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In this study, we demonstrate two new concepts, using fluorescence correlation spectroscopy (FCS), to
characterize fluorescence resonance energy transfer (FRET). The two approaches were tested experimentally
by measuring a series of double-stranded DNA molecules, with different numbers of base-pairs separating
the donor (Alexa488) and acceptor (Cy5) fluorophores. In the first approach, FRET efficiencies are determined
from the detected acceptor fluorescence rate per molecule. Here, the unique possibility with FCS to determine
the mean number of molecules within the detection volume is exploited, making a concentration calibration
superfluous. The second approach takes advantage of FRET-dependent fluorescence fluctuations of
photophysical origin, in particular fluctuations generated by trans-cis isomerization of the acceptor dye. The
rate of interchange between the trans and cis states is proportional to the excitation rate and can be conveniently
measured by FCS. Under FRET-mediated excitation, this rate can be used as a direct measure of the FRET
efficiency. The measured isomerization rate depends only on the fluctuations in the acceptor fluorescence,
and is not affected by donor fluorescence cross-talk, background, dye labeling efficiencies, or by the
concentration of molecules under study. The measured FRET efficiencies are well in agreement with a structural
model of DNA. Furthermore, additional structural information is obtained from simulations of the measured
fraction of acceptor dyes being in a nonfluorescent cis conformation, from which differences in the position
and orientation of the trans and cis form of the acceptor dye can be predicted.

1. Introduction

To be able to understand the functions and the underlying
mechanisms of many macromolecules, structural and dynamic
information on the molecules in question is needed. Fo¨rster
fluorescence resonance energy transfer (FRET) is a photophysi-
cal process, which can provide a sensitive tool to yield distance
information in the range of 10-100 Å. Via FRET, energy is
transferred nonradiatively from a donor molecule to an acceptor
molecule via induced dipole-induced dipole interaction.

The sensitivity of FRET relies on the fact that the efficiency
E with which transfer of excitation energy takes place, depends
on the inverse-sixth-power of the distanceRDA between the
donor and acceptor dye molecules.

After its first observation,1 the development of the theory,2

and its introduction as a tool to measure biological distances,3

FRET has found a wide range of applications in the biomedical
field (see refs 4-7 for reviews). By use of microscopic
techniques it has been possible to apply FRET to many different
microenvironments, with little or no interference of the system
under study.8 In the 1990s strong advances have been made in
the field of single molecule detection (SMD) by fluorescence
(see refs 9-11 for reviews). By analysis of single molecules, it
is possible to find heterogeneities that are difficult to reveal by
ensemble measurements. This exquisite sensitivity of fluores-
cence has also been exploited to detect and analyze FRET on
single molecules.12-19

Fluorescence correlation spectroscopy (FCS) is a technique,
where fluctuations in the detected fluorescence originating from
small molecule ensembles are used to obtain information about
dynamic processes on the molecular scale.20-23 After its
introduction in the early 1970s, the method for a long time
suffered from low signal-to-background levels. However, by
the introduction of a confocal detection regime with an enhanced
spatial and spectral discrimination,24-26 the range of applications
and the capacity of the FCS technique have strongly increased.
In general, FCS can provide dynamic information about a wide
range of different molecular processes as long as they manifest
themselves as changes in the fluorescence intensity (see refs
27-30 for reviews).

To such processes, belong a broad range of photochemically
or photophysically induced nonfluorescent transient states and
processes in the time ranges from nanoseconds to milliseconds.
These states and processes include photon anti-bunching,31

electron transfer,32 triplet states,33,34photoinduced transient states
in green fluorescent proteins,35,36 trans-cis isomerization,37 as
well as photodegradation.38,39

In 1984, Haas and Steinberg40 proposed in a theoretical work
the use of FCS to monitor intramolecular dynamics by changes
in FRET efficiencies. For molecules labeled with a donor and
an acceptor fluorophore, a reduced donor fluorescence would
be accompanied by an increased acceptor fluorescence intensity
in the presence of FRET. Thus, for intramolecular movements
that result in variations of the FRET efficiency an anticorrelation
would occur between the donor and acceptor fluorescence
intensities, where the relaxation time of the anticorrelation
reflects the time scale of the intramolecular motion, and its
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amplitude scales with the difference in donor-acceptor distances
between the intramolecular states. However, only very few
reports exist, where this approach has been used experimentally.
Correlation analysis of the detected donor and acceptor fluo-
rescence from single molecules have been performed, either
according to Haas and Steinberg, as a crosscorrelation between
the detected donor and acceptor fluorescence, or as an auto-
correlation of the ratio of the detected donor and acceptor
fluorescence.13,41However, the fluctuations observed could not
with certainty be ascribed to variations in the distance between
the donor and acceptor dyes, and therefore had to be interpreted
with great care.

In this work, we introduce two different FCS-based strategies
to measure FRET efficiencies, where no fluctuations of the
donor-acceptor distance are required. First, we show the
possibility to take advantage of FRET-dependent fluorescence
fluctuations of photophysical origin. Particularly useful are
fluctuations generated by trans-cis isomerization of the acceptor
dye. For the frequently used acceptor dye Cy5, FCS measure-
ments have shown that at direct CW excitation fluorescence
fluctuations due to trans-cis isomerization are very prominent,
and irrespective of the excitation intensity, 50% of the Cy5 dye
molecules are in an essentially nonfluorescent cis state.37 The
rate of interchange between the trans and cis states was found
to be proportional to the excitation rate. This indicates that the
transitions between the trans and cis states of Cy5 are dominated
by photoinduced isomerization and back-isomerization, and a
photostationary equilibrium is established between the isomeric
forms already at very modest excitation intensities. It also means
that the rate of interchange, monitored via FCS, can be used as
a measure of the excitation rate. Likewise, under indirect FRET
mediated excitation the rate of interchange between the isomers
will reflect the excitation rates, and can therefore also be used
as a measure for the efficiency with which excitation energy is
transferred via FRET from the donor to the acceptor dye
molecule.

As an alternative approach, we also show the possibility with
FCS to determine FRET efficiencies from the detected acceptor
fluorescence rates per molecule. Here, the specific ability of
FCS to determine the mean absolute number of fluorophores
under investigation is exploited.

Following the description of the experimental setup, we
present a theory, where the two approaches to measure FRET
efficiencies via FCS are introduced. As a model system, we
then applied FCS to a series of double-stranded DNA molecules,
where the number of base-pair separating the donor (Alexa 488)
and acceptor (Cy5) fluorophores was varied from 4 to 22.

From this study, we conclude that FCS, and in particular the
trans-cis isomerization kinetics monitored via FCS, provide a
simple and sensitive way by which FRET efficiencies over a
broad range can be estimated. The readout parameter, the rate
of interchange between the isomeric forms of the Cy5 acceptor
dye, depends only on the fluctuations in the acceptor fluores-
cence and is not affected by donor fluorescence cross-talk,
background fluorescence, or the concentration of molecules
under study.

2. Method and Materials

The confocal microscopy arrangement used in this study has
similar basic features to those previously presented for fluo-
rescence correlation spectroscopy, and other applications of
ultrasensitive fluorescence spectroscopy.24,26,42

The oligonucleotide samples are excited by an argon-ion laser
emitting at 496 nm (Sabre, Coherent, Palo Alto, CA). Alterna-

tively, direct excitation of the acceptor molecules is performed
by a krypton-ion laser, operated at 647 nm wavelength (Sabre,
Coherent, Palo Alto, CA). After reflection by a dual-band
dichroic mirror (502/636DCLP, AHF Analysentechnik) the laser
beam is focused by a microscope objective (Olympus 60×, NA
1.2, water immersion). The fluorescence is collected and then
refocused by the same objective to the image plane, where a
pinhole (radius 35 or 60µm) is placed. The detection volume
is defined by the dimensions of the focused laser beam (0.6 or
1.4 µm in beam waist radius) and the collection efficiency
function of the confocal microscope. The collected light is split
by a dichroic mirror (620DCLX, AHF Analysentechnik) into
the fractions originating from the acceptor (Cy5) and donor
(Alexa488) fluorophores. Subsequently, band-pass filters are
used (HQ730/140, AHF Analysentechnik,+ OG590 long-pass
filter (Schott) for Cy5, and HQ535/50, AHF Analyzentechnik,
for Alexa488) to discriminate the two fractions of the collected
fluorescence from laser light scattered at the excitation wave-
length and from Raman scattered light of the solvent molecules.
Each of the fractions of the fluorescence light is then detected
by two avalanche photodiodes (SPCM AQ-141, EG&G Van-
dreuil, Quebec, Canada), the output pulses of which are
processed online by a PC-based correlator board with time
resolution of 12.5 ns (ALV5000 with fast option, ALV GmbH,
Langen, Germany).

As a model-system in this study, double stranded DNA was
used because of its defined and well-known structure. Alexa488
(donor; Molecular Probes) and Cy5 (acceptor, Amersham-
Pharmacia) were used as the FRET pair, offering a large Fo¨rster
radius and well-separated emission wavelengths between the
dyes. Because of their negative charge, interactions between
the DNA and the dye molecules are minimized. The DNA-
strands were synthesized by the standard aminophosphoramidite
technology. In the (+)-strands, Cy5 was attached at a fixed site
at the 5′-end via a C6-linker and a 5′-aminomodifier (C6).
Unlabeled complementary DNA (-)-strands were produced, as
well as (-)-strands with different positions of Alexa488, where
the dye was attached, also via C6-linkers, to different thymidine
residues (Amino-Modifier C6 dT from Glenresearch). For
shorter distances (defined as the number of base-pairs∆bp

separating the labeling sites of the donor and acceptor dyes,
where∆bp ) 0 bp for the case that the two dyes are labeled to
the same base-pair on opposite strands) a 18 mer with the
sequence 5′-d(TGT AAA ACG ACG GCC AGT) (∆bp )
3,4,5,6,9,15, and 17 bp) or a 27 mer, with the sequence 5′-
d(TGT AAA ACG AGA GAG CCT AAA ACG ATC), (∆bp )
11,13, and 20 bp) was employed. For longer distances (∆bp )
18,22, and 36 bp) a 37 mer (5′-d(TGT AAA ACG ACG GCC
AGT ATC TAG TTA TGA CGA GTA AAT C)) was used.
The oligonucleotides were double HPLC-purified and in most
cases additionally PAGE-purified. All synthesis (except the
Alexa488 postlabeling) and purification were done by IBA
GmbH NAPS (Go¨ttingen, Germany). Hybridization was per-
formed in a buffer containing 180 mM NaCl, 12 mM Na-citrate,
and 25 µM MgCl2 (pH 7.5). To obtain the FRET-active
molecules, complementary donor and acceptor strands were
mixed in an 1:1 ratio and slowly cooled from 95 to 20°C.
Donor-only (acceptor-only) molecules were made by hybridizing
the Alexa488 (Cy5) labeled strands to a 5-fold excess of the
appropriate unlabeled complementary strand. In all FCS experi-
ments, we used a sodium phosphate buffer with 180 mM NaCl,
10 mM NaH2PO4/Na2HPO4, and 400µM Na-ascorbate (pH 7.5).
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3. Theory

3.1. Fluorescence Correlation Spectroscopy.Generally in
fluorescence microscopy, the detected fluorescence is given from

Here, CEF(rj) is the collection efficiency function of the confocal
microscope setup, which is determined by the dimensions of
the pinhole and the optical properties of the objective,c(rj,t)
denotes the concentration of fluorophores, andg accounts for
the quantum efficiency of the detectors and the attenuation of
the fluorescence in the passage from the sample volume to the
detector areas.k10 is the deexcitation rate constant from the
excited singlet fluorescent state,ΦF denotes the quantum yield
of fluorescence, and1

1N(rj,t) is the fraction of the fluorophores
in the sample volume element that are in their excited singlet
fluorescent states. The product of the three latter parameters
corresponds to the fluorescence rate per molecule.

