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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 tranis 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 Fluorescence correlation spectroscopy (FCS) is a technique,

To be able to understand the functions and the underlying where fluctuations in the detected fluorescence originating from

. ~ small molecule ensembles are used to obtain information about
mechanisms of many macromolecules, structural and dynamic . .
dynamic processes on the molecular sé&ié® After its

information on the molecules in question is needetsten : L .

fluorescence resonance energy transfer (FRET) is a photophysi-IntrOdUCtlon in the ‘?a”y 1970s, the method for a long time
cal process, which can provide a sensitive tool to yield distance suff_ered fro’_“ low S|gnal-to-background !evels: However, by
information in the range of 16100 A. Via FRET, energy is the introduction of a confocal detection regime with an enhanced

transferred nonradiatively from a donor molecule to an acceptor spatial and spe_ctral discriminatiéﬁ,z_ﬁ the range of appli(_:ations
molecule via induced dipoteinduced dipole interaction. and the capacity of the FCS technique have strongly increased.

The sensitivity of FRET relies on the fact that the efficiency In generalz FCS can provide dynamic information about a W'.de
E with which transfer of excitation energy takes place, depends range of different molecul'ar Processes as Iong as thgy manifest
on the inverse-sixth-power of the distanBgs between the themselves as changes in the fluorescence intensity (see refs
donor and acceptor dye molecules. 2730 for reviews).

After its first observatior},the development of the theofy, To such processes, belong a broad range of photochemically
and its introduction as a tool to measure biological distafces, Of photophysically induced nonfluorescent transient states and
FRET has found a wide range of applications in the biomedical Processes in the time ranges from nanoseconds to milliseconds.
field (see refs 47 for reviews). By use of microscopic These states and processes include photon anti-bun¢hing,
techniques it has been possible to apply FRET to many different electron transfef? triplet states?®34photoinduced transient states
microenvironments, with little or no interference of the system in green fluorescent proteid®3trans-cis isomerizatior¥/ as
under study? In the 1990s strong advances have been made in well as photodegradatiof:>®
the field of single molecule detection (SMD) by fluorescence  In 1984, Haas and Steinbéfgroposed in a theoretical work
(see refs 9-11 for reviews). By analysis of single molecules, it the use of FCS to monitor intramolecular dynamics by changes
is possible to find heterogeneities that are difficult to reveal by in FRET efficiencies. For molecules labeled with a donor and
ensemble measurements. This exquisite sensitivity of fluores- an acceptor ﬂuorophore, a reduced donor fluorescence would
cence has also been exploited to detect and analyze FRET oihe accompanied by an increased acceptor fluorescence intensity
single molecule$?~19 in the presence of FRET. Thus, for intramolecular movements
= " o el Bl VBB Vor Euem & that result in variations of the FRET efficiency an anticorrelation
st e Do, e, Pephgs BB, Yo 632 would occur between the donor and acceptor fluorescence
1006. Phone: +49-551-201 1087/1774. E-mail: jerkerwidengren@ iINtensities, where the relaxation time of the anticorrelation
mbb.ki.se. E-mail: cseidel@gwdg.de. reflects the time scale of the intramolecular motion, and its
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amplitude scales with the difference in doracceptor distances tively, direct excitation of the acceptor molecules is performed
between the intramolecular states. However, only very few by a krypton-ion laser, operated at 647 nm wavelength (Sabre,
reports exist, where this approach has been used experimentallyCoherent, Palo Alto, CA). After reflection by a dual-band
Correlation analysis of the detected donor and acceptor fluo- dichroic mirror (502/636DCLP, AHF Analysentechnik) the laser
rescence from single molecules have been performed, eithemeam is focused by a microscope objective (Olympus,60A
according to Haas and Steinberg, as a crosscorrelation between 2 \vater immersion). The fluorescence is collected and then
the detected donor and acceptor fluorescence, or as an autopefocysed by the same objective to the image plane, where a

correlation of the ratio of the detected donor and acceptor pinhole (radius 35 or 6@m) is placed. The detection volume
fluorescencé?#*However, the fluctuations observed could not s yefined by the dimensions of the focused laser beam (0.6 or

with certainty be ascribed to variations in the distance between 4 um in beam waist radius) and the collection efficiency
wifhdgrneo;tacrﬁ :CCGptOI’ dyes, and therefore had to be interprete unction of the confocal microscope. The collected light is split
. C . . by a dichroic mirror (620DCLX, AHF Analysentechnik) into
to'%g‘;ﬂg”égg%”g;ﬂ?:ﬁc?gso d\;\leer?;tnli)cﬁdEﬁjs;[?oiga(t)?gtﬁ: the fractions originating from the acceptor (Cy5) and donor
donoracceptor distance are ’required. First we show the (Alexa488) fluorophores. Subsequently, band-pass filters are
ossibility to take advantage of FRET-dependent ﬂuorescenceqsed (HQ730/140, AHF Analysentechnik,0G590 Iong-pass_
b y g P filter (Schott) for Cy5, and HQ535/50, AHF Analyzentechnik,

fluctuations of photophysical origin. Particularly useful are SOU .
fluctuations generated by transis isomerization of the acceptor for Alexa488) to discriminate the two fractions of the collected

dye. For the frequently used acceptor dye Cy5, FCS measure-fluorescence from laser light scattered at the excitation wave-
ments have shown that at direct CW excitation fluorescence /ength and from Raman scattered light of the solvent molecules.
fluctuations due to transcis isomerization are very prominent' Each of the fractions of the fluorescence ||ght is then detected
and irrespective of the excitation intensity, 50% of the Cy5 dye by two avalanche photodiodes (SPCM AQ-141, EG&G Van-
molecules are in an essentially nonfluorescent cis $tafae dreuil, Quebec, Canada), the output pulses of which are
rate of interchange between the trans and cis states was foungrocessed online by a PC-based correlator board with time
to be proportional to the excitation rate. This indicates that the resolution of 12.5 ns (ALV5000 with fast option, ALV GmbH,
transitions between the trans and cis states of Cy5 are dominated.angen, Germany).

by photoinduced isomerization and back-isomerization, and @ As a model-system in this study, double stranded DNA was
photostationary equilibrium is established between the isomeric yseqd pecause of its defined and well-known structure. Alexa488
forms already atvery modest excitation intensities. It also Means qonor; Molecular Probes) and Cy5 (acceptor, Amersham-
that the rate of interchange, monitored via FCS, can be used a§3harmacia) were used as the FRET pair, offering a lafget&io

a m;_afu(;e Of.tth(;". exct;kl‘tatlop ’alf‘?- tleer:/wse, ubntiler |nd|trr(]ac§ FRET radius and well-separated emission wavelengths between the
mediated excitation he rate ot interchange between he ISOmersdyes. Because of their negative charge, interactions between
will reflect the excitation rates, and can therefore also be used

- . . o -~ _the DNA and the dye molecules are minimized. The DNA-
as a measure for the efficiency with which excitation energy is strands were svnthesized by the standard aminophosphoramidite
transferred via FRET from the donor to the acceptor dye W Y 1z Y INOPNosp I

molecule. technology. In the<{)-strands, Cy5 was attached at a fixed site

As an alternative approach, we also show the possibility with at the 5-end via a Glinker and a Saminomodifier ().

