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Orientation of Cyanine Fluorophores Terminally Attached to DNA via Long,
Flexible Tethers
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Cancer Research UK Nucleic Acid Structure Research Group, The University of Dundee, Dundee, United Kingdom

ABSTRACT Cyanine fluorophores are commonly used in single-molecule FRET experiments with nucleic acids. We have
previously shown that indocarbocyanine fluorophores attached to the 5'-termini of DNA and RNA via three-carbon atom linkers
stack on the ends of the helix, orienting their transition moments. We now investigate the orientation of sulfoindocarbocyanine
fluorophores tethered to the 5’-termini of DNA via 13-atom linkers. Fluorescence lifetime measurements of sulfoindocarbocya-
nine 3 attached to double-stranded DNA indicate that the fluorophore is extensively stacked onto the terminal basepair at 15°C,
with properties that depend on the terminal sequence. In single molecules of duplex DNA, FRET efficiency between sulfoindo-
carbocyanine 3 and 5 attached in this manner is modulated with helix length, indicative of fluorophore orientation and consistent
with stacked fluorophores that can undergo lateral motion. We conclude that terminal stacking is an intrinsic property of the
cyanine fluorophores irrespective of the length of the tether and the presence or absence of sulfonyl groups. However, compared
to short-tether indocarbocyanine, the mean rotational relationship between the two fluorophores is changed by ~60° for the long-
tether sulfoindocarbocyanine fluorophores. This is consistent with the transition moments becoming approximately aligned with
the long axis of the terminal basepair for the long-linker species.

INTRODUCTION

Fluorescence resonance energy transfer (FRET) is exten-
sively used to measure or compare distances in biological
macromolecules (1), especially nucleic acids (2-5). It
provides distance information in a size range suitable for
biological macromolecules, and because of the sensitivity
of fluorescence, it can be performed on single molecules
(6). However, the interpretation of FRET data is potentially
complicated by effects arising from the orientation of the
fluorophores used.

FRET arises from the dipolar coupling between the
transition moment vectors of fluorophores, a function of
distance and orientation. The efficiency of FRET (Eggrgr)
as a function of fluorophore separation (R) is given by
Forster (7) as

1
Epper = ———— (1)

1+ (R/RO)

where R, is the distance at which energy transfer is 50%
efficient. Ry depends upon the spectroscopic properties of
the fluorophores and the medium, given by

RS — 0.529 x k* x ¢p x J(A)
0 N x n*

(@)

where the units of Ry and the wavelength A are cm. The
value ¢p is the quantum yield of the donor, N is the Avoga-
dro number, 7 is the index of refraction of the medium, and
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J(A) is the spectral overlap between donor emission and
acceptor absorption, given by

©

[ op(A) x ea(A) x A'dA
)=t @)

‘Of(/’z)(a)dA

where ¢p(A) is the spectral shape of donor emission and
ea(Ad) the extinction coefficient for acceptor absorption
M~ ! em™!). The value k? describes the relative orientation
of the fluorophores. It is given by

k> = (cos Or —3 x cos @p X cos @A)2 “)

where the angles @, ®p, and ®4 describe the relative
orientation of the donor and acceptor transition dipole
moments (Fig. 1 A). Uncertainty in the value of K> (8-10)
provides the largest potential difficulty in the extraction of
distance information from Ergrgr. The value k* can take
values between 0 and 4, or between 0 and 1 if the transition
moments are coaxial and constrained to parallel planes. If
the fluorophores undergo isotropic reorientation within the
excited state lifetime of the donor, then k? = 2/3 (9), thus
simplifying the extraction of distance information. In
many studies this is assumed to apply, explicitly or other-
wise, but this may not necessarily be warranted. There has
been renewed interest in this problem recently (11-13).
The cyanine fluorophores Cy3 and Cy5 are extensively
used as a FRET donor acceptor pair attached to nucleic
acids, particularly in single-molecule studies (14). We
have shown that the fluorophores Cy3 and Cy5 stack on
the ends of DNA double helices when attached to the 5’
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FIGURE 1 Orientation of the transition moments of cyanine fluoro-

phores attached to DNA. (A) The orientation parameter k. The transition
dipole vectors for the coupled donor and acceptor fluorophore are indicated
(arrows), labeled D and A. Vector A’ is generated by the in-plane translation
of vector A to share its origin with vector D. The definition of %, given in
Eq. 4, is based upon the angles shown. (B) Parallel-eye stereoscopic view
of a model of a duplex with Cy3 and Cy5 fluorophores attached to the
5'-termini via Cs linkers. This was generated using our NMR structures
of Cy3 and CyS5 attached to duplex DNA. The fluorophores lie in approxi-
mately parallel planes, and thus the angular relationship between them (and
thus their transition moments) will depend on the length of the DNA helix,
and its helical periodicity. (C) Schematic to illustrate the principle of the
experiment in which a series of DNA duplexes terminally labeled with
Cy3 and Cys5 is used. The cyanine fluorophores are represented as flat disks,
with the direction of the transition moments indicated (arrows). As the helix
length is increased there is a rotation of the relative angle between the two
transition dipoles. The term «* takes the value 1 when they are parallel, and
0 when perpendicular.

termini via three-methylene carbon (Cs3) tethers generated
by coupling as phosphoramidites (15,16) (Fig. 1 B). This
generates a significant orientation of the fluorophores, so
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that an assumption of k* = 2/3 is not justified. This was
demonstrated by making a series of DNA and DNA-RNA
duplexes labeled at their 5'-termini with Cy3 and Cy5
(12). We observed that the efficiency of energy transfer
from Cy3 donor to Cy5 acceptor as a function of the length
of the helix was significantly modulated in a periodic
manner, with maxima and minima occurring twice per helix
rotation.

