G-DNA complex c (Figure 1c),16a but no NMR structural data are

available. Complexes b and c (Figures 1b and 1c) differ only by the
arrangement of the base pair adjacent to R6G. In complex c, the dye
is attached to guanine, and cytosine is at the 3′-end of the comple-
mentary strand; i.e., the positions of guanine and cytosine are swapped
with respect to complex b to allow a comparative study of R6G-
guanine electronic coupling on the efficiency of hole transfer in the
two systems.

The MD simulations were performed for systems very similar to
complexes b and c. The R6G-DNA sequences investigated theoretically
are also indicated in Figures 1b and 1c. The only structural difference
of the modeled complexes, R6G-CAA and R6G-GAA, from the
experimental ones is that the DNA sequence is truncated after 15 base
pairs (Figures 1b and 1c). In other words, the terminal five base pairs
of the experimental DNA duplex were omitted for computational
efficiency; still, these models are expected to essentially represent the
structure and the electron-transfer properties of the systems studied
experimentally.

Computational Protocol

Molecular dynamics was chosen for the theoretical study because it
allowed monitoring of the flexibility of the structure and permitted the
detection and the quantification of the two substructures identified in
the NMR experiment. The MD calculations were carried out with the
program packages Amber 820 and NAMD 2.5.21 The AMBER99 force
field of Cornell et al. (ff99 parameter library) was used for DNA in all
calculations,22 because it affords an improved structural representation
of DNA fragments due to torsional parameters. The gaff23 force field
parameters produced by module parmchk of Amber 8 were employed
for the R6G molecule.

The gaff force field requires atomic charges to be provided for the
calculation of the electrostatic contribution to the potential energy. The
recommended strategy for acquiring appropriate atomic charges relies
on the restrained electrostatic potential (RESP) scheme,24 implemented
in Amber 8, which consists of fitting atomic charges to the molecular
electrostatic potential generated at the HF/6-31G* level. This scheme
was used here to obtain RESP atomic charges for R6G. The geometries
of the dye and the linker (terminated with a negatively charged
methylphosphate group, required for subsequent attachment to DNA)
were optimized separately at the B3LYP/6-31G* level using the
program package Gaussian 03.25 The structure of the linker was
optimized in vacuum. To model the zwitterionic form of R6G, solvation
in an aqueous medium was simulated with a polarizable continuum

Figure 2. Schematic representation (view past the dye, along the π
stack of the oligomer) of the two NMR resolved substructures of the
R6G-DNA complex shown in Figure 1b (adapted from ref 16b).
Relative populations of conformations a/b in the experimental sample
are 80%/20%: R, N-alkyl substituents; R1, carboxy groups; S, sugar
residue.
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model.26 A recent detailed study of this problem27 provided evidence
that the zwitterionic form becomes lower in energy than the lactone
isomer only when solvation is adequately described.

After separate geometry optimization, the structures of the dye and
linker were merged, and the electrostatic potential of the modified
chromophore was generated at the RHF/6-31G* level,24 using the
program Gaussian 03. The calculated electrostatic potential was
subjected to a RESP analysis using Amber 8 to generate the atomic
charges for the modified R6G. The values used in the subsequent
simulations are presented in Figure S1 of the Supporting Information.
Cartesian coordinates of the two separate optimized molecules (dye
and linker) as well as those of the merged structure are also provided
(Tables S1-S3 of the Supporting Information).

The initial structures of the DNA duplexes were constructed with
the program NAB28 in B-DNA form in accordance with experiment.16

The dye was attached to the corresponding DNA nucleotide. Sodium
cations were used to neutralize the phosphate charges. This chro-
mophore-DNA complex was solvated in TIP3P water29 and enclosed
in a rectangular periodic box, which was taken to extend about 10 Å
from the solute in each direction. Force field parameters, topology,
and Cartesian coordinates of the resulting structures were obtained with
the LEaP module of Amber 8. Table 1 shows details related to the
sizes of the simulated systems.

The MD trajectory of R6G-CAA was generated with Amber 8, and
that of R6G-GAA with NAMD 2.5. Before running MD simulations,
each initial structure was subjected to an equilibration procedure.30 After
5000 steps of conjugate gradient energy minimization, the equilibration
stage of the MD calculation for R6G-CAA consisted of heating the
system from 0 to 298 K over 50 ps, employing an NVT ensemble, and
then the MD calculation continued for additional 750 ps at 298 K.
Analysis of that trajectory showed that the system was equilibrated
already after 150 ps. Therefore, the preparation stage of R6G-GAA
was shortened to 20 ps of heating from 2 to 298 K and 130 ps of
equilibration at 298 K.