FCS to determine FRET efficiencies from the detected acceptor UnNiabeled complementary DNA)-strands were produced, as
fluorescence rates per molecule. Here, the specific ability of Well @s (-)-strands with different positions of Alexa488, where

FCS to determine the mean absolute number of fluorophoresth€ dye was attached, also vigldkers, to different thymidine
under investigation is exploited. residues (Amino-Modifier C6 dT from Glenresearch). For
Following the description of the experimental setup, we Shorter distances (defined as the number of base-pajs
present a theory, where the two approaches to measure FRETS€parating the labeling sites of the donor and acceptor dyes,
efficiencies via FCS are introduced. As a model system, we WhereAp, = 0 bp for the case that the two dyes are labeled to
then applied FCS to a series of double-stranded DNA molecules,the same base-pair on opposite strands) a 18 mer with the
where the number of base-pair separating the donor (Alexa 488)sequence 'sd(TGT AAA ACG ACG GCC AGT) QApp =
and acceptor (Cy5) fluorophores was varied from 4 to 22. 3,4,5,6,9,15, and 17 bp) or a 27 mer, with the sequerice 5
From this study, we conclude that FCS, and in particular the d(TGT AAA ACG AGA GAG CCT AAA ACG ATC), (App =
trans—cis isomerization kinetics monitored via FCS, provide a 11,13, and 20 bp) was employed. For longer distandgs €
simple and sensitive way by which FRET efficiencies over a 18,22, and 36 bp) a 37 mer'{8(TGT AAA ACG ACG GCC
broad range can be estimated. The readout parameter, the rataGT ATC TAG TTA TGA CGA GTA AAT C)) was used.
of interchange between the isomeric forms of the Cy5 acceptor The oligonucleotides were double HPLC-purified and in most
dye, depends only on the fluctuations in the acceptor fluores- cases additionally PAGE-purified. All synthesis (except the
cence and is not affected by donor quorespence cross-talk, Alexa488 postlabeling) and purification were done by IBA
background fluorescence, or the concentration of molecules gmpH NAPS (Gttingen, Germany). Hybridization was per-
under study. formed in a buffer containing 180 mM NaCl, 12 mM Na-citrate,
. and 25uM MgCl, (pH 7.5). To obtain the FRET-active
2. Method and Materials molecules, complementary donor and acceptor strands were
The confocal microscopy arrangement used in this study hasmixed in an 1:1 ratio and slowly cooled from 95 to 2G.
similar basic features to those previously presented for fluo- Donor-only (acceptor-only) molecules were made by hybridizing
rescence correlation spectroscopy, and other applications ofthe Alexa488 (Cy5) labeled strands to a 5-fold excess of the
ultrasensitive fluorescence spectroscépif.*2 appropriate unlabeled complementary strand. In all FCS experi-
The oligonucleotide samples are excited by an argon-ion laserments, we used a sodium phosphate buffer with 180 mM NaCl,
emitting at 496 nm (Sabre, Coherent, Palo Alto, CA). Alterna- 10 mM NaHPOy/NaHPO,, and 40:M Na-ascorbate (pH 7.5).
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3. Theory

3.1. Fluorescence Correlation Spectroscopysenerally in Alexad88 &~ 4

fluorescence microscopy, the detected fluorescence is given from

F(t) = [ CEFE)C(T,)gk,PeN(T L) dV €Y
Here, CEHR) 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 objectis(g,t)
denotes the concentration of fluorophores, gratccounts for

the quantum efficiency of the detectors and the attenuation of
the fluorescence in the passage from the sample volume to the
detector areaskyg is the deexcitation rate constant from the
excited singlet fluorescent stai®g denotes the quantum yield

of fluorescence, anﬁN(T,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
guantities of fluorescent molecules is used to obtain information
about dynamic processes on the molecular |8VéE These
fluctuations are analyzed in the form of a normalized auto-
correlation (AC) function:

Figure 1. The DNA constructs used in this study. Cy5 (acceptor) was
attached to the'send of one of the strands. On the complementary
strand, Alexa488 (donor) was attached to different base-pairs with
donor-acceptor base-pair separations/af = 3, 4, 5, 6, 9, 11, 13,

15, 17, 18, 20, and 22 bp.

last factor of eq 3 takes population of transient nonfluorescent
states into account, which leads to changes in the excited singlet

= (R + T)D: (FCH OFOIIEFCH OF(t+ 7)] D: state population. Such states can be relatively long-lived, and

G(7)

F3 F3 therefore also significantly populated, leading to saturation of
BF(t)oF(t + 7)0 the fluorescence signal. Transitions to and from states of this
1+———— (2 kind generate fluorescence fluctuations, which are superimposed

[FO3 on those caused by concentration changes due to translational

motion of the fluorophores into and out of the sample volume

where 7 is the correlation timeF(t) signifies the detected element. In eq 3}N(r) is the probability that a fluorophore is

fluorescence intensity, whed({) is the variable, fluctuating in its excited singlet fluorescent state at timafter emission
part andFCidenotes the mean. of a photon N is the mean probability of all the fluorophores
The fluorescence fluctuations are caused by changes in the P 1 P Y P

excited singlet fluorescent state population and concentra'[ionWithin the sample volume element to be in this state. These
9 . pop . parameters provide information about several processes leading
changes due to translational motion of the fluorophores into

- to formation of dark transient states, such as intersystem crossing
and out of the sample volume element. For a wide range of

. i to triplet states, photoinduced charge transfer, and traiss
photophysical processes, the generated transient states can q omgriz ation P 9

considered nonfluorescent. The normalized AC function for one ) L . L
3.2. Trans—Cis Isomerization under Direct Excitation

fluorescent species whose detected fluorescence is given from ~ : )
eq 1 can then be expressed as Monitored by FCS. The photophysical properties of Cy5 under

direct excitation have been treated in detail elsewhéefeor
Cy5, relaxation processes in the experimental AC curves can
be observed due to photoinduced reversible tras 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

G(r)=1+

1 1 )1/2 N(7) @)

1
Nm(l + 4Dt/a)12)(1 +4Dt/w)| N

The first two factors arise from fluorescence fluctuations

generated from translational diffusion of the fluorescent mol-
ecules into and out of the detection volu#é%*3where w;

andw, 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 factof of e
compared to its peak valueN;, is the mean number of
fluorescent molecules within the effective volume of observation
7320 12w, (the sample volume element), amlis the trans-
lational diffusion coefficient of the fluorescent molecules.

to transitions to and from the lowest triplet stafdl, of the

Cy5 molecules. The kinetic schedule of Figure 2a can be used
to take these transitions into consideration, and to derive
expressions foiN(z) andiN (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

= w124D approximates the translational diffusion time of the 0f the trans (N) or cis (P) state are low, the transitions between
molecules through the sample volume element. Equation 3 the ground and excited singlet states of N and P take place on
assumes the collected fluorescence profile to be Gaussian shaped time scale orders of magnitude faster than that of trars

in the axial as well as in the radial direction. However, eq 3 isomerization. The scheme of Figure 2a can then be simplified
can also provide a good approximation for a diffraction limited to that of Figure 2b, containing only two states, the fluorescent
distribution of the excitation intensity in the focal region of the trans form N {N and jN) and the nonfluorescent cis form
laser beam, when a matching confocal pinhole is ¥8dthe P GP andéP). The effective transition rates between the two
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Figure 2. A: Model used to describe the photophysically generated
fluorescence fluctuations of Cy5. Herd, N, and N denote the
ground singlet, excited singlet, and the lowest triplet state of the trans
isomer.¢P andIP denote the ground and the excited singlet state of
the cis isomerkisc andkr are the rate constants for intersystem crossing
from IN to 3N, and that of triplet state deactivation backlka oy and

op are the excitation cross sections of the trans and the cis isbser.

is the excitation intensity experienced by the molecules under study.
knio andkeigare the deactivation rate constants from the excited singlet
states IN andiP) of the trans and cis conformational states to their
ground singlet state%m and éP). B: Simplified model applicable
under low excitation intensitiesilexc < kn1o, Onlexc < knio) containing

only two states, the fluorescent trans form }N(and éN) and the
nonfluorescent cis form PiR andiP). kso and keiso signify the

Widengren et al.

