
Dispersion Correction Alleviates Dye Stacking of Single-Stranded
DNA and RNA in Simulations of Single-Molecule Fluorescence
Experiments
Kara K. Grotz,† Mark F. Nueesch,‡ Erik D. Holmstrom,‡ Marcel Heinz,† Lukas S. Stelzl,†

Benjamin Schuler,*,‡,¶ and Gerhard Hummer*,†,§

†Department of Theoretical Biophysics, Max Planck Institute of Biophysics, 60438 Frankfurt am Main, Germany
‡Department of Biochemistry, University of Zurich, 8057 Zurich, Switzerland
¶Department of Physics, University of Zurich, 8057 Zurich, Switzerland
§Institute of Biophysics, Goethe University Frankfurt, 60438 Frankfurt am Main, Germany

*S Supporting Information

ABSTRACT: We combine single-molecule Förster resonance energy
transfer (single-molecule FRET) experiments with extensive all-atom
molecular dynamics (MD) simulations (>100 μs) to characterize the
conformational ensembles of single-stranded (ss) DNA and RNA in
solution. From MD simulations with explicit dyes attached to single-
stranded nucleic acids via flexible linkers, we calculate FRET efficiencies
and fluorescence anisotropy decays. We find that dispersion-corrected
water models alleviate the problem of overly abundant interactions
between fluorescent dyes and the aromatic ring systems of nucleobases.
To model dye motions in a computationally efficient and conformation-
ally exhaustive manner, we introduce a dye-conformer library, built from
simulations of dinucleotides with covalently attached dye molecules. We
use this library to calculate FRET efficiencies for dT19, dA19, and rA19
simulated without explicit labels over a wide range of salt concentrations.
For end-labeled homopolymeric pyrimidine ssDNA, MD simulations with the parmBSC1 force field capture the overall trend in
salt-dependence of single-molecule FRET based distance measurements. For homopolymeric purine ssRNA and ssDNA, the
DESRES and parmBSC1 force fields, respectively, provide useful starting points, even though our comparison also identifies
clear deviations from experiment.

■ INTRODUCTION

Single-stranded nucleic acids (ssNAs) lie at the heart of the
biological information flow from DNA to RNA to protein.
Single-stranded DNA (ssDNA) forms, e.g., during tran-
scription, at telomeric overlaps, at DNA double-strand breaks,
and at replication forks.1,2 Single-stranded RNA (ssRNA) plays
fundamental roles in transcription and translation, and in the
regulation of these processes, e.g., through riboswitches3,4 or
regulating mRNA degradation.5,6 In biotechnology and
molecular medicine, ssRNA is used, e.g., to construct aptamers
for biotechnological and biomedical sensing7 or as microRNA
to regulate gene expression.8

Despite these crucial roles and possible applications of
ssNAs, conformational dimensions and dynamics of unstruc-
tured stretches remain relatively poorly understood compared
to the well-characterized helical double-stranded or folded
nucleic acids. The reason is that obtaining atomic resolution
structures of short and flexible ssNAs is very challenging.9−12

Pulling experiments such as single-molecule atomic force
microscopy (AFM) are capable of providing mechanical data,

e.g., on the stability of base-stacking interactions.13 AFM
experiments, however, provide only limited information on the
molecular conformations.14 Small-angle X-ray scattering
(SAXS) experiments provide information on the global shape
and size of ssNAs.15 Pollack and co-workers recently managed
to describe SAXS data of the single-stranded homopolymers
dT30/dT40 and dA30/dA40 by optimizing an ensemble of
predefined structures.9,10 However, typical SAXS experiments
do not yield dynamics directly. Nuclear magnetic resonance
(NMR) measurements yield high-resolution dynamical and
structural information on, e.g., short fragments11,16,17 and large
structured RNAs,18,19 but high-resolution studies on ∼20
nucleotide long unstructured ssNAs are challenging.20

Förster resonance energy transfer (FRET) measurements
provide a powerful alternative to characterize flexible molecular
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systems. FRET reports on both dynamics and distances
between fluorescence dyes attached to flexible polymers like
ssNAs.15,21,22 As a “spectroscopic ruler,” FRET probes
distances on biomolecular length scales.23 Single-molecule
FRET has the advantages of avoiding ensemble averaging
within the experiments24−26 and of resolving dynamics, e.g., of
the transition path time in the folding of nucleic-acid
hairpins.27

The combination of single-molecule FRET experiments with
molecular dynamics (MD) simulations aims to overcome the
main intrinsic problem of FRET methods, namely not being
able to directly resolve three-dimensional structures.22,28−36

MD simulations describe the conformational dynamics of
ssNAs at atomic resolution, albeit on the basis of approximate
classical potential energy functions. Eaton and co-workers29

demonstrated the power of combining single-molecule FRET
experiments and simulations in their studies of protein
dynamics in the unfolded state. Comparing the results of
these two approaches not only affords the possibility to
interpret single-molecule FRET experiments in more detail,
but also provides an opportunity to test simulations and the
underlying force fields, i.e., the potential energy functions
describing the interactions in MD simulations. For DNA, two
recent force fields, OL1537 and parmBSC1,38 describe DNA
double helices with high accuracy39−41 and also hold great
promise for single-stranded DNA.38 The description of RNA,
however, is very challenging12,42 and simulations of hairpins
and tetranucleotides43 revealed force field deficiencies.
Recently, a new RNA force field was developed by Shaw and
co-workers, which improved the agreement with NMR
measurements of tetranucleotides.44

Despite these advanced MD force fields, comparisons
between single-molecule FRET and MD remain challenging,
partly due to the presence of the donor and acceptor
fluorophores.22,28−36 Proteins and double-stranded DNA
have been simulated with dyes attached,45 albeit often with
only repulsive dye−macromolecule interactions to sample the
sterically accessible space.29,30 When attractive interactions
were included, water−protein and water−dye interactions had
to be scaled to prevent the dye from stacking onto the
protein.22,36,46 For nucleic acids, this stacking problem of the
dyes is expected to be even more severe. Overly strong
interactions between the extended aromatic ring systems may
overstabilize configurations where the dye is stacked against
nucleobases.47

For a direct and quantitative comparison of FRET
experiments and MD simulations, an explicit description of
the dyes in the simulations is critical. Here we aim to overcome
the stacking problem by employing the TIP4P-D48 and
TIP4P/2005(1.1)46,49 water models that introduce corrections
for water−water and water−solute London dispersion
interactions, respectively. The dispersion corrections lead to
an increased solvation of the dyes and thus to a reduction of
their artificial stacking to adjacent nucleobases. With an
improved description of the dyes at hand, we demonstrate that
MD simulations of ssRNA can roughly reproduce the
dimensions observed in single-molecule FRET experiments,
and that simulations of ssDNA capture the overall trend in salt-
sensitivity established experimentally. Even though our
comparison shows clear deviations from experiment, it can
serve as a starting point toward quantitative characterization of
ssNAs.