For each system, equilibration was followed by MD production runs
of 10 ns using an NPT ensemble at 298 K and a pressure of 1 atm. In
all MD simulations the particle mesh Ewald (PME) technique31 was
used to estimate the electrostatic interactions. A cutoff of 10 Å was
applied to the direct part of the PME sum and when evaluating
nonbonded interactions. All hydrogen-containing bonds were con-
strained with the SHAKE algorithm.32 Standard AMBER99 scaling
factors were invoked for 1-4 electrostatic and nonbonded interactions.
Time steps of 2 fs were used. To verify the stability of the MD
simulations, we monitored the fluctuations of the total energy, density
of the system, temperature, and pressure.

Pertinent quantities of each trajectory, for R6G-CAA and R6G-
GAA, were statistically analyzed for ensembles of 10 000 snapshots
that had been extracted from the corresponding trajectories at intervals
of 1 ps. To quantify the alignment of rhodamine 6G with respect to
the adjacent guanine-cytosine (G-C) base pair of the DNA duplex,
we introduced a generalization of the six “base-step” parameters (Figure
3), which were originally developed for pure DNA duplexes.33 These
parameters comprise three translations (shift, slide, and rise) and three
rotations (tilt, roll, and twist), which completely describe the mutual
orientation of two stacked rigid moieties. The generalized algorithm34

for estimating the base-step parameters between R6G and its adjacent
base pair G-C (or C-G) is similar to that employed in the program
3DNA.35

Results and Discussion

Base-Step Parameters for R6G-CAA and R6G-GAA
along Trajectories. Figure 4 shows how the six base-step
parameters between R6G and the adjacent G-C (or C-G) base
pair evolve during 10 ns of simulation of the chromophore-
DNA complexes R6G-CAA and R6G-GAA. Corresponding
average values at batches of 1 ns and their standard deviations
can be found in Table S4 of the Supporting Information.

The data for R6G-CAA in Figure 4 and Table S4 of the
Supporting Information show that up to 4.5 ns rise, tilt, and
roll are essentially stable, while shift, slide, and twist fluctuate
more strongly. The standard deviations are relatively stable
except for twist. The values of roll are larger than those of tilt,
but the mean plane of R6G and the mean plane of the base pair
remain essentially parallel. Yet, twist angles of about-50°
imply that the twoπ systems only have a partial overlap. The
values of rise, the distance between the two molecular planes,
are larger than those normally found between base pairs of
DNA: ∼3.7 Å in R6G-CAA versus 3.4 Å in similar simula-
tions of a B-DNA duplex.30 This enlarged average distance
likely is due to the bulky substituents of the xanthene ring of
R6G (see below). Nevertheless, the separation of R6G from
the bases is still a typical stacking distance between two
planar aromatic molecules. The absolute values of both shift
and slide are close to 1 Å, but shift is negative and slide is
positive. In other words, R6G is displaced in the direction of
guanine, and the two molecules are overlapping each other to
a large extent.

After 4.5 ns, all six base-step parameters of R6G-CAA
change notablysa clear indication for a transition to a substan-
tially different conformation. The most pronounced change
occurs for twist, yet shift and slide also vary considerably. The
other three parameters change as well but not dramatically.
Twist, tilt, slide, and rise decrease, while roll and shift increase.
Shift and slide change their sign; thus, the dye is displaced
toward cytosine. The large negative value of twist in the second
part of the R6G-CAA trajectory indicates that the dye adopts
an almost antiparallel orientation with respect to the standard

Table 1. Size of the Simulated R6G-CAA and R6G-GAA
Systems

complex
no. of
Na+

no. of
H2O

total no. of
atoms box dimensions (Å)

R6G-CAA 29 5192 16 635 51.0 × 49.6 × 88.2
R6G-GAA 29 4909 15 786 48.6 × 49.6 × 88.2

Figure 3. Coordinate system and designation of the six base-step
parameters characterizing the position of the dye relative to the first
base pair, illustrated for the example of R6G-CAA. The molecular
planes of the dye and base pair are assumed to be parallel in terms
of the three rotations. Arrows indicate positive directions of the
translations (rotations).
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orientation of the G-C base pair, which is shown in Figure 3.
The angle between the R6G plane and the plane of the base
pair, reflected by tilt and roll, remains comparable to that in
the first part of the trajectory because the two angles change
by a comparable amount, but the values do not change their
sign. On average, tilt becomes∼7° more negative, and roll
becomes∼11° less negative. The smaller average of rise over
the last 5 ns of the trajectory,∼3.4 Å, may be due to an altered
conformation of the ethyl substituents attached to xanthene
nitrogen atoms. This smaller value of the rise is quite similar
to that in pure DNA duplexes.

