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We have found that the efficiency of fluorescence resonance
energy transfer between Cy3 and Cy5 terminally attached to the 5’
ends of a DNA duplex is significantly affected by the relative
orientation of the two fluorophores. The cyanine fluorophores are
predominantly stacked on the ends of the helix in the manner of
an additional base pair, and thus their relative orientation depends
on the length of the helix. Observed fluorescence resonance
energy transfer (FRET) efficiency depends on the length of the
helix, as well as its helical periodicity. By changing the helical
geometry from B form double-stranded DNA to A form hybrid
RNA/DNA, a marked phase shift occurs in the modulation of FRET
efficiency with helix length. Both curves are well explained by the
standard geometry of B and A form helices. The observed modu-
lation for both polymers is less than that calculated for a fully rigid
attachment of the fluorophores. However, a model involving
lateral mobility of the fluorophores on the ends of the helix
explains the observed experimental data. This has been further
modified to take account of a minor fraction of unstacked fluoro-
phore observed by fluorescent lifetime measurements. Our data
unequivocally establish that Forster transfer obeys the orientation
dependence as expected for a dipole-dipole interaction.

cyanine fluorophores | FRET | kappa squared | single-molecule FRET

luorescence resonance energy transfer (FRET) has become

widely used to report on distances over the macromolecular
scale in biology (1), reviewed in refs. 2-4. The method is highly
sensitive, and consequently has been widely exploited in single-
molecule experiments in biological systems. Energy transfer
results from dipolar coupling between the transition moments of
two fluorophores, and the efficiency of the process (Errgr)
depends on the separation between the donor and acceptor
fluorophores, raised to the sixth power. Although such data are
frequently interpreted on the assumption of a simple relation-
ship between Eprger and distance, Exrgr should also depend on
the relative orientation of the transition dipole vectors.

The orientation dependence is likely to be most significant
where the fluorophores are constrained (5-9). This has been
demonstrated experimentally by using a fluorophore that was
terminally affixed to duplex DNA by two points of covalent
attachment (10), thereby seriously constraining its motion. This
situation is not typical of most FRET studies involving nucleic
acids. Fluorophores are normally tethered by a single point of
attachment, and in theory would be significantly less con-
strained. But if the fluorophores adopt a rigid manner of
attachment to the helix, an orientational dependence could be
observed.

Cy3 and Cy5 are a commonly used fluorophore pair, especially
in single-molecule experiments. Our earlier NMR studies have
shown that when these are attached to the 5’ termini of duplex
DNA via a 3-carbon linker to the 5'-phosphate they are pre-
dominantly stacked onto the ends of the helix in the manner of
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an additional base pair (11, 26). This would provide a favorable
situation in which the orientation dependence of FRET could be
observed, and we have therefore studied a series of DNA and
DNA-RNA hybrid duplexes to seek this effect. We find that
Errer values reduce with duplex length, but also exhibit a
modulation with twice the periodicity of the helices that is
consistent with the anticipated orientation effect. Thus, it will be
necessary to take fluorophore orientation into consideration
when interpreting FRET data in terms of distances in some
circumstances.

Background Theory. The variation of Erggr With the separation
between donor and acceptor fluorophores (R) is given by (12):

1

Eprer = 1+ (R/Ry)° [1]

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

o 0.529:4>DpU(N)
0T Nt

(2]

where the units of Ry and the wavelength A are centimeters. «?
describes the relative orientation of the fluorophores (see be-
low). ®p is the quantum yield of the donor, N is the Avogadro
number, and 7 is the index of refraction of the medium. J(A) is
the spectral overlap integral, given by:

f dp(A)e4(A)-A*dN
=" [3]
f $p(N)dA

0

where ¢p(A) is the spectral shape of donor emission and e4(A)
is the spectral shape of acceptor excitation (M~ cm™!). We have
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Fig. 1. Orientation of transition moments of cyanine fluorophores termi-
nally attached to double-stranded DNA. (A) The orientation parameter 2. The
transition dipole vectors for the coupled donor and acceptor fluorophores are
indicated by the 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 k2, given in Eq. 4, is based on the angles shown. (B) If the fluorophores lie
in parallel planes, the orientation parameter simplifies to k2 = cos?Or and
varies between 0 and 1. The schematic shows the limiting cases, where the
transition moments are parallel (k2 = 1) and crossed (k2 = 0). Note that these
conditions will occur twice per complete rotation of one fluorophore relative
to the other around their common axis. (C) Parallel-eye stereoimage showing
the structure of Cy3 stacked onto the terminal base pair of a DNA duplex, as
determined by NMR (11). (D) A molecular graphics model of a duplex with Cy3
and Cy5 fluorophores attached to the 5’ termini via Csz linkers. This was
generated by using our NMR structures of Cy3 and Cy5 attached to duplex
DNA. Note that the fluorophores lie in approximately parallel planes, and that
the angular relationship between them (and thus their transition moments)
will depend on the length of the DNA helix and its helical periodicity.

measured the overlap integral for Cy3 and Cy5 terminally
attached to dsDNA as J(A) = 7.2 X 1073 M~ cm?.