■ METHODS AND MATERIALS
Parametrization of the Fluorescent Dyes. One of the

aims of this study is to compare the simulated distances
between the fluorophores, and thus the simulated FRET
efficiencies, directly to experiment. Therefore, we require a
realistic description of the fluorescent dyes, Alexa Fluor 594
and Alexa Fluor 488 (in the following Alexa 594 and 488),
which were used as fluorescence acceptor and donor,
respectively, and their linkers (Figure 1). A maleimide

functionalized Alexa 594 is covalently coupled to a thiol linker
attached to the 5′ end of the nucleic acids. A N-
hydroxysuccinimide (NHS) ester functionalized Alexa 488 is
coupled to an amino linker attached to the 3′ end of the
nucleic acid. The Alexa 594 and 488 dyes are available as a
mixture of 5- and 6-isomers. Only the 5-isomers were used in
simulations, since only a minor dependence of the choice of
the isomer on the calculated average properties is expected.50

All carboxylate and sulfate groups were assumed to be
deprotonated. The dyes, their linkers, and a capping methyl
group were denovo parametrized using the automated atom
type and bond type perception of Antechamber51 to obtain a
GAFF force field.52,53 RESP partial charges were obtained at
the HF/6-31G* level of theory in vacuum for methyl-capped
dyes. The partial charges of the cap were uniformly distributed
over the whole residue, and the resulting charges adjusted
slightly to give an integer net charge. The charges are listed in
Table S1 (Alexa 594) and Table S2 (Alexa 488) in the
Supporting Information.

Dye Dynamics Employing Different Water Models.
The performance of both newly parametrized dyes was
evaluated in MD simulations with five water models
(TIP3P , 5 4 TIP4P-Ew,55 TIP4P/2005 ,4 9 TIP4P/
2005(1.1),46,49 and TIP4P-D48) using thymine dinucleotides
with single dyes attached. Besides the standard TIP3P model,
we tested the TIP4P-Ew water model, as this has been
reported to stabilize the unfolded state for proteins and may
also help to better solvate disordered nucleic acids.56 In the

Figure 1. Fluorescent dyes and ssDNA with dyes. (A) Alexa 594 and
(B) Alexa 488 including methyl-capped linkers. Arrows indicate the
transition dipole moment vectors μ. (C) Single-stranded homopoly-
meric dT19 with Alexa 594 attached at the 5′ end and Alexa 488
attached at the 3′ end.
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TIP4P/2005(1.1) setup, the strength of the Lennard-Jones
interaction parameter ϵ between the attached dye and water
was scaled by a factor of 1.1. In this way, the interaction of the
dye with water is slightly more favored compared to TIP4P/
2005. The TIP4P-D model contains a correction for
underestimated London dispersion forces and thus leads to
increased solvation of the dinucleotide. These 10 minimal
systems were simulated for 500 ns at 150 mM NaCl
concentration using the same simulation conditions as for
the unlabeled 19mer nucleic acid simulations introduced
below. The simulations were run in small cubic boxes with an
edge length of 5 nm, resulting in simulation systems with
around 29 000 atoms.
Simulations of Unlabeled ssDNA and ssRNA. We

simulated unlabeled homopolymeric 19mer deoxythyminemo-
nophosphate (dT19), deoxyadenosinemonophosphate (dA19),
and adenosinemonophosphate (rA19). The simulations were
initiated from single-stranded helical starting structures built
with the Nucleic Acid Builder.57 Each of the nucleic acids was
solvated in a cubic box with an edge length of 8.5 nm, resulting
in systems with approximately 65 000 atoms. For unlabeled
DNA, the parmBSC138 force field and TIP3P water54 were
used. For unlabeled RNA modeled with the parmBS-
C0χOL3

58−60 force field, TIP3P,54 TIP4P/2005(1.1)46,49

(here scaling the interaction of water with the nucleic acid),
or TIP4P-D water48 were used. For unlabeled RNA modeled
with the DESRES44 force field, TIP4P-D water was used.
Simulations were conducted at 15 mM, 150 mM, and 845 mM
NaCl using ion parameters by Joung and Cheatham.61 All
DNA and RNA simulation setups employing parmBSC0χOL3
were prepared using the tLEaP module.57 AMBER simulation
systems were converted for GROMACS62 simulations using
ACPYPE.63 The RNA systems using the DESRES force field44

were built directly with GROMACS.62

Unbiased MD simulations were performed with GRO-
MACS62 (v. 4.6.7, v. 5.1.3, v. 2018). Energy minimization was
followed by equilibration simulations of 2 ns. P-LINCS64 was
used to constrain bonds involving hydrogen atoms to their
equilibrium lengths, enabling a time step of 2 fs. The pressure
was kept at 1 atm with the Berendsen barostat65 (τp = 1.0 ps)
in order to efficiently relax the box size during the equilibration
phase. Using the velocity-rescale thermostat by Bussi et al.,66

the temperature was kept at 300 K. Real-space van der Waals
and electrostatic interactions were truncated at 1 nm. Long-
range electrostatics were computed using the particle mesh
Ewald method67 with a Fourier spacing of 0.16 nm and in a
second set of simulations of 0.12 nm. Random velocities were
drawn from a Maxwell−Boltzmann distribution.
The equilibration was followed by a production run under

the same conditions as the equilibration but using the
Parrinello−Rahman barostat68 (τp = 4.0 ps). Trajectories of
approximately 20 μs were obtained for each DNA system, 120
μs in total. The RNA using the parmBSC0χOL3 force field

58−60

was simulated for 12, 0.7, and 3 μs, solvated in the water
models TIP3P,54 TIP4P/2005(1.1)46,49 and TIP4P-D,48

respectively, at each salt concentration. For the RNA with
the DESRES force field44 multiple trajectories of about 7 μs in
total were created for each salt condition. The first 4 ns of the
trajectories were excluded from the analysis in all systems to
extend the equilibration phase. The trajectory analysis
(including, e.g., calculation of correlation functions or
computation of orientation factors, FRET efficiencies, distance
time traces, and distributions, etc.) was performed using

Python (v. 2.7, available at www.python.org), and the
MDAnalysis (v. 0.17.0)69,70 and MDTraj (v. 1.8.0)71 packages.
Trajectories were visualized with VMD (v. 1.9.1−3).72

ssDNA Simulations with Fluorescent Dyes Covalently
Attached. We used the TIP4P-D48 and the TIP4P/
2005(1.1)46,49 water models to study the orientation and
dynamics of dyes attached to ssDNA. In the TIP4P/2005(1.1)
setup, the nonelectrostatic interactions of the dyes with water
were scaled by a factor of 1.1. The dyes were attached to the
two ssDNA chains (A594-Mal-5′-dX19-3′-NHS-A488, X = T,
A) and simulated for 2 and 4 μs (dT19 and dA19, respectively)
in a simulation box with an edge length of 12 nm containing
about 230 000 atoms, under the same simulation conditions as
for unlabeled NAs.