Analysis of the dihedral anglesδ1 andδ2 (Figure 1a) shows
that randomly in the entire trajectory about 75% of the structures
feature ethyl substituents that both point away from the base
pair; therefore, this structural aspect cannot be the reason for
the different stacking in the two parts of the trajectory. The
phenylcarboxy fragment of R6G is another part of the dye that
prevents tighter packing with the adjacentπ system. In the initial
part of the trajectory that group is oriented almost perpendicular
to cytosine, preventing efficient hydrophobic interactions be-
tween the conjugated rings. However, upon the structural
rearrangement, the phenylcarboxy moiety is placed in very close
contact with the sugar residue that is attached to cytosine.
Because the latter is more flexible than the base and can adjust
its structure to relieve the strain, this allows more efficient
stacking of the conjugated moieties, as is reflected in the smaller
average value of rise (see above).

In summary, the major change of the base-step parameters
observed in R6G-CAA between 4 and 5 ns signals a major
reorientation of the dye with respect to the adjacent base pair.

Some general trends along the trajectory for the second
system, R6G-GAA, remain similar to those along that of R6G-
CAA. Rise, tilt, and roll are relatively stable throughout the
entire simulation while shift, slide, and twist fluctuate more.
The standard deviations of the corresponding parameters in the
two systems are also similar. There is again a structural
transition, after 3.6 ns, but in this case the changes are notably

smaller than those for R6G-CAA. For example, in R6G-CAA
twist changes by∼125° between the two substructures, and in
R6G-GAA the corresponding variation is∼75°. In the latter
complex, twist spans only the less negative values from the
range of rotations observed for R6G-CAA. In other words,
with respect to the neighboring base pair, the dye rotates from
an almost parallel to a perpendicular orientation. In the
beginning, the long axes of the dye and the base pair (Figure
3) are almost perpendicular to each other: Twist is about-90°
(Figure 4). After the structural transition, the angle decreases
to about-30°; i.e., the two step partners are aligned in a more
parallel fashion. The values of shift and slide also change less
during the structural transition of R6G-GAA. The negative
values of shift and the positive values of slide in the first part
of the trajectory imply that R6G is displaced in the direction of
cytosine. During the rearrangement, the signs again revert,
indicating a movement of the dye in the direction of guanine.
With time, tilt becomes more negative, but its values are in the
same range as those observed for R6G-CAA, from -25° to
10°. Rise is relatively large, which can be rationalized by the
fact that in both substructures of R6G-GAA the phenylcarboxy
fragment is located above guanine and thus prevents tight
packing. As the transition between the two substructures of the
complex does not affect rise, tilt, or roll in a notable manner,
this structural rearrangement of the system has to be classified
as much less severe than that in R6G-CAA.

Another important difference in the behavior of the two
complexes is that, unlike R6G-CAA, R6G-GAA switches
several times between the two sets of base-step parameters,
remaining in the second substructure for a very short time only
(less than 5% of the total trajectory; Figure 4).

Several snapshots from the MD trajectories (Figure 5)
illustrate how the dye is placed relative to the adjacent G-C
base pair. Four structures were selected from each trajectory as
examples of the variation in base-step parameters. One notes
that the orientation of the xanthene unit in the first part of the
R6G-CAA trajectory (up to 4.5 ns) varies from a conformation

Figure 4. Evolution of the base-step parameters between the dye R6G and its neighboring G-C base pair for the complexes R6G-CAA (top)
and R6G-GAA (bottom) from a MD trajectory of 10 ns. Left-hand panels: rise, blue; slide, red; shift, black. Right-hand panels: twist, blue; roll,
red; tilt, black.
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where the long axes of the two step partners are almost parallel
to a conformation where these axes are almost perpendicular
to each other; twist changes from about-30° to about-125°.
However, the xanthene unit remains mostly on top of guanine,
the overlap with cytosine being negligible. This alignment is
similar to the minority NMR structure (20% amplitude; Figure
2b). In the R6G-CAA snapshots taken after the structural
transition, the chromophore is almost equally spaced between
guanine and cytosine. This alignment closely resembles the
second, more abundant NMR structure (Figure 2a).