In FCS, the fluctuating fluorescence arising from small
quantities of fluorescent molecules is used to obtain information
about dynamic processes on the molecular level.20-23 These
fluctuations are analyzed in the form of a normalized auto-
correlation (AC) function:

where τ is the correlation time.F(t) signifies the detected
fluorescence intensity, whereδF(t) is the variable, fluctuating
part and〈F〉 denotes the mean.

The fluorescence fluctuations are caused by changes in the
excited singlet fluorescent state population and concentration
changes due to translational motion of the fluorophores into
and out of the sample volume element. For a wide range of
photophysical processes, the generated transient states can be
considered nonfluorescent. The normalized AC function for one
fluorescent species whose detected fluorescence is given from
eq 1 can then be expressed as

The first two factors arise from fluorescence fluctuations
generated from translational diffusion of the fluorescent mol-
ecules into and out of the detection volume,24,26,43 whereω1

andω2 are the distances from the center of the laser beam focus
in the radial and axial direction respectively at which the
collected fluorescence intensity has dropped by a factor of e2

compared to its peak value.Nm is the mean number of
fluorescent molecules within the effective volume of observation
π3/2ω1

2ω2 (the sample volume element), andD is the trans-
lational diffusion coefficient of the fluorescent molecules.τD

) ω1
2/4D approximates the translational diffusion time of the

molecules through the sample volume element. Equation 3
assumes the collected fluorescence profile to be Gaussian shaped
in the axial as well as in the radial direction. However, eq 3
can also provide a good approximation for a diffraction limited
distribution of the excitation intensity in the focal region of the
laser beam, when a matching confocal pinhole is used.26 The

last factor of eq 3 takes population of transient nonfluorescent
states into account, which leads to changes in the excited singlet
state population. Such states can be relatively long-lived, and
therefore also significantly populated, leading to saturation of
the fluorescence signal. Transitions to and from states of this
kind generate fluorescence fluctuations, which are superimposed
on those caused by concentration changes due to translational
motion of the fluorophores into and out of the sample volume
element. In eq 3,1

1N(τ) is the probability that a fluorophore is
in its excited singlet fluorescent state at timeτ after emission
of a photon.1

1Nh is the mean probability of all the fluorophores
within the sample volume element to be in this state. These
parameters provide information about several processes leading
to formation of dark transient states, such as intersystem crossing
to triplet states, photoinduced charge transfer, and trans-cis
isomerization.

3.2. Trans-Cis Isomerization under Direct Excitation
Monitored by FCS. The photophysical properties of Cy5 under
direct excitation have been treated in detail elsewhere.37 For
Cy5, relaxation processes in the experimental AC curves can
be observed due to photoinduced reversible trans-cis isomer-
ization between the fluorescent trans form, denoted N (normal),
and a nonfluorescent cis form, denoted P (photoproduct). In
addition, fluorescence fluctuations occur, which can be attributed
to transitions to and from the lowest triplet state,1

3N, of the
Cy5 molecules. The kinetic schedule of Figure 2a can be used
to take these transitions into consideration, and to derive
expressions for1

1N(τ) and1
1Nh (see eq 3 in ref 37.).

However, based on two assumptions, a considerably simpler
model can also be applied. First, if excitation rates are kept
low, fluorescence saturation of the Cy5 fluorophores, and the
level of triplet state population can be neglected. In addition,
since the quantum yields of isomerization following excitation
of the trans (N) or cis (P) state are low, the transitions between
the ground and excited singlet states of N and P take place on
a time scale orders of magnitude faster than that of trans-cis
isomerization. The scheme of Figure 2a can then be simplified
to that of Figure 2b, containing only two states, the fluorescent
trans form N (1

1N and 0
1N) and the nonfluorescent cis form

P (1
1P and0

1P). The effective transition rates between the two

F(t) ) ∫CEF(rj)c(rj,t)gk10ΦF1
1N(rj,t) dV (1)

G(τ) )
〈F(t)F(t + τ)〉

〈F〉2
)

〈[〈F〉 + δF(t)][ 〈F〉 + δF(t + τ)]〉
〈F〉2

)

1 +
〈δF(t)δF(t + τ)〉

〈F〉2
(2)

G(τ) ) 1 + 1
Nm( 1

1 + 4Dτ/ω1
2)( 1

1 + 4Dτ/ω2
2)1/2 1

1N(τ)

1
1Nh

(3)

Figure 1. The DNA constructs used in this study. Cy5 (acceptor) was
attached to the 5′-end of one of the strands. On the complementary
strand, Alexa488 (donor) was attached to different base-pairs with
donor-acceptor base-pair separations of∆bp ) 3, 4, 5, 6, 9, 11, 13,
15, 17, 18, 20, and 22 bp.
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isomeric forms are then given by

Here,σN andσP denote the excitation cross sections of the trans
and cis forms;Iexc is the excitation intensity in the detection

volume (assumed to be uniform under our conditions, with a
projected pinhole in the object plane smaller than the dimensions
of the laser beam, and calculated as the mean intensity within
the area of the projected pinhole in the focal plane);kN10 and
kP10 are the deactivation rate constants of the excited state of
the trans and the cis form; andkISO and kBISO are the rate
constants of isomerization and back-isomerization from the
excited states of the trans and the cis form, respectively.ΦISO

and ΦBISO are the isomerization quantum yields of the trans
and cis states, given as the fractions of excitations leading to
isomerization and back-isomerization, respectively (i.e.,ΦISO

) kISO/(kISO + kN10) andΦBISO ) kBISO/(kBISO + kP10)). From
the effective transition rates of eqs 4 and 5, the fraction of Cy5
molecules within the sample volume element that are in their
cis forms Ph and the relaxation rate of the isomerization process
kISOtot are given by

From the model of Figure 2b, where the cis form is assumed to
be nonfluorescent, and following eq 3, the experimental AC
function of the detected fluorescence can be written as

Thus, by fitting the expression of eq 8 to the measured AC
curves, Ph andkISOtot can be obtained, and by use of eqs 6 and
7, kISO′ andkBISO′ can be determined.

3.3. Fluorescence Resonance Energy Transfer (FRET).In
fluorescence resonance energy transfer (FRET), energy is
transferred nonradiatively from a donor molecule to an acceptor
molecule via induced dipole-induced dipole interaction. The
FRET efficiencyE depends on the inverse-sixth-power of the
distanceRDA between the donor and acceptor dyes:

Here,kFRET is the rate of FRET from the excited state of the
donor to the acceptor molecule andkD10 denotes the deactivation
rate constant of the excited state of the donor fluorophore in
the absence of FRET. The constantR0 is the Förster-radius,
defined as the distance at whichE ) 50%.R0 depends on the
spectroscopic properties of the donor and acceptor dyes and
the relative orientation of their transition dipole moments:

Here,J(λ) is the spectral overlap integral between the fluores-
cence spectrum of the donor and the excitation spectrum of the
acceptor,ΦFD is the fluorescence quantum yield of the donor,
and n is the index of refraction of the medium.κ2 is an
orientation factor given by

whereΘT is the angle between the unit vectors of the transition
moments for the donor dˆ and the acceptor aˆ and ΘD denotes
the angle between dˆ and the separation vector between the

Figure 2. A: Model used to describe the photophysically generated
fluorescence fluctuations of Cy5. Here,0

1N, 1
1N, and 1

3N denote the
ground singlet, excited singlet, and the lowest triplet state of the trans
isomer.0

1P and1
1P denote the ground and the excited singlet state of

the cis isomer.kISC andkT are the rate constants for intersystem crossing
from 1

1N to 1
3N, and that of triplet state deactivation back to0

1N. σN and
σP are the excitation cross sections of the trans and the cis isomer.Iexc

is the excitation intensity experienced by the molecules under study.
kN10 andkP10are the deactivation rate constants from the excited singlet
states (1

1N and 1
1P) of the trans and cis conformational states to their

ground singlet states (0
1N and 0

1P). B: Simplified model applicable
under low excitation intensities (σNIexc , kN10, σNIexc , kN10) containing
only two states, the fluorescent trans form N (1

1N and 0
1N) and the

nonfluorescent cis form P (1
1P and 0

1P). kISO′ and kBISO′ signify the
effective rates of isomerization and back-isomerization between N and
P, given by eqs 4 and 5. C: Simplified energy-level diagram for
Fluorescence resonance energy transfer (FRET). After excitation of the
donor dye D with the excitation rateσDIexc, whereσD is the excitation
cross section of the donor dye andIexc signifies the excitation intensity,
deactivation of the excited state of the donor to the ground state takes
place via the competing processeskD10 (rate constant for fluorescence
and internal conversion) orkFRET (rate constant for FRET to the acceptor
dye molecule). The acceptor is excited by the effective ratekFRET′, given
by eq 12.

kISO′ )
σNIexc

σNIexc + kN10
kISO ) {σNIexc , kN10} ) σNIexcΦISO

(4)

kBISO′ )
σPIexc

σPIexc + kP10
kBISO ) {σPIexc , kP10} ) σPIexcΦBISO

(5)

Ph ) kISO′/(kISO′ + kBISO′) (6)

kISOtot ) kISO′ + kBISO′ ) (σNΦISO + σPΦBISO)Iexc (7)

G(τ) ) 1 + 1
Nm( 1

1 + 4Dτ/ω1
2)( 1

1 + 4Dτ/w2
2)1/2 ×

[1 + Ph
1 - Ph

exp(-kISOtotτ)] (8)

E ) kFRET/(kFRET + kD10) ) 1/(1 + [RDA/R0]
6) (9)

R0 ) [8.79× 10-5J(λ)ΦFDn-4
κ

2]1/6 [Å] (10)

κ
2 ) [cosΘT - 3 cosΘD cosΘA]2 (11)
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centers of the acceptor and donor transition moments,RDAr̂. ΘA

is the corresponding angle between aˆ andRDAr̂ (see also below,
Figure 7C).