Conformational Libraries. Singly labeled dinucleotides
were simulated to generate a library of dye conformations.
Both dT2 and dA2 were labeled first with Alexa 594 at the 5′
end and then, in a second round of simulations, with Alexa 488
at the 3′ end (A594-Mal-5′-dX2 and dX2-3′-NHS-A488, X = T,
A). With these dinucleotides, we aim to capture the chemistry
of the respective nucleic acid termini while minimally
restricting the motion of the attached dyes to ensure good
coverage of sterically possible configurations. The labeled
dinucleotides were solvated with the TIP4P-D water model48

and simulated using the same simulation conditions as for the
unlabeled 19mer nucleic acid simulations described above. The
simulations were run in small cubic boxes with an edge length
of 5 nm, resulting in simulation systems with around 29 000
atoms. For each setup, simulations were run at low,
intermediate, and high salt concentrations (15 mM, 150
mM, and 845 mM NaCl). From each of these 500 ns long
trajectories, 25 000 snapshots were taken and saved as
individual structures to build a conformational library.

Mapping Procedure. To capture the conformational and
dynamical characteristics of the dyes, a mapping approach was
developed. Rotamer libraries are commonly used to model
electron paramagnetic resonance experiments.32,33,73 In case of
FRET,74 the mapping approach is motivated by the fast
orientational relaxation of the fluorescent dyes seen in
fluorescence anisotropy decay measurements. From a dye
conformational library (see previous section), snapshots of dye
conformations were chosen randomly and mapped onto the
structures along trajectories of long unlabeled 19mer ssDNA
and ssRNA, separated by a time interval of 0.2 ns. In this way,
our mapping approach mimicked the fast dynamics of the dyes
observed in the FAD measurements. We implemented the
mapping algorithm in Python using the MDAnalysis pack-
age69,70 to model dye configurations that do not clash with the
nucleic acids. The nucleobase coordinates from the conforma-
tional library of the respective dye and its adjacent nucleotide
(dT for dT19; dA for dA19 and rA19) were aligned to the last
terminal residue at each end of the unlabeled ssDNAs and
ssRNAs to generate candidate dye conformations. Dye
conformers were excluded if any of their heavy atoms was
within 3.7 Å of the heavy atoms of the nucleic acid. For each
nucleic acid configuration we tried up to 12 000 randomly
chosen pairs of dye configurations, one at each end. If no
matching dye configuration could be found (e.g., because the
5′ and 3′ ends were in close proximity), the respective ssNA
configuration was excluded from further analysis because of its
steric inaccessibility in the dye-labeled state. For simplicity, all
other configurations were given equal weight. Instead of using
a hard cutoff, we could have used a smooth function to
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describe the overlap between nucleic acids and the dyes and
reweighted each simulation structure accordingly. The total
length of the trajectories is hence reduced from ∼120 to ∼110
μs for ssDNA and from ∼21 to ∼18 μs for ssRNA.
FRET Efficiencies from MD Simulations. For simulations

of NAs with dyes attached, the path integral according to
Makarov and Plaxco75 was employed to calculate the mean
FRET efficiency

E k I t t1 ( ) dD
0

∫⟨ ⟩ = −
∞

(1)

where τD = kD
−1 is the experimentally determined fluorescence

lifetime of the donor in the absence of an acceptor (∼4 ns for
Alexa 488 and of Alexa 594, see Methods). The normalized
decay in donor fluorescence intensity I(t) was calculated as

I t( ) e k k R t t( ( )) dt
D T0= − ∫ [ + ′ ] ′

(2)

where the average ⟨···⟩ is over starting points along the
trajectories. The integral in eq 1 was truncated at tmax = 20 ns
≃ 5τD. In case of the mapped dye conformations, an additional
average was performed over dye orientations drawn at random
from the library. According to Förster theory,76 the transfer
rate kT(R) is given by

i
k
jjj

y
{
zzzk R k

R
R

( )
3
2T D

2 0
6

κ=
(3)

where R is the interdye distance, κ2 is the orientation factor
defined as

R R3( )( )D A A D
2 2μ μ μ μκ = [ ̂ · ̂ − ̂· ̂ ̂ · ̂ ] (4)

and R0 is the Förster radius for isotropic dye orientations
where κ2 = 2/3. R is the vector from one dye center to the
other, with R its length, and R̂ the corresponding unit vector.
μ̂D and μ̂A are the unit vectors in the direction of the transition
dipole moments of donor and acceptor, respectively (Figure
1). For the probability density and models of the dynamics of
κ2, see ref 77.
For the evaluation of eq 2, time-continuous trajectories are

required. In case of dye mapping, we considered uninterrupted
MD-trajectory segments of at least 100 ns in length. The FRET
efficiency (eq 1) was calculated individually for each of these
segments. These individual efficiency values were weighted
according to the length of their respective trajectory segment
(number of frames) to give an estimate of the mean FRET
efficiency for the given condition. Block averaging was used to
estimate standard errors of the means.
Fluorescence Anisotropy from MD Simulations. The

dynamics of the fluorescent dyes from simulation can be
compared to measurements of the fluorescence anisotropy
decay (FAD). The anisotropy is evaluated from the decay of
the correlation function

r t r P t( ) ( ( ) (0))0 2 μ μ= ⟨ ̂ · ̂ ⟩ (5)

where P2(x) = (3x2 − 1)/2 is the second-order Legendre
polynominal with μ̂(t) being the unit vector in the direction of
the transition dipole moment of the respective dye (Figure 1).
For the fundamental anisotropy r0, the limiting anisotropy of
0.38 determined experimentally for Alexa 594 and 48878 was
used instead of the theoretical value of 2/5.
For FAD analysis, we adopted the model-free approach

developed by Lipari and Szabo for NMR relaxation experi-

ments,79 in a form extended to multiple time scales.80 The
autocorrelation function rI(t) of the orientational motion of
just the dyes and linkers (i.e., for r(t) evaluated in the fixed
reference frame of the ssNAs) captures the “internal motion,”
which we described by

r t S S S S( ) (1 )e ( )eI f
t

f
t2 2 / 2 2 /f s= + − + −τ τ− −

(6)

where S2 is the generalized order parameter, a model
independent measure of the degree of spatial restriction,
defined as S2 = rI(t → ∞). Sf

2 is the generalized order
parameter for just the fast motion of the dye. Smaller values of
Sf

2 indicate less restriction in the fast dye motions and thus less
prominent interactions with nucleobases.