In R6G-GAA the separation of the two substructures is not
so distinctive, but in general in the snapshots with larger twist
the dye resides mostly on cytosine and in those with a smaller
twist it is equally spaced from the centers of mass of the two
adjacent bases. Only structures with highly negative values of

slide (<-1.5 Å) correspond to a placement of R6G on top of
guanine. Thus, observed also experimentally,16 the abundance
of the two substructures seems to depend on the immediate
environment of the chromophore. In both R6G-CAA and
R6G-GAA, those alignments in which R6G has appreciable
interaction with cytosine are favored.

It is interesting to trace how the chromophore affects the
structure of the adjacent part of DNA. Table S5 of the
Supporting Information summarizes average values of base-
step parameters estimated for the DNA steps 1-2 (CG,AT),
5-6 (GC,CG), 9-10 (CG,AT), and 14-15 (GC,CG) of the
duplexes R6G-CAA and R6G-GAA. The numbers count the
base pairs from the 5′-end of the strand to which R6G is
attached. We chose these steps as pairs of identical types, 1-2
and 9-10 as well as 5-6 and 14-15, but one is located at the
end of a duplex, and the other one has an internal position. The
calculated average base-step parameters (BSPs) of the two types
of steps fall within the range for the corresponding step as
estimated from statistical analysis of X-ray structures.36 In both
systems, the standard deviations of all six parameters of the
terminal step 1-2, capped by the dye, are similar to those of
the corresponding internal steps. In contrast, the standard
deviations of all BSPs of the GC terminal steps 14-15 at the
uncapped duplex terminus of either system are larger than those
of corresponding “internal” GC steps 5-6. Thus, taking the
standard deviations of each BSP of terminal residues as
indicators for the amount of fraying, then the presence of the
dye indeed seems to reduce fraying of its neighboring base pair.

Statistical Analysis of the Substructures Based on Cal-
culated Base-Step Parameters.To quantify the differences
between the two distinct substructures of R6G-CAA and R6G-
GAA in more detail, we carried out two types of statistical
analysis.

The evolution of the calculated base-step parameters of R6G-
CAA along the trajectory (Figure 4) seems to imply a concerted
motion of R6G in three degrees of freedom: shift, slide, and
twist. To corroborate this observation, we evaluated pairwise
cross-correlation functions (CCFs)

of these three parameters, using the utility xcor of the program
package TISEAN.37 In eq 1, γ(d) is the cross-correlation
function for lagd, σx andσy denote the standard deviations of
the two data series{xt} and{yt}, xj andyj are the corresponding
average values, andN is the number of points in each data set.
Figure 6 shows the results for various series of snapshots from
the MD trajectories of R6G-CAA and R6G-GAA.

The cross-correlation functions of the base-step parameters
for the two complexes differ considerably. All three parameters
are highly correlated for R6G-CAA, whereas for R6G-GAA
a notable correlation is observed only between slide and twist.
Correlation between the base-step parameters is indicated (i)
by a nonzero average of each of the CCFs and (ii) by standard
deviations larger than (N - 1)/2. In R6G-CAA, shift exhibits
analogous correlation patterns with slide and twist, and the latter
two are oppositely correlated with each other; i.e., in the regions
where shift is positively correlated with the other two param-
eters, they are negatively correlated with each other. None of
the three base-step parameters is leading or lagging the other
two as the CCF curves are symmetric with respect to a lag of
0 ns and have extremes at similar ranges of lags. This proves a
concerted motion of the dye on top of the DNA duplex,

Figure 5. Snapshots (top view) of R6G-CAA (left-hand panels) and
R6G-GAA (right-hand panels) illustrating the different relative posi-
tions of the dye R6G with respect to the neighboring G-C base pair.
Color coding: R6G, black; cytidine, blue; guanidine, red; remaining
DNA residues, light gray. Water molecules and sodium counterions
omitted for clarity.

γ(d) ) (N - d)-1(σxσy)
-1∑

t)1

N-d

(xt - xj)(yt+d - yj) (1)
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involving a synchronous variation in at least three degrees of
freedom as expressed by the base-step parameters. In R6G-
GAA, shift lacks a pronounced dependence on the other two
variables. Slide and twist are correlated only at negative lag
values. There, a change of twist precedes a change of slide. A
positive value of lag implies the opposite.