The profiles of Erggr as a function of helix length could
be well simulated assuming standard B- and A-form helical
geometries and terminally stacked fluorophores that can
undergo a significant degree of lateral mobility about
a mean position deduced from NMR studies (12). Because
the calculated transition moments for the 7 to 7* transitions
lie in the plane of the indole rings close to the poly-methine
linker (16), the fluorophore positions are close to satisfying
the conditions for a variation of 0 < x> < 1, and the dipoles
should be perpendicular twice per helical period (i.e., k* = 0)
(Fig. 1 C). In principle, the orientational effects could be
greater if the fluorophores planes are not parallel, for
example when terminally attached to a helix that is bent
by some discontinuity such as a junction or bulge. In that
case, k> could vary over its full range from 0 to 4.

In our previous studies, the cyanine fluorophores were
linked to 5'-termini via a Cs linker. This is the same number
of carbon atoms that exist when linked via a ribose ring, and
it is possible that this constrains the fluorophores to stack on
the end of the helix in the manner of an additional nucleo-
tide base. A commonly-used alternative approach is to con-
jugate the fluorophores as N-hydroxysuccinimide esters to
a primary amine that is linked to the 5'-terminus by a Cg
tether, generating a total tether length of 13 atoms. The
structures created by use of the Cs-linked phosphoramidite
and conjugation using the Cg linker are compared in Fig. 2.

In principle, the longer linker could provide much greater
flexibility than the Cj tether. The structure of the fluoro-
phores used in the two methods also differs. The Cy3 and
Cy5 N-hydroxysuccinimide esters carry sulfonyl groups at
the 5 and 5’ positions of the indole rings. The presence of
these negative charges could affect the stacking of the fluo-
rophores (17). The longer linker and altered structure of the
fluorophore might conceivably remove a constraint that
requires it to stack on the terminal basepair. On the other
hand, perhaps the tendency to stack is intrinsic to the
cyanine fluorophores in general, and will occur irrespective
of the nature of the linkage and substitution in the indole
ring. We have therefore set out to answer this question,
which is of great practical significance for the interpretation
of FRET experiments using these fluorophores.

We have used a 10-24 bp duplex series with 5 sulfoindo-
carbocyanine 3 and 5 attached via long tethers to examine
whether the orientation observed with the shorter tether is
maintained. We find significant modulation of Egggt with
helix length measured in single-molecule experiments,
leading to the conclusion that the orientation of the cyanine
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FIGURE 2 Comparison of cyanine fluorophores and their linkages to
DNA. (A) L3-Cy3. Indocarbocyanine 3 attached to DNA as a phosphorami-
dite during synthesis is tethered via a three-methylene carbon linker. (B)
L13-sCy3. Sulfoindocarbocyanine 3 contains a sulfonyl substitution in
the six-membered rings of the indole systems to increase solubility. In
our experiments they are attached to six-carbon 5'-amino-linker groups
on the DNA by coupling as N-hydroxysuccinimide esters postsynthetically
to generate the linkage shown, containing a total of 13 atoms.

fluorophores on the ends of the helix is not a consequence
of a particular linker, but is intrinsic to the nature of these
fluorophores. We also find that the sequence of the terminal
basepair has significant yet different effects on the fluores-
cent lifetimes and extent of stacking of the two Cy3
fluorophores.

MATERIALS AND METHODS

Synthesis of oligonucleotides and attachment
of fluorophores

DNA oligonucleotides were made by chemical synthesis using phosphora-
midite chemistry. Oligonucleotides were made with Cg 5’ amino-linkers,
and Cy3 and Cy5 fluorophores were conjugated as N-hydroxysuccinimide
esters (Amersham Biosciences, Piscataway, NJ) to make the L13-sCy3 and
L13-sCyS5 species, respectively. L3-Cy3 and L3-CyS5 oligonucleotides were
made by coupling Cy3 and Cy5 as phosphoramidites as the final step of
synthesis. All oligonucleotides were purified by gel electrophoresis in poly-
acrylamide, and recovered from gel fragments by electroelution or diffusion
in buffer followed by ethanol precipitation. Fluorescently-labeled DNA was
subjected to further purification by reversed-phase HPLC on a C18 column
using an acetonitrile gradient with an aqueous phase of 100 mM triethylam-
monium acetate (pH 7.0). Equimolar quantities of complementary strands
were mixed in 90 mM Tris-borate (pH 7.0), 25 mM NaCl, and annealed
by heating at 85°C and cooled slowly to 4°C. The hybridized duplexes
were purified by electrophoresis in 20% polyacrylamide in 90 mM Tris - bo-
rate (pH 8.3), 25 mM NaCl (see Fig. S1 in the Supporting Material) and
recovered by electroelution and ethanol precipitation.
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Phospholipid encapsulation

A 100:1 molar ratio of unmodified/biotinylated phospholipids was
prepared by evaporating a number of aliquots of a mixture of 2.5 mg
L-a-phosphatidylcholine and 35 ug 1,2-dipalmitoyl-sn-glycero-3-phos-
phoethanolamine-N-(cap biotinyl) (Avanti Polar Lipids, Alabaster, AL)
from chloroform in a stream of argon. The aliquots were hydrated in
250 uL of 50 mM NaCl, 10 mM Tris-HCI (pH 8.1) (TN50 buffer) without
(one aliquot, used for surface coating of slides) or with an addition of
200 nM of a given fluorescent DNA duplex and 10 mM MgCl,.