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 plah®)p and

ke10 are the deactivation rate constants of the excited state of
the trans and the cis form; angso and kgiso are the rate
constants of isomerization and back-isomerization from the
excited states of the trans and the cis form, respectiveie

and @50 are the isomerization quantum yields of the trans
and cis states, given as the fractions of excitations leading to
isomerization and back-isomerization, respectively (daso

= kiso/(kiso + knio) and @giso = keiso/(ksiso + kp1g). From

the effective transition rates of egs 4 and 5, the fraction of Cy5
molecules within the sample volume element that are in their
cis forms Pand the relaxation rate of the isomerization process
kisotot @re given by

P= kiso/(Kso t Kgiso)

Kisotot = Kiso 1 Kaiso = (0n@Pis0 T 0pPgiso)lexc

(6)
()

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

1 1 1 12
N 2 2] X
Nm(l + 4D7lw, )(1 + 4D7/w, )

[1 +F E,exp(—k.somr)] ®

G(r)=1+

Thus, by fitting the expression of eq 8 to the measured AC
curves, Pandkisot: can be obtained, and by use of eqs 6 and
7, kiso andkgiso can be determined.

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

E= Kered/(Kerer T kpio) = 1/(1+ [RDA/RO]G) )

effective rates of isomerization and back-isomerization between N and Here, kerer is the rate of FRET from the excited state of the

P, given by egs 4 and 5. C: Simplified energy-level diagram for

donor to the acceptor molecule akgdo denotes the deactivation

Fluorescence resonance energy transfer (FRET). After excitation of therate constant of the excited state of the donor fluorophore in

donor dye D with the excitation ratelex, Whereop is the excitation
cross section of the donor dye ahg: signifies the excitation intensity,

deactivation of the excited state of the donor to the ground state takes

place via the competing processes, (rate constant for fluorescence
and internal conversion) éerer (rate constant for FRET to the acceptor
dye molecule). The acceptor is excited by the effectivekiater, given

by eq 12.

isomeric forms are then given by

, ONIexc
kiso = T kiso = { Onlexe < Knidh = OnlexcPiso
ON exc kNlO (4)
, OPIexc
Keiso = T Keiso = { Oplexc < Kp1g = OplexPriso
OP exc kPlO (5)

Here,on andop denote the excitation cross sections of the trans
and cis forms;lexc is the excitation intensity in the detection

the absence of FRET. The consta®t is the Faster-radius,
defined as the distance at whiéh= 50%. R, depends on the
spectroscopic properties of the donor and acceptor dyes and
the relative orientation of their transition dipole moments:

R, =[8.79 x 10 °J(A)®,n Y [A] (10)
Here,J(1) is the spectral overlap integral between the fluores-
cence spectrum of the donor and the excitation spectrum of the
acceptor @gp is the fluorescence quantum yield of the donor,
and n is the index of refraction of the medium? is an
orientation factor given by

K> = [cosO; — 3 coPM,, c0sO,] (11)

where®r is the angle between the unit vectors of the transition

moments for the dpno? dnd the acceptot and ®p denotes
the angle between dnd the separation vector between the
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the isomerization rates measured under FRET-mediated excita-
tion to those obtained under direct excitation of the acceptor

centers of the acceptor and donor transition momes,. ©Oa
is the corresponding angle betweearalRyaT (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

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 egs 4, 5, and
17, the ratio ofksoio: measured under indirect FRET-mediated
excitation over that measured under direct excitation of the
acceptor dye molecules is given by

Ksotol FRET) _ 0p(Ap)lexdAo) Pisol E(N) + 1/aE(P)]

given by

aDlexc | _
KereT =
Oplexe T Kpio T Kerer

kFRET
{GDIexc < leO + kFRET} = ODIexc

leO + kFRET

Kerer =

= UDIexcE
(12)

whereop 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

kiso (FRET)= 0pl o, E(N) P50

Keiso (FRET) = 0pl e E(P)Pgis50

Here,E(N) is the FRET efficiency to the trans isomer aB(@P)

is that to the cis form. As follows from egs 7, 13, and 14, the
measured isomerization relaxation r&jgyrcan be expressed
as a weighted mean of the FRET efficiencies of the trans an
the cis isomer, and is proportional to the excitation intensity:

(13)

(14)

Kisotol FRET) = kiso (FRET) + kg;so (FRET) =

(18)

Kisotot B oA exdAn) P50l + 1]

where Ao and Ap 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 Cy524-46 the magnitude obp has been reported to be very
similar to that ofon. We therefore assume = 1, i.e.,op =

on. The FRET efficiency can then be calculated from eq 18 as

E(N) + E(P) _ kisow FRET)

Eiso(N,P)=

2 lexd4p)
Kisotot | 2 On(4a)
lexd4a)|  0p(4p) (19)

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

dthe 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

[0pP150E(N) + 0pPgisoE(P)]leyc (15)

3.5. Determination of E from the Measured Trans—Cis
Isomerization Rate,kisot. In principle, kiso (FRET) andkg;so -
(FRET) can be obtained separately from the measured param
eters Pand kisoiof FRET) (see eqs-68), andE(N) and E(P)
can then be determined in absolute termsif®;so, and®gso
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 (egs 4, 5, 13,
and 14). Whileoy is experimentally accessible and also available
in the literature, very sparse information aba is found,
making it difficult to determine®giso. However, for Cy5 we
know from FCS measurements under direct excitation that
op®Ppiso & on®iso over a broad range of excitation wave-
lengths3” Therefore, we initially assume:

Op = 00y

1

Dgi50= a‘blso (16)

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

kISOtot(FRET)= ODlexc(I)ISO[E(N) + %E(P)] (17)

Since®sp and®gspo 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

excitation, i.e.Aa = Ap.
3.6. The Amplitude of the Isomerization Relaxation
Process, Fin the FCS Curves.Under FRET-mediated excita-

tion, following eqs 13, 14, and 16 the fraction of acceptor

molecules being in their cis conformationcBn be expressed
as

o kiso (FRET)

ko (FRET)+ kgieo (FRET)

E(N)

1
E(N) + aE(P)

(20)

The FRET efficiencies of the trans and the cis stei¢h) and
E(P), are given by the resulting"Fter radii,Ro(N) andRy(P),

for the FRET from the donor to each of the conformational

statesRy(N) and Ry(P) can be approximated as
Ro(N) = (A Ro
Ro(P) = Bp(AppadRy

Here, Ry denotes the Fster radius of the trans state«f =

2/3. The factorgin(App) = 32c? (N,App) and Sp(App) = 3ok
(PApp then take into account the possible variation and
deviation from?; for the «? orientation factors for the trans
and cis isomers (denoted l¥(N,Ap,) and «?(PApg) 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-palg, between the labeling
sites of the donor and acceptor dyes. The fagtrom eqs 16

(21)
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and 17 is included in eq 21 to compensate for possible

differences in the spectral overlap integdk) between the
isomeric forms, sincd(A) is proportional to the magnitude of

Widengren et al.