A common feature of all of the cross-correlation functions
shown in Figure 6 is that the character of correlation along the
trajectory (as estimated from the zero-point crossings) changes
from correlated to anticorrelated or vice versa. In R6G-CAA,
a single crossing occurs at lag values between 3 and 4 ns. The
first extremum of each CCF occurs at a very small value of lag
(<0.5 ns); thus, a change in one of the three base-step
parameters implies an almost immediate change of the other
two. At lag values between 6 and 7 ns, each CCF reaches a
second extremum but of opposite sign compared to the first
one. This part of each CCF reflects the correlation of the two
parts of the trajectory attributed to the different substructures.
The large value of each CCF in this region thus indicates a
well-defined structural correlation between the two substantially
different substructures.

In contrast, multiple zero-point crossings appear in the CCFs
of R6G-GAA. Extrema of opposite signs at lag values of about
-3 and-7 ns can be identified only in the slide-twist CCF of
R6G-GAA. Hence, twist is the leading degree of freedom in
both substructures of the ensemble sampled. The extremum at

the smaller lag values indicates a structural correlation between
the two substructures of R6G-GAA.

The cross-correlation results obtained for shift, slide, and twist
imply two distinct conformations, which should be manifested
in two alignments of the dye relative to the adjacent base pair.
This is confirmed by scatter plots of each pair of these three
base-step parameters, which are presented in Figure 7.

The plots for shift-twist and slide-twist of the R6G-CAA
complex clearly show a separation of pairs of parameters in
two individual groups, which can be ascribed unequivocally to
the existence of two substructures. The separation is not so clear
in the shift-slide plot, where the two configuration regions are
overlapping. The two different conformations can be distin-
guished most clearly by their twist angle where a twist value
of about-100° represents a boundary, irrespective of the values
of slide and shift.

In contrast, the scatter plots for R6G-GAA do not reveal
any clear separation of the pairs of base-step parameters into
groups. A very small “tail” is observed only in the graph of
slide-twist; it represents a limited number of structures with
negative slide and small values of twist. This is in line with the
low population of the second substructure as induced from the
changes of the base-step parameters along the trajectory of
R6G-GAA (Figure 4).

To unravel the time evolution of the two substructures, we
inspected scatter plots of shift, slide, and twist for subsequent

Figure 6. Cross-correlation functions (CCFs) of shift, slide, and twist between the dye R6G and the first base pair of the complexes R6G-CAA
(left-hand panels) and R6G-GAA (right-hand panels) from a MD trajectory of 10 ns.
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intervals of 2 ns along the trajectories (Figures S2-S4 of the
Supporting Information). Evidently, the two conformations of
R6G-CAA are notably separated from both a static and a
dynamic point of view. For 40% of the sampling time only one
of the conformations is populated, then a qualitative change sets
in, as a second conformation evolves. However, after 6 ns, only
the second conformation survives. The presence of representa-
tives of both types of conformations in the interval from 4 to 6
ns nicely corroborates the structure transition at∼4.5 ns dis-
cussed above (Figure 4). A very similar behavior was registered
for the three pairs of correlated parameters, even for slide and
shift (Figure S2 of the Supporting Information), where the sepa-
ration is not so evident from the overall scatter plot (Figure 7).

Also time-separated scatter plots of R6G-GAA do not clearly
delineate the two conformations, but two subpopulations became
apparent in the graphs for shift-twist (Figure S3 of the
Supporting Information) and slide-twist (Figure S4 of the
Supporting Information). Two conformational subsets can be

distinguished in all graphs after 3 ns. The population of the
structure with smaller twist values is lower in all time periods
where it is observed.

The relative populations of the two substructures in the two
trajectories can be quantified from a distribution analysis of the
six base-step parameters (Figure 8). The widths of the bins are
1° for tilt and roll, 2° for twist, 0.1 Å for shift and slide, and
0.05 Å for rise.

Twist and slide of R6G-CAA exhibit apparently bimodal
distributions. The other parameters show unimodal distributions,
but all have certain degree of asymmetry with respect to the
mean value. Therefore, they are probably bimodal as well, but
the two subdistributions overlap. The distributions of R6G-
GAA differ markedly from those of R6G-CAA. The base-step
parameters of the former are again somewhat asymmetric, but
only the distribution of twist is obviously bimodal. This finding
agrees with the higher structural similarity of the two conformers
of R6G-GAA.