The DNA was encapsulated in phospholipid vesicles by repeated extru-
sion through a polycarbonate membrane containing 200 nm pores using
a mini-extruder (both Avanti Polar Lipids), creating 200-nm diameter uni-
lamellar vesicles (18,19). The ratio of DNA/phospholipid resulted in most
vesicles being empty, and thus most encapsulations involved a single DNA
molecule. Slides were prepared by injection of DNA-free phospholipid
vesicles into a narrow channel made between a quartz microscope slide
and a No. 1.5 coverslip (VWR International, Radnor, PA) using double-
sided adhesive tape, and left at 4°C for 1 h to allow supported bilayer
formation. The sample chamber was then washed with TN50 buffer, treated
with 0.2 mg/ml neutravidin (Pierce, Rockford, IL) for 10 min, and washed.
A 20th dilution of a chosen encapsulated DNA was injected and allowed to
bind to the neutravidin for 15 min. Imaging was performed under the same
buffer conditions used for vesicle preparation with an oxygen-scavenging
system consisting of 1.6 mg/ml of glucose oxidase, 0.2 mg/ml of catalase,
6% (w/v) glucose, and 1 mM trolox.

Total internal reflection single-molecule
microscopy

Fluorescence intensities were acquired from single DNA duplexes encapsu-
lated in phospholipid vesicles using prism-based total internal reflection
fluorescence microscopy. A microscope quartz slide containing the sample
was mounted on the stage of an inverted microscope (IX70; Olympus
America, Center Valley, PA). The sample chamber was chilled to 10 =
2°C and an argon flow directed at the prism to prevent condensation.

Fluorescent emission was collected by a 1.2 NA 60x water immersion
objective (Olympus America) and the incident excitation light removed
by a 550-nm long-pass filter. The donor and acceptor fluorescence emis-
sions were separated by a 645-nm dichroic mirror (Chroma Technology,
Bellows Falls, VT). These two channels were focused side by side into
a —60°C-cooled, back-illuminated, electron-multiplying charge-coupled
device camera (iXON; Andor Technology, Belfast, Northern Ireland)
(20). A 645-nm long-pass filter was present in the acceptor channel. Up
to several hundred molecules could be recorded simultaneously using an
image area of 8.2 x 8.2 mm (512 x 512 active pixels). Data were acquired
at 10 frames s~ ' using software written in Visual C++ (Microsoft,
Redmond, WA). Molecules were identified and the uncorrected intensity
data for donor and acceptor channels were extracted with an IDL (ITT
Visual Information Solutions, Boulder, CO) routine. The data for single
molecules were then analyzed in MATLAB (The MathWorks, Natick,
MA), where appropriate correction factors were applied (12) as detailed
in the Supporting Material.

Time-resolved fluorescence measurements

Time-resolved fluorescence intensity measurements were performed by
time-correlated single-photon counting using a LifeSpec-1I spectrometer
(Edinburgh Instruments, Edinburgh, UK). The excitation source was a
SC400-PP supercontinuum white light laser (Fianium, Hamble, Southamp-
ton, Hampshire, UK) operating at 2 MHz. Fluorescence emission was
detected using a monochromator and a cooled microchannel plate photomul-
tiplier tube. All data were collected at 15°C. The excitation wavelength was
530 nm and the emission wavelength was 565 nm with a 20-nm bandwidth.
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The excitation polarizer was set at 0° and the emission polarizer at 54.7°. A
550-nm long-pass filter was used to exclude scattered incident light.

An instrument response function was recorded before data collection.
Fluorescence decay curves of 1 uM solutions of each duplex were recorded
on a timescale of 20 ns, resolved into 4096 channels, to a total of 100,000
counts in the peak channel. Decay curves were analyzed by using a standard
iterative reconvolution method in the F900 (Edinburgh Instruments) soft-
ware package, using a multiexponential decay function. Fluorescence
decays of the free fluorophores were fitted to two exponential functions.
Fluorescence decays of the labeled DNA duplex species were globally fitted
to three exponential functions, where the short lifetime (corresponding to
the unstacked fluorophore) was linked globally for the duplexes labeled
with the same fluorophore type (i.e., L3-Cy3 or L13-sCy3).

RESULTS

Conjugation of cyanine fluorophores
to duplex DNA

In this study we have covalently tethered cyanine fluoro-
phores to six-carbon amino-linkers attached to the 5’ phos-
phate groups of duplex DNA postsynthetically using
N-hydroxysuccinimide esters (Fig. 2). This differs from our
previous study in two ways. The tethers comprise a total of
13 atoms, compared to just three atoms for the fluorophores
coupled as phosphoramidites. The longer tether is a chain
of methylene carbon atoms with an amide linkage close to
the center, and would be expected to be flexible. Another
difference lies in the structure of the fluorophores them-
selves, that have sulfonyl group substitution in the phenyl
rings. Although the terms “Cy3” and “Cy5” are frequently
applied to fluorophores both with and without the sulfonyl
groups, here we shall refer to the nonsulfonated fluorophores
(also known as “DilC,(3)” and “DilC,(5)”) attached as
phosphoramidites as “L3-Cy3” and “L3-Cy5”, and the sul-
foindocarbocyanine fluorophores attached by the 13-atom
tethers as “L13-sCy3” and “L13-sCy5”. We have synthe-
sized a series of duplex species between 10- and 24-bp in
length with 5'-terminally attached L13-sCy3 and L13-sCy5
fluorophores. The terminal sequences are kept constant for
each duplex, preserving the environment of the fluorophores.
Full sequences are presented in the Supporting Material.