According to eq 26E(N) can in principle be determined
directly from a FCS measurement. However, for an absolute
determination oE(N), the overall detection quantum efficiency

the excitation spectrum of the acceptor, and thus to its excitation of the instrumentation g, the fluorescence quantum yield of the

cross section. The factoris introduced to take other differences

acceptor dyebra, and the excitation cross section of the donor

in J(1) between the trans and cis forms into account, in particular op, need to be known.
those generated due to a possible spectral shift or shape
difference of the excitation spectrum of the cis form compared 4. Results and Discussion

to that of the trans. From eqs 9, 20 and 21¢dh then be
expressed as

P(App) = Bu(AppRoIBN(Ap) Ry + Roa (N AL x
Br(Bp) R Bu(AppRy + Roa(N.A] + |7

Bl BRI A )adRE + RopdP A | 2

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,,, was varied from 4bp to 22bp. First, the
isomerization properties of the oligonucleotide-coupled acceptor

Here,Roa(N,Aby) andRoa(P Abp) denote the distance between dye was investigated under direct excitation at 647 nm and at
the donor and acceptor dyes when the acceptor is in atrans an(ﬂ»96 nm. Thereafter, the rates of Isomerization, as well as the

in a cis conformation, respectively.

3.7. Determination of E from the Measured Acceptor
Fluorescence Rate per MoleculeAs an alternative approach,
the FRET efficiency of a doneracceptor dye-pair can be

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

estimated from the detected acceptor fluorescence rate percalculated. The consistency of the measured and calculated

moleculeFym. According to egs 1 and 3:

 FO_ Y CEFO)C( HgkyioPraiN(T) dVO
N, N

(23)

FNm

m m

where ®g, is the fluorescence quantum yield of the acceptor
dye.

For a uniform excitation intensity, the fraction of molecules
in their trans excited singlet stgtiN(?), is constant and equals
N within the volume elemenfnm can then be written as

_ Okuo®eatN S CEF)C(T L) dV
I:Nm = N

= gkNqu)FAiN (24)

m

where the integral CEF()c(r,t) dV equalsNm, and the fraction
of dye molecules being in their trans excited singlet stémas
is given by

ODIexcE(N)

e
N=q@ mX_KE_

(25)

FRET efficiencies were checked against a structural model of
the DNA molecules investigated. Finally, the significance and
information content of the amplitude & the isomerization
relaxation process of the FCS curves were investigated via
simulations of P

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 Qu&, pinhole radius 35
um). At excitation intensities below 10kW/&mo 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 (Pof 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/cry a second exponential relaxation process can
be observed, which increases slightly in amplitude with higher

Here, the first factor corresponds to the fraction of dye molecules excitation intensities. It originates from triplet state formation
in a trans conformation. The second factor is the fraction of of the Cy5 fluorophores. A more detailed investigation of the
dye molecules in their trans form that are in their excited states, photodynamic properties of Cy5 has recently been preséhted.
where in analogy to eqgs 4, 5, 24, low excitation intensities  In that study, it was shown that by application of a global fitting
have been assumed. By substitution of eq 25 into eq 24, theroutine, where several AC curves measured under different

fluorescence rate per acceptor dye molecule in the trans stateexcitation intensities are fitted to expressiongfz) and;N,

denotedFym(N), is given by

F(N) = Frum
Nm( )_(1_|5)

= gPra0plexE(N) (26)

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 2} of
was applied to the FCS data measured from oligonucleotides

Fam(N) is obtained from the FCS measurements as the detectedcontaining an acceptor dye only. A series of ten AC curves was

mean acceptor fluorescence intensly], multiplied by the total

measured over an excitation intensity range ofL00 kW/cn?

amplitude of the AC curve. This amplitude corresponds to the and could be well fitted by the global fitting routine (not shown).
inverse mean number of molecules in the sample volume From this analysis, the intersystem crossing rate constant to the

element that are in their trans states, 141P)Ny (1/Nm

triplet statekisc = 0.5 x 10°s1, and the triplet state deactivation

represents the amplitude of the part of the AC curve which is rate constantitr = 0.2 x 10°s71, were found to be somewhat

attributable to fluorescence from translational diffusion only
(dotted curves in Figures 3, 4a,b)).

lower than those of free Cyk§c = 0.8 x 10fs71, kr = 0.5 x
10%s™1). This is consistent with a shielding effect of the Cy5
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35 - — ; between the donor and acceptor dyes-6£2 bp the relaxation
' , Direct excitation LLe el rates and amplitudes of the isomerization process were consistent
30 M W o with those of the acceptor-only labeled molecules. However, a
“wﬂl CH e v significantly slower (approximately 30%) exchange rate between
o N *5::0.1 . the trans and cis forms could be observed for the nucleotides
= N < - o having 3 bp distance between the donor and acceptor dyes. The
2 H \ 001 o° slower rates of isomerization and back-isomerization indicates
E2%%h= 5 Vs kwion? ! 0 ety 0100 the presence of steric interactions between the donor and the
s (NP A o (KIVfe) acceptor d i i
2.9 KWiert ptor dye at this short distance between the dyes.
1.5 1.6 KWierh? * Direct excitation of acceptor-only oligonucleotides at 496 nm,
0.8 kW/cm? resulted in a drop of the cis fraction from almost 50% to about
104 Oakwern® 40%, suggesting a relatively higher excitation cross section of
1E-4 13 001 0.1 1 10 100 the cis form ¢p) compared to that of the trans formy() at this

Correlation time (ms) 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 methtfdat

496 nm excitation, due to the lower excitation cross sections,
on andop, the measured isomerization rates were found to be
only 0.3% of those obtained under the same irradiances (in KW/
cn?) 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-

Figure 3. Five AC curves from an 18 bp oligonucleotide with an
acceptor dye labeled to thé&nd of one of the strands, measured under
different excitation intensities (0.4, 0.8, 1.6, 2.9, and 86 kV¥jcat

647 nm. At excitation intensities below 10 kw/grthe fast time range

of the AC curves €0.1 ms) is dominated by a process attributed to
photoinduced transcis 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@Peq 6). At excitation intensities
above 10 kW/cry a second exponential relaxation process can be
observed (left vertical bar), which originates from triplet state formation
(N). Under these conditions, Bnd 3N can be obtained from the
steady-state solution to the kinetic scheme shown in Figuré Rar surements.