The largest potential uncertainty in the extraction of distance
information from Ergrgr lies in the orientation term 2, given by:

K* = (cos®; — 3.cos0 pcosO )2 [4]

where the angles O, Op, and ©4 are defined in Fig. 1 4 and B.
This can take values between 0 and 4, or between 0 and 1 if the
transition moments are constrained to parallel planes and per-
pendicular to the line joining them. If the fluorophores undergo
isotropic reorientation in a time much shorter than the excited
state lifetime of the donor, then k?> = 2/3 (6), and in most studies
this is assumed to apply. Although this is a good approximation
for freely mobile fluorophores like fluorescein that are termi-
nally attached to double-stranded nucleic acids, it is rather less
probable for cyanine dyes in this situation. By using NMR we
have shown that Cy3 and Cy5 are predominantly stacked onto
the end of dsDNA when coupled to the 5'-terminal phosphates
via Cs linkers (11, 26) (Fig. 1 C and D).

The transition moments for the 7 to #* transitions lie in the
plane of the indole rings close to the polymethyne linker (26),
and are therefore directed in planes that are approximately
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Fig. 2. Simulation of the dependence of calculated efficiency of energy
transfer between Cy3 and Cy5 terminally attached to duplex DNA as a function
of the length of the helix. The calculations are based on the extremes of
complete fluorophore mobility (k2 = 2/3) and total rigidity of the fluorophore
stacked on B form DNA. The latter calculations were performed for fluoro-
phoreslying in planesthat are perpendicular to the helical axis (0°), or with the
planes inclined to the axis by 10 or 20°. These calculations were based on a
measured value of the spectral overlap integral J(\) = 7.2 X 1073 M~" cm3,
giving Ry = 60.1 A when «? = 2/3. For the case of rigid and parallel fluoro-
phores, the points plotted are the values for integral numbers of base pairs

parallel to each other. This situation approximates to Op = 6,4 =
90°, and where O depends on the length and geometry of the
DNA helix and the angles between the terminal base pairs and
the transition moments. This is simulated in Fig. 2, on the
assumption that the fluorophores are rigidly attached to the ends
of the DNA. It can be seen that the efficiency of energy transfer
is strongly modulated by the length of the helix in a periodic
manner, falling close to zero twice per helix rotation when the
transition moments are perpendicular (i.e., cosO7 = 0). This
“bouncing ball” type dependence is not significantly altered if
the fluorophores are inclined relative to the terminal base pairs
by 20° as 3.cosOp.cosO,4 is small and the behavior remains
dominated by the variation in ©7. The variation of Egggr With
length with a constant value of k> = 2/3 is also shown.

Results and Discussion

We have investigated the variation of FRET efficiency experi-
mentally for a series of terminally labeled DNA duplexes of
lengths 10-24 bp, thus covering more than one complete helical
turn. Each species was generated by hybridizing extensively
purified complementary strands with Cy3 or Cy5 separately
attached to their 5’ termini via a three-carbon linker [see
supporting information (SI) Fig. S1 |. Egrer Was measured in
both ensemble and single-molecule experiments.

Modulation of Energy Transfer Efficiency in a DNA Duplex Series. Each
member of the series was studied in free solution under steady-
state conditions, and Ergrer Was calculated by using the acceptor
normalization method (13). The resulting efficiencies are plotted
as a function of helix length in Fig. 3 (filled circles). Overall, the
Errgr values decrease with helix length, yet there is a clear
periodic modulation in phase with that anticipated for simple
orientational dependence based on B form helical geometry
(Fig. 2). Minima are observed at 13 and 18 bp, and maxima at
14 and 19 bp. The period is therefore ~5 bp, which is half the
structural periodicity of a B form double helix; this is consistent
with the anticipated orientational dependence of dipolar cou-
pling. It should be noted that the observed modulation has twice
the frequency of that observed where the interfluorophore
separation varies with helix length because of off-axial position-
ing of freely mobile fluorophores (14).

The values of Exrgr for the DNA duplex series were measured
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Fig. 3. Efficiency of energy transfer for Cy3, Cy5-labeled DNA duplexes as a
function of duplex length. Erger was measured for each duplex species, from
an ensemble of molecules in the steady state (filled circles) or from phospho-
lipid vesicle-encapsulated single molecules (open circles). Estimated errors are
shown on the single-molecule data. The data have been simulated by using a
model in which the fluorophores undergo a lateral motion within the plane
perpendicular to the helical axis, giving a Gaussian distribution of probabili-
ties about the mean relative angle set by the NMR structures. The fluorescent
quantum yield for Cy3 was 0.30 (17), and the refractive index 1.33. The
half-width giving the best agreement to the experimental data was 55°.
Standard B form geometry of the DNA helix was used, with 10.5 bp per turn
and a helical rise of 3.6 A per bp step. The dependence for fully flexible
fluorophore (k2 = 2/3) is also plotted.

by an alternative approach based on single-molecule methods.
This was done for two main reasons. First, we were concerned
that the ensemble results might be distorted by the presence of
molecules in which Cy5 was not active. Second, the majority of
experiments using the Cy3-Cy5 combination are performed with
single-molecule methodology, and so this is directly relevant.
Errer was measured from single DNA molecules encapsulated
in phospholipid vesicles (15) that were tethered to a quartz slide
by using total internal reflection microscopy (16). This avoided
any perturbation of DNA structure that might otherwise have
arisen if there was a direct tether to the surface, and only
molecules with active donor and acceptor fluorophores were
analyzed. Errer values of active species were calculated from the
donor and acceptor wavelength channels, and histograms gen-
erated for many single molecules. The plot of Erprgr vs. helix
length (Fig. 3, open circles) is very similar to that generated from
the ensemble data, with modulation of almost identical period
and phase.