3.4. Trans-Cis Isomerization under Indirect, FRET-
Mediated Excitation. Under indirect, FRET-mediated excitation
of the Cy5 molecules the same unimolecular model as that of
Figure 2b can be applied with some modifications of the
expressions for the rates of photoinduced isomerization and
back-isomerization. Following Figure 2c, the FRET-mediated
excitation rate for an acceptor molecule (in its N or P state) is
given by

whereσD is the excitation cross section of the donor fluorophore.
For FRET-mediated excitation, substituting eq 12 into eqs 4

and 5, the transition rates between the two isomeric forms are
given by

Here,E(N) is the FRET efficiency to the trans isomer andE(P)
is that to the cis form. As follows from eqs 7, 13, and 14, the
measured isomerization relaxation ratekISOtot can be expressed
as a weighted mean of the FRET efficiencies of the trans and
the cis isomer, and is proportional to the excitation intensity:

3.5. Determination of E from the Measured Trans-Cis
Isomerization Rate,kISOtot. In principle,kISO′(FRET) andkBISO′-
(FRET) can be obtained separately from the measured param-
eters Ph and kISOtot(FRET) (see eqs 6-8), andE(N) and E(P)
can then be determined in absolute terms ifσD, ΦISO, andΦBISO

are known. However, from the rates of isomerization and back-
isomerization only the products of the excitation cross sections
and the isomerization quantum yields are given (eqs 4, 5, 13,
and 14). WhileσN is experimentally accessible and also available
in the literature, very sparse information aboutσP is found,
making it difficult to determineΦBISO. However, for Cy5 we
know from FCS measurements under direct excitation that
σPΦBISO ≈ σNΦISO over a broad range of excitation wave-
lengths.37 Therefore, we initially assume:

Then, the measured isomerization relaxation rate, as given by
eq 15, can be expressed as

SinceΦISO andΦBISO have been found to be relatively sensitive
to the local environment, in particular the local viscosity, the
FRET efficiencies can be experimentally determined by relating

the isomerization rates measured under FRET-mediated excita-
tion to those obtained under direct excitation of the acceptor
dye in the same molecule, thereby canceling out the contribution
of the isomerization quantum yield completely.

From the assumption of eq 16, and by use of eqs 4, 5, and
17, the ratio ofkISOtot measured under indirect FRET-mediated
excitation over that measured under direct excitation of the
acceptor dye molecules is given by

where λA and λD are the excitation wavelengths for direct
excitation of the acceptor and indirect FRET-mediated excitation
via the donor molecule, respectively. For cyanine dyes similar
to Cy5,44-46 the magnitude ofσP has been reported to be very
similar to that ofσN. We therefore assumeR ) 1, i.e., σP )
σN. The FRET efficiency can then be calculated from eq 18 as

This means, with knowledge of the excitation intensities and
excitation cross sections, the average FRET efficiency of the
two isomeric forms can be obtained as a ratio of the total
isomerization rates under FRET-mediated excitation to that
under direct excitation. Direct excitation can also be made in
the red wavelength range. In this case, the same probe can be
used, since no excitation of the acceptor via the donor dye is to
be expected. Alternatively, with a reference probe labeled only
with an acceptor dye, direct excitation can also be made with
the same excitation source as that used for FRET mediated
excitation, i.e.,λA ) λD.

3.6. The Amplitude of the Isomerization Relaxation
Process, Ph in the FCS Curves.Under FRET-mediated excita-
tion, following eqs 13, 14, and 16 the fraction of acceptor
molecules being in their cis conformation Ph can be expressed
as

The FRET efficiencies of the trans and the cis states,E(N) and
E(P), are given by the resulting Fo¨rster radii,R0(N) andR0(P),
for the FRET from the donor to each of the conformational
states.R0(N) andR0(P) can be approximated as

Here,R0 denotes the Fo¨rster radius of the trans state ifκ2 )
2/3. The factorsâN(∆bp) ) 3/2κ2 (N,∆bp) and âP(∆bp) ) 3/2κ2

(P,∆bp) then take into account the possible variation and
deviation from2/3 for the κ2 orientation factors for the trans
and cis isomers (denoted byκ2(N,∆bp) and κ2(P,∆bp) above),
i.e., the possibility that the orientation of the emission and
excitation dipole moments of the donor and acceptor dyes are
not completely mobile and isotropic, and can depend on the
distance in the number of base-pairs∆bp between the labeling
sites of the donor and acceptor dyes. The factorR from eqs 16

kFRET′ )
σDIexc

σDIexc + kD10 + kFRET
kFRET )

{σDIexc , kD10 + kFRET} ) σDIexc

kFRET

kD10 + kFRET
) σDIexcE

(12)

kISO′(FRET)) σDIexcE(N)ΦISO (13)

kBISO′(FRET)) σDIexcE(P)ΦBISO (14)

kISOtot(FRET)) kISO′(FRET)+ kBISO′(FRET))
[σDΦISOE(N) + σDΦBISOE(P)]Iexc (15)

σP ) RσN

ΦBISO ) 1
R

ΦISO (16)

kISOtot(FRET)) σDIexcΦISO[E(N) + 1
R

E(P)] (17)

kISOtot(FRET)

kISOtot
)

σD(λD)Iexc(λD)ΦISO[E(N) + 1/RE(P)]

σN(λA)Iexc(λA)ΦISO[1 + 1]
(18)

EISO(N,P))
E(N) + E(P)

2
)

kISOtot(FRET)

Iexc(λD)
×

[ kISOtot

Iexc(λA)]-1 σN(λA)

σD(λD)
(19)

Ph )
kISO′(FRET)

kISO′(FRET)+ kBISO′(FRET)
)

E(N)

E(N) + 1
R

E(P)
(20)

R0(N) ) âN(∆bp)R0

R0(P) ) âp(∆bp)RδR0 (21)
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and 17 is included in eq 21 to compensate for possible
differences in the spectral overlap integralJ(λ) between the
isomeric forms, sinceJ(λ) is proportional to the magnitude of
the excitation spectrum of the acceptor, and thus to its excitation
cross section. The factorδ is introduced to take other differences
in J(λ) between the trans and cis forms into account, in particular
those generated due to a possible spectral shift or shape
difference of the excitation spectrum of the cis form compared
to that of the trans. From eqs 9, 20 and 21, Ph can then be
expressed as

Here,RDA(N,∆bp) andRDA(P,∆bp) denote the distance between
the donor and acceptor dyes when the acceptor is in a trans and
in a cis conformation, respectively.

3.7. Determination of E from the Measured Acceptor
Fluorescence Rate per Molecule.As an alternative approach,
the FRET efficiency of a donor-acceptor dye-pair can be
estimated from the detected acceptor fluorescence rate per
moleculeFhNm. According to eqs 1 and 3:

whereΦFA is the fluorescence quantum yield of the acceptor
dye.

For a uniform excitation intensity, the fraction of molecules
in their trans excited singlet state,1

1Nh (rj), is constant and equals

1
1Nh within the volume element.FhNm can then be written as

where the integral∫CEF(rj)c(rj,t) dV equalsNm, and the fraction
of dye molecules being in their trans excited singlet states1

1Nh
is given by

Here, the first factor corresponds to the fraction of dye molecules
in a trans conformation. The second factor is the fraction of
dye molecules in their trans form that are in their excited states,
where in analogy to eqs 4, 5, 12-14, low excitation intensities
have been assumed. By substitution of eq 25 into eq 24, the
fluorescence rate per acceptor dye molecule in the trans state,
denotedFhNm(N), is given by

FhNm(N) is obtained from the FCS measurements as the detected
mean acceptor fluorescence intensity〈F〉 , multiplied by the total
amplitude of the AC curve. This amplitude corresponds to the
inverse mean number of molecules in the sample volume
element that are in their trans states, 1/(1- Ph)Nm (1/Nm

represents the amplitude of the part of the AC curve which is
attributable to fluorescence from translational diffusion only
(dotted curves in Figures 3, 4a,b)).

According to eq 26,E(N) can in principle be determined
directly from a FCS measurement. However, for an absolute
determination ofE(N), the overall detection quantum efficiency
of the instrumentation g, the fluorescence quantum yield of the
acceptor dyeΦFA, and the excitation cross section of the donor
σD, need to be known.

4. Results and Discussion

In the following section, the two approaches to determine
FRET efficiencies from FCS measurements, as given by eqs
19 and 26, were investigated for the series of double stranded
DNA molecules described above, where the number of base-
pairs separating the donor (Alexa488) and acceptor (Cy5)
probes, denoted∆bp, was varied from 4bp to 22bp. First, the
isomerization properties of the oligonucleotide-coupled acceptor
dye was investigated under direct excitation at 647 nm and at
496 nm. Thereafter, the rates of isomerization, as well as the
detected acceptor fluorescence rates per acceptor dye molecule
were investigated under FRET-mediated excitation at 496 nm,
where the excitation spectrum of the donor fluorophore is close
to its maximum. From these data, FRET efficiencies were
calculated. The consistency of the measured and calculated
FRET efficiencies were checked against a structural model of
the DNA molecules investigated. Finally, the significance and
information content of the amplitude Ph of the isomerization
relaxation process of the FCS curves were investigated via
simulations of Ph.

4.1. Isomerization Properties at Direct Excitation of the
Acceptor Dyes.In Figure 3, a set of AC curves are shown for
an acceptor-only labeled oligonucleotide (18bp long, Cy5 at the
5′-end) excited at 647 nm by a krypton ion laser at different
excitation intensities (beam radius 0.8µm, pinhole radius 35
µm). At excitation intensities below 10kW/cm2, no significant
triplet population build-up is to be expected. The fast time range
of the AC curves is then dominated by a relaxation process
with a relative total amplitude of the correlation curves of about
50%. This relaxation process can be attributed to photoinduced
trans-cis isomerization, and its amplitude corresponds to the
fraction of Cy5 fluorophores being in a nonfluorescent cis
conformation (Ph of eqs 6 and 8). This fraction remained close
to constant over the whole intensity range investigated. The
overall relaxation rate is proportional to the applied excitation
intensity (insert Figure 3, solid squares). At excitation intensities
above 10 kW/cm2, a second exponential relaxation process can
be observed, which increases slightly in amplitude with higher
excitation intensities. It originates from triplet state formation
of the Cy5 fluorophores. A more detailed investigation of the
photodynamic properties of Cy5 has recently been presented.37

In that study, it was shown that by application of a global fitting
routine, where several AC curves measured under different
excitation intensities are fitted to expressions of1

1N(τ) and1
1N,

based on the model given in Figure 2a, a straightforward way
is offered by which the isomerization and triplet state properties
of Cy5 can be determined.