Fluorescent lifetimes of sulfoindocarbocyanine
3 attached by a 13-atom linker

Time-resolved fluorescence provides valuable information
on the environment of cyanine fluorophores attached to
dsDNA. In the free state, both sCy3 and Cy3 undergo relax-
ation by a cis-trans isomerization in the polymethine linker
connecting the indole rings (21), giving a short fluorescent
lifetime of ~200 ps. However, this process is hindered if
Cy3 is attached to the 5'-terminus of DNA and stacked
onto the terminal basepair, whereupon components of longer
lifetime are observed. On this basis, Sanborn et al. (22)
showed that a fraction of terminally attached L3-Cy3 was
hindered with a longer lifetime, whereas part had a short
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lifetime consistent with an unstacked environment. We
have used time-resolved fluorescence to quantify the extent
of stacking of L3-Cy3 onto the 5'-terminus of dsDNA (12).
We have now compared the time-resolved fluorescence
properties of L13-sCy3 and L3-Cy3 attached to the 5'-
terminus of dsDNA. For this, we chose a 16-bp duplex
with a 5'-cytosine. The duplexes were analyzed using time-
correlated single photon counting, and the decay curves ob-
tained were each fitted to a multiexponential decay function.
The lifetimes and amplitudes are tabulated in Table 1.

As expected, the free fluorophores exhibited only short
lifetimes (Fig. 3). However, for both fluorophores we
observed longer lifetimes when tethered to dsDNA and
the decays were more complex, with a significant compo-
nent having a fluorescence lifetime ~900 ps. A small
fraction of each fluorophore has a lifetime close to the
radiative lifetime of Cy3 of 2 ns (22). The longer lifetimes
indicate that, for a significant fraction of the fluorophore
relaxation by cis-trans, isomerization is hindered; this is
true for both forms of the fluorophore and attachment, sug-
gesting that L13-sCy3 makes an intimate interaction with
the end of the DNA helix. In fact, the fraction of fluorophore
with a short lifetime (which we assume to be the unstacked
form) is lower for L13-sCy3 than for L3-Cy3, suggesting
that the interaction may be stronger despite the long tether.

To examine the influence of the terminal sequence, we
made three further 16-bp duplexes in which the terminal
C-G basepair was replaced by G-C, T-A, and A-T.
To each was attached L3-Cy3 or L13-sCy3 (Fig. S8). We

TABLE 1 Fluorescent lifetime data for indocarbocyanine
3- and sulfoindocarbocyanine 3-labeled DNA duplexes
Sulfoindocarbocyanine Indocarbocyanine
T« f e T« f X

Free 024 92 4.7 1.15 | 016 98 958 1.78

0.48 8 15.3 0.43 2 4.2
L13-sCy3 L3-Cy3

5’ base T a fi N T a fi x?
0.31 32 12.1 033 45 213

C 097 63 76.9 125 | 090 50 6438 1.14
1.80 5 10.9 1.81 5 14.0
0.31 40 18.6 033 41 24.5

G 0.85 57 73.0 127 | 0.83 55  66.5 1.21
2.01 3 8.4 2.02 4 9.0
0.31 37 11.3 033 47 209

T 097 36 342 127 | 078 50 654 1.24
2.03 27 545 2.00 3 13.7
0.31 45 16.6 033 28 11.1

A 0.90 33 35.6 1.08 0.90 59 63.2 1.21
1.81 22 479 1.65 13 257

Fluorescence lifetimes of indocarbocyanine 3-phosphate and sulfoindocar-
bocyanine 3-NHS ester as free dyes compared to their lifetimes attached to
DNA duplexes with different terminal sequences. The labels 7, , and f; are
the fluorescent lifetime (ns), lifetime amplitude (%), and fractional intensity
(%) for each component, respectively, and x is the chi-squared statistic.
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FIGURE 3 Time-resolved fluorescence decay of cyanine fluorophores
free and attached to DNA. Decay curves are presented for the free fluoro-
phores indocarbocyanine 3 phosphate (Cy3) and the sulfoindocarbocyanine
3-NHS ester (sCy3) and the same species attached to DNA, L3-Cy3
(shaded) and L13-Cy3 (solid), respectively. The instrument response
function is shown (light shaded).

observed a fraction of longer lifetimes for all combinations
of sequence and fluorophore (Table 1), suggesting that each
fluorophore was significantly stacked onto the end of the
DNA. In each case, the short lifetime was found to be
very similar for the same form of fluorophore, consistent
with its assignment as the unstacked species (data not
shown). Thus, the data were fitted assuming a common short
lifetime. The possibility that other lifetimes could be
common for different terminal sequences was considered
but rejected due to significantly poorer fits to the data.

FRET efficiency between the ends of duplex DNA
as a function of length exhibits modulation

We have measured FRET efficiency for each duplex
5'-labeled with L13-sCy3 and L13-sCyS5 as single molecules
encapsulated within phospholipid vesicles at 10 = 2°C, as
previously employed for the combination of L3-Cy3 and
L3-Cy5 (12). This approach ensures potentially mishybri-
dized molecules do not contribute to the data used to calcu-
late Eprers and the encapsulation obviates the need for
tethering the molecules directly to the surface. There is no
free 5’-terminus available for this purpose, and any tether
might interact with the fluorophores, potentially compli-
cating the results.

