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ABSTRACT: Fluorescence resonance energy transfer, FRET, can be used to obtain long-range distance
information for macromolecules and is particularly powerful when used in single-molecule studies. The
determination of accurate distances requires knowledge of the fluorophore position with respect to the
macromolecule. In this study we have used NMR to determine the structure of the commonly used
fluorophore indocarbocyanine-5 (Cy5) covalently attached to the 5′-terminus of double-helical DNA. We
find that Cy5 is predominantly stacked onto the end of the duplex, in a manner similar to an additional
base pair. This is very similar to the behavior of Cy3 terminally attached to DNA and suggests that the
efficiency of energy transfer between Cy3 and Cy5, that are attached to nucleic acids in this way, will
exhibit significant dependence on fluorophore orientation.

Fluorescence resonance energy transfer (FRET) can pro-
vide distance information between fluorophores in the range
of 10 to 80 Å (1). This size range is largely inaccessible to
other solution methods, yet it is very much the scale of
biological macromolecules, and FRET has been extensively
applied to the analysis of global conformation, folding
transitions and binding events in nucleic acids and pro-
teins (2–16). Because of the sensitivity of fluorescence, FRET
has become widely used in single-molecule studies (17–21).

In a typical FRET experiment, donor and acceptor fluo-
rophores are attached to specific points on the macromolecule
of interest. The efficiency of energy transfer between the
fluorophores is then used to provide distance information
from which aspects of the conformation of the macromol-
ecule are deduced. However, both the extraction of distance
information from FRET efficiency data and its interpretation
are affected by the local conformation of the fluorophores
at their sites of attachment. The relationship between FRET
efficiency and fluorophore separation takes a particularly
simple form if the fluorophores are flexibly tethered, but if
this is not the case, then relative fluorophore orientation
complicates the analysis as discussed below. Moreover,
distance information between fluorophores affixed to a
macromolecule can only be interpreted unambiguously if the
positions of the fluorophores with respect to the molecule
of interest are known. Both of these questions require better
knowledge of the location of the fluorophores on the
macromolecule.

The indocarbocyanine-3/indocarbocyanine-5 (Cy3/Cy5)
donor-acceptor fluorophore pair has become a popular
choice in single-molecule fluorescence studies, especially
those involving nucleic acids (15, 20, 22–25). In a previous
study we used nuclear magnetic resonance (NMR) to
determined the structure of Cy3 covalently attached to the
5′ position of a DNA duplex via a 3 carbon and phosphodi-
ester linkage (26). We concluded that the Cy3 is predomi-
nantly stacked onto the end of the helix, in a manner similar
to that of an additional base pair. While defining the position
of the Cy3 on the DNA, we were also able to couple this
information with FRET-derived distances to determine an
effective position for fluorescein attached at the opposite end
of the duplex, and used as an energy transfer donor to Cy3
in many ensemble studies.

If Cy5, structurally very similar to Cy3, adopts a similar
conformation on the end of a DNA helix, the combination
of quite rigid Cy3 and Cy5 would (unlike the Cy3 fluorescein
pair) be likely to generate an orientation dependence of
energy transfer, leading to significant complication in the
interpretation of interfluorophore distance. We have therefore
used two-dimensional NMR to determine the solution
structure of a self-complementary DNA decamer with Cy5
attached via a 3 carbon and phosphodiester linkage, to the
5′ position. This study shows that Cy5 is predominantly
stacked on the end of the duplex DNA, leading to potential
orientation dependence of energy transfer from Cy3.

MATERIALS AND METHODS

Construction of DNA Duplexes for NMR Studies. DNA
oligonucleotides were synthesized using phosphoramidite
chemistry (27) multiple times on a 1 µmol scale. Cy5 (Glen
Research) was coupled to the 5′-terminus as a phosphora-
midite. DNA was purified by reversed-phase HPLC in 100
mM ammonium acetate (pH 7.5) using a C18 column
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(µBondapak, Waters) and eluted with a linear gradient of
acetonitrile. Samples were desalted and ion exchanged into
sodium form before lyophilization.

