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bstract

We present the results of molecular modeling of dye-labeled, double-stranded DNA. The structural information obtained from the simulations
re used as input to an analysis of energy transfer in this system. The simulations reveal the nature of the interaction between a pair of fluorophores
nd DNA. The donor, tetramethylrhodamine, TMR, attached to the 5′-end of DNA with a six-carbon tether, interacts primarily with DNA’s minor
roove, but occasionally stacks against the DNA base pairs. The acceptor, Cy5, attached to the opposite strand at positions n (n = 7, 12, 14, 16, 19,
4, 27), binds in the major groove in two distinct locations on the upper and lower part of the groove. We analyzed in detail the dye-to-dye distances,
ipole orientation factors and fluorescence resonance energy transfer (FRET) rates. Tests of the validity of the Förster model were conducted using
he transition density cube (TDC) method, which provides the exact Coulombic interaction within a certain model chemistry. Our studies show
hat the use of long tethers does not guarantee rotational freedom of the dyes, as intended in the experiments. Instead, the tethers allow Cy5 to
ind in two different geometries, which causes a large uncertainty in the dye-to-dye distances. Our results also show significant fluctuation in the

rientation factor, κ2, which, together with uncertainty in dye-to-dye distances, cause considerable uncertainty in interpreting FRET measurements.
e suggest that molecular modeling, combined with the TDC method, provides a useful tool in designing and interpreting FRET experiments.
2007 Published by Elsevier B.V.
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. Introduction

Fluorescence resonance energy transfer (FRET) techniques
ave been in use for several decades [1,2]. However, their appli-
ation to studies of DNA is fairly recent. One of the first FRET
xperiments on DNA, performed by Clegg and coworkers in
993, was a study of the helical geometry of double-stranded
NA (dsDNA) [3]. In 1996, an experiment by Ha et al. demon-

trated the possibility of using FRET to study single DNA
olecules [4]. A key experiment was conducted in 1999, in
hich Deniz et al. employed FRET to establish a spectroscopic

uler for measurement of molecular distances in DNA molecules
5]. Since then, the use of FRET in DNA studies has grown
apidly, with applications ranging from investigation of confor-

ational changes of nucleic acids to studies of their dynamics
ithin biological processes [6–8], to applications in nanotech-
ology [9–11].
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FRET techniques are based on measurement of through-
pace energy transfer between two fluorophores: a donor and
n acceptor. The efficiency of this transfer, as defined by Förster
heory, depends on the inverse sixth power of the distance R
etween the two dyes [12],

ff = R6
0

R6 + R6
0

, (1)

here R0 is the Förster radius, the distance at which efficiency is
0%, and R the interchromophore distance. The Förster radius
an be defined as:

6
0 = 9000(ln 10)κ2ΦD

128π5NAn4 I, (2)

nd is related to the rate constant for energy transfer as:( )6
RET = 1

τD

R0

R
(3)

n these equations, κ2 is an orientation factor between the donor
nd acceptor, ΦD the quantum yield of the donor in the absence
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f the acceptor, I the spectral overlap of the emission spectrum
f the donor with the absorption spectrum of the acceptor (nor-
alized on a wavenumber scale), n the index of refraction of the
edium, NA Avogadro’s number, τD the lifetime of the donor,

nd R the distance between the donor and the acceptor. Of the
arameters involved in the formulation of Förster theory, the two
hat introduce the largest uncertainty in FRET measurements are
he distance between the dyes and κ2, the relative orientation of
he transition dipoles [1,2].

Notice, in Eq. (2), that all of the quantities required to
etermine R0 are either constants, or can be determined via inde-
endent experimental measurements. However, R, the distance
etween the chromophores, cannot be measured directly. As a
esult, calibration of Förster theory always requires modeling.