In this study, the same global analysis (based on eq 24 of37)
was applied to the FCS data measured from oligonucleotides
containing an acceptor dye only. A series of ten AC curves was
measured over an excitation intensity range of 1-100 kW/cm2

and could be well fitted by the global fitting routine (not shown).
From this analysis, the intersystem crossing rate constant to the
triplet state,kISC ) 0.5× 106s-1, and the triplet state deactivation
rate constant,kT ) 0.2 × 106s-1, were found to be somewhat
lower than those of free Cy5 (kISC ) 0.8× 106s-1, kT ) 0.5×
106s-1). This is consistent with a shielding effect of the Cy5

Ph(∆bp) ) âN(∆bp)R0
6/[âN(∆bp)R0

6 + RDA
6(N,∆bp)] ×

[âN(∆bp)R0
6/[âN(∆bp)R0

6 + RDA
6(N,∆bp)] +

âP(∆bp)δR0
6/[âP(∆bp)RδR0

6 + RDA
6(P,∆bp)] ]-1

(22)

FhNm )
〈F〉
Nm

)
〈∫CEF(rj)c(rj,t)gkN10ΦFA1

1Nh (rj) dV〉

Nm
(23)

FhNm )
gkN10ΦFA1

1Nh∫CEF(rj)c(rj,t) dV

Nm
) gkN10ΦFA1

1Nh (24)

1
1Nh ) (1 - Ph) × σDIexcE(N)

kN10
(25)

FhNm(N) )
FhNm

(1 - Ph)
) gΦFAσDIexcE(N) (26)
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dye by the conjugated oligonucleotide, leading to lower colli-
sional quenching rates by solubilized oxygen molecules. The
effective isomerization and back-isomerization cross sections,
given by the products of the excitation cross sections, and the
isomerization quantum yields of the trans and cis states,σNΦISO

) 0.063× 10-16cm2 andσPΦBISO ) 0.066× 10-16cm2, were
found to be about three times lower than those measured for
free Cy5. This reflects influence of steric hindrance and an
increased viscous drag on the isomerization process when Cy5
is labeled to the oligonucleotide. For the trans conformation,
the isomerization quantum yield can be estimated toΦISO ) 7
× 10-3, based on an excitation cross section ofσN ) 9.6 ×
10-16cm2,47 which in turn, based on a fluorescence lifetime of
1.4 ns,48 yields an absolute rate of isomerization from the excited
singlet state of the trans form ofkISO ) 5 × 106s-1. However,
for the cis state neither the excitation cross section, nor the
excited state lifetime is known in detail. Therefore, only the
product of the excitation cross section and the back-isomeriza-
tion quantum yield can be determined. The obtained parameters
are well in agreement with those obtained in ref 37 for the
isomerization and triplet state properties of Cy5 conjugated to
a similar oligonucleotide.

Under direct excitation at 647 nm, the isomerization properties
were also measured for the oligonucleotides labeled with both
an acceptor and a donor fluorophore. For base-pair distances

between the donor and acceptor dyes of 4-22 bp the relaxation
rates and amplitudes of the isomerization process were consistent
with those of the acceptor-only labeled molecules. However, a
significantly slower (approximately 30%) exchange rate between
the trans and cis forms could be observed for the nucleotides
having 3 bp distance between the donor and acceptor dyes. The
slower rates of isomerization and back-isomerization indicates
the presence of steric interactions between the donor and the
acceptor dye at this short distance between the dyes.

Direct excitation of acceptor-only oligonucleotides at 496 nm,
resulted in a drop of the cis fraction from almost 50% to about
40%, suggesting a relatively higher excitation cross section of
the cis form (σP) compared to that of the trans form (σN) at this
excitation wavelength. However, the relatively small variation
in the cis fraction observed at different excitation wavelengths
indicates that the excitation spectra of the trans and the cis forms
to a large extent overlap, which is in line with previous
investigations of similar cyanine dyes by other methods.49 At
496 nm excitation, due to the lower excitation cross sections,
σN andσP, the measured isomerization rates were found to be
only 0.3% of those obtained under the same irradiances (in kW/
cm2) at 647 nm (insert, Figure 3). This is well in agreement
with the ratio between the excitation rates of Cy5 at 496 and
647 nm excitation found from steady-state fluorescence mea-
surements.

4.2. Isomerization Properties at FRET-Mediated Excita-
tion. The series of double-stranded DNA molecules, as described
above, were measured under 496 nm excitation at different
excitation intensities, and AC curves of the red acceptor
fluorescence were recorded. The excitation intensities were kept
low (below 6kW/cm2) to avoid fluorescence saturation and
triplet state formation, both on the donor as well as on the
acceptor fluorophores, for all excitation intensities applied and
for all the different donor-acceptor base-pair distances inves-
tigated. To be able to clearly detect the relaxation process due
to trans-cis isomerization within the passage time of the
oligonucleotides through the sample volume element (τD ≈ ω1

2/
4D), the dimensions of the volume element were also increased
by a weaker focusing of the laser beam in the focal plane and
by inserting a bigger pinhole in the image plane. In this way,
FCS measurements were performed under different excitation
intensities with translational diffusion timesτD of the oligo-
nucleotides of either 0.85-1.25 ms (beam radius 0.6µm, pinhole
radius 35µm) or 3.0-4.4 ms (beam radius 1.4µm, pinhole
radius 60µm), where the diffusion times varied for each size
of the sample volume element due to different lengths of the
oligonucleotide molecules investigated (see method and materi-
als). The dimensions of the projected pinholes in the focal plane
were similar or smaller than those of the laser beam in order to
validate the assumption of a uniform excitation intensity within
the sample volume element.

In Figure 4a, three AC curves are shown for an oligonucle-
otide with ∆bp ) 11 bp, measured at 496 nm excitation with
the excitation intensities 1.8, 3.5, and 5.8 kW/cm2. As for
photoinduced trans-cis isomerization at direct excitation of the
acceptor dyes, an exponential relaxation process appears whose
amplitude is close to constant over the whole excitation intensity
range, and whose relaxation rate scales with the applied
excitation intensity. We therefore attribute this process to FRET-
excitation-induced transitions between the trans and cis forms
of the Cy5 acceptor molecules.

In Figure 4b, a set of AC curves are shown which are
measured under the same excitation intensity (5.8 kW/cm2) for
oligonucleotides with different donor-acceptor distances (∆bp

Figure 3. Five AC curves from an 18 bp oligonucleotide with an
acceptor dye labeled to the 5′-end of one of the strands, measured under
different excitation intensities (0.4, 0.8, 1.6, 2.9, and 86 kW/cm2) at
647 nm. At excitation intensities below 10 kW/cm2, the fast time range
of the AC curves (<0.1 ms) is dominated by a process attributed to
photoinduced trans-cis isomerization. The relative amplitude of this
process with respect to the overall amplitude of the correlation curve
(right vertical bar) represents the fraction of Cy5 fluorophores being
in a nonfluorescent cis conformation (Ph of eq 6). At excitation intensities
above 10 kW/cm2, a second exponential relaxation process can be
observed (left vertical bar), which originates from triplet state formation
(1
3Nh ). Under these conditions, Ph and 1

3Nh can be obtained from the
steady-state solution to the kinetic scheme shown in Figure 2a.37 For
the correlation curve measured at 86 kW/cm2, the apparent diffusion
time through the detection volume was shorter, due to photobleaching
of the Cy5 dye within the passage time through the detection volume
(*). The amplitudes of the AC curves have been normalized so that
Nm ) 1, giving an amplitude of 1 to the part of the AC curves that is
generated from translational diffusion only (dotted curve). The dashed
curve represents the part of the AC curves being generated from
translational diffusion and singlet-triplet transitions. The total amplitude
of the AC curve is given by 1/[Nm(1 - Ph - 1

3Nh )], corresponding to the
inverse mean number of acceptor dyes in the sample volume element
that are in their trans singlet states. Insert: Measured isomerization
rates plotted vs irradiance (in kW/cm2) at direct excitation, showing a
linear dependence to the irradiance. The slopes ofkISOtot vs Iexc were
determined to 0.1 ms-1(kW/cm2)-1 (496 nm excitation, open squares),
and to 40 ms-1(kW/cm2)-1 (647 nm excitation, filled squares).
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of 4, 11, and 18 bp). One can note that the relaxation rate of
the trans-cis isomerization process in the fluorescence AC
curves decreases with increasing∆bp, in agreement with an
expected decrease of the FRET efficienciesE between the donor
and acceptor dyes with larger∆bp. It can also be noted that the
relative amplitudes of the isomerization relaxation process in
the AC curves, which reflects the relative population of cis
states, are significantly lower than those measured under direct
excitation of the acceptor dyes (see Figure 3), and also varies
with ∆bp.

For each∆bp, the measured isomerization relaxation rates
kISOtot(FRET) were plotted vs the applied excitation intensity
Iexc (Figure 5a). In agreement with eq 15,kISOtot(FRET), was

found to show a distinct linear dependence toIexc. The slope of
kISOtot(FRET), vsIexc, dkISOtot(FRET)/dIexc, should correspond
to σDΦISOE(N) + σDΦBISOE(P) (eq 15) and was found to
decrease with longer∆bp, in agreement with an expected
decrease ofE(N) andE(P) with longer distances between the
donor and acceptor dyes. The calculated slopes dkISOtot(FRET)/
dIexc for all the oligonucleotides are summarized in Table 1.

4.3. Registration of Acceptor Fluorescence Rates per Dye
Molecule under FRET-Mediated Excitation. In Figure 5b,
the detected fluorescence rate per acceptor dye molecule in the
trans stateFhNm(N) is plotted vs excitation intensity for the same
set of oligonucleotides as in Figure 5a. Following eq 23-26,
FhNm(N) is obtainable as the mean number of detected fluores-
cence photons per time unit,〈F〉 , multiplied by the total
amplitude of the measured AC curves. Since the excitation
intensities applied were kept low (below 6 kW/cm2), a signifi-
cant nonlinear response, such as saturation or triplet state build-
up, could be observed neither on the donor nor on the acceptor
dyes. In agreement with this,FhNm(N) increased linearly to the

Figure 4. A: Three AC curves, withNm normalized to 1, measured
for an oligonucleotide with∆bp ) 11bp at 496 nm excitation with the
excitation intensities 1.8, 3.5, and 5.8 kW/cm2. In addition to
translational diffusion (dotted line), a relaxation process is reflected in
the AC curves that can be attributed to FRET-excitation-induced
transitions between the trans and cis forms of the Cy5 acceptor
molecules. The experimental AC curves shown yielded the following
fitting parameters: mean population of cis isomers Ph ) 0.19,
translational diffusion times of the oligonucleotidesτD ) ω1

2/4D )
3.9 ms, and isomerization relaxation rates,kISOtot, of 10.4, 19.2, and
34.8 ms-1 for the excitation intensities 1.8, 3.5, and 5.8 kW/cm2,
respectively. B: Three AC curves, withNm normalized to 1, measured
at the same excitation intensity (5.8 kW/cm2) at 496 nm excitation for
oligonucleotides with different donor-acceptor distances (∆bp of 4, 11,
and 18bp). The contribution in the AC curves from translational
diffusion is shown as dotted lines. The relaxation rate of the trans-cis
isomerization process,kISOtot, decreases with increasing∆bp (56.4, 22.0,
and 10.0 ms-1 for ∆bp of 4, 13, and 18bp, respectively). The relative
amplitude of the isomerization relaxation process in the AC curves,
also varies with∆bp (0.15, 0.21 and 0.27, for∆bp of 4, 13, and 18 bp,
respectively). The difference in the diffusion times are due to the
different lengths of the oligonucleotides (3.1, 3.8, and 4.1 ms, for the
oligonucleotides with lengths 18bp (∆bp ) 4), 27bp (∆bp ) 13), and
37bp (∆bp ) 18), respectively).