Thus, we observe the same modulation of FRET efficiency
with helix length irrespective of the method of measurement.
The period and phase of the modulation are fully consistent with
the expected dependence on the relative orientation of the
transition moments of the fluorophores, that is, the variation
of k2.

A Dynamic Model Can Account for the Extent of Modulation. Al-
though the positions of the maxima and minima of the experi-
mental profiles are fully consistent with modulation due to
fluorophore orientation, the peaks are clearly less sharply de-
fined than those calculated for rigid fluorophores (Fig. 2),
suggesting that the data are averaged by some dynamic process.
Motions in which the fluorophores tilt away from their stacked
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position on the end of the DNA cannot explain this effect. We
therefore simulated the data by using an alternative model in
which the fluorophores are allowed to move laterally on the end
of the helix, with a Gaussian distribution of probabilities of
chosen half-width—this corresponds to a Boltzmann population
of conformations where both fluorophores and the intervening
DNA helix collectively act as a torsional spring. By using
standard helical parameters for B form DNA with 10.5 bp per
turn and a helical rise of 3.6 A, together with mean angles
between the terminal base pair and the transition moments of
Cy3 and Cy5 of 32° and 30°, respectively (measured from the
NMR structures), we generated simulations of the Eprgr Vvs.
helical length curves. We have assumed that the excitation and
emission transition moments of Cy3 are parallel, which is
supported by the high fundamental anisotropy of Cy3 (17).
Setting a half-width at half-maximum (HWHM) of 55° provided
excellent agreement with the shape of the experimental curve
(Fig. 3), reproducing the maxima and minima in closely similar
positions.

A Fraction of Cy3 Is Unstacked from the DNA. Although the lateral
motion can account for the observed data very well, it does not
provide a unique solution. A model in which one fraction of the
fluorophores is stacked, whereas the remaining fluorophores are
unstacked and freely mobile with x> = 2/3, provided equally
good agreement (see below). Although our NMR data indicate
that most of the Cy3 will be stacked on the end of the DNA (11),
a minor fraction that is unstacked would not be detected in these
experiments. Levitus and coworkers (17) have provided time-
resolved fluorescence data that indicate that there is a fraction
of Cy3 that is free to rotate around its linker when attached to
the 5’ terminus of double-stranded DNA. We therefore mea-
sured lifetime distributions for Cy3 attached to the 5’ terminus
of DNA duplexes such that the fluorophore was in exactly the
same environment as in the FRET experiments.

Singly Cy3-labeled duplexes of 16 and 22 bp were analyzed by
using time-correlated photon counting, and the decay curves
obtained fitted to a number of exponential functions (Fig. 44).
For each sample our data were significantly better fitted by using
three exponentials compared with two (see SI Materials and,
Table S1). Two species had relatively long lifetimes of 1.04 and
1.91 ns, with fractional intensities of 61.6% and 21.4%, respec-
tively for the 16-bp duplex, whereas the third species had a
lifetime of 390 ps and an intensity of 16.9% (Table 1). Identical
results were obtained for the 22-bp duplex within experimental
error. We assign the short-lifetime species to unstacked Cy3,
where the excited state is rapidly relaxed by cis-trans photoi-
somerization occurring in the polymethyne linker (18). The
fluorescent lifetime becomes longer if rotation about the poly-
methyne linkage is prevented, for example, by steric constraints
in Cy3B (17). Thus, stacking may also prevent isomerization and
account for the species we see with longer lifetimes. We suggest
that the species with the longest lifetime has Cy3 stacked onto
the end of the helix in a manner similar to that we have observed
by NMR (11), because its lifetime is very close to the 2 ns
expected for a Cy3 species that is unable to photoisomerize,
calculated from the radiative fluorescence rate for Cy3 of 5 X 108
s~ (17). The intermediate lifetime probably arises from Cy3 in
a series of environments in which rotation about the polym-
ethyne linkage of the fluorophore is constrained but not pre-
vented. These are unlikely to be freely mobile, because such a
high proportion of unstacked fluorophore is not consistent with
the NMR data. However, the lateral motion could partially
expose the fluorophore such that some segmental rotation
within the polymethyne linker becomes possible, shortening the
fluorescent lifetime.