The uncertainty in dye-to-dye distance arises from the fact
hat fluorophores are attached to DNA through tethers, and their
ocation with respect to DNA as well to each other are not defined
priori. To investigate this issue, Norman et al. used both FRET
nd NMR analysis to show that carbocyanine dye, Cy3, when
ttached to 5′-end of dsDNA, assumes a stacked conformation
n top of the molecule. [13] Recently, the positions of TMR and
y5 with respect to DNA were investigated in several studies.
n the basis of fluorescence anisotropy measurements, Dietrich

t al. [14], Wang et al. [15] and Unruh et al. [16] concluded that
MR is not a free rotor, and suggested that the dye interacts with
NA. Two molecular dynamics studies confirm this prediction,
ut differ on the exact nature of the interaction. Dietrich et al.
uggest, by analogy with the Texas Red–DNA interaction, that
MR binds to the minor groove [14] while Hillisch et al. report

hat TMR either interacts with the major groove or stacks on top
f DNA [17]. Anisotropy measurements of Cy5 by Dietrich et
l. indicate that its dynamics, as with TMR, are coupled to that
f DNA [14].

The relative orientation of the dipoles of the donor and accep-
or is another source of uncertainty in FRET measurements. The
rientation factor, κ2, can vary from 0 to 4, corresponding to
ipoles aligned perpendicular and parallel to each other, respec-
ively. Since it is difficult experimentally to determine the exact
alue of κ2, a value of 2/3 is often assumed [18] correspond-
ng to dynamically averaged dipole orientations of rotationally
ree chromophores. The validity of this assumption has been
iscussed in several previous studies [19–21] with arguments
roposed both for and against this approximation. Recently
ong et al. proved explicitly that energy transfer efficiency does

ndeed depend on the orientation factor [22]. In a theoretical
tudy, the authors analyzed the dependence of energy transfer
ates on κ2 in a system of dyes with controlled dipole orienta-
ions. In addition, Lewis et al. described a systematic study of
RET orientation factors, in which the dependence of the quan-

um yield and donor lifetime on κ2 were revealed [23]. Neither
tudy, however, investigated the effects of dynamic fluctuations
f the orientation factor or estimated the resultant uncertainty in
verage κ2.
In reviewing the extant literature, it is apparent that signif-
cant uncertainty exists concerning the positions of the dyes
ith respect to DNA as well as their relative orientations. In

his paper, we investigate this issue by performing molecular

t

C
t
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ynamics simulations of TMR and Cy5 dyes attached to DNA.
n addition to obtaining data that are difficult to determine exper-
mentally, the simulations illustrate how fluctuations in distance
nd orientation of the dyes affect the interpretation of results
ia the Förster model. A close analysis of dipole orientation
actors, dye-to-dye distances and energy transfer rates enable
s to evaluate the accuracy of the assumptions that are often
ade in FRET DNA experiments. Our results allow us to offer

uggestions for improving the design and interpretation of these
nd related experiments. We also demonstrate clearly the critical
ole of modeling in determining R, the one parameter in Förster
heory than cannot be determined experimentally.

. Methods

The system studied consisted of the donor–acceptor-labeled,
ouble-stranded DNA considered in the experiments of Deniz et
l. [5]. The donor, tetramethylrhodamine (TMR) was attached
ith a six-carbon tether at 5′-end of DNA strand with the fol-

owing sequence:

5′-CTCTTCAGTTCACAGTCCATCCTATCAGCCGCTTG-
CCTTC-3′.

The acceptor, a carbocyanine dye Cy5, was attached at loca-
ions n (n = 7, 12, 14, 16, 19, 24, 27) of the opposite strand. To
ecrease simulation time, six additional base pairs were included
fter each Cy5 dye, rather than modeling the full 40 base-pair
equences used in the Deniz et al. experiments. Control runs
ith a 33 base-pair DNA sequence showed no difference in the

esults.
Our simulations used the parm99 force field for DNA and

he general amber force field (gaff) for the dyes, as provided
y AMBER 9.0 software package [24]. Electrostatic solvent
ffects were simulated using the generalized Born model [25]
hich was shown previously to work well for nucleic acids,