the correlation curve measured at 86 kWcithe apparent diffusion 4.2. Isomerization Properties at FRET-Mediated Excita-

time through the detection volume was shorter, due to photobleaching tion. The series of double-stranded DNA molecules, as described
of the Cy5 dye within the passage time through the detection volume above, were measured under 496 nm excitation at different
(*). The amplitudes of the AC curves have been normalized so that excitation intensities, and AC curves of the red acceptor

Nm = 1, giving an amplitude of 1 to the part of the AC curves that is VR L
generated from translational diffusion only (dotted curve). The dashed fluorescence were recorded. The excitation intensities were kept
curve represents the part of the AC curves being generated fromlow (below 6kwW/cnd) to avoid fluorescence saturation and
translational diffusion and singletriplet transitions. The total amplitude  triplet state formation, both on the donor as well as on the
of the AC curve is given by 1§x(1 — P — 3N)], corresponding to the acceptor fluorophores, for all excitation intensities applied and
inverse mean number of acceptor dyes in the sample volume elementfor all the different donoracceptor base-pair distances inves-
that are in thelr_tran_s smglget states. Ingert: Me_ast_Jred isomerization tigated. To be able to clearly detect the relaxation process due
rates plotted vs |rrad|ance_(|n k_W/é)nat direct excitation, showing a to trans-cis isomerization within the passage time of the
linear dependence to the irradiance. The slopelssef VS lexc were . . 2
determined to 0.1 ma(kW/c?)-* (496 nm excitation, open squares), °ligonucleotides through the sample volume elementy{ w:
and to 40 msi(kW/cm?)~1 (647 nm excitation, filled squares). 4D), the dimensions of the volume element were also increased
by a weaker focusing of the laser beam in the focal plane and

dye by the conjugated oligonucleotide, leading to lower colli- by inserting a bigger pinhole in the image plane. In this way,
sional quenching rates by solubilized oxygen molecules. The FCS measurements were performed under different excitation
effective isomerization and back-isomerization cross sections, intensities with translational diffusion times of the oligo-
given by the products of the excitation cross sections, and the Nucleotides of either 0.851.25 ms (beam radius Quén, pinhole
isomerization quantum yields of the trans and cis staig®;so radius 35«m) or 3.0-4.4 ms (beam radius 1.4m, pinhole

= 0.063x 10 6cr? andop®gso = 0.066 x 10-16cn?, were radius 60um), where the diffusion times varied for each size
found to be about three times lower than those measured forof the sample volume element due to different lengths of the
free Cy5. This reflects influence of steric hindrance and an oligonucleotide molecules investigated (see method and materi-
increased viscous drag on the isomerization process when Cy5Is). The dimensions of the projected pinholes in the focal plane
is labeled to the oligonucleotide. For the trans conformation, Were similar or smaller than those of the laser beam in order to
the isomerization quantum yield can be estimatedig, = 7 validate the assumption of a uniform excitation intensity within

x 1073, based on an excitation cross sectionopf= 9.6 x
10~18cm?,47 which in turn, based on a fluorescence lifetime of
1.4 ns*8yields an absolute rate of isomerization from the excited
singlet state of the trans form &fso = 5 x 1Ps1. However,

the sample volume element.

In Figure 4a, three AC curves are shown for an oligonucle-
otide with Ay, = 11 bp, measured at 496 nm excitation with
the excitation intensities 1.8, 3.5, and 5.8 kWfcms for

for the cis state neither the excitation cross section, nor the photoinduced transcis isomerization at direct excitation of the

excited state lifetime is known in detail. Therefore, only the

product of the excitation cross section and the back-isomeriza-

acceptor dyes, an exponential relaxation process appears whose
amplitude is close to constant over the whole excitation intensity

tion quantum yield can be determined. The obtained parametersrange, and whose relaxation rate scales with the applied

are well in agreement with those obtained in ref 37 for the

excitation intensity. We therefore attribute this process to FRET-

isomerization and triplet state properties of Cy5 conjugated to excitation-induced transitions between the trans and cis forms

a similar oligonucleotide.

Under direct excitation at 647 nm, the isomerization properties

of the Cy5 acceptor molecules.
In Figure 4b, a set of AC curves are shown which are

were also measured for the oligonucleotides labeled with both measured under the same excitation intensity (5.8 k\)/éon
an acceptor and a donor fluorophore. For base-pair distancesoligonucleotides with different donefacceptor distances\,
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Figure 4. A: Three AC curves, witiN, normalized to 1, measured
for an oligonucleotide witt\p, = 11bp at 496 nm excitation with the
excitation intensities 1.8, 3.5, and 5.8 kWFknin addition to
translational diffusion (dotted line), a relaxation process is reflected in
the AC curves that can be attributed to FRET-excitation-induced

Widengren et al.
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Figure 5. A: The measured isomerization relaxation ratesetos

transitions between the trans and cis forms of the Cy5 acceptor plotted vs the applied excitation intensityel for five different

molecules. The experimental AC curves shown yielded the following
fitting parameters: mean population of cis isomers=P 0.19,
translational diffusion times of the oligonucleotides = w,%4D =

3.9 ms, and isomerization relaxation ratksow; of 10.4, 19.2, and
34.8 ms?! for the excitation intensities 1.8, 3.5, and 5.8 kW#cm
respectively. B: Three AC curves, witl, normalized to 1, measured
at the same excitation intensity (5.8 kWAt 496 nm excitation for
oligonucleotides with different donefacceptor distanced, of 4, 11,

and 18bp). The contribution in the AC curves from translational
diffusion is shown as dotted lines. The relaxation rate of the traiss
isomerization proces&isow, decreases with increasing,, (56.4, 22.0,
and 10.0 ms! for Ay, of 4, 13, and 18bp, respectively). The relative
amplitude of the isomerization relaxation process in the AC curves,
also varies withAp, (0.15, 0.21 and 0.27, foky, 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\§, = 4), 27bp QAp, = 13), and
37bp QAwp = 18), respectively).

oligonucleotides 4, = 4,11,13,18, and 22). For each oligonucleotide
measuredksort Shows a distinct linear dependencddg@. The slopes
were determined to: 8.2, 5.4, 3.9, 1.3, and 0.75%(k&V/cn?)~2, for
App=4, 11, 13, 18, and 22, respectively. B: The detected fluorescence
emission rate per acceptor dye molecule in its trans conformaign,

(N), plotted vs excitation intensity for five different oligonucleotides
(App=4, 11, 13, 18, and 22). For all the oligonucleotides investigated,
Fnm(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/(kWA A, = 22) to

1.2 kHz/(kW/cn?) (Ap, = 4) (see Table 1).

found to show a distinct linear dependencég@ The slope of
Kisoto FRET), VSlexe Okisowf{ FRET)/dexe Should correspond
to op®isoE(N) + opPgrisoE(P) (eq 15) and was found to
decrease with longeny,, in agreement with an expected
decrease oE(N) and E(P) with longer distances between the
donor and acceptor dyes. The calculated slopes@d(FRET)/

of 4, 11, and 18 bp). One can note that the relaxation rate of g, for all the oligonucleotides are summarized in Table 1.

the trans-cis isomerization process in the fluorescence AC
curves decreases with increasing,, in agreement with an
expected decrease of the FRET efficienédsetween the donor
and acceptor dyes with largé,. It can also be noted that the

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 statdym(N) is plotted vs excitation intensity for the same

relative amplitudes of the isomerization relaxation process in set of oligonucleotides as in Figure 5a. Following eq-28,

the AC curves, which reflects the relative population of cis

Fnm(N) is obtainable as the mean number of detected fluores-

states, are significantly lower than those measured under directcence photons per time unifF0, multiplied by the total
excitation of the acceptor dyes (see Figure 3), and also variesamplitude of the measured AC curves. Since the excitation

with Abp.