Assuming that the dynamic properties of the chemically
similar Cy5 are comparable to Cy3, up to 31% of the fluorescent
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Fig. 4. The existence of an unstacked fraction of fluorophore. (A) Time-resolved fluorescent lifetime analysis of Cy3 attached to double-stranded DNA.
Fluorescent decay curve for Cy3 attached to a 16-bp DNA duplex, showing the experimental data and the instrument response function (IRF), and the fit to three
exponential functions (line). Plots of weighted residuals for fitting the data to two (x2 = 1.33) or three (x2 = 1.06) exponential functions are shown below. (B)
On the basis of this analysis, the Egrer data for the DNA duplexes were simulated by using a model in which the fraction of the fluorophores indicated by the
fluorescent lifetime analysis was given free mobility with k2 = 2/3, whereas the remaining fluorophore was constrained to undergo lateral motion with a
distribution of species as before. The simulation (line) has been plotted with the experimental data (points) obtained from ensemble (filled circles) and
single-molecule (open circles) experiments. Both datasets were found to be well described by a simulation in which 31% of the molecules had a mobile
fluorophore extended by a further 7A, and the remaining fraction of stacked fluorophore underwent lateral motion with a Gaussian half-width of 42°. The

fluorescent quantum yield for Cy3 was 0.30 (17), and the refractive index 1.33. Standard B form geometry of the DNA helix was used.

emission could be due to molecules in which one or both
fluorophores are in an unstacked conformation. We therefore
simulated our data assuming that 31% of the molecules had
freely mobile fluorophores such that k> = 2/3 (Fig. 4B). This
provides an equally good fit to the experimental data (both
ensemble and steady-state) compared with the fully stacked
model, giving a HWHM = 42° for the fluorophores remaining
stacked on the helix. However, simulations (data not shown)
show that using a free fraction of fluorophore plus a stacked
fraction with no lateral flexibility cannot explain the data. First,
the minima and maxima are no longer in the correct positions.
Second, we require a free fraction of ~75% to approximate the
experimental data, and this is plainly in contradiction with our
earlier NMR data (11).

An Altered Periodicity of Modulation in a DNA-RNA Hybrid Duplex
Series. The modulation of Ergrer with twice the frequency of the
DNA helix provides strong evidence for the orientation depen-
dence of the dipolar coupling. And, this suggests a further test

Table 1. Fluorescent lifetime data for 5-Cy3-labeled 16-bp DNA
and RNA/DNA duplexes

T, Ns « f, % X2
DNA 16 bp 0.39 0.018 16.9 1.062
1.04 0.025 61.6
1.91 0.005 21.4
RNA/DNA 16 bp 0.31 0.009 53 0.986
0.96 0.025 43.7
1.77 0.016 51.0

7, o, and f are the fluorescent lifetime, lifetime amplitude, and fractional
intensity for each component, and x? is the chi-squared statistic.
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of the model. On the basis of this model we expect that an A form
helix should produce a similar modulation, but with an altered
period and phase because this helical conformation is less tightly
wound than the B form helix of double-stranded DNA. We
therefore tested the prediction by the construction of a new
series of terminally Cy3-Cy5-labeled duplex species with one
DNA and one RNA strand. These hybrid duplexes should adopt
an A form helix (19-21). FRET efficiency was measured by using
both steady-state ensemble spectroscopy and single encapsu-
lated molecules by TIR microscopy as before. The data are
presented in Fig. 5, with the data for the DNA duplexes
reproduced in gray for comparison. The profiles have the same
appearance as those for the DNA duplexes, with a clear mod-
ulation superimposed onto a generally reducing Errgr as duplex
length increases. However, the modulation is clearly not in phase
with the DNA data, with maxima observed at 11, 17, and 22 bp.
The efficiency of energy transfer is modulated with twice the
periodicity of a helix corresponding to ~12 bp per turn, that is,
in good agreement with that expected for an A form helix.

We also carried out time-resolved fluorescence lifetime mea-
surements of Cy3 attached to DNA/RNA duplexes of 16 and 22
bp in length (see SI Materials, Table S1, and Fig. S2). As with the
DNA, the data were best fitted by using three species, with
lifetimes (amplitudes) of 330 ps (6.1%), 990 ps (46.4%), and 1.84
ns (47.5%) (average for the 16 and 22 bp species). As with the
DNA, we attribute the short-lifetime species to unstacked Cy3
molecules, and the remaining species to stacked fluorophores.
These data indicate that the Cy3 is stacked more fully on the A
form helix compared with the DNA duplex.