The measured values of Epggr as a function of duplex
length are plotted in Fig. 4. Inspection immediately reveals
that the data do not fit a simple distance dependence with
a constant value of k> = 2/3. Instead, there is a clear
modulation, with maxima at 16 and 21 bp, and minima at
14 and 19 bp. The modulation has twice the periodicity of
a B-form helix, as would be expected if the fluorophores
are partly stacked onto the ends of the helix such that the
angle between their transition moments changes with
helix length. From this, we conclude that despite the longer
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FIGURE 4 Variation of FRET efficiency between L13-sCy3 and L13-
sCy5 terminally attached to DNA as a function of helix length. Epgrgr
was measured for each duplex species as phospholipid vesicle-encapsulated
single molecules. The Epgrgr values are plotted (solid circles) as a function
of helix length, with estimated errors. The data have been simulated (solid
line) using a model in which 50% of the molecules had one or both fluoro-
phores unstacked (k> = 2/3) whereas the remaining 50% were stacked. The
best fit was obtained where there was no mean rotation of the fluorophores
relative to the terminal basepair. However, lateral rotation of the fluoro-
phores was permitted about the mean, with a half-width of 20°. Standard
B-form geometry of the DNA helix was used, with 10.5 bp/turn and a helical
rise of 3.6 A/bp step. These calculations were based upon a measured value
of the spectral overlap integral J(A) = 5.4 x 107'* M~! cm?, refractive
index n = 1.33, and a quantum yield for L13-sCy3 of ¢p = 0.35. The
data (open circles) and simulation (broken line) for a duplex series with
L3-Cy3 and L3-CyS5 are plotted, taken from our earlier study (12). In this
simulation the mean position of each fluorophore is rotated by 31° relative
to the terminal basepair, accounting for the phase difference between the
two curves.

linkers, both cyanine fluorophores are at least partially
stacked onto the ends of the helices, consistent with the
fluorescent lifetime data.

As observed previously for the combination of L3-Cy3 +
L3-CyS5, the minima do not reach Egggt = 0, suggesting that
the interaction with the ends of the helix may exhibit some
lateral flexibility that locally averages the data. The extent
of modulation observed here is similar to that obtained using
the short tethers. However, comparison with the previously-
observed L3-Cy3 + L3-Cy5 series (plotted as open circles
fitted with a broken line in Fig. 4) reveals a striking difference.
Although the periodicity remains unchanged (consistent with
the geometry of a B-form helix—see below), there is a signif-
icant phase shift between the two data sets. For the L3-Cy3 +
L3-Cy5 duplex species, we observed maxima at 14 and 19 bp
(12). This indicates that although the fluorophores interact
with the helical termini for both linkers, the manner of this
interaction differs such that the angle between the transition
moments and the long axis of the terminal basepairs is signif-
icantly altered for the L13-sCy3 + L13-sCy5 species, with
a change in the mean angle between the two fluorophores
of ~60° compared to the L3-Cy3 + L3-Cy5 duplex series.
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Simulation of FRET efficiency data based upon
the interaction of the cyanine fluorophores
with the helical termini

As in our study of the L3-Cy3 + L3-Cy5-labeled species
(12), we have simulated the data for the L13-sCy3 + L13-
sCy5-labeled species using models that involve lateral
angular motion of the fluorophores while remaining essen-
tially stacked onto the terminal basepairs, with a Gaussian
distribution consistent with Boltzmann population of rota-
tional species based on energies determined by a torsional
dependence according to Hooke’s law. We have used two
varieties of the model. In one, the fluorophores are wholly
constrained to remain stacked on the helical termini. In
the other model, the fraction of fluorophore determined to
be unstacked according to the fluorescent lifetime measure-
ments is given a constant value of K> = 2/3, and the
remainder is treated as in the first model. The latter model
is clearly more consistent with the fluorescent lifetime data.

The simulation based on full stacking is shown in Fig. S7.
The simulation according to the second model is plotted
with the experimental data in Fig. 4, where the fraction of
molecules with one or both fluorophores unstacked is 0.5,
based on the lifetime data (extrapolating from the measure-
ments of Cy3 to assume that the fraction of unstacked
species is 0.3 for both fluorophores). We have observed
that the quantum yield for L13-sCy3 is higher than that
for L3-Cy3, and we have used a value of 0.35 in the simu-
lation (consistent with the longer lifetime). The value of
the overlap integral J(A) used is presented in the Supporting
Material. The simulation is based on standard B-form DNA
geometry (with no adjustable parameters), which gives an
excellent fit to the periodicity of the data. However, to fit
the phase of these data we found that we had to rotate the
mean angular position of the fluorophores in the plane, so
that the transition moments are aligned parallel to the long
axis of the terminal basepairs.

This is a significant difference from the L3-Cy3 + L3-
Cy5-labeled DNA, when both fluorophores were rotated
by ~31° relative to the terminal basepairs (virtually in the
manner of an additional basepair), consistent with the
NMR data of the corresponding species (15,16). The half-
width of the distribution of lateral mobility required to fit
the data was 20° about the mean. The model based on full
stacking gave a significantly worse fit to the amplitude of
the data, although the modulation is well reproduced (see
Fig. S7). This required a distribution of lateral mobility
with a half-width of 45°.