Figure 5. A: The measured isomerization relaxation rates,kISOtot,
plotted vs the applied excitation intensity, Iexc for five different
oligonucleotides (∆bp ) 4,11,13,18, and 22). For each oligonucleotide
measured,kISOtot shows a distinct linear dependence toIexc. The slopes
were determined to: 8.2, 5.4, 3.9, 1.3, and 0.75 ms-1(kW/cm2)-1, for
∆bp ) 4, 11, 13, 18, and 22, respectively. B: The detected fluorescence
emission rate per acceptor dye molecule in its trans conformation,FhNm-
(N), plotted vs excitation intensity for five different oligonucleotides
(∆bp ) 4, 11, 13, 18, and 22). For all the oligonucleotides investigated,
FhNm(N) increased linearly to the applied excitation intensity over the
range of intensities applied (the excitation intensity below the range of
saturation), with slopes ranging from 150 Hz/(kW/cm2) (∆bp ) 22) to
1.2 kHz/(kW/cm2) (∆bp ) 4) (see Table 1).
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applied excitation intensity over the range of intensities applied,
and for all the oligonucleotides investigated. In Table 1, the
slopes ofFhNm(N) vs Iexc, d[FhNm(N)]/dIexc, for all the investigated
oligonucleotides are given. According to eq 26, the slopes
correspond to gΦFAσDE(N), and decreased with longer∆bp,
reflecting a lowerE(N) with increasing donor-acceptor dye
distances.

4.4. Calculation of Absolute FRET Efficiencies from the
Measured Data.From the plots shown in Figures 5a,b, it can
be seen that the measured isomerization relaxation rateskISOtot

as well as the calculated fluorescence count rates per trans
acceptor moleculeFhNm(N) for one oligonucleotide can be well
separated from that of another over the whole scale of FRET
efficiencies, also for oligonucleotides where the difference in
donor-acceptor distances is only two base-pairs.

4.4.1. Calculation of EISO(N,P).As given by eqs 15 and 17,
the slope dkISOtot(FRET)/dIexc is proportional to a weighted mean
of E(N) andE(P). Although cross-talk due to additional donor
fluorescence and background scatter can be expected to
contribute to the total amount of light registered in the detectors
for the acceptor dye fluorescence, these light sources do not
produce the fluctuations specific for trans-cis isomerization.
In other words, the rates of isomerization and back-isomerization
within the acceptor dye are proportional to the excitation rates,
but isomerization and back-isomerization take place independent
of the level of cross-talk and background, which therefore need
not be taken into consideration. In this study, direct excitation
at 496 nm of the acceptor-only labeled oligonucleotides gave a
contribution to the isomerization rates corresponding to a FRET
efficiency of 1% (Table 1).

After subtraction of this contribution from dkISOtot(FRET)/
dIexc, and assuming the factorR in eq 17 to equal 1, an absolute
FRET efficiencyEISO(N,P) can be calculated from the isomer-
ization rates according to eq 19. The slopes ofkISOtot(FRET) vs
Iexc, derived above (Figure 5a), corresponds to the first factor
of eq 19. As the second factor of eq 19, the slopes ofkISOtot vs
Iexc for direct excitation of the acceptor dyes at either 647 or
496 nm excitation can be used (inset, Figure 3). In the third
factor of eq 19, the ratio of the excitation cross sections of the
acceptor at direct excitation over that of the donor was calculated
from the valuesσN(647 nm)) 9.6× 10-16 cm2,47 σN(496 nm)
) 0.04× 10-16 cm2 (from steady-state fluorescence measure-
ments), andσD(496 nm)) 2.7 × 10-16 cm2.50

Independent of what excitation wavelength that was used (496
or 647 nm) for the direct excitation reference measurement, the

absolute FRET-efficiencies derived via eq 19 were found to
clearly exceed unity (see Table 1). A comparison to the FRET
efficiencies determined by us for the same set of molecules by
spectrally resolved, single-molecule fluorescence lifetime mea-
surements51 also indicates that the FRET efficiencies determined
in this study are overestimated by approximately 40 (647 nm
excitation as reference) to 60% (496 nm excitation as reference).
To compensate for this overestimation, a common scaling factor
was introduced to scale the calculatedEISO(N, P) to the FRET
efficiencies obtained in ref 51 (see Table 1). In Figure 6 (solid
squares), the resulting calculated and scaledEISO(N, P) are
plotted vs∆bp. The relative changes ofEISO(N,P) with∆bp were
found to be very well in agreement with the FRET efficiencies
determined in ref 51, and could be accurately fitted to a DNA
helical model (for details see below). The reason for the
systematic overestimation ofEISO(N, P) is at present not quite
clear. It can be attributed to uncertainties in the determination

TABLE 1: Measured and Calculated Parameter Values Obtained under FRET-Mediated Excitation at 496 nm for Different
Distances in Base-Pairs∆bp between the Donor and Acceptor Dyes, or under Direct Excitation at 496 and 647 nm

∆bp

dkISOtot(FRET)/dIexc

(ms-1/(kW/cm2))a
dFhNm(Nh )/dIexc

(kHz/(kW/cm2))a Ph
EISO(N,P)

(λA ) 647 nm)
EISO(N,P)

(λA ) 496 nm)
EISO(N,P)
scaledb

EFNm(N)
scaledc

4 8.2 1.23 0.147 1.24 1.45 0.92 0.85
5 7.9 1.21 0.156 1.20 1.41 0.89 0.84
6 7.2 1.08 0.161 1.09 1.17 0.79 0.74
9 6.4 1.04 0.178 0.97 1.13 0.71 0.71
11 5.4 0.92 0.191 0.81 0.95 0.60 0.62
13 3.9 0.76 0.220 0.58 0.68 0.43 0.50
15 1.8 0.35 0.248 0.27 0.32 0.20 0.21
17 1.1 0.17 0.263 0.16 0.20 0.12 0.10
18 1.3 0.26 0.258 0.19 0.23 0.14 0.15
20 0.93 0.21 0.238 0.13 0.16 0.10 0.10
22 0.75 0.15 0.225 0.11 0.13 0.08 0.07
36 - - - - 0.06 0.04
direct exc
496 nm 0.1 0.016 0.38
647 nm 40 6.5 0.49

a Raw data without subtraction of contributions from direct excitation, donor cross-talk and background.b Scaling factor 0.74 (647 nm) and 0.58
(496 nm).c Scaling factor 0.69 (kHz/(kW/cm2)-1.

Figure 6. Measured and calculated FRET efficiencies obtained from
the isomerization kinetics of the acceptor dyes (solid squares). The
FRET efficiencies could be well fitted to a model based on the structure
of a double-stranded DNA in aqueous solution (solid lines) by use of
eq 28, resolving also the helical structure of the oligonucleotides. The
following parameters were generated in the fit:L ) 4 Å, zbp ) 3.4 Å
(fixed), drA ) 6 Å, drD ) 28 Å, Ψ ) 308°, φ1 ) 36° (fixed), R0 ) 51
Å (fixed, obtained from steady-state fluorescence measurements). The
relative changes ofE(N), calculated via FhNm(N) from eq 26, (open
squares) were found to be well in agreement with the FRET efficiencies
calculated via the isomerization kinetics. For reference, the FRET
efficiencies determined via spectrally resolved single molecule fluo-
rescence lifetime measurements for the same molecules [51] have been
included (crosses).
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of the excitation intensitiesIexc as well as of the excitation cross
section of the acceptor at 496 nmσN(496 nm). However, effects
due to a scaling factorR less than unity (eq 16), and additional
photochemical processes influencing the isomerization kinetics,
can also contribute to an overestimation ofE. The finding that
the fraction of acceptor dyes in a cis conformation Ph is
significantly lower under FRET-mediated compared to that
found under direct excitation of the acceptor dyes supports the
hypothesis that such an additional pathway for back-isomer-
ization exists (see Figure 4b and results and discussion below).

4.4.2. Calculation of E(N) from FhNm(N). To estimate the FRET
efficiencies from the detected fluorescence rate per acceptor
molecule in the trans stateFhNm(N), the slope dFhNm(N)/dIexc

(Figure 5b) of an oligonucleotide with∆bp ) 36 was used for
corrections. Practically no FRET is expected to be generated
within this oligonucleotide. Its slope dFhNm(N)/dIexc instead
originates from cross-talk of donor fluorescence into the
detection channels of the acceptor fluorescence, acceptor
fluorescence resulting from direct excitation of the acceptor
dyes, and background scatter. In our case, the donor fluorescence
cross-talk is the dominating source. Altogether, the slope dFhNm-
(N)/dIexc for this oligonucleotide corresponded to almost 5%
of that obtained for the most FRET active oligonucleotides
investigated here. This contribution to the slopes is present for
all the oligonucleotides, but since the donor fluorescence is
quenched by FRET, the donor fluorescence cross-talk will be
diminished with increasingE. After correction for this effect,
the contributions were subtracted from the slopes of dFhNm(N)/
dIexc for each oligonucleotide. The slopes were then normalized
with a common factor (see Table 2) to fit the FRET efficiencies
measured via the isomerization kinetics. From this factor,
corresponding to gΦFAσD (eq 26), and withΦFA set to 0.3551

and σD to 2.7 × 10-16cm2,50 an absolute detection quantum
yield, g, of about 1% can be derived, which compares relatively
well with the expected g. The relative changes ofE calculated
from dFhNm(N)/dIexc (Table 1 and Figure 6 (open squares)),
denotedEFNm(N), are in agreement with the normalized FRET
efficiencies calculated via the isomerization kinetics,EISO(N,
P), which reflect a mean ofE(N) andE(P) (Table 1 and Figure
6 (solid squares)). The observations for the amplitude Ph of the
isomerization process in the AC curves (see below) indicate
that E(N) and E(P) are not identical, which should also be
reflected in a difference betweenEISO(N,P) and EFNm(N).
However, althoughEISO(N,P) andEFNm(N) in Figure 6 are not
fully identical, a systematic difference betweenEISO(N,P) and
EFNm(N) can also not with certainty be seen beyond the relative
error estimates. ForEISO(N,P) andEFNm(N), we estimate the
relative errors from the standard error estimates made in the
linear fits of dkISOtot(FRET)/dIexc and dFhNm(N)/dIexc (Figures
5a,b) to be between 3 (low∆bp) and 10% (high∆bp).