s compared with explicit solvent simulations, which are much
ore time-consuming [26]. We used mBondi radii for the atoms

nd 0.13 Å offset of the effective Born radii. Along with the
HAKE algorithm, Langevin dynamics with a friction coeffi-
ient of 10 ps−1 were employed, the ionic strength was set at
.2 M and cutoff at 20.0 Å for the non-bonded interactions. To
mprove the efficiency of the calculations, nrespa was set to 2
nd rgbmax to 20. We followed equilibration procedures similar
o those used typically in DNA simulations [26,27]. First, struc-
ures were restrained harmonically with a 5 kcal/(mol Å2) force
onstant and minimized for several cycles, while gradually low-
ring the restraint to 1 kcal/(mol Å2). Then, the molecules were
quilibrated for 60 ps, while increasing the temperature to 300 K.
inally, the production run was initiated at 300 K, without any
estraints. The time step was set to 2 fs and results were recorded
very 1000 steps. The length of the runs was 20 ns, with longer

est runs to assure convergence.

Fluorescence resonance energy transfer is based on a
oulombic interaction between two chromophores. Förster

heory approximates this interaction through a dipole–dipole
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frequency (see Table 1). For comparison, we provide distance
values predicted by the Clegg model for fully extended dyes
(assuming that a and d equal 15 Å), as well as for dyes interacting
closely with the DNA (a and d equal 0 Å). As can be seen in

Table 1
Interchromophore distances as calculated with the Clegg model compared to
distances obtained from the simulations

Nbp Clegg Model
(d = a = 15 Å)

Clegg Model
(d = a = 0 Å)

MD

7 38.5 28.8 20.7 ± 1.4
12 48.4 45.8 46.1 ± 3.5
14 52.6 52.6 48.9 ± 8.8
16 62.5 59.4 49.6 ± 5.3
E. Dolghih et al. / Journal of Photochemistry a

xpansion of the potential,

Coul ≈ V dip−dip = 1

4πε0

κμDμA

R3 (4)

here ε0 is vacuum permittivity constant, κ the orientation
actor, μD,A the ground to first excited state transition dipole
oments of the donor and acceptor, and R the distance between

he two dipoles. The transition density cube method provides
n alternative representation, in which the Coulombic coupling
etween the donor and acceptor is calculated based on a sum
f transition density cube elements, M

eg
D (i) and M

eq
A (j) [28]. In

his method,

Coul ∼=
∑
i,j

M
eg
D (i)Meq

A (j)

4πε0rij
, (5)

here the transition densities are defined as:

N(r) =
∫

s
ΨNgΨ

∗
Nedsdr, (6)

or N = D, A. Note that the integral in Eq. (6) is only over spin.
he rate constant is then defined as:

RET = 1

h̄2c
|V Coul|2J, (7)

here h̄ is Planck’s constant in units of cm−1 s, VCoul is in cm−1,
nd J is the spectral overlap of the emission spectrum of the
onor with the absorption spectrum of the acceptor normalized
n an energy scale. In the limit of small cube size, the TDC
ethod provides an exact representation of the Coulombic inter-

ction (for a given quantum mechanical method and basis set).
alculations of the TDC elements were performed using the
-Chem software package with the Hartree-Fock method and
6–31G* basis set. The excited states were determined using
onfiguration Interaction Singles (CIS) with only singlet excited

tates computed. The number of cube elements was set to 50,000
ith test runs with larger values to assure convergence. A TDC

nalysis was conducted at every fifth frame of the last 10 ns of
ach run (1000 frames in total). Förster radii and energy transfer
ates were calculated for each frame and then averaged for each
un.

The following values for the Förster radii calculations for
he TMR–Cy5–DNA system were used: I = 9.9 × 10−13 cm3/M
29], n = 1.33 [29] and ΦD = 0.56 [30]. For TDC rate calcula-
ions, the spectral overlap was determined from experimental
pectra J = 1.26 × 10−4 cm [15,31]. Note that the two overlap
alues are different due to different normalization unit scales.