Sample Preparation. Samples for NMR spectroscopy were
dissolved in 0.6 mL of 0.1 M NaCl, 10 mM phosphate buffer,
and 1 mM EDTA, in either 99.96% D2O or 90% H2O/10%
D2O (v/v). The solution pH was adjusted to 7.0. NMR spectra
were acquired from 60 A260 units of Cy5-conjugated DNA.

NMR Experiments. All spectra were acquired using a
Bruker Avance 500 NMR spectrometer equipped with
CryoProbe. A very weak RF field at the HOD frequency
was applied during the relaxation delay of 1.5 s. Spectral
widths in F2 and F1 were 5482 Hz. The sign discrimination
in F1 was achieved by the States-TPPI method (28). The
number of scans per increment was 32 for NOESY (29) and
DQF-COSY (30) experiments. A series of NOESY spectra
were acquired at 14 °C, with mixing times of 50, 75, 100,
150, and 250 ms. A NOESY experiment at 2 °C, with a
mixing time of 250 ms was performed upon a sample
dissolved in 90% H2O/10% D2O. The spectral width in F1

was increased to 8500 Hz, and soft-pulse WATERGATE
(31) was used for water suppression.

Data Processing and Analysis. NMR data were processed,
assigned, and quantified using Felix (Accelrys). NOESY data
were zero filled in F1 to 1024 points and apodized using a
90°-shifted sine bell function. NOESY cross peaks from the
D2O spectra were quantified by volume integration at the
five mixing times. COSY experiments were used for assign-
ment purposes only. Spectra acquired in 90% H2O were
assigned, but no quantification of NOE cross peaks was
attempted.

Structure Determination. Structures were calculated using
restrained molecular mechanics and dynamics within the
program X-PLOR-NIH (32, 33). B-form duplex DNA was
constructed using Biopolymer within Insight II (Accelrys).
Cy5 coordinate, parameter and topology files were generated
within PRODRG (34). Hydrogen parameters and topologies
were extrapolated from those previously used for Cy3 (26).
Cy5 was initially placed on DNA in an extended position
parallel to the DNA helix axis and at a distance of
approximately 50 Å from the end of the DNA. The starting
model was subjected to energy minimization followed by
molecular dynamics, in the absence of experimental re-
straints, but with the oligonucleotide conformation fixed, to
generate a family of 50 starting structures. Structural
refinement was carried out using direct application of full
relaxation matrix refinement utilizing the volume integral
measurements from all available NOESY cross peaks and
at all mixing times. The DNA structure (not including
fluorophores) was restrained with a harmonic function against
a standard parameter, B-form DNA helix. These restraints
were relaxed on the terminal base pairs and removed from
the C5′ position, connected to the Cy5 linker and phosphate.
At the end of the process, a family of 41 unique structures
remained after obvious outliers were removed, based on
potential energies and restraint violations. An average
structure was calculated and minimized using full relaxation
restraints.

Calculation of Transition Dipole Moments. The direction
and position of the transition dipole moments for the
electronic transitions of the cyanine chromophores used in
FRET studies were calculated using ab initio quantum

mechanical methods. When used for FRET studies, Cy3 is
the donor and Cy5 the acceptor, thus the relevant transition
dipole moments are those associated with the first (vertical)
electronic transitions of Cy3, when in the equilibrium
geometry of its first electronic excited state, and of Cy5,
when in the equilibrium geometry of its ground electronic
state. The optimized excited-state geometry of Cy3 was
obtained at the CIS/6-31G(d, p) level whereas the optimized
geometry of Cy5 in its ground electronic state was obtained
at the HF/6-31G(d, p) level. In both cases the molecules were
confined to Cs symmetry during the optimization process but
a subsequent frequency analysis revealed that true minima
had been located, and removing the symmetry restriction did
not lead to a lower energy structure. The direction of the
transition dipole moments for the optimized structures were
determined at the CIS/6-31++G(d, p) level. The Gaussian
03 suite of programs (35) running on a Linux workstation
with dual Xeon processors (2.6 GHz) and 4 GB of memory
was used for all calculations.