Figure 7. Scatter plots of shift, slide, and twist between the dye R6G and the first base pair of the complexes R6G-CAA (left-hand panels) and
R6G-GAA (right-hand panels) extracted at 2 ps intervals from a MD trajectory of 10 ns.
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On the basis of this distribution analysis, we calculated
separate average values and standard deviations for the two
subgroups of twist, roll, and slide of R6G-CAA and for twist
of R6G-GAA (Table 2); we also present relative populations
of the two conformers.

Inspection of Table 2 reveals that the structure during the
second part of the R6G-CAA trajectory, characterized with
more negative values of twist and slide, has a slightly larger
population, although the probability ratio is not close to the
experimental ratio of 4:1.16b,cVery likely, this fact is due to the

limited time scale of the MD simulations, which are restricted
to nanoseconds and therefore do not provide an adequate
sampling of phase space in view of the fact that the two
conformations seem to have life times of several nanoseconds.
Recall that the NMR spectra were accumulated over intervals
of several milliseconds.16b,c The corresponding distribution of
the conformations of R6G-GAA is about 7:3 (Table 2). These
results illustrate the finding that the relative populations of the
two rhodamine orientations with respect to the neighboring base
pair depend on the chemical nature of the underlying bases.16

The set of base-step parameters corresponding to the more
populated structure indicates that the dye preferentially interacts
with cytosine.

The attractive interaction between the dye and the adjacent
cytosine is of an electrostatic nature. As a rough measure for
the charges of the various moieties, one may invoke sums of
the corresponding RESP atomic charges used in the force field
(Figure S1 of the Supporting Information). Accordingly, the
substituted xanthene ring of rhodamine carries 0.90e, cytosine
-0.66e, and guanine-0.09e. Thus, cytosine with its much more
negative charge than guanine attracts the positively charged
xanthene part of the dye more strongly.

Figure 8. Distribution analysis of the base-step parameters between the dye R6G and the first base pair of the complexes R6G-CAA (top two
rows) and R6G-GAA (bottom two rows) extracted at 1 ps intervals from a MD trajectory of 10 ns. N is the number of structures.

Table 2. Average Values and Standard Deviations of the Two
Subdistributions for Twist, Roll, and Slide between R6G and the
G-C Base Pair of R6G-CAA and for Twist of R6G-GAA, Based
on the Distribution Analysis Shown in Figure 8

complex parameter range average
occurrence

(%)

R6G-CAA twist (deg) -180 to -100 -131.8 ( 13.0 54
-100 to -20 -21.1 ( 17.0 46

slide (Å) -4.0 to -0.5 -1.67 ( 0.62 51
-0.5 to 5.0 1.25 ( 1.10 49

roll (deg) -40 to -8 -14.3 ( 4.6 44
-8 to 20 1.2 ( 4.3 56

R6G-GAA twist (deg) -110 to -48 -68.2 ( 10.6 72
-48 to 0 -34.0 ( 6.9 28
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The two differing sets of values of base-step parameters,
observed for the complexes studied, very likely entail dissimilar
electronic couplings between the dye and the adjacent base pair.
Properly averaged quantum mechanical results are required to
draw quantitative conclusions.

Summary and Conclusions

Our molecular dynamics simulations on two semicapped
chromophore-DNA complexes, R6G-CAA and R6G-GAA,
in explicit water solvent, furnished clear evidence for two
distinct conformations of the dye in relationship to its neighbor-
ing base pair.

This holds in particular for the complex R6G-CAA where
the two conformations closely resemble the experimental NMR
structures of a similar complex.16b,cThree base-step parameterss
twist, slide, and shiftsare most substantially affected during
the transition between the two substructures, which, on the
present trajectory, started at about 4.5 ns. In R6G-GAA, two
conformations were registered as well, and the transition was
found to be governed mostly by twist and slide. However, the
transition took place earlier (at about 3.6 ns) and involved
smaller structural rearrangement than in R6G-CAA; the less
pronounced nature of the transition prevented a straightforward
quantification. Moreover, the transition of R6G-GAA seems
to be energetically more facile, as representatives of the two
substructures were witnessed in various parts of the trajectory.
This was different from the findings for R6G-CAA, where the
two conformers are separated also in time. The observed
characteristic times of dye rotation fall within the range of
rotational correlation times determined from fluorescence
spectroscopy measurements.17b

Clearly, for a more quantitative exploration of the phase space
of such chromophore-DNA complexes free-energy calculations
along paths in the space of base-step parameters are highly
desirable.
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