On the basis of these results we simulated our FRET effi-
ciencies as a function of DNA/RNA duplex length based on an
A form helix with 12 bp per turn and a rise of 3 A and an
unstacked fraction of fluorophores of 12% with «? = 2/3 (Fig. 5).
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Efficiency of energy transfer for Cy3, Cy5-labeled hybrid RNA/DNA duplexes as a function of duplex length. The duplexes were constructed by using

the same Cy5-labeled DNA strands as before, hybridized to complementary Cy3-labeled RNA strands. Erger Was measured for each duplex species, from an
ensemble of molecules in the steady state (A) or from phospholipid vesicle-encapsulated single molecules (B). The Egger values are plotted (filled circles) as a
function of helix length. The estimated errors are shown on the single-molecule data. The black lines show simulation of the data based on the geometry of an
A form helix with a periodicity of 12 bp per turn and a rise of 3 A/bp step. A fraction of freely mobile fluorophore of 12% was assumed from the time-resolved
fluorescence measurements of Cy3 attached to an RNA/DNA duplex (see text). Arefractive index of n = 1.33 and quantumyield of 0.35 were used for the efficiency
calculations. For both datasets, a half-width for the distribution of lateral motion of 42% gave the optimal agreement with the experimental data. The data and
simulations for the DNA duplexes are shown for comparison by using open circles and gray lines. The phase shift between the two helical forms is very clear.

Good agreement with the experimental data was obtained by
inclusion of lateral fluorophore mobility with HWHM = 42° for
the stacked fluorophores, and a refractive index n = 1.33. To
obtain the best absolute agreement, a value of fluorescence
quantum yield of 0.35 was used for the DNA-RNA duplexes,
consistent with the greater proportion of the long-lifetime
species.

Conclusions

The observed modulation of the distance dependence of FRET
for the DNA and hybrid DNA-RNA series, and the agreement
with simulations based on B and A form helices, provide strong
evidence for the orientational dependence (i.e., k%) of energy
transfer efficiency by using the commonly employed Cy3-Cy5
donor-acceptor pair. Our experiments unequivocally establish
that Forster transfer obeys the orientation dependence as ex-
pected for a dipole-dipole interaction. In many situations a
simple inverse-distance interpretation of FRET efficiency will
provide an adequate qualitative interpretation, but our data
show that the common assumption that FRET is a monotonic
function of distance can actually fail under certain circum-
stances. For the extraction of precise distance information, it will
be necessary to take account of the orientation dependence.
From our data we calculate that the assumption that k* = 2/3
could result in an error of up to 12 A in distance estimation in
some circumstances, notably when the transition moments are
close to perpendicular. The discrepancy might be reduced if
significant flexibility can be introduced into the linker connect-
ing the two fluorophores. For example, changing the length and
characteristics of the covalent tether might result in a flexible
fluorophore, although this cannot be assumed a priori. If the
fluorophores remain stacked on the helix, the orientation effect
could lead to misassignment of states in single-molecule exper-
iments if the assignment is made based only on the FRET
efficiencies, especially in more complex systems with multiple
states. Therefore, additional control experiments should be per-
formed to provide independent support for the assignments. On the

11180 | www.pnas.org/cgi/doi/10.1073/pnas.0801707105

positive side, the orientation effects in FRET could be a valuable
tool in structural biology. A full understanding of the orientation
dependence could greatly extend the use of FRET measurements
to provide both accurate distance and angular information.

Materials and Methods

Synthesis and Preparation of Duplex Species. Deoxyribooligonucleotides were
synthesized by using standard phosphoramidite chemistry, and ribooligo-
nucleotides were synthesized by using 2’-t-BDMS ribonucleoside -cyanoethyl
phosphoramidites (22), as described in ref. 23. Cy3 and Cy5 were added to 5’
termini as phosphoramidites at the end of synthesis as required. Fully depro-
tected oligonucleotides were purified by electrophoresis in 20% polyacryl-
amide gels containing 7 M urea, and recovered by electroelution. The cyanine-
conjugated strands were further purified by reversed-phase chromatography
with a Cqg column eluted with a gradient of acetonitrile in 100 mM triethyl-
ammonium acetate. Duplex species were assembled by mixing stoichiometric
quantities of purified DNA (Cy3 or Cy5 labeled) or RNA (Cy3 labeled) in 90 mM
Tris-borate (pH 8.3), 25 mM Nacl, cooling slowly from 95°C to 4°C. Duplexes
were then purified by electrophoresis in 20% polyacrylamide under nonde-
naturing conditions in 90 mM Tris-borate (pH 8.3), 25 mM NaCl. Gel fragments
containing the required duplexes were excised, and the double-stranded
nucleic acids were recovered by electroelution. The purified DNA or DNA/RNA
species were dissolved in 90 mM Tris-borate (pH 8.3) and absorption spectra
recorded from 220 to 800 nm by using a Cary 1E UV-visible spectrophotometer.
The full sequences of all of the duplex species used in this study are listed in S/
Materials.

Steady-State Ensemble Fluorimetry. Fluorescence emission spectra were re-
corded at 4°C by using an SLM-Aminco 8100 fluorimeter in 90 mM Tris-borate
(pH 8.3). Spectra were corrected for lamp fluctuations and instrumental
variations, and polarization artifacts were avoided by crossing excitation and
emission polarizers at 54.7°. Erger Was measured with the acceptor normal-
ization method (13) by using emission spectra (550-720 nm) excited at 535 and
600 nm.