. Results and discussion

In FRET studies involving DNA, the dye-to-dye distances
an be estimated using a theoretical model introduced by Clegg
t al. [3]. Within this model, the interdye distance is calculated

sing the following formula [14]:

= ((L + 3.4�N)2 + (a2 + d2 − 2ad cos(θ + 36�N))
1/2

,

(8)

1
2
2

A
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here L is the separation in distance between the two dyes along
he helical axes for zero base pairs, �N the base pair separation,

the angular separation between the dyes for zero base pairs,
nd d and a are the normal distances of the donor and acceptor
o the DNA helical axes, respectively. While the Clegg model
s known to provide a highly accurate description of the clas-
ic B-DNA structure, the distances a and d of the fluorophores
rom the DNA axis are unknown. Their estimates, supported at
est by fluorescence anisotropy studies, vary from 15 Å, corre-
ponding to both dyes fully extended away from DNA [5,14] to
Å, implying close interaction with the DNA molecule [14,30].
esults of our simulations indicate that the dynamics of both
MR and Cy5 are coupled to the dynamics of the DNA host.
MR is found to bind in the minor groove of DNA, occasionally
ssuming a stacked conformation on top of the molecule, while
y5 is observed to bind in two primary locations in the major
roove, an upper position, and a lower position (see Fig. 1).
hese findings confirm previous reports of high anisotropy val-
es for both fluorophores [14–16]. They also support, in part, the
olecular dynamics results of Unruh et al. involving TMR [16].
he tendency of TMR to assume two slightly different positions
ith respect to DNA agrees with experimental reports of at least

wo lifetimes for this dye [32,33]. The flexibility of the six-atom
inker appears to allow Cy5 to bind in two different locations in
he major groove, resulting in an average interdye distance dif-
erence of 8 Å between the two conformers. Both TMR and Cy5
uctuate between their different positions within the nanosec-
nd timescale of the simulation, without a noticeable change in
he total potential energy of the system. Although the simula-
ions probably greatly underestimate the transition time, these
esults suggest that the different conformations of Cy5 occur
ith nearly equal frequency on the timescale of the experimental
easurements (milliseconds). The observed single-peak distri-

utions of experimental efficiencies, rather then multiple peaks,
uggest the same conclusion.

The interdye distances were measured between the centers of
he dyes throughout the molecular dynamics simulations. The
alues were then averaged for each dye–DNA construct with an
ssumption that both Cy5 conformations occur with the equal
9 75.7 69.6 68.8 ± 4.8
4 86.6 86.6 82.1 ± 4.1
7 100.1 96.8 88.9 ± 6.7

ll distances are in Å.
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F ith major groove of DNA in two main conformations, an upper configuration and a
l ts with the minor groove of DNA or in a stacked configuration (marked with arrows).
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ig. 1. Dye conformations in DNA. The acceptor, Cy5 (left panel) interacts w
ower configuration (marked with arrows). The donor, TMR (right panel) interac

he table, the distances obtained from the simulations, while in
eneral smaller then those predicted by either of the theoretical
odels, fit more closely to the second model, with an average

ncertainty of about 5 Å. Although this difference is not large,
he standard deviation of the average values in some cases is
s high as 8 Å. Large fluctuations in the distance arise from the
resence of multiple conformations of Cy5. This phenomenon
oth complicates the distance analysis and introduces a large
ncertainty in the distances obtained by Förster analysis.