RESULTS AND DISCUSSION

Cy5-Conjugated DNA Used for NMR Studies. The self-
complementary oligonucleotide 5′-CCACTAGTGG-3′ with
Cy5 attached via a three-carbon tether at the 5′-terminus was
synthesized. The sequence was chosen to be directly
comparable with that used in the previous determination of
the structure of Cy-3 on DNA (26). The numbering system
for the DNA nucleotides and Cy5 atoms is shown in Figure
1A and 1B respectively.

Assignment of DNA Proton Resonances. The nonexchange-
able protons in the fluorophore-unconjugated DNA had been
assigned previously (26), using standard methods (predomi-
nantly NOESY). Comparison between the unconjugated
oligonucleotide and Cy5-labeled oligonucleotide spectrum
showed only minor chemical shift differences in most cases,
beyond the terminal base pairs. It was possible to assign the
DNA proton resonances of the Cy5 derivitized oligonucle-
otide, without assumptions about the identity of the peaks
derived from the Cy5 adduct. The chemical shifts of assigned
protons from both the Cy5-conjugated oligonucleotide are
presented in Supporting Information Table S1.

FIGURE 1: (A) Sequence and numbering scheme used for the DNA
in this study. (B) Structure and numbering scheme for Cy5 used in
this study.
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Assignment of Cy5 Proton Resonances. The Cy5 molecule
comprises two indole ring systems connected by a planar
pentamethyne linker. The Cy5 is covalently connected, via
a three-carbon, hydrocarbon linker attached at N9′, to the
5′-phosphate terminus of the DNA. There is also an
equivalent free chain attached at the corresponding N9 of
the distal indole ring, which we term the pseudotether.
Assignment was made in a similar manner to those for Cy3-
DNA (26). The two indole rings of the Cy5 displayed a very
similar pattern of NOESY and COSY peaks to those
observed previously. The two sets of four aromatic reso-
nances have chemical shifts between about 6.8 and 7.6 ppm.
The proximal ring protons (1′, 2′, 3′, 6′) resonate between
7.2 and 7.6 ppm, and the distal ring protons (1, 2, 3, 6)
resonate between 6.8 and 7.2 ppm. The absolute identity of
the two indole rings was made by reference to the con-
nectivity to the DNA protons of the DNA terminal base pairs.
The clearest NOE interactions between the Cy5 and the DNA
were those between the distal indole ring protons and the
G10 H2′ and H2′′ protons. In general the NOESY cross peaks
arising from the Cy5 were not quite as well defined as those
seen in the previous study on Cy3. However, full assignment
of the Cy5 was possible and sufficient NOE interactions were
measured to enable structural refinement. Volume integrals
were measured from the assigned NOESY spectra at 50, 75,
100, 150, and 250 ms mixing times, and a restraints list
constructed comprising 79 restraints involving only Cy5, 184
restraints between DNA protons only and 25 between DNA
and Cy5.

Calculated Structures and Fluorophore Positions from
NMR. Analysis of the NMR NOESY spectra of the Cy5-
DNA construct (Figure 2) immediately identified similarities
with the spectra previously obtained for the Cy3 construct
(26). Full assignment and identification of cross peaks arising
from the Cy5 moiety and almost complete assignment of
the NOESY cross peaks arising from the associated DNA
allowed us to determine the structure using a similar
procedure to that previously employed for Cy3-DNA (26).
The minimized average of the restrained dynamics calcula-
tions generated the Cy5-DNA structure labeled A and C in
Figure 3, which may be directly compared with that
previously determined for Cy3, labeled B and D in Figure
3. The structure of the Cy5 moiety relative to the DNA shows
that the distal indole ring makes very similar stacking
interactions with the terminal 3′ guanine base (structure C
in Figure 3), compared with the equivalent portion of the
Cy3 (structure D in Figure 3). The longer conjugated linker,
between the two indole rings, displaces the proximal indole
ring system further out from the DNA helical axis. NOE
interactions between the proximal indole ring and the 5′
cytidine base were weak in the case of Cy3 and weaker still
or missing in the case of Cy5.

The position of the planar heterocyclic body of Cy5 was
well defined by its large number of NOE contacts to the
terminal nucleotide pair of the DNA (Figures 3A and 3C).
The structure of the Cy5 moiety does, overall, bear great
resemblance to the structure determined previously for Cy3-
DNA. Both fluorophores are positioned like an additional
base pair on the end of the helix. The long axis of the Cy5
is rotated by approximately 32° relative to that of the terminal
base pair.