Single-Molecule Analysis of Encapsulated Duplex Species. Single duplex mol-
ecules were studied trapped within phospholipid vesicles in 10 mM Tris-HCI
(pH 8.0), 50 mM Nadl. Individual DNA or RNA/DNA duplex species were
encapsulated in phospholipid vesicles comprising a 100:1 mixture of either
L-a-phosphatidylcholine or 1,2-dimyristoyl-sn-glycero-3-phosphocholine with

Igbal et al.
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1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (Avanti
Polar Lipids) by repeated extrusion through a polycarbonate membrane con-
taining 200-nm pores (Osmonics) (24) as described (15). This generated 200-
nm-diameter vesicles, with a 1:1 molar ratio of duplex to vesicles. The vesicles
were conjugated via NeutrAvidin (Pierce) to biotin-functionalized polyethyl-
ene glycol (PEG)-coated quartz slide surfaces. Encapsulated molecules were
excited at 532 nm by prism-based total internal reflection (16) microscope at
12°C. Up to 100 images of the surface at Cy3 and Cy5 emission wavelengths
were obtained by using an Andor intensified CCD camera, with an integration
time of 100 ms for durations of 2-3 s. Dual-view design of the emission
pathway allowed us to image the Cy3 and Cy5 signals simultaneously. Egrer
values were calculated from averaged Cy3 and Cy5 intensities over 300- to
500-ms periods for each molecule in the images. Data were corrected for
crosstalk between Cy3 and Cy5 channels, backreflection from the dichroic
mirror surface in the dual-view emission pathway, and the background (see S/
Materials). Histograms of Egger values from 5,000 to 32,000 molecules are
plotted in Fig. S3. Each histogram contained two major peaks; one at Erger ~
0 corresponding to duplexes with active Cy3 only, and another at higher Erger
resulting from duplex molecules with an active Cy3-Cy5 pair. However, for
some constructs, an additional, broad peak was observed at intermediate
FRET values because of some vesicles containing multiple DNA molecules with
at least one photobleached Cy5. In such cases, we fit the data with three
Gaussian peaks to separate the contribution of the important species (see S/
Materials and Fig. S4). Errors on the reported Erger values represent the
standard deviation of randomly sampled subsets of the data, each comprising
~1,000 molecules.
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Time-Resolved Fluorimetry. Time-resolved fluorescence intensity measure-
ments were performed by time-correlated single-photon counting (TCSPC) by
using an FL 920 spectrometer (Edinburgh Instruments) (25). The excitation
source was a titanium sapphire laser (Coherent) with 200-fs pulse duration
operated at 76 MHz. Its fundamental output was sent through a pulse picker
(Coherent 9200) and a harmonic generator (Coherent 5-050) to obtain 450-nm
pulses at 4.7 MHz. The excitation beam was attenuated as needed to avoid
pile-up effects. Fluorescence emission was detected by using a monochroma-
tor and a cooled microchannel plate photomultiplier tube (Hamamatsu
C4878). The instrument response function, measured by scattering the
excitation beam from a dilute suspension of colloidal silica (Ludox), was
<100 ps FWHM. Fluorescence decay curves were recorded on a time scale
of 20 ns, resolved into 4,096 channels, to a total of 10,000 counts in the peak
channel. Decay curves were analyzed by using a standard iterative recon-
volution method in the F900 (Edinburgh Instruments) software packages,
on the basis of a multiexponential decay function. The quality of fit was
judged on the basis of the reduced x? statistic, and the randomness of
residuals.
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S| Materials
DNA Sequences Used to Construct the Duplex Series

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

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

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

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

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

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

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

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

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

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

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

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

24bp
Cy3-5’-CCACTGCACTGCTGCGCTGCTAGG-3’
Cy5-5’-CCTAGCAGCGCAGCAGTGCAGTGG-3’

The RNA/DNA duplexes had the same sequence, where the
Cy3-labeled strand was exchanged for RNA, for example, the
10-nt strand was Cy3-5'-CCACUCUAGG-3'. These were hy-
bridized with the same Cy5-labeled DNA strands.

Modeling the Dependence of FRET Efficiency on Duplex Length for
Rigidly Stacked Fluorophores. We calculate the interfluorophore
distance for each duplex R as

Igbal et al. www.pnas.org/cgi/content/short/0801707105

R=(L-1)*H)+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 angle between the transition moments A is calculated as

A=(L~-1)*T) + C34 + C54

where T is the twist angle for each base pair, and C34 and C54
are the rotations of Cy3 and Cy5 relative to the terminal base
pairs. i .

For Bform DNAH =3.6 Aand T = 36° andD =8 A, C34 +
C54 = 62°.

The orientation factor is calculated as.

k% = (sin® *sin® ,*cos4-2%cos® p*cos® ,)>

For the case where the fluorophore planes are parallel and
close to coaxial (i.e., Op, ©,4 ~ 90°), this reduces to

k> = cos’4

k% and hence Ry are calculated for each length, and thus the value
for Egrer. This calculation has been performed over 141 steps
from 10 to 24 bp in Kalaidagraph, and interpolated (Fig. 2).

Modeling the Dependence of FRET Efficiency on Duplex Length with
Lateral Mobility of Fluorophores. As before, the interfluorophore
distance for each duplex is given by

R=(L-1)*H)+D

and the mean angle between the transition moments A4 is given
by

A=(L—-1)*T) + C34 + C54

For each species, we set up an array of angles (44) over a = 100°
range about the mean, and calculate x> and hence Ry for each.