Single-Molecule FRET Sample Preparation and
Measurements. Labeling. Fluorescently labeled samples of
the ssNA variants were obtained by covalently linking Alexa
488 via NHS-ester chemistry to a primary amino group at the
3′ end and Alexa 594 via maleimide chemistry to the thiol
group at the 5′ end of the orthogonally functionalized
oligonucleotides. Prior to use, doubly and singly labeled
oligonucleotides were purified using high-pressure liquid-
chromatography (HPLC) and a reverse-phase HPLC column
(Dr. Maisch, Reprosil Pur 200-C18 AQ).

Single-Molecule FRET Measurements. Single-molecule data
of fluorescently labeled oligonucleotides freely diffusing in
solution were measured on a MicroTime 200 system from
PicoQuant equipped with two pulsed interleaved excitation
lasers (pulse repetition rate of 20 MHz each). The donor was
excited with a 485 nm diode laser (LDH DC 485) and the
acceptor was excited with a pulsed super continuum laser
(SuperK EXTREME EXW 12) using a band-pass filter (Z582/
15) to select the desired wavelength. The average laser powers
were set to 100 μW and 45 μW, respectively (measured at the
back aperture of the objective). Each sample (50−100 pM)
was measured at 22 °C in 10 mM HEPES buffer (3.47 mM
NaOH, pH 7.0), 0.001% Tween 20, 0.143 M β-mercaptoe-
thanol (BME), and NaCl concentration as specified.

Data Analysis. The data were analyzed using Wolfram
Mathematica 11.3 software combined with custom-developed
C++ code (by Dr. D. Nettels). The trajectories were divided
into time bins of lengths equal to the corresponding mean
diffusion times observed at each experimental condition. Bursts
of photons were selected using a search algorithm which
defines a burst as a time bin of 0.5−0.7 ms with more than 25
photons after either donor or acceptor excitation. The numbers
of photons in each burst were corrected for background, the
different detection efficiencies of the donor and acceptor
fluorophores, crosstalk and acceptor direct excitation, as
described by Kapanidis et al.81,82 Correction factors for all
ssNA variants were obtained from the measurement of the
singly and doubly labeled variant of dT19, which shows stable
lifetimes (∼4 ns for both Alexa 594 and 488) under all
experimental conditions. The transfer efficiency E of each burst
was calculated using the corrected number of the donor, nD,
and acceptor, nA, photons after donor excitation,

E
n

n nD

A

A
=

+ (7)

E values from all bursts within a single measurement were used
to construct a transfer efficiency histogram. The mean transfer
efficiency, ⟨E⟩, of the doubly labeled species at every
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experimental condition was obtained by fitting with a Gaussian
peak function (see Figure S3 in the Supporting Information).
Interdye Distance Calculation. To infer interdye

distances from transfer efficiency measurements of conforma-
tionally heterogeneous polymers such as ssNAs, one needs to
have a suitable model for the underlying distance probability
density function, P(R). Given a model for P(R), the mean
transfer efficiency can be obtained from eq 8 provided that (1)
the rotational correlation times of the fluorophores are short
relative to the fluorescence lifetime of the donor in the
presence of the acceptor, τDA, and (2) the donor−acceptor
distance fluctuations are slow relative to τDA.

25 We then have

E P R E R R( ) ( ) d
l

0

c∫⟨ ⟩ =
(8)

with E(R) = [1 + (R/R0)
6]−1. Here, lc = 19.1 nm is the contour

length of the labeled oligonucleotides measured from the
central oxygen of Alexa 488 to the central oxygen of Alexa 594
and R0 = 5.4 nm is the Förster radius associated with the two
dyes.
Semiflexible polymer models have been widely used to

describe fluorescence experiments on nucleic acids in
solution.83 We used the end-to-end distance distribution of
the worm-like chain (WLC) model,84

P R l l
R l

Cl R l
( , , )

4 ( / )

(1 ( / )
ep c

c

c c

l l R l
WLC

2

2 9/2
3 /4 (1 ( / ) )c p c

2π
=

− ]
− [ −

(9)

with

i
k
jjj

y
{
zzzC e 1

3 15
4

2/3 3/2
2π α

α α
= + +α− −

(10)

and α = 3lc/4lp. The persistence length lp depends on ionic
strength,15 which affects PWLC(R, lp, lc) and in turn modulates
the mean transfer efficiency. Using our experimentally
determined value of ⟨E⟩ and eq 9, we solved eq 8 numerically
to obtain lp, which we then used together with lc to calculate
mean interdye distances as ⟨R⟩ = ∫ 0

lc RPWLC(R, lp, lc) dR.
As a simple but coarse alternative, we considered a truncated

normal distribution, defined for positive distances R,

P R C R( , , ) e for 0R
norm

1 ( ) /22 2
μ σ = >μ σ− − −

(11)

with C = (π/2)1/2σ[1 + erf(μ/21/2σ)], where μ and σ are the
peak position and the width of the distribution, respectively.
We set σ = 1 nm, a value motivated by the observed widths in
the simulations. Using our experimentally determined value of
⟨E⟩ and eq 11, we solved eq 8 (with lc → ∞) to obtain μ,
which we then used together with σ to calculate mean interdye
distances as ⟨R⟩ = ∫ 0

∞ RPnorm(R, μ, σ) dR.

Figure 2. Dye rotational dynamics. (A, C) FAD correlation functions rI(t) (solid lines) of fluorescent dyes Alexa 594 (A) and Alexa 488 (C)
attached to thymine-dinucleotide from MD simulations at intermediate salt concentration (150 mM NaCl) with different water models (solid
lines). The decay curves were fitted according to the model-free approach79,80 in eq 6 (dashed lines; fit parameters in Table 1). Dinucleotides were
aligned by optimal superposition to fix the reference frame and to remove overall tumbling. (B, D) Time traces of the distances between the
geometric center of the central ring of the dye and the geometric center of its directly adjacent nucleobase for Alexa 594 (B) and Alexa 488 (D).
The plots on the right show the distance distributions, scaled to unit maximum.
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Finally, as an even rougher model, we considered the limit of
a single fixed distance for the relatively stiff ssNA chains by
inverting the Förster relation, ⟨E⟩ = [1 + (Rfixed/R0)

6]−1, to
obtain Rfixed in terms of ⟨E⟩.
Fluorescence Anisotropy Decay Measurements.