DISCUSSION

The pronounced modulation observed over the duplex series
using the 13-atom linker clearly shows that the cyanine flu-
orophores are oriented on the ends of the helix despite the
long, flexible tethers. We therefore conclude that terminal
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stacking is an intrinsic propensity of these fluorophores,
not a result of constraint imposed by the linker. This is
consistent with observations of interactions between free
cyanine fluorophores and nucleobases (17).

However, the phase shift between the sets of data with
different linker lengths reveals a marked reorientation of
the fluorophores in this data. The periodicity remains close
to 10.5-bp/turn, i.e., consistent with B-form DNA structure,
but the fluorophores are repositioned with respect to the
terminal basepairs. This could result from the change in
the chemical nature of the fluorophores, i.e., the addition
of the sulfonyl groups (which should interact electrostati-
cally with the phosphate groups), or a change in flexibility
of the linker, or a combination of both. However, despite
this there is no indication that the fluorophores themselves
are any less constrained. We have initiated NMR studies
of a DNA duplex with sulfoindocarbocyanine 3 tethered
by the 13-atom linker to provide a structural description
of the relationship between the fluorophore and the DNA.

To guide the modeling of the data, we determined the
extent of unstacking of the fluorophores using time-resolved
fluorescence measurements. Our data were fitted to three
lifetimes of ~0.3, 0.9, and 2.0 ns. The shortest lifetime is
close to that observed for the free fluorophore, and we
assume this is the lifetime of the unstacked fluorophore,
where rotation about the polymethine chain is expected to
be least hindered. The longest lifetime is close to the radia-
tive lifetime of Cy3 (22), and thus is likely to reflect a fully
stacked conformation where no rotation is possible. The
intermediate lifetime may arise due to partially stacked
conformations, in which rotation about the polymethine
chain is possible but significantly hindered. Intermediate
states amenable to isomerization were observed during
a recent computational study by Spiriti et al. (23). They
observed a variety of conformers where the proximal indole
ring of L3-Cy3 was stacked over the 5’ nucleobase and the
distal ring projected over the sugar backbone or minor
groove. Our observation of a fraction of L13-sCy3 of short
lifetime is fully consistent with the good fit obtained with
the FRET efficiencies in the duplex series based on the
model in which a fraction of one or other fluorophore is
unstacked.

The extent of stacking of both L3-Cy3 and L13-sCy3 flu-
orophores was influenced by the identity of the terminal
basepair. Our data for L3-Cy3 are in good agreement with
those of Spiriti et al. (23), with the AT basepair showing
the greatest extent of stacking and a significantly longer
average lifetime than the other sequences. However, we
observe a significantly different sequence dependence for
L13-sCy3. In this case, the T+A basepair is the best stacked,
followed by the A-T. Spiriti et al. suggested that the rela-
tively weak interaction between L3-Cy3 and T+A may be
due to the out-of-plane C-H bonds of the methyl group of
thymidine. If so, our data suggest that the longer linker
permits the fluorophore to adopt an orientation that avoids

Biophysical Journal 101(5) 1148-1154
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this steric hindrance, perhaps by a 180° rotation of the fluo-
rophore about its long axis to stack on its opposite face so
that the dimethyl groups of L13-sCy3 lie in the minor rather
than the major groove.

The intrinsic orientation of the cyanine fluorophores
means that an experimentalist cannot simply use a longer
linker and be assured that a simple x> = 2/3 is then valid.
Moreover, the potential error resulting from this assumption
would be even greater if the transition moments are not
rotating within coaxial, parallel planes, because the orienta-
tion could then cover its full range of 0 < k* < 4. For
example, using constrained internal cyanine fluorophores
in DNA duplexes, Ranjit et al. (24) observed a value of
K> = 3.2. However, if the orientation effects can be fully
understood, they could provide a valuable source of angular
data in nucleic acids.
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Supplementary Information

DNA sequences used to construct the duplex series

10bp
Cy3-5-CCTAGAGTGG-3'
Cy5-5-CCACTCTAGG-3’

11bp
Cy3-5-CCTAGCAGTGG-3'
Cy5-5-CCACTGCTAGG-3

12bp
Cy3-5-CCTAGCCAGTGG-3’
Cy5-5'-CCACTGGCTAGG-3’

13bp
Cy3-5-CCTAGCGCAGTGG-3’
Cy5-5-CCACTGCGCTAGG-3

14bp
Cy3-5-CCTAGCAGCAGTGG-3'
Cy5-5-CCACTGCTGCTAGG-3’

15bp
Cy3-5-CCTAGCAGGCAGTGG-3'
Cy5-5-CCACTGCCTGCTAGG-3’

16bp
Cy3-5-CCTAGCAGTGCAGTGG-3’
Cy5-5-CCACTGCACTGCTAGG-3

17bp
Cy3-5-CCTAGCAGGTGCAGTGG-3’
Cy5-5'-CCACTGCACCTGCTAGG-3

18bp
Cy3-5-CCTAGCAGCGTGCAGTGG-3’
Cy5-5-CCACTGCACGCTGCTAGG-3’

19bp
Cy3-5-CCTAGCAGCGGTGCAGTGG-3’
Cy5-5-CCACTGCACCGCTGCTAGG-3

20bp
Cy3-5-CCTAGCAGCGAGTGCAGTGG-3’
Cy5-5-CCACTGCACTCGCTGCTAGG-3’

22bp
Cy3-5'- CCTAGCAGCGGCAGTGCAGTGG-3'
Cy5-5-CCACTGCACTGCCGCTGCTAGG-3

24bp

Cy3-5-CCTAGCAGCGCAGCAGTGCAGTGG-3
Cy5-5-CCACTGCACTGCTGCGCTGCTAGG-3’

Purification of DNA duplexes 5’-labelled with L13-sCy3 and L13-sCy5



Figure S1 : Electrophoretic separation of 10 - 17 bp duplex species following hybridization. The L13-
sCy3, L13-sCys5 labelled duplexes migrate as purple bands, well separated from unhybridized strands
labeled with L13-sCy3 (pink) or L13-sCy5 (blue). The duplex-containing bands were excised and the

DNA recovered by electroelution.