The value of Epgrgr is calculated for each angular position
(E44), and the resulting distribution summed, weighted by its
distance from the mean angle by using a Gaussian distribution,
that is,

Eprer =2 (E44"P)
where
P = exp-(AA%/1.44H?)

where H is the half-width. The sum of P is normalized to unity.
This simulation procedure was implemented in a MATLAB
program.

Modeling the Dependence of FRET Efficiency on Duplex Length with
Lateral Mobility of Fluorophores, Together with an Unstacked Frac-
tion. Where a fraction of unstacked fluorophores is allowed, that
fraction is calculated by using x* = 2/3, together with an
increment to the interfluorophore distance (7 A was found to
give the best agreement with experimental data). The resulting
Errgt 18 calculated as a linear combination of the contributions
from the stacked fluorophore (calculated as above) and the
freely mobile fluorophore.
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Time-Resolved Duplexes Data Analysis. From the short time traces
average donor (Ip) and acceptor (I4) intensities are calculated
over a period of 300 to 500 ms. These values are recorded for up
to 40,000 molecules for further processing. Using a scatter plot
of total intensity vs. Errer, lower and higher thresholds are
determined so that Erggr populations of Cy3-Cy5 pairs are
selected. All of the molecules outside the threshold limits are
discarded. Because the time traces are short we usually don’t see
the photobleached flat lines in time traces to be used as the
background value. We employ two techniques to determine the
background values (Ip, and L4,) as shown in supporting infor-
mation (SI) Fig. S4. In the first method, we make histograms of
Ip and I4 that are measured from the last 3-5 data points of each
time trace so that fluorophores are more likely to photobleach
(Fig. S4C). The flat lined Ip and I4 will appear as a peak near
0. Peak positions are then used as the background values. The
second method involves the dual histogram of Ip and I4 pairs
from all of the molecules of the duplex specie in question. A color
density plot of such a distribution is shown in Fig. S4B. Because,
in theory, Cy3 and Cy5 intensity ratio is constant, Eprgr
populations in the dual histogram can be fitted to a line. The
Errgr of Cy3-CyS5 pairs shows up at a higher 14 value, whereas
Cy3 only duplexes populates lower 14 values. Fitting each of these
populations to a line and finding the intersection point provides
us with the background values, Ip, and 14,. Sometimes some I
and I4 population is found near the origin because of nonactive
Cy3-Cys5 pairs, the center of which should also coincide with the
intersection. By using these guidelines, we determine the back-
ground values and subtract them from the mean intensities to
calculate the apparent Errgr value for each molecule.

Errer= (1 + [Up = Ip, /14— 14,]) "

From these values we prepare the initial FRET histograms,
which usually comprise two dominant peaks. The first peak is the
donor-only molecules with nonactive Cy5. It is not at zero,
because some of the donor emission leaks into the acceptor
channel, yielding a donor-only peak. The peak position of this
value, p, is then used to perform crosstalk correction. Another
factor in our apparatus arises from the long-pass dichroic mirror
in the dual-view emission pathway, which reflects a fraction of

1. Ha T, et al. (1999) Single molecule fluorescence spectroscopy of enzyme conforma-
tional dynamics and cleavage mechanism. Proc Nat/ Acad Sci USA 96:893-898.

Igbal et al. fwww.pnas.org/cgi/content/short/0801707105

the CyS5 signal into the Cy3 channel. We measured the ratio of
this backreflection by using a construct where the Cy3 and Cy5
are so close to each other that all of the emission comes from
CyS5, and Cy3 emission should be zero. Errgr from that substrate
should be 1, but we only measure ~0.88 indicating a 12%
reflection ratio. The experiment was repeated with a number of
substrates where the fluorophores are at very close proximity;
the average value for the reflection ratio is calculated to be r =
0.12 with a very narrow distribution.

True FRET efficiency (Errer) of each molecule is then
calculated from averaged donor and acceptor emissions along
with the crosstalk correction factor, p, and backreflection ratio,
r, using the formula:

E*prpr = (Eprpr —p)/(1 —p — 1)

The gamma factor in our system (1) was measured by looking at
CyS5 photobleaching or blinking traces, where the decrease in the
acceptor intensity should be equal to the increase in donor
intensity in theory. If they are not equal, then the ratio of
donor-to-acceptor emissions should be scaled accordingly, which
is called gamma correction. This value was measured and found
to be 1 in our system, and therefore we did not apply any
additional correction.