4.5. Consistency of the Measured Relative FRET Efficien-
cies to a Structural Model. The FRET efficiencies obtained
via trans-cis isomerization kinetics were fitted to a model based
on the structure of a double-stranded B-DNA in aqueous
solution.52,53In this model, given the labeling sites of the donor

and acceptor dyes, and with reference to Figure 7A,B, the
distanceRDA between the dyes can be estimated as

Here, L accounts for the fact that the projections of the molecular
centers of the donor and acceptor fluorophores onto the DNA
helical axis does not necessarily correspond with the planes of
the base-pairs to which the fluorophores are attached. L then
represents the distance along the helical axis for the hypothetical
case that the donor and acceptor fluorophores would be attached
to the same base-pair (∆bp ) 0). zbp is the length between two
base-pairs along the helical axis (fixed to 3.4 Å), anddrD and
drA signify the normal distances from the donor and the acceptor
fluorophores to the helical axis. Taking the cylindrical angle of
the donor linker arm as a reference point,Ψ is the cylindrical
displacement angle of the linker arm of the acceptor fluorophore
for ∆bp ) 0, andφbp denotes the cylindrical twist angle of the
acceptor linker arm per base-pair separating the donor and
acceptor linker arms (set to 36° per base-pair). Introducing eq
27 into eq 9 yields an expression for the FRET efficiency
between the donor and acceptor fluorophores as a function of
base-pair separation:

In this model, the orientation of the emission and excitation
dipole moments of the donor and acceptor fluorophore, respec-
tively, are assumed to be isotropic. Then theκ2 orientation factor
(eq 10) is constant and equals2/3 over the whole range of∆bp.

The FRET efficiencies derived from the isomerization kinetics
(eq 19) could, after scaling, be well fitted to the model above
and eq 28. The fitted curve is shown in Figure 6. The helical
structure of the oligonucleotides can be well resolved as a
modulation of the FRET-efficiency vs∆bp. This indicates that
both the donor as well as the acceptor dye are separated radially
from the DNA helical axis (i.e., thatdrA anddrD * 0). However,
since the expression of eq 28 is symmetric with respect todrA

anddrD, the covariance between their fitted values is very strong
and an identical fit would be obtained by exchanging the fitted
values ofdrA anddrD.

4.6. Measured Amplitude of the Isomerization Process in
the AC Curves, Ph. Under FRET-mediated excitation, the
amplitudes of Ph showed several specific features (Figure 8a).
First, the amplitudes were found to be considerably lower than
those measured under direct excitation of the acceptor dyes
(between 0.15 and 0.27, compared to 0.5 at direct excitation at
647 nm). Moreover, an overall increase of Ph was observed with
lower FRET efficiencies (longer donor-acceptor dye distances).
Finally, superimposed on this overall increase of Ph, a periodic

TABLE 2: Anisotropies (from Steady-State Fluorescence Measurements) r, Fluorescence Lifetimes (from
Time-Correlated-Single-Photon-Counting Measurements)τf, and Rotational Correlation Times (calculated via the Perrin
equation from r and τf with r0 ) 0.385)G for Alexa488 and Cy5 Conjugated to an Oligonucleotide (18bp), and for Alexa488 and
Cy5 Free in Aqueous Solution

excitation wavelength (nm) anisotropy,r fluorescence lifetimeτf (ns) rotational correlation timeF (ns)

Alexa 488 496 0.018 3.8 0.2
DNA-Alexa 488 (18bp) 496 0.05 3.8 0.6
Cy 5 647 0.13 1.0 0.5
DNA- Cy 5 (18bp) 647 0.23 1.4 2.3

RDA )

x(L + ∆bpzbp)
2 + (drA

2 + drD
2 - 2drAdrD cos(Ψ + ∆bpφbp))

(27)

E )

[[(L + ∆bpzbp)
2 + (drA

2 + drD
2 - 2drAdrD cos(Ψ + ∆bpφbp))]

3

R0
6

+ 1]-1

(28)
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variation of Ph over∆bp, with a period of 10bp, could be noticed.
A variation should reflect a relative change of the effective rate
constant for isomerizationkISO′ vs that for back-isomerization
kBISO′, which in turn can result from a relative change ofE(N)
vs E(P) (eq 20). The observed period of 10bp coincides with
the number of base-pairs needed to complete a full turn (36°
turn per base-pair) in the double stranded oligonucleotide,
providing evidence that the amplitude of Ph, and its variation
with ∆bp, contains structure-related information.

At this point, it is worth to consider that a transition of the
acceptor dye from a trans to a cis conformation, and vice versa,
represents a considerable structural change within the dye. It

would therefore not be surprising if the orientation of the
excitation dipole moment of the trans form is different from
that of the cis form. Moreover, steric restrictions and electrostatic
interactions between the dye, the linker arm and the DNA
molecule can be different for the trans and cis forms. Depending
on if the dye is in a trans or in a cis conformation, the dye and
its linker arm may therefore arrange differently in space.
Consequently, for a given labeling site of the acceptor dye, both
the distance between the donor and acceptor dyesRDA as well
as theκ2 orientation factor can be different for the trans and
the cis forms, leading to an overall shift as well as a periodicity
of Ph.

4.7. Simulations of Ph. To further investigate what principal
information is contained in Ph, simulations of Ph were performed,
where effects of orientation and structure, as well as influence
of spectroscopic parameters were considered. Ph was calculated
from eq 22, where the distance between the donor and acceptor
dyes,RDA(N,∆bp) andRDA(P,∆bp), were calculated from eq 27.
A scaling factor was added to take the observed overall reduction
of Ph into account (see also sections 4.7.6 and 4.7.7).

4.7.1. Model for theκ2 Orientation Factor: In the simulations,
a simplified model for the variation of theκ2 orientation factors
for the trans and the cis states was assumed. For Alexa488
conjugated to the oligonucleotides, a short rotational correlation
time F was found from steady-state fluorescence measurements
(Table 2). This lead us to assume that the orientation of the
transition dipole moment of the donor dye dˆ is isotropic. For
the conjugated Cy5 on the other hand, a considerably longerF
was found, indicating a more restricted mobility. The orientation
of the excitation dipole moment of the acceptor dye aˆ is therefore
not assumed to be isotropic. Instead, aˆ is modeled as a linear
combination of two vectors, one parallel to the DNA helical
axis âparaand the other perpendicular to this axis and parallel to
the normal separation vector between the dye and the DNA
helical axis aˆperp (see Figure 7C):

Given that the emission dipole moment of the donor is isotropic,
and the excitation dipole moment of the acceptor is fixed in a
linear direction, theκ2 orientation factor can be expressed as4

where r̂ is the direction of the separation vector between the
donor and acceptor dyes, andθA is the angle between rˆ and â
(see eq 11 and Figure 7C). In Appendix 1, an expression for
the κ2 orientation factor is given based on the structural
parameters of our DNA model. This expression was used when
the Förster radius,R0, of the trans and cis states were calculated
via âN(∆bp) andâP(∆bp) of eq 21.

4.7.2. Simulation of Ph with Constrained Parameter Values.
In Figure 8A, a simulation of Ph is shown, which is based on
the above model for theκ2 orientation factor, and calculated
from eqs 22 and 27. In the simulations, both the resulting vectors
for the transition moment of the acceptor dye, given bya1 and
a2, the length of the normal separation vector of the acceptor
from the DNA helical axisdrA, the radial angle between this
vector and that of the donor for∆bp ) 0, Ψ, as well as the
projection of the linker arm along the DNA helical axis,
contained in the parameterL (eq 27), were allowed to be
different for the trans and the cis conformation of the acceptor
dye. The differences in the latter parameter values between the
cis and trans forms are denoted∆drA ) drA(P) - drA(N), ∆Ψ
) Ψ(P) - Ψ(N) and∆L ) L(P) - L(N), respectively. To keep

Figure 7. DNA helical model used to calculate the FRET-efficiencies
(eqs 27 and 28), as well as to simulate the dependence of Ph on ∆bp

(Figures 8 and 9). A: Side-view. B: Cross section of the helix with
the helical axis in the center. In the figures,drA and drD denote the
normal distances from the acceptor A and donor D dyes to the DNA
helical axis.L + ∆bpzbp is the total distance between the donor and
acceptor dyes projected along the DNA helical axis, and aˆ represents
the unit vector for the direction of the emission dipole moment of A.
RDAr̂ is the separation vector between the donor and acceptor dyes,
whereRDA represents the absolute distance between the dyes, and rˆ is
the unit vector of the separation vector.ΘA represents the angle between
â and r̂, andΘ ) Ψ + ∆bpΦbp signifies the angle between the normal
separation vectors of the donor and the acceptor. In part C, aˆ has been
depicted as it was assumed to be oriented in the simulations of Ph
(Figures 8A-E), with two component vectors, one parallel to the helical
axis (a1‚âpara), and the other perpendicular to the DNA helical axis and
parallel to the normal separation vector for Cy5 (a2‚âperp). d̂ (the unit
vector for the excitation dipole moment of the donor dye) was assumed
to be isotropic. Depending on∆bp, ΘA changes in a nonperiodic manner
(illustrated by the difference between the anglesΘA1 andΘA2 for the
donor positionsD1 andD2), yielding a nonperiodic change of theκ2

orientation factor.

â ) a1âpara+ a2âperp (29)

κ
2 ) 1/3 + (â ‚ r̂)2 ) 1/3 + cos2ΘA (30)
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the parameter values in the simulation consistent with those
obtained in the fit of eq 28 (Figure 6), the parameter values
from that fit were used for both conformations, except for the
values ofdrA, Ψ, and L. For these parameters, the mean values
for the two conformations were kept the same as the fitted
parameter values in Figure 6. ForΨ, no improvement of the
simulation could be found upon deviation from its fitted value
(see Figure 8C). The parameter values used in the simulation
are given in Figure 8A. Clearly, a simulation of this kind cannot
provide precise information about the orientations of the dyes.
Still, it shows that differences in the orientation and length of
the linker arm, and in theκ2 orientation factor for the trans and
cis conformation of the acceptor dye can generate a periodic

variation and an overall increase of Ph, well compatible with
the experimental findings.

In a next step, the influence of the individual structural and
spectroscopic parameters on Ph were investigated by simulations,
where the parameters were varied one by one (Figures 8B-E).
For the parameter varied, the mean value for the cis and the
trans form was kept the same as the fitted value from Figure 6.
The values of the other structural parameters were the same for
both the trans and the cis conformation, and identical to those
of Figure 6. Theκ2 orientation factor was set to2/3 for both the
trans and the cis forms, if not stated otherwise (Figure 8D).