For eachApp, the measured isomerization relaxation rates
kisoto FRET) were plotted vs the applied excitation intensity
lexc (Figure 5a). In agreement with eq 18sow(FRET), was

intensities applied were kept low (below 6 kW/@ma 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 thi§nm(N) increased linearly to the



Fluorescence Resonance Energy Transfer J. Phys. Chem. A, Vol. 105, No. 28, 2003859

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

dleOto(FRET)/dExc dFNm(N)/dlexc _ EISO(N,P) EISO(N,P) EISO(N.P) EFNm(N)

App (ms Y(kw/cnp))? (kHz/(kw/cnv))?2 P (Aa = 647 nm) (Aa = 496 nm) scaled scaled
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 backgr@aading factor 0.74 (647 nm) and 0.58
(496 nm).¢ Scaling factor 0.69 (kHz/(kW/c&r2.

applied excitation intensity over the range of intensities applied, 1,0

and for all the oligonucleotides investigated. In Table 1, the % = Scaled E,(N,P)
slopes ofFnm(N) VS lexe, d[Fnm(N)]/dlex for all the investigated 0.8- ° & x o Scaled E,(N)
oligonucleotides are given. According to eq 26, the slopes ' S ——fitof « toeq.28
correspond to ®raopE(N), and decreased with longeXyy, T x E from ref. 51

reflecting a lowerE(N) with increasing donctracceptor 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 katas

Efficiency E
[=)
i

as well as the calculated fluorescence count rates per trans 927 B\\

acceptor molecul&y,(N) for one oligonucleotide can be well L
separated from that of another over the whole scale of FRET  0,04+—+—— y T 7 T T T
efficiencies, also for oligonucleotides where the difference in 2 4 6 8 10 12 14 16 18 20 22 24
donor-acceptor distances is only two base-pairs. Abp

4.4.1. Calculation of i5o(N,P). As given by egs 15 and 17,  Figure 6. Measured and calculated FRET efficiencies obtained from
the slope #isow{FRET)/dexcis proportional to a weighted mean  the isomerization kinetics of the acceptor dyes (solid squares). The
of E(N) andE(P). Although cross-talk due to additional donor FRET efficiencies could be well fitted to a model based on the structure
fluorescence and background scatter can be expected to°f a double-stranded DNA in aqueous solution (solid lines) by use of
contribute to the total amount of light registered in the detectors eq 28, resolving also the helical structure of the oligonucleotides. The

for the acceptor dye fluorescence, these light sources do not{ﬁﬂg\g)mgmpa:r%m}f tg: lV%rSe geg,eftggén;‘iﬁg; A('ﬁ'iéé")" ;03:'45'81‘

produce the fluctuations specific for transis isomerization. A (fixed, obtained from steady-state fluorescence measurements). The
In other words, the rates of isomerization and back-isomerization relative changes oE(N), calculated via kn(N) from eq 26, (open
within the acceptor dye are proportional to the excitation rates, squares) were found to be well in agreement with the FRET efficiencies
but isomerization and back-isomerization take place independentcalculated via the isomerization kinetics. For reference, the FRET
of the level of cross-talk and background, which therefore need eff|C|enC|e_s d_etermmed via spectrally resolved single molecule fluo-
not be taken into consideration. In this study, direct excitation rescence lifetime measurements for the same molecules [51] have been
. . included (crosses).
at 496 nm of the acceptor-only labeled oligonucleotides gave a
contribution to the isomerization rates corresponding to a FRET absolute FRET-efficiencies derived via eq 19 were found to
efficiency of 1% (Table 1). clearly exceed unity (see Table 1). A comparison to the FRET
After subtraction of this contribution fromk@ow(FRET)/ efficiencies determined by us for the same set of molecules by
dlexe, @and assuming the factarin eq 17 to equal 1, an absolute  spectrally resolved, single-molecule fluorescence lifetime mea-
FRET efficiencyE;so(N,P) can be calculated from the isomer- surement® also indicates that the FRET efficiencies determined
ization rates according to eq 19. The slopek &hi{FRET) vs in this study are overestimated by approximately 40 (647 nm
lexe, derived above (Figure 5a), corresponds to the first factor excitation as reference) to 60% (496 nm excitation as reference).
of eq 19. As the second factor of eq 19, the slopekgafior Vs To compensate for this overestimation, a common scaling factor
lexc fOr direct excitation of the acceptor dyes at either 647 or was introduced to scale the calculatego(N, P) to the FRET
496 nm excitation can be used (inset, Figure 3). In the third efficiencies obtained in ref 51 (see Table 1). In Figure 6 (solid
factor of eq 19, the ratio of the excitation cross sections of the squares), the resulting calculated and scdig@h(N, P) are
acceptor at direct excitation over that of the donor was calculated plotted vsApp. The relative changes &iso(N,P) with Ay, were

from the valuesiy(647 nm)= 9.6 x 10716 cn?,*” on(496 Nm) found to be very well in agreement with the FRET efficiencies
= 0.04 x 1071 cn? (from steady-state fluorescence measure- determined in ref 51, and could be accurately fitted to a DNA
ments), andp(496 nm)= 2.7 x 10716 cn?.50 helical model (for details see below). The reason for the

Independent of what excitation wavelength that was used (496 systematic overestimation &so(N, P) is at present not quite
or 647 nm) for the direct excitation reference measurement, theclear. It can be attributed to uncertainties in the determination
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TABLE 2: Anisotropies (from Steady-State Fluorescence Measurements) r, Fluorescence Lifetimes (from
Time-Correlated-Single-Photon-Counting Measurements);, and Rotational Correlation Times (calculated via the Perrin
equation from r and z: with ro = 0.385)p for Alexa488 and Cy5 Conjugated to an Oligonucleotide (18bp), and for Alexa488 and
Cy5 Free in Aqueous Solution

excitation wavelength (nm) anisotropy, fluorescence lifetimes (ns) rotational correlation time (ns)