In conventional applications of the Förster formula, the ori-
ntation factor, κ2, is often set equal to 2/3, on the assumption
hat the dyes are rotating freely and all dipole orientations are
ampled equally. Experimentally, however, there is no guaran-
ee that this is the case. As our simulations show, both TMR
nd Cy5 are coupled to DNA in their motion, which results in
imited rotational freedom. This hindered motion of the dyes
oes not have a dramatic effect on the average κ2 values (calcu-
ated for each frame and then averaged for each run). We find
hat in most cases 〈κ2〉 lie within 45% of 0.67. While this is
ight be an acceptable range of variation, as Fig. 2 shows, sim-
lar average values of the orientation factor can correspond to
ery different distributions. In this figure, the two distributions
1000 frames each) are obtained from MD simulations corre-

Fig. 2. Dipole orientations factors, κ2. Distributions are shown for two simula-
tions, one with an average κ2 of 0.84 (open bars), and the other with an average
κ2 of 0.86 (solid bars). The solid line represents the theoretical prediction for
the P(κ2) expected for 〈κ2〉 = 2/3.
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Table 2
Effect of κ2 on calculated efficiencies, as described in the text

〈κ2〉 Efficiency

0.86 0.65 ± 0.29
0
0
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Fig. 3. Förster efficiencies, theory vs. experiment. The experimental data of
Deniz et al. [5] are shown as solid diamonds and open triangles, and the theory
i
o
t

t

〈

t
β

t
a
e
conformations adopted by both dyes), Fig. 4 illustrates clearly
that adding a single additional configuration results in a weaker
R dependence than the Förster prediction of R−6. Our conjec-
ture is that including all relevant configurations in the average

Fig. 4. Effects of multiple fluorophore conformations. The experimental data
.84 0.56 ± 0.29

.86 0.84

ponding to n = 12 and n = 16 DNA constructs. The average κ2

n one case is 0.84, and the other is 0.86. Also shown in the figure
s the theoretical distribution derived from the P(κ2) that gives
κ2〉 = 2/3 [34]. Notice, in this case, that the distribution corre-
ponding to 〈κ2〉 = 0.86 matches the theoretical distribution for
κ2〉 = 2/3 rather closely, while the distribution for 〈κ2〉 = 0.84 is
ompletely different. Moreover, as shown in Table 2, the two
istributions result in different average efficiency values when
alculated using the Förster formula. Here, even though R is
lightly different for the two constructs, we used a single value
n both calculations (an average of one of the runs) so that any
bserved fluctuation in the efficiencies reflect only variation in
he orientation factor. Thus, the first two rows of the table reflect
verage efficiencies corresponding to the two different distribu-
ions of κ2 in Fig. 2. The two values were calculated via the
ollowing formula:

ff =
〈

R6
0

R6
0 + 〈R〉6

〉
, (9)

here (R) = 54.4 Å and R0 was calculated independently for each
rame. In the third row of the table, the efficiency was calculated
s in Eq. (1), using an average value of R0 based on 〈κ2〉 = 0.86
nd the same average value of R as above. As one can see in
he table, using 〈κ2〉 can result in very different efficiencies than
hose obtained using the true distribution of κ2.

Using the Förster formula, we calculated average efficiencies
or each oligonucleotide, assuming that both conformations of
y5 are equally probable. As shown in Fig. 3, the calculated
fficiencies are very close to the mean experimental efficien-
ies reported by Deniz et al. [5], when plotted versus the values
f R determined from the simulations. The agreement deterio-
ates when the experimental data are plotted versus the distances
btained using the Clegg model. This confirms our prediction
hat Cy5 exists in two conformations under experimental con-
itions. Even more interesting is that neither our calculations,
or the experimental measurements fit the R−6 dependence pre-
icted by Förster (see Fig. 4). Shown in the figure are four lines.
ne plots the experimental data, using the values of R obtained

rom the Clegg model. This line has a slope of 4.3. A second line
lots the results of the simulations, with the Cy5 fixed in one
f its conformations, and the values of R determined theoreti-
ally, with an average R0 determined from the simulation This
ine has a slope of 6.0, as it must, since the efficiencies are deter-

ined using the Förster formula (Eq. (1)). A third line shows the

xperimental efficiencies versus the theoretical values of R, with
slope of 3.7. The fourth line shows average theoretical efficien-
ies assuming that the Cy5 adopts two conformations (and that
ach conformation obeys the Förster scaling), as calculated with

o
t
s
c
a

s shown as solid circles. The experimental data are plotted vs. the distances
btained using the Clegg model (triangles) and vs. the distances obtained from
he simulations (diamonds).