4.7.3. Simulation of Ph: Effects of Structural Parameters.
Figure 8B shows the influence of differences between the trans

Figure 8. A: Experimental (solid line, solid squares) and simulated (dotted line) curves of Ph, as well as the steady-state anisotropy measured for
the acceptor fluorescence (solid line, open squares) plotted vs∆bp. Inset right: parameter values used in the simulation. A scaling factor) 0.33 has
been introduced. B-E: Simulations of Ph, where the influence of the individual structural and spectroscopic parameters on Ph are investigated, by
variation of one parameter at a time. The parameter values were the same as the fitted values of Figure 6, except for the parameter that was varied,
for which still the mean of the parameter values for the cis and the trans form was kept the same as the fitted value of Figure 6. Theκ2 orientation
factors for the acceptor being in a trans and a cis conformation, denoted byκ2(N,∆bp) andκ2(P,∆bp) (eq 21), have been assumed to be constant and
equal2/3 and the factorR (eqs 16 and 22) has been set to one, if not stated otherwise. In all figures, a scale factor has been introduced ()0.33), and
the experimental Ph (solid line, solid squares) and a simulated Ph, where all parameters are identical for the cis and trans forms (solid line), have been
introduced for reference. B: Effects of different normal separation distancesdrA for the trans and cis conformations. Dotted line:drA(N) ) 10 Å,
drA(P) ) 2 Å. Dashed line:drA(N) ) 2 Å, drA(P) ) 10 Å C: Effects of different radial orientationsΨ for the trans and cis forms, where (Ψ(N)
+ Ψ(P))/2 ) 308°. Dotted curves, with increasing amplitudes:∆Ψ ) Ψ(P) - Ψ(N) ) 60°, 120°, and 180°. Dashed curves, with increasing
amplitudes:∆Ψ ) Ψ(P) - Ψ(N) ) -60°, -120°, and-180°. D: Isolated effects of the differences inL (∆L ) 9 Å, with L(N) ) -0.5 Å, L(P)
) 8.5 Å, dotted line) and aˆ (a1(N) ) 0.85,a2(N) ) 0.15, and a1(P) ) 0.3,a2(P) ) 0.7, dashed line) used in the simulation of Figure 8A. E: Effects
of the spectroscopic parametersR < 1 (here set to 0.75, which was used in the simulation of Figure 8A (dotted line)) andδ > 1 (dashed line).
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and cis forms indrA. If drA is longer for the cis than for the
trans form, i.e.,∆drA > 0, a periodicity of Ph with the same
period and phase as that experimentally observed can be
produced. In contrast, if∆drA < 0, a Ph is produced, which is
totally out of phase with the observed Ph. For a given difference
in the length ofdrA between the cis and trans forms, the phase
of Ph can be shifted by variation of the radial orientationΨ of
the normal separation vector for both forms (not shown).

In Figure 8C, simulations are shown with differentΨ for
the trans and cis forms, but with the mean value ofΨ kept the
same for the two forms. A periodic variation of Ph is then
generated, with a period of 10bp, but out of phase with the
experimental Ph. The amplitudes of the periodic variation
increases with larger separation inΨ between the trans and cis
isomers.

The experimentally found periodicity of Ph is thus well in
agreement with a situation, where the trans form of the acceptor
dye is closer to the DNA helical axis than the cis conformation
(∆drA > 0), and whereΨ equals the fitted value from Figure 6
for both conformations, (∆Ψ ) 0).

In Figure 8D two simulations are plotted, which show the
individual effects of differences in theκ2 orientation factor and
in L between the two conformational forms of the acceptor dye.
WhenL is shorter for the trans than for the cis form (∆L > 0),
an overall increase of Ph is produced, similar to the increase
observed experimentally. In contrast, when L is longer for the
trans form (∆L < 0) an overall decrease of Ph is generated
(simulation not shown).

Theκ2 orientation factor can be influenced both by the relative
radial orientations of the transition moments of the donor and
acceptor dyes, as well as by the axial distance between the dyes.
In the first case, a periodic modulation is generated and in the
second case an overall change of Ph can be expected as a function
of ∆bp. For those simulations of Ph best resembling the
experimental data, theκ2 orientation factor was calculated based
on a predominant orientation of the transition dipole moment
of the trans form parallel to, and that of the cis conformation
predominantly oriented perpendicular to the DNA helical axis
(Figures 7C and 8A). Theκ2 orientation factor was then mainly
found to contribute to an overall increase of Ph (Figure 8D,
dashed line). On the basis of our model, an overall nonperiodic
change ofκ2 with increasing∆bp can be attributed to a change
in the angleΘA between the transition moment of the acceptor
â and the donor-acceptor separation vectorRDAr̂ (eq 30). As
can be seen from Figure 7C, the change inΘA is related to the
magnitude ofdrA anddrD. The change is small when the axial
distance between the labeling sites,Rz ) L + ∆bpzbp, is much
longer thandrA anddrD, while relatively large changes inΘA

can be expected whendrA anddrD are longer or comparable to
Rz.

4.7.4. Electrostatic Considerations on the Simulated Data.
With bothdrA andL shorter for the trans than for the cis form,
it is likely that the trans form of the acceptor dye to a larger
extent folds back onto the linker arm than does the cis form.
This is also supported by electrostatic considerations. In Figure
9A, the structures of the trans and cis form of the Cy5 dye
molecule are shown. At each of the headgroups of the dye there
is a negatively charged sulfonic acid group, as well as a nitrogen,
that together with the nitrogen of the other headgroup harbor
one positive charge. Altogether, the Cy5 molecule is negatively
charged. The charge distribution within the molecule depends
on its conformation. While significant in the trans form, the
net electric dipole moment in the cis state is very small. Via a
linker arm, the Cy5 molecule is coupled to the negatively

charged phosphate group of the 5′-end of the DNA strand
(Figure 9B). In a trans form, the nitrogen of the distal headgroup
is facing toward the linker arm, and the sulfonic acid group is
turned away from it. The resulting electrostatic attraction,
together with the interaction of a net electric dipole moment of
the dye molecule, then promotes a folding of the dye toward
the linker arm (Figure 9B). On the other hand, in a cis
conformation, the distal headgroup is turned 180°, and the
sulfonic group is instead facing toward the linker arm. This, in
combination with a negligible net electric dipole moment, would
rather lead to a repulsion of the distal headgroup from the linker
arm, so that bothdrA andL are longer for the cis than for the
trans conformation (Figure 9B).

4.7.5. Relation of Simulatedκ2 to Acceptor Fluorescence
Anisotropy Data.In general, FRET-mediated excitation strongly
reduces the fluorescence anisotropy compared to direct excita-
tion. One reason is that, after excitation of the donor, the
fluorescence emission is preceded by rotational diffusion of both
dyes. In addition, whenRDA , R0, the FRET efficiency will be
close to unity, and relatively independent of the orientation of
the acceptor dye, which generates a close to isotropic acceptor
fluorescence. In Figure 8A, the measured steady-state anisotropy
of the acceptor dye fluorescencerA as a function of∆bp is
plotted. TherA plotted is corrected for direct excitation of the
acceptor and cross-talk of donor fluorescence. As expected,rA

is close to zero for∆bp < 13bp, which indicates that the acceptor
dye can be excited via FRET relatively independent of its

Figure 9. Possible interactions between the acceptor dye, the linker
arm and the DNA molecule. A: Charge distributions for Cy5 in a trans
and in a cis conformation.µ denotes the net electric dipole moment
present in the trans form. B: Possible spatial arrangement of the Cy5
molecule in a trans and in a cis conformation with respect to the linker
arm and DNA molecule. See text for further details.
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orientation. For∆bp ) 13-17bp, whereRDA approximatesR0,
a distinct increase inrA can be noted, indicating that the extent
of FRET start to depend on the orientation of the dyes. In this
range, the slope ofE vs ∆bp is relatively steep (see Figure 6),
which should select for the most favorable orientations of aˆ
within the range of orientations possible for a given∆bp, and
thereby lead to an increasedrA. For ∆bp > 17 bp, a slight
decrease inrA can be noticed. This can be attributed to a periodic
modulation of theκ2 orientation factor, following from the
change of the radial orientation of aˆ with ∆bp. Alternatively,
for large∆bp, the relative changes ofE are smaller, and so are
the relative changes ofΘA, which reduces the dependence of
theκ2 orientation factor on the axial distance (see section 4.7.1
and Figure 7C). Then a larger range of orientations for a certain
∆bp will show similar FRET-efficiencies, which should also lead
to the observed reduction inrA. Since only the trans conforma-
tion of the acceptor dye should be fluorescent, the anisotropy
of the acceptor fluorescence reflects the anisotropy of the
acceptor dyes being in a trans conformation.

The measuredrA of Figure 8A supports the steady-state
anisotropy data measured under direct excitation (Table 2) that
the orientation of the acceptor dye is not isotropic, at least not
in the trans form. Moreover, it is compatible with a predominant
orientation of the trans acceptor dye along the helical axis, and
provides evidence that variations and differences inκ2 between
the trans and cis form are mainly present for longRDA. The
measuredrA indicates that the extent to which FRET occurs
depends very weakly on the orientation of the dyes until∆bp

reaches the range of 13-17 bp. Orientational differences
between the trans and cis conformation of the acceptor should
also not be evident as a change of Ph for lower ∆bp. This agrees
well with the measured Ph (Figure 8A), for which an overall
increase is observed, which coincides with that ofrA.

4.7.6. Simulation of Ph: Effects of Absorption Spectrum
Changes Following Isomerization.At this point, it can be
concluded that structural and orientational factors can generate
the experimentally observed variations of Ph over∆bp. However,
they cannot explain why the amplitudes of Ph under FRET-
mediated excitation were found to be generally much lower than
those measured under direct excitation of the acceptor dyes. In
particular, whenRDA , R0, E(N) andE(P) can be expected to
be close to unity, and only very small changes of Ph can be
generated from structural effects, no matter what orientations
and positions the two conformations of the acceptor dye have
with respect to each other. To take this general reduction of Ph
into account, a scaling factor for Ph had to be introduced in the
simulations (0.33 for the simulations shown). This motivates a
discussion what the underlying mechanisms of this scaling factor
can be.

A blue-shift of the excitation spectrum of the cis-isomer
relative to that of the trans form (δ > 1, see eqs 21) would lead
to a stronger spectral overlap with the donor emission spectrum
for the cis than for the trans isomer. This would favorE(P)
relative toE(N), and thusk′BISO relative tok′ISO (eqs 13 and
14), and a lower amplitude of Ph can be expected (eq 20).
However,δ > 1 only leads to a reduction of Ph for RDA ≈ R0 or
longer, and not to a general reduction of Ph (Figure 8E).
Moreover, the reduction in Ph under FRET-mediated excitation
is far more prominent than that seen under direct excitation at
496 nm. Therefore, the influence of a shift inδ is small and
cannot account for a major reduction in Ph.