Alexa 488 496 0.018 3.8 0.2
DNA-Alexa 488 (18bp) 496 0.05 3.8 0.6
Cy5 647 0.13 1.0 0.5
DNA- Cy 5 (18bp) 647 0.23 1.4 2.3

of the excitation intensitieky: as well as of the excitation cross and acceptor dyes, and with reference to Figure 7A,B, the
section of the acceptor at 496 (496 nm). However, effects  distanceRpa between the dyes can be estimated as
due to a scaling factax less than unity (eq 16), and additional
photochemical processes influencing the isomerization kinetics, Roa =
can also contribute to an overestimationEofThe finding that 2 2 2 _
the fraction of acceptor dyes in a cis conformationis® ‘/(L + Apgop)” F (Ga” F dip” = 205dip COST + Ay
significantly lower under FRET-mediated compared to that (27)
found under direct excitation of the acceptor dyes supports the
hypothesis that such an additional pathway for back-isomer- centers of the donor and acceptor fluorophores onto the DNA
ization exists (see Figure 4b an_d results and discussion beIOW)'helical axis does not necessarily correspond with the planes of
4.4.2. Calculation of E(N) from{(N). To estimate the FRET  tqe pase-pairs to which the fluorophores are attached. L then
efficiencies from the detected fluorescence rate per acceptorrepresents the distance along the helical axis for the hypothetical
molecule in the trans stateym(N), the slope &nm(N)/dlexc case that the donor and acceptor fluorophores would be attached
(Figure 5b) of an oligonucleotide withy, = 36 was used for  tg the same base-paif, = 0). zy, is the length between two
corrections. Practically no FRET is expected to be generatedb(—ise_pairs along the helical axis (fixed to 3.4 A), aksland
within this oligonucleotide. Its slope Fem(N)/dlexc instead ¢, signify the normal distances from the donor and the acceptor
originates from cross-talk of donor fluorescence into the fiyorophores to the helical axis. Taking the cylindrical angle of
detection channels of the acceptor fluorescence, acceptorine donor linker arm as a reference poiit,is the cylindrical
dyes, and background scatter. In our case, the donor fluorescenceyy App = 0, andgy, denotes the cylindrical twist angle of the

investigated here. This contribution to the slopes is present for petween the donor and acceptor fluorophores as a function of
all the oligonucleotides, but since the donor fluorescence is pase-pair separation:

quenched by FRET, the donor fluorescence cross-talk will be

diminished with increasing. After correction for this effect, E=

Here, L accounts for the fact that the projections of the molecular

the contributions were subtracted from the slopesFaf,dN)/ [(L+ ApZop)® + (dp? + dip” — 2d 40 cos@® + A, N® |72
dlexcfor each oligonucleotide. The slopes were then normalized R +1

with a common factor (see Table 2) to fit the FRET efficiencies 28)
measured via the isomerization kinetics. From this factor,

corresponding to @raop (eq 26), and withde set to 0.35 In this model, the orientation of the emission and excitation

and op to 2.7 x 10 *%cm?,3° an absolute detection quantum  dipole moments of the donor and acceptor fluorophore, respec-
yield, g, of about 1% can be derived, which compares relatively tively, are assumed to be isotropic. Then tRerientation factor
well with the expected g. The relative changes=afalculated (eq 10) is constant and equéls over the whole range afpp.

from dFym(N)/dlexc (Table 1 and Figure 6 (open squares)),  The FRET efficiencies derived from the isomerization kinetics
denotedErnm(N), are in agreement with the normalized FRET  (eq 19) could, after scaling, be well fitted to the model above

efficiencies calculated via the isomerization kinetiEgso(N, and eq 28. The fitted curve is shown in Figure 6. The helical
P), which reflect a mean d(N) andE(P) (Table 1 and Figure  structure of the oligonucleotides can be well resolved as a
6 (solid squares)). The observations for the amplitudé the modulation of the FRET-efficiency V&, This indicates that

isomerization process in the AC curves (see below) indicate hoth the donor as well as the acceptor dye are separated radially
that E(N) and E(P) are not identical, which should also be from the DNA helical axis (i.e., thaks anddp = 0). However,
reflected in a difference betweeBiso(N,P) and Ernm(N). since the expression of eq 28 is symmetric with respediso
However, althougliEiso(N,P) andEenm(N) in Figure 6 are not  andd,p, the covariance between their fitted values is very strong
fully identical, a systematic difference betweBgo(N,P) and  and an identical fit would be obtained by exchanging the fitted
Ernm(N) can also not with certainty be seen beyond the relative yajues ofd,s anddip.

error estimates. FoEiso(N,P) andEsnm(N), we estimate the 4.6. Measured Amplitude of the Isomerization Process in
relative errors from the standard error estimates made in thethe AC Curves, P. Under FRET-mediated excitation, the
linear fits of dsowfFRET)/dexc and dim(N)/dlexc (Figures amplitudes of Pshowed several specific features (Figure 8a).
5a,b) to be between 3 (lowyp) and 10% (highAgp). First, the amplitudes were found to be considerably lower than
4.5. Consistency of the Measured Relative FRET Efficien-  those measured under direct excitation of the acceptor dyes
cies to a Structural Model. The FRET efficiencies obtained  (between 0.15 and 0.27, compared to 0.5 at direct excitation at
via trans-cis isomerization kinetics were fitted to a model based 647 nm). Moreover, an overall increase ofvBs observed with
on the structure of a double-stranded B-DNA in aqueous lower FRET efficiencies (longer donercceptor dye distances).
solution5253|n this model, given the labeling sites of the donor Finally, superimposed on this overall increase paReriodic
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Figure 7. DNA helical model used to calculate the FRET-efficiencies
(egs 27 and 28), as well as to simulate the dependenceonf &,
(Figures 8 and 9). A: Side-view. B: Cross section of the helix with
the helical axis in the center. In the figureb, and dp denote the
normal distances from the acceptor A and donor D dyes to the DNA
helical axis.L + Appzpp is the total distance between the donor and
acceptor dyes projected along the DNA helical axis, amepaesents

the unit vector for the direction of the emission dipole moment of A.

J. Phys. Chem. A, Vol. 105, No. 28, 2003861

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 Bygsas well

as the«? orientation factor can be different for the trans and
the cis forms, leading to an overall shift as well as a periodicity
of P.

4.7. Simulations of P To further investigate what principal
information is contained in Bimulations of Rvere performed,
where effects of orientation and structure, as well as influence
of spectroscopic parameters were consideredla® calculated
from eq 22, where the distance between the donor and acceptor
dyes,Roa(N,App) andRoa(P App), were calculated from eq 27.

A scaling factor was added to take the observed overall reduction
of P into account (see also sections 4.7.6 and 4.7.7).

4.7.1. Model for the? Orientation Factor In the simulations
a simplified model for the variation of the orientation factors
for the trans and the cis states was assumed. For Alexa488
conjugated to the oligonucleotides, a short rotational correlation
time p 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 dyeigisotropic. For
the conjugated Cy5 on the other hand, a considerably lomger
was found, indicating a more restricted mobility. The orientation
of the excitation dipole moment of the acceptor dye therefore
not assumed to be isotropic. InsteAdsanodeled as a linear
combination of two vectors, one parallel to the DNA helical
axis garaand the other perpendicular to this axis and parallel to
the normal separation vector between the dye and the DNA
helical axis gerp (see Figure 7C):

a= alépara_i_ az%erp (29)
Given that the emission dipole moment of the donor is isotropic,
and the excitation dipole moment of the acceptor is fixed in a

Roaf is the separation vector between the donor and acceptor dyes,linear direction, thec? orientation factor can be expressed as

whereRpa represents the absolute distance between the dyes,iand r
the unit vector of the separation vect@r, represents the angle between
aandT, and® = W + A,Pyp signifies the angle between the normal
separation vectors of the donor and the acceptor. In parth@sdeen

depicted as it was assumed to be oriented in the simulations of P

(Figures 8A-E), with two component vectors, one parallel to the helical
axis (a+&arg, and the other perpendicular to the DNA helical axis and
parallel to the normal separation vector for Cy5&g.y. d (the unit