Correction of FRET efficiencies measured by single-molecule methods

Fluorescence intensities from single-molecule experiments have an inherent
background. The background of the donor and the acceptor for each data acquisition
was determined with a dual histogram of donor and acceptor intensities (Figure S2).
Intensities of donor plus acceptor pairs, and those with donor only were fitted by
linear regression and the intersection determined. The intersection of these two lines

provides a measure of the background to be removed from each channel.

Active donor-acceptor pair

Raw accepter intensity (I *)

Do only

200

Raw donor intensily (1,*)

Figure S2 : Dual histogram of donor and acceptor intensities from 3532 molecules of the 10 base-pair

duplex.

The background-corrected FRET efficiency (E*prgt) for a molecule, averaged over n

frames (typically n=11), is given by :

Wl}gere I*p ﬁ[ *A are thpA raw recrrded intensities and Iy and /¢ are the background
intensitios 0 he-dbporaingd aéggp or channels respectively. The gamma factor (y) is a

function of fluorophore quantum yields and photon detection efficiencies and varies



with conditions (such as pH, temperature, optical alignment and properties of optics
and filters) (1). y is calculated from the change in intensity in the donor and acceptor

channels following an acceptor photobleaching (or blinking) event according to :

_AL
i
where the corrected donor and acceptor intensities were averaged over a stable
number of frames on either side of the photobleaching event. A total of 159 molecules

(within duplexes 10 to 16) presenting these events were identified, yielding a mean
value for y of 1.162 with a 95% confidence interval of + 0.032.

The E*prer population histogram usually contains two main peaks, with the peak at
lower E*pgrgr arising from donor-only molecules with an inactive acceptor. Donor-
only molecules have a non-zero E*prpr because of leakage of donor light into the
acceptor channel due to the long-pass 645-nm dichroic mirror. A Gaussian fit of the
E*prer histogram allows measurement of the crosstalk correction factor p for each

duplex (Figure S3).

Number of molecules

FRET

Figure S3 : Background-corrected FRET efficiencies histogram from 3532 molecules of the 10 base-
pair duplex. The histogram was fitted to three Gaussian functions to determine the donor-only peak
position p.

A further correction is required because of reflection of acceptor light into the donor
channel by the 645-nm dichroic mirror. The backreflection ratiorwas measured with a
dual-labelled DNA hairpin (Figure S4) where the donor and acceptor are so close that
Errer= 1 so that all the emission arises from the acceptor. We measured E*prpr =
0.967, thusr =0.037.
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Figure S4 : Sequence of a DNA hairpin loop with a two base-pair separation of donor and acceptor to
measure the back-reflection correction factor 7.

The true FRET efficiency for each molecule is given by :

Erpr — p
Eprer = —lFfiT_ D

The Errerpopulation histogram fitted to multiple Gaussianfunctions (Figure S5),

provides the best estimate of the FRET efficiency for a particular DNA duplex.

23

Number of molecules

Figure S5 : Background, crosstalk and backreflection-corrected FRET efficiencies histogram of the 10
base-pair duplex fitted to three Gaussian functions.

The uncertainty associated with each Eprpr value was calculated using the
uncertainties of the fitted parameters and the estimated errors ofthe correction factors.
It was assumed that the background intensities/py and /5o have a negligible error. The
95% confidence interval of £0.032for y was used to calculate upper and lower
limitsfor E*grer. For example, the background-corrected data for the 10 base-pair
duplex gave E*prer= 0.811 and0.803 using the lower and upper values

ofy respectively,giving E*prer = 0.807 £ 0.004.

The error in the crosstalk correction factor p was also calculated using the upper and
lower boundaries of y. For the 10 base-pair duplex p variedbetween 0.109 to 0.103 for
the lower and upper y respectively (95% confidence interval), givingp = 0.106 £
0.003.The standard deviation from the Gaussian fit used to determine the back
reflection correction factor was used to estimate the uncertainty in 7, resulting in » =

0.037 £ 0.004.The overall uncertainty in Errer Was calculated as :

* 2 2
AEpper = AEfRET A + ( art Apj ® Erper
Epper — P l-r—p



The 10 base-pair DNA duplex is then found to have Errer = 0.824 £ 0.010. The same
procedure was applied for all 13 DNA duplexes, and the resulting histograms are
presented in Figure S6.
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Figure S6 : Histograms of corrected FRET efficiency for each member of the DNA duplex series.

Modelling the dependence of FRET efficiency on duplex length with lateral mobility of
fluorophores

This is calculated as presented in Igbal et al (2). We calculate the interfluorophore
distance for each duplex R as

R=((L-1)xH)+ D



where L is the length of the helix (bp), H is the helical rise per bp step, and D is the
additional axial separation for the two fluorophores.