Time-resolved FAD measurements of the donor fluorophore
were performed on constructs singly labeled with Alexa 488, to
avoid complications from the FRET process. The acceptor
anisotropy was measured on doubly labeled constructs using
direct acceptor excitation. The experimental conditions were:
150 mM NaCl, 0.001% Tween 20, 143 mM BME in 10 mM
HEPES buffer (3.47 mM NaOH, pH 7.0) with a sample
concentration of 50 nM. Measurements were performed on a
custom-built ensemble fluorescence lifetime spectrometer85 at
22 °C. The donor fluorophores were excited with the donor
excitation source using a repetition rate of 20 MHz. The
acceptor fluorophores were excited by the acceptor excitation
source. The pulse frequency was adjusted to 20 MHz (Optical
Supercontinuum Systems SC450−4, Fianium, Southampton,
U.K.). The emitted donor fluorescence was filtered with an ET
525/50 filter and the acceptor fluorescence with an HQ 650/
100 filter (both Chroma Technology). The emitted photons
were detected with a microchannel plate photomultiplier tube
(R3809U-50; Hamamatsu City, Japan), preamplified (PAM
102-M; PicoQuant, Berlin, Germany), and the arrival times
were recorded by a PicoHarp 300 photon-counting module
(PicoQuant, Berlin, Germany). The measured instrument
response functions for both lasers had a width of 100 ps. The
G-factor was calculated from the ratio of the fluorescence
intensity after horizontal excitation and horizontal detection,
IHH, and the fluorescence intensity after horizontal excitation
and vertical detection, IHV,

G
I
I

HV

HH
=

(12)

To calculate the anisotropy decay, the samples were excited
with vertically polarized light (V), and the horizontally (H)
and vertically polarized emission were measured separately on
the same detector. The anisotropy decay r(t) was calculated
from the measured decays, IVV(t) and IVH(t), according to

r t
I t GI t

I t GI t
( )

( ) ( )
( ) 2 ( )

VV VH

VV VH
=

−
+ (13)

■ RESULTS
Dye Dynamics in Simulations of Covalently Attached

Dyes. Fluorophore Labeled Dinucleotides. The dynamical
and conformational behavior of the denovo parametrized dyes
was tested first in simulations of either Alexa 594 or Alexa 488
dye-labeled thymine dinucleotides solvated with different water
models (TIP3P,54 TIP4P-Ew,55 TIP4P/2005,49 TIP4P/
2005(1.1),46,49 and TIP4P-D48). The rotational analysis was
performed in a DNA-fixed reference frame by superposition of
the dinucleotide, thereby removing the tumbling of the DNA.
From the resulting trajectories, we calculated the correlation
functions rI(t) of the unit vectors of the transition dipoles μ̂ of
the dyes in a reference frame defined by the nucleobases
(Figure 2A,C).
The order parameters S2 and Sf

2, as obtained by fits of eq 6
to the rI(t) calculated from MD trajectories, follow a common
trend with respect to the different water models. For both dyes,
Sf

2 is smallest for TIP4P-D, followed by TIP4P/2005 ∼

TIP4P/2005(1.1) < TIP3P < TIP4P-Ew (where TIP4P/2005
leads to a smaller Sf

2 for Alexa 594 and TIP4P/2005(1.1) to a
smaller value for Alexa 488) (Table 1). S2 values are ordered as

TIP4P-D < TIP3P < TIP4P/2005(1.1) < TIP4P/2005 <
TIP4P-Ew for Alexa 488 and as TIP4P/2005 < TIP4P-D <
TIP3P < TIP4P/2005(1.1) < TIP4P-Ew for Alexa 594. We
assigned the two time scales of the rI(t) decay to a fast and
relatively unrestricted motion of the dye, τf, and a slower
motion influenced by stacking and unstacking of the dye to
adjacent nucleobases, τs. respectively. For all water models, we
found τf to be about 0.1 to 0.3 ns. τs is one to two orders of
magnitude slower. From the FAD analysis, we conclude that
the movement of the dyes is least restricted in simulations with
TIP4P-D water.
To study the dynamics of the dyes in more detail, we tracked

the distance between the geometric center of the central ring of
each dye and the geometric center of its directly adjacent
nucleobase (Figure 2B,D). Long periods of nearly constant
distance indicate stacking to the proximal base (short distance)
or the distal base (long distance). For most water models
(TIP3P, TIP4P-Ew, TIP4P/2005, TIP4P/2005(1.1)), Alexa
594 remained nearly continuously stacked to one of the two
nucleobases of the dinucleotides. For all water models sharp
peaks dominate the dye-nucleotide distance distributions.
Visual inspection of these segments of the trajectories reveal
strong stacking of the dyes onto one of the two nucleobases or
even intercalation between the bases. For Alexa 488, a similar
trend is observed, although the smaller ring system does not
stack quite as strongly onto the nucleobases. Nevertheless, for
most water models one or two sharp peaks dominate the
distance distributions.
By contrast, both dyes simulated in TIP4P-D water sample a

broader spectrum of dye−nucleotide distances. The dispersion
correction of this water model results in a more effective
solvation of the dyes and alleviates the problem of over-
abundant dye stacking to nucleobases. For further studies, we
thus primarily used the TIP4P-D water model.48 Moreover, we
also tested the TIP4P/2005(1.1) water model further, as this
approach had been found to account well for experimental
FAD measurements on proteins.36

Fluorophores Attached to ssDNAs. To study the dynamics
of fluorescent dyes attached to 19mer ssDNA, we simulated
single-stranded dT19 and dA19 with both dyes covalently
attached. From these trajectories, we calculated the time-

Table 1. Fitting Parameters of the Decay of the MD
Anisotropy Decay for Dyes Alexa 594 and Alexa 488
Attached to dT2 According to Equation 6

water model Sf
2 τf [ns] τs [ns] S2

Alexa 594
TIP3P54 0.80 0.17 16.93 0.58
TIP4P-Ew55 0.89 0.06 2.60 0.75
TIP4P/200549 0.62 0.31 59.22 0.04
TIP4P/2005(1.1)46,49 0.74 0.16 29.74 0.63
TIP4P-D48 0.40 0.28 5.36 0.25

Alexa 488
TIP3P54 0.57 0.13 9.93 0.13
TIP4P-Ew55 0.67 0.14 7.09 0.37
TIP4P/200549 0.56 0.19 11.89 0.18
TIP4P/2005(1.1)46,49 0.48 0.23 11.87 0.15
TIP4P-D48 0.28 0.23 9.32 0.05
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dependent orientation factor κ2. We also related the dynamics
in the simulations to the FAD measurements to validate the
performance of the parametrization of the dyes for the two
water models that we selected in the previous analysis, TIP4P/
2005(1.1) and TIP4P-D.
Dye Orientation. Due to the structural composition of the

systems, i.e., rod-like nucleic acids with dyes attached by
flexible linkers to their ends, one would expect a nearly
isotropic distribution of the dye orientations. The simulations
with dyes attached to dT19 (Figure 3A) capture the theoretical
distribution of an isotropically oriented label remarkably well

(Figure 3A). The mean values of κ2 are 0.58 (TIP4P/
2005(1.1)) and 0.49 (TIP4P-D), and thus reasonably close to
the isotropic mean of 2/3, which is typically assumed in the
analysis of FRET measurements if the fluorescence aniso-
tropies are low. The shift to smaller κ2 values in the latter
simulation is due to an intercalation of Alexa 594 within the
last two terminal bases, which is presumably an artifact caused
by a residual tendency for dye-base stacking. Nevertheless, for
dT19 the orientation of the dyes seems to be described
reasonably well using both water models.