E¥rer values from each molecule were then used to generate
the histograms for DNA and RNA/DNA duplexes. The peak
positions of Gaussian fits were insensitive to the bin size in a
range from ~0.005 to ~0.05; we chose 0.02. Histograms clearly
show the peaks for Cy3-Cy5 pairs and the donor-only signal
Efrer = 0. E¥rEr values less than that of the single pair populate
the intermediate Errgr region; these arise because we use all of
the molecules indiscriminately within the threshold boundaries,
and because of multiple duplexes in single vesicles with at least
one photobleached Cy5. The magnitude of intermediate peaks
depends on the relative population of the vesicles with multiple
duplexes. We accounted for the intermediate peaks by adding an
additional Gaussian peak in the fits. As the Efrer value gets
lower, and the two major peaks starts to overlap, the presence or
absence of the intermediate Gaussian peak does not change the
higher Efrer peak; so, for the longest duplex species, the
intermediate peak is omitted.
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Fig.S1. The chemical structures of the cyanine fluorophores. (A and B) The structures of Cy3 and Cy5, respectively. (C) The structure of Cy3 attached to a terminal
GC base pair of DNA. The broken line shows how the 3-carbon tether attaching Cy3 to the 5’-phosphate can be drawn equivalently to an additional deoxyribose
group.
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Fig. S2. Time-resolved fluorescent lifetime analysis of Cy3 attached to double-stranded RNA/DNA hybrid duplex. Fluorescent decay curve for Cy3 attached to
a 16-bp RNA/DNA duplex, showing the experimental data and the instrument response function (IRF), and the fit to three exponential functions (line). Plots of
weighted residuals for fitting the data to two (y2 = 1.113) or three (x2 = 0.986) exponential functions are shown below.
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Histograms of FRET efficiency (Errer) for phospholipid vesicle-encapsulated DNA and RNA/DNA duplex species. The y axes represent the number of

molecules in each FRET efficiency bin. Mean Egger value for each molecule have been calculated from Cy3 and Cy5 fluorescent intensities that are corrected for
the crosstalk between Cy3 and Cy5 channels, backreflection from the dichroic mirror surface in the dual-view emission pathway, and the background. Each
histogram contains two major peaks (thick blue curves) and an intermediate peak (thin blue curves). The first major peak at Egrer = 0 corresponds to duplexes
with active Cy3 only, and the second major peak at higher Egrer resulting from duplex molecules with an active Cy3-Cy5 pair. The latter was used to calculate
the Erger value for each species. Intermediate peaks are due to the multiple Cy3-Cy5 pairs in vesicles, some of which have photobleached Cy5, yielding average
Eerer values that are less than Egger of the active Cy3-Cy5 pairs.
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Fig. S4. Data analysis method for single-molecule experiments. (A) How the total emission from the Cy3 and Cy5 molecules is separated to their respective
channels at the 650-nm long-pass dichroic mirror. The explanation for all of the terms in the formulas is provided in E. (B) The background for the donor and
acceptor channel is determined by using a dual histogram of apparent Cy3 and Cy5 signal pairs. The particular density map was generated from 8,800 molecules
of 15-bp DNA/RNA duplexes. The color represents the density of the molecules, red being the highest density and the blue being the lowest. Because Egrer is
determined by the ratio of the acceptor signal-to-donor signal, a population of certain Egger pairs should be distributed along a straight line in this plot depending
on the total intensity of the pair. Two major populations belong to active Cy3-Cy5 pairs and only Cy3 active duplexes as shown. A small third population appears
close to origin and arises from duplexes with inactive Cy3 or Cy5. Because we have a background signal in both channels, this third population is not at the origin,
so the center of this population gives the background values in the respective channels as shown with red arrows. The intersection point of the lines that are
fitted to the two major populations should also give this background value. Both techniques are used. (C) Erger histogram after the background correction is
shown for the 8,800 15-mer RNA/DNA molecules. The donor-only peak position (crosstalk correction parameter) p is determined at this stage via Gaussian fitting.
The intermediate broad peak arises mainly from vesicles with multiple duplexes of active and only Cy3 active pairs. (D) The same histogram after the crosstalk
(p) and the backreflection (r = 0.12) corrections are performed. The true Egrer value of the Cy3-Cy5 pairs on this duplex is given by the center of the second major
peak. (E) The explanation for the symbols used in the formulae used above.
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Table S1. Fluorescent lifetime data for 5-Cy3-labeled DNA and RNA/DNA duplexes

Three components

f

Two components

f

T a X T « X
DNA 22 bp
0.39 0.019 16.5 0.957 0.61 0.032 42.6 1.238
1.05 0.026 61.3 1.53 0.017 57.4
1.97 0.005 22.2
DNA 16 bp
0.39 0.018 16.9 1.062 0.59 0.029 40.6 1.326
1.04 0.025 61.6 1.47 0.017 59.4
1.91 0.005 21.4
RNA/DNA 22 bp
0.36 0.011 7.0 1.060 0.71 0.026 33.0 1.493
1.03 0.026 49.1 1.64 0.023 67.0
1.84 0.013 43.9
RNA/DNA 16 bp
0.31 0.009 5.3 0.986 0.69 0.025 31.2 1.113
0.96 0.025 43.7 1.63 0.023 68.8
1.77 0.016 51.1

The results of fitting to two and three exponential functions are presented. 7 (ns), «, and f are the fluorescent lifetime, relative amplitude, and steady-state
fractional intensity for each component, and 2 is the chi-squared statistic.
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