The mean angle between the transition moments 4 is calculated as :

A=((L-1)xT)+ C34 + C54

where 7' is the twist angle for each basepair, and C34 and C54 are the rotations of
Cy3 and CyS5 relative to the terminal basepairs. For B form DNA H=3.6 A and T=
36°, and D = 8 A.C34 + C54 = 62° for the L3-Cy3 plus L3-Cy5 combination, and 0°
for the L13-sCy3 plus L13-sCy5 combination.

For each species, we set up an array of angles (44) over a £100° range about the
mean.k” and hence Ry are calculated for each length. The value of Erggris calculated
for each angular position (£4,4), and the resulting distribution summed, weighted by

its distance from the mean angle using a Gaussian distribution, i.e.

Eprer="3 (E44xP) where P =exp-(44°/ 1.44H7)
where H is the half-width. The sum of P is normalised to unity.

This simulation procedure has been implemented in a MATLAB program.

A simulation based on fully-stacked fluorophores is presented in Figure S7.
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Figure S7 : Variation of FRET efficiency between L13-sCy3 and L13-sCy5 terminally attached to
DNA as a function of helix length measured in phospholipid vesicle-encapsulated single molecules.
The Errgr values are plotted (solid circles) as a function of helix length, with estimated errors. The data
have been simulated (black line) using a model in which 100% of the molecules had both fluorophores
terminally stacked. The best fit was obtained where there was 0° mean rotation of each fluorophore
relative to the terminal basepair. However, lateral rotation of the fluorophores was permitted about the
mean, with a half-width of 45°. Standard B-form geometry of the DNA helix was used, with 10.5
bp/turn and a helical rise of 3.6 A/bp step. These calculations were based upon a measured value of the
spectral overlap integral J(A) = 5.4 x 10" M em’, refractive index # = 1.33 and a quantum yield for

L13-sCy3 of ¢p = 0.35. The data (open circles) and simulation (broken line) for a duplex series with



L3-Cy3 and L3-CyS5 are plotted, taken from our earlier study (2). In this simulation the mean position
of each fluorophore is rotated by 31° relative to the terminal basepair.

Modelling the dependence of FRET efficiency on duplex length with lateral mobility of
fluorophores, together with an unstacked fraction

Where a fraction of unstacked fluorophores is allowed, the value of Errgr for that
fraction is calculated using k” = 2/3, together with an increment to the
interfluorophore distance. The resulting Errgr is calculated as a linear combination of
the contributions from the stacked fluorophore (calculated as described in the
preceding section) and the freely-mobile fluorophore. This simulation procedure has

been implemented in a MATLAB program.

Calculation of Forster length R, for L13-sCy3 and L13-sCy5 attached to double-stranded DNA
as NHS esters.

The overlap integral J(A) has been evaluated over the wavelength range 520-700 nm. An
absorbance spectrum of a DNA duplex containing a sCy5 dye conjugated as NHS ester
attached to one of the strands was recorded. Additionally, a fluorescence spectrum of a
DNA duplex containing a sCy3 dye conjugated as an NHS ester attached to one of the
strands was recorded.

The L13-sCy5 duplex absorption was scaled to the molar absorbance of the sCy5 NHS
ester of 250,000 at a wavelength of 651 nm. The overlap integral was evaluated
numerically from these spectra, normalized to the sCy3 fluorescence over the same range,

according to:

J(A) =Y. Fluorescence(sCy3)x Absorbance(sCy5)x A*/ Y Fluorescence(sCy?3)
= 5.421x10° M cm’

The Forster length Rycan be calculated from :

6 0.529xx% x ¢y, xJ(A)
RO =

N xn*

Ro=5.70x10" em =57 A

wherex” = 2/3 andthe quantum yield of the donor¢p = 0.35, the Avogadro number N

and the refractive index of watern= 1.33.

Fluorescent lifetime decay for L13-sCy3 and L3-Cy3 5’-attached to DNA as a function of
terminal sequence.
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Figure S8 : Time-resolved fluorescence decay of L13-sCy3 and L3-Cy3 terminally attached to DNA as

a function of the sequence of the terminal basepair. 16 bp duplexes based on the sequence Cy3-
XCACTGCACTGCTAGG where X is C (panel A), A (panel B),G (panel C) and T (panel D) were
studied. In each case the decay curves and fits are shown in the larger panels, with the residuals for the
fits shown below. L13-sCy3 data are shown in blue (fits shown blue), L3-Cy3 data in black (fits shown
red). The lifetimes calculated from these data are presented in Table 1.

Synthesis of Cy3 phosphate for fluorescence lifetime measurements

Cy3 phosphate (Figure S9) was synthesised using standard CE-phosphoramidite chemistry
on an automated DNA synthesiser. A phosphorylation reagent (2101-F100, Link
Technologies) was first coupled to a standard preloaded DNA synthesis column (universal
support) followed by the Cy3 phosphoramidite (28-9172-98, GE Healthcare). The Cy3
phosphate was cleaved from the solid support and the CE protecting group removed by

treatment with concentrated ammonium hydroxide solution (Fisher) then dried in vacuo.



Purification was then by reversed-phase HPLC (Buffer A: 0.1 M TEAA pH 7.0 Buffer B
MeCN, 1 mL min-1, 1-5 min 100% A, 5-12 min 80% A, 12-32 min 70% A, 32-37 min
55% A, elution at 36 min). ESI-MS negative mod [C29H36N20O5P]: calculated 523 Da,
found 523 Da.

HO

Figure S9 : The structure of Cy3 phosphate used in fluorescence lifetime measurements.
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