Figure 3. Orientation factor κ2 of Alexa 594 and 488 covalently attached to ssDNA. (A, B) Distributions of κ2 for dT19 (A) and dA19 (B). FAD
calculated from simulations of fluorescent dyes Alexa 594 (C, D) and Alexa 488 (E, F) covalently attached to dT19 (C, E) and dA19 (D, F).
Experimental FAD measurements are shown in red. The simulations were performed in TIP4P-D water48 (green) and TIP4P/2005(1.1) water46,49

(blue), respectively.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b07537
J. Phys. Chem. B 2018, 122, 11626−11639

11632

http://dx.doi.org/10.1021/acs.jpcb.8b07537


The distribution of the orientational factor κ2 of the dyes
attached to dA19 is shifted to smaller values for both water
models (Figure 3B), with mean values of 0.44 (TIP4P/
2005(1.1)) and 0.46 (TIP4P-D), respectively. From the
trajectories, it is apparent that the terminal bases of dA19
tend to interact more strongly with the dyes.
Comparison of Dye Dynamics to Experiment. The

dynamics of the dyes attached to the nucleic acids can be
compared to FAD measurements by computing the
autocorrelation function r(t) (eq 5) reporting on FAD (eq
13). The calculated FAD curves for Alexa 488 attached to dT19
in TIP4P-D and TIP4P/2005(1.1) water match the exper-
imental data reasonably well (Figure 3E). Nevertheless, in all
cases the simulated orientational dynamics is too slow
compared to FAD measurements (Figure 3C−F). This
indicates that the dyes lose memory of their orientation well
before 2 ns. We attribute the slow simulated decays to the
Alexa dyes sticking too strongly to nucleobases, even with
dispersion-corrected dye-water interactions.
The comparison of rotational correlation functions to FAD

measurements, together with the analysis of the orientation
factor κ2, suggests that the orientation and conformational
freedom of the dyes is described reasonably well for dT19 and
also quite well for dA19, but the dynamics of the dyes are still
too slow because of overabundant stacking.
Fluorophore Mapping onto ssNAs. To circumvent the

problem of dye stacking even with an improved description of
the dye-water interaction, and to speed up the MD simulations
by using smaller boxes, we implemented a dye-mapping
approach. Every 0.2 ns, a random dye configuration from a
simulation of fluorescently labeled dinucleotides was mapped
onto the terminal nucleobases of long unlabeled ssNA
simulation trajectories. The dye library was generated from
the dinucleotide MD simulations using TIP4P-D (see
Methods).
Dye Orientation. For all three ssNAs, dT19, dA19, and rA19,

the mapping approach captures the fully isotropic behavior
expected for fluorophores attached to single-stranded nucleic
acids (Figures 3A,B and 4A). The mapping approach leads to
distributions of the orientation factor κ2 comparable to
isotropically oriented dyes. The mean values of κ2 are 0.63
and 0.71 for dT19 and rA19, respectively, close to the isotropic

mean of κ2 = 2/3. For dA19, the calculated mean value of 0.52
falls somewhat below the isotropic mean, but it is closer than
in simulations with directly attached dyes. From the near-
isotropic distributions obtained with dye mapping, we
conclude that the underlying dye libraries contain sufficiently
diverse dye conformations that provide good coverage of the
configurational space.

FRET Efficiencies and Interdye Distances for ssDNA.
ssDNA Simulations with Covalently Attached Dyes. We used
the path integral formulation of Makarov and Plaxco75 (eq 1)
to calculate FRET efficiencies from the MD simulations. For
ssDNA simulated with covalently attached dyes at 150 mM
NaCl, the calculated FRET efficiencies are lower than in
experiment. Correspondingly, the interdye distances Rdye−dye
are overestimated in simulations with dyes explicitly attached
for both TIP4P-D and TIP4P/2005(1.1) (Figure 5). The
underestimation of the efficiencies compared to experiment
might be a result of insufficient sampling or overabundance of
base−base stacking, which keeps the polymers in extended
helical conformations. The simulations were initiated from
helical configurations, and trajectories of less than 2 μs
(TIP4P/2005(1.1)) and 2−4 μs (TIP4P-D) might have been
too short to fully sample the relevant conformational space of
the nucleic acids dT19 and dA19. However, large boxes with
about 230 000 atoms are required to simulate fully labeled
ssDNA, which limits the accessible simulation time scales. By
contrast, unlabeled ssDNA required boxes with only 65 000
atoms. In the following, we therefore explore an alternative
route to studying different nucleic acids over a range of salt
concentrations.

ssNA Simulations Analyzed with Dye Mapping. As a
computationally efficient alternative to costly simulations with
explicit dyes, we implemented a dye-mapping approach. We
constructed libraries of dye conformers from the MD
simulations of dye-labeled dinucleotides, and then mapped
the dyes onto structures from simulations of unlabeled ssNAs.
In this way, we could take advantage of the more efficient and
exhaustive sampling of both the nucleic acid and dye
conformational spaces. Multiple different dye conformations,
randomly drawn from an equilibrium distribution of dye
orientations, were mapped onto each simulation structure. By
repeating this procedure, we constructed multiple trajectories
of dye-labeled ssNAs from a single MD trajectory of an
unlabeled molecule.
Without dyes, the simulation systems were substantially

smaller, and we could simulate each ssDNA and ssRNA for 20
μs and 7 μs, respectively, at each of the three salt
concentrations studied by MD simulation. However, because
the ends were inaccessible in some configurations, we could
not map dye conformers onto every single frame of the
trajectory. This steric hindrance reduced the effective length of
the ssDNA trajectories at high salt to 16 μs and 15 μs for dT19
and dA19, respectively, and at intermediate salt concentration
for dT19 to 16 μs. For ssRNA, the trajectory at high salt
concentration after the mapping was reduced to a total time of
4 μs.

ssDNA. At low salt concentration, the backbone of dT19
remained almost fully extended (Figure 6). With only a few
counterions in the simulation box, the charged phosphate
groups of the backbone biased the nucleic acid toward
extended, helical conformations. By contrast, at high salt
concentration the backbone charges were screened, and
collapsed backbone conformations dominated the ensemble.