Our current work defines the structure of Cy5 in relation
to the end of a DNA duplex to which it is covalently attached.
Our previous study described the structure of its commonly
used partner in single-molecule FRET studies, Cy3. The
refinement of the Cy5 DNA structure was essentially
identical to that performed for the Cy3 DNA structure,
allowing direct comparison and analysis. Cartesian coordi-
nates for the optimized structures of Cy3 and Cy5 are
provided in the Supporting Information. Structural refinement
from NMR data in a construct of this sort is complicated by
the terminal location of the fluorophore, giving NOE
interactions on one side only. Although the number of
derived restraints is quite large, by nucleic acid standards, a
composite view of the final structures would not necessarily
be descriptive of the real distribution of structures in what

FIGURE 2: NMR NOESY spectra of the Cy5 labeled DNA duplex.
Selected regions of the 250 ms NOESY between the distal aromatic
ring of Cy5 and the H2′ and 2′′ protons of G10. The positions of
the NOE spectrum recorded in D2O at 14 °C. (A) The base to H2′
and H2′′ region, showing the positions of NOE interactions arising
from the Cy5 methyl groups are also indicated. (B) The DNA base
to H1′ region. The base to H1′ connectivities are represented by
lines and annotation. (C) The aromatic region of the two-
dimensional NOESY spectrum, showing diagonal resonance posi-
tions arising from the two Cy5 indole ring systems.
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is almost certainly a dynamic system. The average structure
probably represents quite accurately the mean position and
orientation of the stacked fluorophore. However, any struc-
ture in which the fluorophore is lifted away from the DNA
would fail to contribute to the observed DNA-Cy3 cross
peaks. This, together with the absence of NOE interactions
on the outer face of the fluorophore, would lead to a poor
definition of partially stacked structures. As in the case of
the Cy3 structure, the imino proton resonances of the terminal
base pairs exhibited decreased intensity relative to the
nonterminal imino protons, and no NOE cross peaks either
to neighboring DNA imino protons or to the fluorophore.
The implication of this observation is that the fluorophore
position on top of the DNA helix must have some dynamic
character, allowing proton exchange to occur between the
terminal imino protons and water. Recent time-resolved
fluorescence measurements of Cy3 attached to the 5′ end of
duplex DNA show that approximately 17% of the Cy3
emission corresponds to a short lifetime that can be attributed
to an unstacked form of the fluorophore (36, 38).

Calculation of the Transition Dipole Moments for Cy3 and
Cy5. The direction of the transition dipole moments for the
first electronic transition of Cy3, when in the equilibrium
geometry of its first electronic excited state, and of Cy5,
when in the equilibrium geometry of its ground electronic
state, was found to lie along the polymethyne chain, as shown
in Figure 4. Calculations performed using a C3 linker joined
to a phosphate group at one side showed the dipole vector
pointing toward the phosphate linker side in both cases.

Comparison between Cy5 and Cy3 DNA Structures. The
structure determined for Cy5-DNA bears a close resemblance
to that of Cy3-DNA. There are however some significant
differences between the two structures. The distal part of
the Cy5 fluorophore (specifically the indole ring numbered
1-9) occupies a position almost identical to that occupied
by the distal portion of the previously studied Cy3. This
indole ring is stacked on the base of the terminal G residue,
with the three-carbon pseudolinker projecting away on the

FIGURE 3: The average minimum structures for the terminal region of the (A) Cy5 adducted DNA and (B) Cy3 adducted DNA, showing
NOE interactions as red sticks. Only a subset of all observed NOE interactions is shown to increase clarity. The position and stacking of
fluorophores on the two terminal base pairs for (C) the Cy5 DNA structure and (D) the Cy3 DNA structure.