The factorR, defined as the ratio of the excitation cross
section of the cis over that of the trans form,σP/σN (eq 16), can
also have an influence on the measured Ph. However, the

simulation in Figure 8E shows that ifR < 1, Ph would be reduced
only for shortRDA, while for RDA > R0 practically no effect on
Ph is seen. In addition, also for shortRDA an R < 0.5 would be
needed to generate a relative shift in Ph comparable to that
observed. Such a low value ofR would not be in line with what
has previously been reported for cyanine dyes similar to Cy5,
where anR close to unity was found.44-46

4.7.7. Simulation of Ph: Additional Effects.The general
reduction of Ph is not due to structural parameters, and can also
not be fully generated from spectroscopic effects, such as a shift
of R or δ. Therefore, additional, in particular photochemical,
effects have to be considered. An additional photochemically
induced deactivation of the cis conformation, present under
FRET-mediated excitation, but not under direct excitation of
the acceptor dyes, would not only explain a general reduction
of Ph, but would also give a reason for the overestimation of the
FRET efficiencies found after normalization of the isomerization
rates according to eq 19. One possible mechanism for such a
cis state deactivation is charge transfer in the DNA molecule,
which have been observed to take place over distances as long
as 200 Å. Although the details of the mechanisms are still under
debate, the rate of transfer has been found to be relatively
insensitive to∆bp.54-56 Under FRET-mediated excitation, it
would therefore be possible that free charges are generated from
excitation of the donor dyes, and that they propagate along the
DNA chain. From the redox potentials,57 it is known that Cy5
can be oxidized by nucleobase radical ions, and in the case of
stilbenes, isomerization of radical cations is known to take place,
with yields that can be significantly different from those seen
in the absence of radical formation.58 It is therefore possible
that Cy5 radical cations can be formed and, prior to charge
recombination, that they undergo isomerization and back-
isomerization. If the radical cation of Cy5 would have a yield
of back-isomerization which is favored over that of isomeriza-
tion, an increased population of trans isomers and a reduction
of Ph would follow. However, clearly further investigations are
needed to reveal the identity and the details of the mechanism
behind this general reduction of Ph.

5. Conclusions and Outlook

In this study, we have introduced and investigated two
concepts for how FCS can be used to characterize FRET. In
the first approach, FRET efficiencies were determined from the
detected acceptor fluorescence rate per molecule under study.
As a second possibility, the fluorescence fluctuations of the
detected acceptor fluorescence generated from trans-cis isomer-
ization kinetics were utilized.

The concept to determine the FRET efficiency from the
relative increase in acceptor fluorescence is well established.
The advantage of FCS is that the absolute mean number of
molecules within the detection volume can be determined
making a concentration calibration superfluous. However, the
use of this approach is limited to samples where one can control
the influence from other light sources than FRET-induced
acceptor fluorescence and requires careful calibrations of cross-
talk and background. Also, labeling efficiencies of the donor
and acceptor fluorophores have to be considered. An absolute
determination of FRET efficiencies is difficult to perform, since
the total detection quantum yield of the instrumentationg is
difficult to determine with high enough precision and accuracy.
Nonetheless, for the measurements presented in this study, where
the background and the donor emission cross-talk were almost
negligible, the relative FRET-efficiencies determined with this
approach were found to scale well with those determined via
the isomerization kinetics of the acceptor dye.
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To our knowledge, the concept to measure FRET efficiencies
via the trans-cis isomerization kinetics is completely new. In
principle, characterizing FRET by FCS and via the isomerization
kinetics offers several advantages. The measuredkISOtot is
independent of labeling efficiencies of both the donor and the
acceptor, of donor fluorescence leaking into the detection
channels for the acceptor fluorescence, of background, as well
as of the absolute concentration of the measured molecules.
Thus, no prior purification of double labeled molecules is
needed, in contrast to conventional steady-state ensemble
measurements, where great care must be taken to purify the
molecules containing both donor and acceptor dyes. Even if
the donor fluorescence, or a high background, would dominate
over the signal in the detectors for the acceptor fluorescence,
they would not generate the specific fluorescence fluctuations
seen for the acceptor fluorescence. The relaxation rate of the
isomerization processkISOtot only depends on the excitation rate
of the acceptor dye. For FRET measurements in general, the
number of measurements on separate solutions with different
molecules should be kept to a minimum, to avoid generating
unnecessary measurement noise, system errors etc.5 Still, FRET
measurements based on changes in donor and acceptor fluo-
rescence quantum yields typically requires rather elaborate
spectral component analyses of donor-only, acceptor-only, as
well as of donor-acceptor-labeled molecules.7 With the ap-
proach presented here, control measurements can be kept to a
minimum due to the relative independence ofkISOtot. Moreover,
in contrast to single molecule or ensemble FRET measurements
based on changes in the donor and/or acceptor fluorescence,
no knowledge about the absolute detection quantum yield of
the instrumentation is required. The instrumentation needed for
our approach can be made quite robust and simple, and since it
is a confocal microscopy-based technique it can be applied to
a wide range of different environments. For determination of
the FRET efficiencies via the quenching of the donor fluores-
cence lifetime, it is usually necessary to determine the fluores-
cence lifetimes for both the donor-acceptor as well as for the
donor-only labeled molecules, since fluorescence lifetimes can
be extremely environment-dependent. The environmental sen-
sitivity of the isomerization process must also be considered in
FRET measurements by FCS, but the calibration can also be
done by direct excitation on the same sample.

However, in practice, absolute calibration is not so easy to
perform with high accuracy. In this study, the calibration of
the isomerization rates measured under FRET-mediated excita-
tion with those measured under direct excitation lead to a
significant overestimation of the absolute FRET-efficiencies.
The reason for this is not fully clear. Systematic errors in the
determination of the excitation intensity experienced by the
molecules under study can contribute. However, we estimate
the relative error of the measured excitation intensities to less
than 20%. Therefore, it is more likely that the overestimation
is due to additional photochemical pathways not taken into
consideration in the derivation of the FRET efficiencies from
the experimental parameters. The fact that the FRET-efficiencies
are overestimated, in combination with the finding that the
amplitude of Ph is much lower under FRET-mediated excitation
suggests that an additional photochemical deactivation pathway
of the cis state may be involved. Here, charge transfer from the
excited donor to the acceptor dye, via the DNA chain could be
a possible mechanism. However, further investigations are
needed to verify this theory.

Although it is difficult to accurately determine the absolute
FRET efficiencies of the molecules under study, the presented
data show that relative FRET efficiencies can be measured over
a broad range of donor-acceptor distances (4-22 bp corre-

sponding to approximately 13-75 Å with 3.4 Å/bp), with a
precision good enough that two samples with oligonucleotides
differing in the donor-acceptor distances by only 1-2bp can
be well separated over the whole range of distances. The lower
limit for what FRET efficiencies that can be measured is set by
thermal deactivation of the cis isomer to the trans form. At low
FRET efficiencies, where the excitation induced transitions
between the trans and cis isomers are also low, a possible
influence of thermal deactivation of the cis state should be kept
in mind. However, no significant contribution of such a process
could be noticed, not even for longer donor-acceptor distances
measured at excitation intensities down to 0.6 kW/cm2.

For the measured Ph, a periodic variation and an overall
increase in Ph with longer∆bp could be observed. We show by
simulations that differences in the position and orientation of
the trans and cis form of the acceptor dye can underlie the
periodicity as well as the overall increase of Ph, and thereby
provide additional structural information.

Although the population of cis-isomers was found to be lower
under FRET-mediated excitation than under direct excitation
of the acceptor dyes, the loss of acceptor fluorescence due to
population of nonfluorescent, but still FRET-active, cis states
is significant. This should be kept in mind when cyanine dyes
are used as acceptor dyes, in particular when the acceptor
fluorescence is used as a read-out parameter. In this study, the
differences in FRET efficiencies between the isomeric forms
are not likely to be very big, as seen from the plots of the relative
FRET efficiencies measured via isomerization kinetics (reflect-
ing a weighted sum ofE(N) andE(P)) compared to those from
fluorescence rates per molecule (reflectingE(N)). However,
depending on their relative orientations and positions, bigger
differences inE between the isomeric forms are in principle
possible. The measured FRET efficiency, would then depend
on if E(N) or a weighted sum ofE(N) andE(P) are reflected in
the read-out parameter. (For instance, when the FRET efficiency
is determined via the acceptor fluorescence,E(N) is measured,
since only the trans form is fluorescent. If on the other hand
the FRET efficiency is determined via donor fluorescence
lifetime quenching, a contribution from the FRET-active ac-
ceptor dyes in a cis conformation should also be expected.) It
is interesting to note that almost no attention has previously
been paid in the literature to these considerations.37

Finally, it should be pointed out that FCS is well suited to
monitor several photodynamic features and photoinduced tran-
sient states, involving both the donor and the acceptor dyes.
Since several of these states can be influenced by FRET, FCS
can in principle also be used to monitor the presence and extent
of FRET via these states. For the donor dye, the quantum yield
of a process originating from the excited state will decrease in
the presence of FRET, since FRET is a competing deactivation
process of the excited state of the donor. For instance, we could
note that at higher excitation intensities the triplet state build-
up in the donor molecules, measured via AC curves of the donor
fluorescence, was lower in oligonucleotides with short∆bp and
high FRET efficiencies, compared to oligonucleotides with a
low E or no FRET at all. In contrast, for the acceptor dye a
process originating from the excited state will be promoted by
FRET, since FRET does not compete in the deactivation of the
excited state, and since excitation is a prerequisite for the
generation of the state at all. Monitoring fluctuations on the
acceptor side has the advantage that incomplete labeling is
automatically corrected, since basically only those acceptor dyes
are seen which have been excited via FRET (if direct excitation
of the acceptor dyes is negligible). An important advantage using
trans-cis fluctuations to monitor FRET is that the relative
population of the cis state remains more or less constant over
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the whole range of excitation rates. The relaxation process is
therefore clearly visible also for low FRET efficiencies, where
it for instance would be difficult to detect a triplet state
population, and even more difficult to derive any information
about the extent of FRET from its amplitude and relaxation time.
Finally, it should be mentioned that cyanine dyes are not the
only dyes having transient states with photodynamic features
like those of isomerization. Recently, it has been shown by FCS
measurements that green fluorescent proteins have similar
photodynamic properties.35,36 The approach presented here is
therefore not restricted only to the group of cyanine dyes as
acceptor fluorophores.

Appendix 1

For a Cartesian coordinate system (xˆ, ŷ, ẑ), where ẑis along
the DNA helical axis, xˆ is along the direction of the normal
separation vector from the helical axis to the acceptor dye, and
ŷ is perpendicular to xˆ and ẑ:

whereRDA is given by eq 27 andΘ ) Ψ + ∆bpφbp. Given that
the emission dipole moment of the donor is isotropic, and the
excitation dipole moment of the acceptor is fixed in a linear
direction, theκ2 orientation factor can be expressed as4 (eq 30):

Then, for â) âpara,

and for â) âperp,

The κ2 orientation factors with the acceptor in a trans or in a
cis form we form as

where X is either N or P anda1 anda2 can be different for the
two forms. To calculate Ph, theκ2 orientation factors of eq A6
are included inâN(∆bp) and âP(∆bp) of eq 21, which are put
into the expression for Ph(∆bp) of eq 22, in which the expression
for RDA is given by eq 27.
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âpara) (0, 0, 1) (A1)

âperp) (1, 0, 0) (A2)

r̂ ) (rx, ry, rz) )
1

RDA
(drA - drD cosΘ, drD sin Θ, L + ∆bpzbp) (A3)

κ
2 ) 1/3 + (â ‚ r̂)2

κ
2(para)) 1/3 + (âpara‚ r̂)2 ) 1/3 + rz

2 (A4)

κ
2(perp)) 1/3 + (âperp‚ r̂)2 ) 1/3 + rx

2 (A5)

κ
2(X) ) a1κ

2(perp)+ a2κ
2(para) (A6)
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