Figure 4. Orientation factor κ2 of Alexa 594 and 488 dyes mapped
onto single-stranded homopolymeric RNA, rA19. Distribution of κ2

from simulations (purple) and for an isotropic dye distribution
(black).
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Some of these structures were stabilized by hydrogen bonds
mediating thymine−thymine interactions. The structures at
intermediate salt concentration were in between the two

extremes observed at low and high salt concentrations. In
general, at all three salt concentrations, diverse ensembles of
different configurations were sampled, with standard deviations
σR of 1.6, 1.7, and 2.1 nm for the interdye distances Rdye−dye (at
low, intermediate and high salt, respectively) (inset in Figure
5A). Visually (Figure 6), the dT19 chain at intermediate salt
concentration appears as helical segments connected by
nucleotides acting as flexible hinges. Hydrogen bonding locked
these hinges into near-90° angles. Similar structures were also
found in the simulations employing TIP4P/2005(1.1) and
TIP4P/D water.
For dA19, we did not observe a strong dependence of the

structures on the salt concentration (Figures 5B and 7).
However, σR increased with increasing salt concentration (0.9,
1.1, and 1.3 nm), indicating a broader distribution of interdye
distance Rdye−dye at high salt concentration. Visual inspection
showed elongated conformations with nearly fully stacked
bases for all three salt concentrations. The purine bases seemed
to stack so strongly that screening of the charged backbone did
not promote formation of compact conformations. Transiently,
elongated helical conformations would separate into shorter
segments. However, in contrast to dT19, the bends in the
backbone did not seem to be stabilized by hydrogen bonding,
such that the bases would return to the elongated helical
conformations within a few nanoseconds. Moreover, visually
these bending motions of the backbone were sampled less
frequently than for dT19. Single bases transiently rotated out of
the elongated conformations only to rotate back within a few
nanoseconds. For dA19, the salt-dependence of the apparent
conformational landscape is subtle. As pointed out above,
slightly longer end-to-end distances were sampled at low salt.
However, the structures sampled in the simulations at different
salt concentrations are visually similar to each other. In general,
for dA19 the mean FRET efficiency was notably under-

Figure 5. Mean FRET efficiencies of (A) dT19, (B) dA19, and (C)
rA19. MD results at low (15 mM), intermediate (150 mM), and high
(845 mM) NaCl concentrations for mapped dyes are shown in
purple, and for explicitly simulated dyes at 150 mM salt in green
(TIP4P-D48) and blue (TIP4P/2005(1.1)46,49). Experiments are in
black, with lines to guide the eye. The experimental transfer
efficiencies are within an overall uncertainty of ±0.03. Insets in
parts A and B show interdye distances Rdye−dye, with experimental
values (lines) obtained for three different distance distributions
(normal distribution, worm-like chain, and rod). The inset in part C
shows the interdye distances Rdye−dye (filled purple symbols) and the
C5′−C3′ end-to-end distances (open symbols) for rA19 from
DESRES simulations44 (orange), and from parmBSC0χOL3 simu-
lations58−60 with TIP3P54 (red), TIP4P/2005(1.1)46,49 (blue), and
TIP4P-D48 water (green). Error bars indicate standard errors of the
mean transfer efficiencies (main plots) and standard deviations σR of
the distances (insets), respectively.

Figure 6. Representative structures of dT19 simulated with the
parmBSC1 force field38 in TIP3P water54 at three salt concentrations.
Mapped dyes are shown in transparent representation. Dashed lines
represent H-bonds.
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estimated at all salt concentrations (Figure 5B), presumably
resulting from an over-representation of the highly extended
structures. Analysis of selected frames indicates that the sugar
is in C2′-endo puckering in all ssDNA structures.
For ssDNA, we found that parmBSC138 in combination with

the computationally efficient TIP3P water model54 captures
the overall trend of experimental mean transfer efficiencies for
homopolymeric dT19 and roughly describes the experimentally
observed trend for homopolymeric dA19. Additionally, we
showed that our dye-mapping approach to calculate FRET
efficiencies from MD simulations is viable.
ssRNA. Simulation of rA19 with the parmBSC0χOL3 force

field58−60 solvated in TIP3P water54 quickly led to a collapse of
the initially helical structure at all salt concentrations (Figure
8). A similar collapse was reported for rU40 by Tan et al.44 For
rA19, the calculated C5′-C3′ end-to-end distances (inset of
Figure 5C) dramatically underestimate the experimental
interdye distances. In the collapsed structures, we even
observed intercalations of nucleobases (bottom left of 15
mM structure in (Figure 8). To improve the solvation of the
ssRNA, simulations of rA19 solvated in TIP4P/2005(1.1)46,49

and TIP4P-D water48 were performed. Although TIP4P/
2005(1.1)46,49 improved the comparison to experimental data
at intermediate salt concentration (blue) and TIP4P-D48 at all
salt concentrations (green), the mean end-to-end distances
remained too short. The structures sampled with these two
water models were still too collapsed, with a loss of helical
twist and intercalated bases, and in some cases, the initially
helical structure was bent into ring-like shapes (Figure 8).
The recently developed DESRES force field44 improved the

description of the mean C5′-C3′ end-to-end distances
substantially (inset in Figure 5C). Nevertheless, the
simulations of rA19 do not reproduce the experimentally

measured mean FRET efficiencies (Figure 5C). Visually, rA19
behaves similar to dA19, remaining mostly extended (Figure 9)

with few short-lived bends of the backbone and single
nucleotides transiently rotating out of the single-stranded
helix. These disruptions of the helix do not appear to depend
significantly on the salt concentration, in contrast to what Tan
et al.44 found in long trajectories of single-stranded rU40 in a
range of 50 to 400 mM NaCl. For rA19, the simulations capture
the experimental Rdye−dye distances at low NaCl concentrations
(<100 mM), but for higher NaCl concentrations (>100 mM)

Figure 7. Representative structures of dA19 simulated with the
parmBSC1 force field38 in TIP3P water54 at three salt concentrations.
Mapped dyes are shown in transparent representation.

Figure 8. Representative structures of rA19 simulated with the
parmBSC0χOL3 force field58−60 in TIP3P water.54

Figure 9. Representative structures of rA19 simulated with the
DESRES force field44 in TIP4P-D water.48 Mapped dyes are shown in
transparent representation.
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the Rdye−dye distances sampled in our simulations (purple in the
inset of Figure 5C) are larger than the distances deduced from
experiment. In contrast, Tan et al.44 obtained substantially
lower end-to-end distances for rU40 in this salt regime.
Homopolymeric pyrimidines are quite flexible, both as ssDNA
and ssRNA. By comparison, the homopolymeric purine chain
rA19 here largely retained the helical structure (σR ≈ 1 nm
irrespective of salt). The resulting configurations of rA19 are
extended, and lead to an underestimation of the transfer
efficiencies (Figure 5C). The failure to reproduce the
experimental salt-dependence could mean that the DESRES
force field overemphasizes the purine−purine stacking or that
it is biased toward conformations resembling A-form helices.42

Another concern is that our MD simulations may not have
been long enough to sample the relevant configuration space.
Overall, the DESRES force field44 improves the quality of the
description of single-stranded RNA, but substantial discrep-
ancies between simulations and experiments remain.
Interdye Distances from FRET Measurements. The

deviations we obtained in converting the FRET measurements
back to interdye distances highlight the importance of
choosing an adequate model for the distance distribution.
Two crude models, a truncated normal distribution Pnorm and a
single fixed distance Rfixed, produce reasonable agreement with
the mean efficiencies from simulation, even though they are
unlikely to be realistic. The more elaborate worm-like chain
distribution PWLC seems to capture the simulated mean
distance for low ionic strengths also for the purine chains
(Figure 5B,C), even though for the mean efficiencies we see
clear deviations.