FIGURE 4: Directions of transition dipole moments (green arrow)
for (A) Cy5 absorption and (B) Cy3 emission, calculated at the
CIS/6-31++G(d,p) level. Cy3 is in the optimized geometry of its
first electronic excited state. Cy5 is in the optimized geometry of
its ground state.
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minor groove side and the two methyl groups on the major
groove side, making van der Waals contacts with the purine
ring. Because the distal rings of Cy5 and Cy3 occupy similar
positions, the positions of the proximal indole rings differ
somewhat as a consequence of the extra length of the
5-carbon conjugated linker of Cy5, relative to the 3-carbon
linker of Cy3. In Cy3 the proximal indole ring partially stacks
on the terminal cytidine, though prevented from optimal
stacking by the downward-projecting methyl group. In the
case of Cy5, the proximal indole ring is displaced outward
from the center of the DNA helix by approximately a further
4 Å compared to Cy3. The effect of moving the proximal
indole ring out from stacking on the terminal cytidine residue
can be seen in the observed chemical shifts both in the indole
and in the terminal cytidine protons. A significant conse-
quence of the Cy5-DNA structure is that the methyl groups
of the proximal indole are displaced away from the terminal
base pair, allowing the fluorophore to stack onto the DNA
more closely than is possible for Cy3, with the conjugated
linker making close van der Waals contacts across the
terminal cytosine ring.

Implications for FRET Distance Measurement Using Cy3-
Cy5. The NMR structure of Cy5 attached to DNA provides
a point of reference when interpreting distance information
obtained form FRET studies. Thus the local positions of both
fluorophores are known when using the Cy3-Cy5 combina-
tion attached to duplex DNA in the manner described here.

However, the structure of these fluorophores introduces a
potentially significant complication into the interpretation of
distance information from FRET. The relationship between
FRET efficiency (EFRET) and the interfluorophore separation
(R) is given by

EFRET )
1

1+ ( R
R0

)6
(1)

where R0 is given by R0
6 ) 8.79 × 10-5[κ2φDJ(λ)n-4], where

κ2 is the orientation factor, J(λ) is the spectral overlap
integral, φD is the quantum yield of the donor and n is the
refractive index of the medium. Dipolar coupling depends
on the relative orientation of the transition dipole moments
of the FRET pairs, measured by κ2 and so in principle R0

will not be independent of orientation. If the fluorophores
are flexible such that they reorient rapidly within the lifetime
of the excited state of the donor, then κ2 takes a constant,
average value of 2/3 (37), and for fluorophores such as
fluorescein this is a good approximation. However our NMR
data, coupled with fluorescence lifetime information, suggest
that a substantial fraction of the cyanine fluorophores are
stacked onto the end of the helix. If this interaction fixes the
relative orientation of the fluorophores rigidly, the simple
relationship between distance and EFRET no longer holds, and
R0 will be orientation dependent. If the planes of Cy3 and
Cy5 are nearly parallel to each other and the fluorophores
are coaxial, then κ2 ) cos2 θ, where θ is the angle between
the transition moments. The distance dependence of EFRET

will be modulated by the cosine function, and the efficiency
will fall to zero when the dipoles are mutually perpendicular.
In a separate study we have confirmed this modulation for
FRET between Cy3 and Cy5 terminally attached to a series
of DNA duplexes of different length, but shown that the

effect is somewhat averaged by dynamic, probably lateral,
motion of the fluorophores on the end of the helix (36).

CONCLUSION

Our NMR data have shown that Cy5 (like Cy3) that is
attached at the 5′-terminus of duplex DNA becomes stacked
onto the end of the helix, in the manner of an additional
base pair. Knowledge of the position of the fluorophore will
aid in the interpretation of FRET-derived distance measure-
ments. However, the stacked location of the cyanine fluo-
rophores suggests that alignment of the transition dipole
moments could complicate the interpretation of FRET
efficiency information. Although the orientation dependence
may be lessened by flexibility both in the DNA helix and in
the interaction between the cyanine dyes and the terminal
base pairs, ignoring the effect could lead to significant errors
in the estimation of either absolute or relative distance
information. On the other hand the structural information
detailed in this paper may allow the angular dependence to
be used to provide valuable information regarding the
underlying structure.

SUPPORTING INFORMATION AVAILABLE

Chemical shifts assignments (Table S1). Optimized co-
ordinates for Cy3 and Cy5. Average minimized coordinates
for hybrid Cy3 and Cy5 DNA. This material is available
free of charge via the Internet at http://pubs.acs.org.
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