he following formula:

Eff〉 = 1

2

(
1

1 + (R/R0)6 + 1

1 + (R + α/R0 + β)6

)
. (10)

In this formula, α = 7.79 Å is the average difference in dis-
ance between the two conformations of Cy5 and TMR, and
= 13.53 Å is the average difference in the Förster radius for

he two conformations. The slope of this line is 5.0. While we
re not suggesting that this is the correct method to calculate the
fficiencies (one would need to do an ensemble average over all
f Deniz et al. [5] are shown an solid triangles, the experimental data with
he theoretical distances are plotted as solid squares, the theoretical data for a
ingle configuration are plotted as solid circles, and the theoretical data for two
onfigurations (as discussed in the text) are plotted as solid diamonds. The slopes
re, respectively, 4.3, 3.7, 6.0 and 5.0.
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Table 3
FRET rate constants calculated using Förster theory and the TDC, for varying
numbers of base pairs between the chromophores

Nbp kTDC (ns−1) kFörster (ns−1)

7 54.0 143
12 1.54 4.18
14 2.11 5.34
16 0.72 2.08
1
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[

[

[

[

[

9 0.12 0.36
4 0.07 0.20
7 0.03 0.08

ould bring the theoretical predictions in better agreement with
xperiment.

In addition to calculating interdye distances and orientation
actors, the TDC method can be used to calculate rates of energy
ransfer. In Table 3, we compare TDC rates to those calcu-
ated with the dipole–dipole approximation of Förster theory.
s expected, when the interdye distance becomes comparable

o the size of the dyes (n ∼ 7), the Förster model overestimates
he rate. This would be of significant concern in future work
n systems in which the distance between the dyes is relatively
hort. An additional potential advantage to employing TDC is
he ability to predict efficiencies using TDC rate constants and
he following equation:

ff = kTDC

kTDC + τ−1 , (11)

here τ−1 is the donor lifetime. This method eliminates the
örster imposed R−6 dependence completely. Unfortunately, in

he Cy5–DNA–TMR system, TMR is known to have several
ifetimes [32,33]. This, in addition to contributing to the uncer-
ainty in experimental measurements, results in poor prediction
f efficiencies using Eq. (11). However, for systems in which
he lifetime is better defined, this approach provides an addi-
ional test of the Förster model. In fact, as this work shows,
he TDC method can be of essential help in providing the input
o the design and testing of experimental systems, as well in
nterpreting FRET results.

. Conclusions

While FRET experiments are often performed on dye-labeled
NA, the position of the dyes with respect to DNA and their

elative orientation are seldom well-defined, which precludes an
ccurate application of Förster theory. Our study of a dye-labeled
NA model shows that TMR and Cy5, two dyes commonly used

n FRET experiments, interact with DNA and assume multiple
onformations that interconvert on the time-scale of the experi-
ent. Analysis with the transition density cube method reveals

hat this behavior causes large fluctuations in both the inter-
hromophore distance and the orientation factor, which results
n a broad distribution of experimental efficiencies. Moreover,

he presence of at least two conformations of Cy5 causes a
reakdown of the Förster-predicted R−6 scaling. Based on our
esults, it is apparent that quantitative predictions of Förster the-
ry require detailed knowledge of the dye–DNA system under

[

otobiology A: Chemistry 190 (2007) 321–327

nvestigation. Another possibility is to use a system with an
ntrinsic, rigid control of the position and orientation of the dyes.
ne such system could involve dyes that assume stacked confor-
ations on the ends of the DNA [23]. Another approach might

nvolve fluorescent analogs of DNA nucleotides serving as either
onors, acceptors or both [35]. Finally, one possible method to
mprove the system discussed in this work would be to shorten
he tethers linking the dyes to the DNA. This might lead to less
nteraction of the dyes with the helix. Theoretical investigation
f this idea is underway.
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