■ DISCUSSION
Mapping the conformational space and dynamics of single-
stranded nucleic acids is a problem of considerable importance
due to their fundamental role in biological processes and their
widespread applications in molecular medicine and nano-
technology. By performing all-atom MD simulations with
explicitly included fluorescent dyes, we were able to test the
quality of current computer models both for nucleic acids and
for fluorescent dyes, which makes it possible to begin
interpreting single-molecule FRET data in atomistic detail.
Dye Modeling. We first established that the dispersion

correction of the TIP4P-D48 and TIP4P/2005(1.1)46,49 water
models increases the solvation of the dyes and alleviates the
stacking of the dyes to ssNAs. The distributions of the FRET
orientation factor κ2 obtained in simulations of ssNAs with
explicit dyes were reasonably close to the expected isotropic
distribution. However, the comparison to FAD measurements
showed that the dynamics of the dyes in the simulations
remained too slow, suggesting overly strong stacking between
the dyes and both pyrimidines and purines even in dispersion-
corrected water. Moreover, calculating the FRET efficiencies
from simulations with dyes explicitly attached to ssNAs is
challenging due to the computational cost of generating long
trajectories for the dye-linker-ssNA systems (here with 230 000
atoms).
Mapping dyes onto structures from simulations of unlabeled

ssNA, which are computationally more tractable (here
requiring only 65 000 atoms), provided a way forward to
compare MD simulations with single-molecule FRET.
Experimentally, the dye orientation relaxes on a ∼1 ns time
scale (Figure 3C−F), much faster than the end-to-end distance
relaxation time of the nucleic acids, which motivates the use of

dye rotamer libraries similar to those used in protein
simulations.32,33,74 Here we constructed dye rotamer libraries
for nucleic acids from simulations of explicit dyes attached to
dinucleotides solvated in TIP4P-D water model.48 These
simulations produced dye conformations at atomic resolution,
which we could then map onto the ssNAs. Mapping of dyes
onto label-free ssNAs greatly improved the dye orientational
sampling and reduced the problem of dye stacking. Future
improvement of the rotamer libraries via, e.g., enhanced
sampling methods, might provide even more realistic
distributions of dye conformations. In combination, dye
mapping using dispersion-corrected dye rotamer libraries
provides the basis for the efficient calculation of FRET
efficiencies from MD simulations of nucleic acids. A better
description of the dyes will enable quantitative comparisons
and holds the promise to use fluorescence data for ensemble
refinement86 of nucleic acids.43

FRET Efficiencies vs Interdye Distances. In the
literature, MD simulations are often compared to interdye or
end-to-end distances deduced from single-molecule FRET or
X-ray scattering experiments.22,44,87 By calculating the mean
distance between the dyes, ⟨R⟩, using the mean transfer
efficiency, ⟨E⟩, we were able to show that obtaining matching
interdye distances does not guarantee good agreement
between experimental and simulated transfer efficiencies
(Figure 5B). Some potential sources of this inconsistency are
the assumptions associated with calculating a mean distance
from measured mean transfer efficiencies. For dynamic,
conformationally heterogeneous polymers, one requires knowl-
edge about the distribution of interdye distances and the time
scale on which they interconvert.25 Although these properties
have been well characterized for unfolded and intrinsically
disordered proteins,88 they remain poorly understood for
unstructured ssNAs and merit further investigation. For these
reasons, it is perhaps most practical to compare experimental
and simulated transfer efficiencies, which highlights the
importance of properly incorporating the fluorophores into
state-of-the-art MD simulations.

Force Fields. The good consistency of simulations with
explicit dyes and with mapped dyes, and the visual inspection
of the ssDNA and ssRNA configurations suggest that the
deviations between experimentally measured and simulated
FRET efficiencies are due primarily to remaining issues in the
nucleic acid force fields. In this regard, ssRNA remains
particularly challenging. The parmBSC0χOL3

58−60 force field
for RNA in combination with TIP3P water54 was found to
favor collapsed purine chains, a behavior reported also for
single-stranded pyrimidine chains.44 Solvation of the system in
different water models (TIP4P/2005(1.1)46,49 and TIP4P-
D48) marginally improved the conformational ensemble. The
recently developed DESRES44 force field prevented this
purine-chain collapse, at least on the time scales studied.
However, the comparison to single-molecule FRET data
indicates that helical structures may be too persistent, which
may stem from an overestimate of purine−purine stacking or
from overly stabilizing helices.42 It will also be important to
further test the DESRES force field in simulations of folded
structures, which are typically described well by the
parmBSC0χOL3 force field.12 The development of balanced
force fields that describe unfolded and folded RNAs well
remains challenging.
Nevertheless, our results indicate significant progress toward

meaningful comparisons of FRET values from experiment and
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theory. We could show that the purine systems of both ssRNA
and ssDNA are described reasonably with the force fields
DESRES44 and parmBSC1,38 respectively. Both systems
underestimate the measured FRET efficiencies, suggesting
that compact structures are underrepresented in both
configurational ensembles. Moreover, we could show that a
state-of-the-art force field for DNA, parmBSC1,38 matches the
experimentally observed salt dependence of the homopoly-
meric pyrimidine chain dT19 remarkably well. This finding
highlights both that current DNA force fields37,38 can capture
salient features of unfolded DNA and that dye mapping is a
viable and efficient approach for getting transfer efficiencies
from MD simulations of unlabeled nucleic acids.

■ CONCLUDING REMARKS

We showed that the dispersion correction in TIP4P-D48 and
TIP4P/2005(1.1)46,49 water alleviates the problem of extensive
dye-base stacking in fluorophore-labeled nucleic acids.
Simulations of dye-labeled nucleic-acid fragments with
dispersion-corrected water models allowed us to create dye
rotamer libraries. We used these libraries in a dye-mapping
approach to calculate FRET efficiencies for long, end-labeled
ssDNA and ssRNA at low, intermediate, and high salt
concentrations. This mapping approach not only speeds up
the FRET calculation but also removes some of the
deficiencies seen in simulations of nucleic acids with explicit
dye labels. From detailed comparisons to FAD and single-
molecule FRET experiments, we conclude that the state-of-the-
art force fields parmBSC138 and DESRES44 describe single-
stranded DNA and RNA in a reasonable manner.
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Otyepka, M.; Jurecǩa, P.; Cheatham, T. E. Assessing the Current State
of Amber Force Field Modifications for DNA. J. Chem. Theory
Comput. 2016, 12, 4114−4127.
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