K="+ @ 1)*=",+cos0, (30)
where Tris the direction of the separation vector between the
donor and acceptor dyes, afid is the angle betweehand a
(see eq 11 and Figure 7C). In Appendix 1, an expression for
the «? orientation factor is given based on the structural

vector for the excitation dipole moment of the donor dye) was assumed parameters of our DNA model. This expression was used when

to be isotropic. Depending oy, ©4 changes in a nonperiodic manner
(illustrated by the difference between the angBs and ©x; for the
donor positionsD; andD,), yielding a nonperiodic change of thé
orientation factor.

variation of_PoverAbp, with a period of 10bp, could be noticed.
A variation should reflect a relative change of the effective rate
constant for isomerizatiokiso' vs that for back-isomerization
ksiso, which in turn can result from a relative changekgN)

vs E(P) (eq 20). The observed period of 10bp coincides with
the number of base-pairs needed to complete a full turf (36

turn per base-pair) in the double stranded oligonucleotide,

providing evidence that the amplitude of &nd its variation
with App, contains structure-related information.
At this point, it is worth to consider that a transition of the

the Faster radiusRy, of the trans and cis states were calculated
via Bn(Abp) andBe(Anp) of eq 21.

4.7.2. Simulation of Rvith Constrained Parameter Values.
In Figure 8A, a simulation of Bs shown, which is based on
the above model for the? orientation factor, and calculated
from egs 22 and 27. In the simulations, both the resulting vectors
for the transition moment of the acceptor dye, giverapand
ap, the length of the normal separation vector of the acceptor
from the DNA helical axisda, the radial angle between this
vector and that of the donor fok,, = 0, W, as well as the
projection of the linker arm along the DNA helical axis,
contained in the parametdr (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

acceptor dye from a trans to a cis conformation, and vice versa,cis and trans forms are denotédia = da(P) — dia(N), AW
represents a considerable structural change within the dye. It=W(P) — W(N) andAL = L(P) — L(N), respectively. To keep
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Figure 8. A: Experimental (solid line, solid squares) and simulated (dotted line) curvesas Well as the steady-state anisotropy measured for
the acceptor fluorescence (solid line, open squares) plottagdvénset right: parameter values used in the simulation. A scaling fac@B3 has

been introduced. BE: Simulations of Pwhere the influence of the individual structural and spectroscopic parameteramnifivestigated, 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 FigufeoGieTtation
factors for the acceptor being in a trans and a cis conformation, denote@NyA,p) and«?(P Agp) (eq 21), have been assumed to be constant and
equal?; and the facton (egs 16 and 22) has been set to one, if not stated otherwise. In all figures, a scale factor has been intrOd3@gdd

the experimental Bsolid line, solid squares) and a simulatedvPere all parameters are identical for the cis and trans forms (solid line), have been
introduced for reference. B: Effects of different normal separation distadigédsr the trans and cis conformations. Dotted lirgha(N) = 10 A,

dia(P) = 2 A. Dashed line:da(N) = 2 A, da(P) = 10 A C: Effects of different radial orientation¥ for the trans and cis forms, wher®(N)

+ W(P))/2 = 308&. Dotted curves, with increasing amplitudeAW = ¥(P) — W(N) = 60°, 12, and 180. Dashed curves, with increasing
amplitudes: AW = W(P) — W(N) = —60°, —120°, and—18C°. D: Isolated effects of the differenceslinlAL = 9 A, with L(N) = —0.5 A, L(P)

= 8.5 A, dotted line) and &u(N) = 0.85,a,(N) = 0.15, and g§P) = 0.3,a,(P) = 0.7, dashed line) used in the simulation of Figure 8A. E: Effects
of the spectroscopic parameters< 1 (here set to 0.75, which was used in the simulation of Figure 8A (dotted line)) and (dashed line).

the parameter values in the simulation consistent with those variation and an overall increase of Well compatible with
obtained in the fit of eq 28 (Figure 6), the parameter values the experimental findings.

from that fit were used for both conformations, except for the  In a next step, the influence of the individual structural and
values ofd,a, W, and L. For these parameters, the mean values spectroscopic parameters omBre investigated by simulations,
for the two conformations were kept the same as the fitted where the parameters were varied one by one (FiguressB
parameter values in Figure 6. F&f, no improvement of the For the parameter varied, the mean value for the cis and the
simulation could be found upon deviation from its fitted value trans form was kept the same as the fitted value from Figure 6.
(see Figure 8C). The parameter values used in the simulationThe values of the other structural parameters were the same for
are given in Figure 8A. Clearly, a simulation of this kind cannot both the trans and the cis conformation, and identical to those
provide precise information about the orientations of the dyes. of Figure 6. Thec? orientation factor was set #; for both the

Still, it shows that differences in the orientation and length of trans and the cis forms, if not stated otherwise (Figure 8D).
the linker arm, and in the? orientation factor for the trans and 4.7.3. Simulation of P Effects of Structural Parameters.
cis conformation of the acceptor dye can generate a periodic Figure 8B shows the influence of differences between the trans
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and cis forms india. If dia is longer for the cis than for the
trans form, i.e.,Ada > 0, a periodicity of Pwith the same
period and phase as that experimentally observed can be
produced. In contrast, i\da < O, a__Pis produced, which is
totally out of phase with the observedPor a given difference

in the length ofd;a between the cis and trans forms, the phase
of P can be shifted by variation of the radial orientati#of

the normal separation vector for both forms (not shown).

In Figure 8C, simulations are shown with differeiift for
the trans and cis forms, but with the mean valu&lokept the
same for the two forms. A periodic variation of iB then
generated, with a period of 10bp, but out of phase with the
experimental P The amplitudes of the periodic variation
increases with larger separationdhbetween the trans and cis
isomers.

The experimentally found periodicity of B 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
(Adra > 0), and wheréV equals the fitted value from Figure 6
for both conformations, AW = 0).

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

The«? 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. . L . .
In the first case, a periodic modulation is generated and in the Figure 9. Possible interactions between the acceptor dye, the linker

Il ch - f . arm and the DNA molecule. A: Charge distributions for Cy5 in a trans
second case an overall change @i be expected as a function  4nq i a cis conformation: denotes the net electric dipole moment

of App. For those simulations of Fbest resembling the  present in the trans form. B: Possible spatial arrangement of the Cy5
experimental data, the® orientation factor was calculated based molecule in a trans and in a cis conformation with respect to the linker

on a predominant orientation of the transition dipole moment arm and DNA molecule. See text for further details.

of the trans form parallel to, and that of the cis conformation

predominantly oriented perpendicular to the DNA helical axis charged phosphate group of theehd of the DNA strand
(Figures 7C and 8A). The? orientation factor was then mainly  (Figure 9B). In a trans form, the nitrogen of the distal headgroup
found to contribute to an overall increase of(Fgure 8D, is facing toward the linker arm, and the sulfonic acid group is
dashed line). On the basis of our model, an overall nonperiodic turned away from it. The resulting electrostatic attraction,
change ofc with increasingAp can be attributed to a change  together with the interaction of a net electric dipole moment of
in the angle® between the transition moment of the acceptor the dye molecule, then promotes a folding of the dye toward
aand the donoracceptor separation vect®oaf (eq 30). As  the linker arm (Figure 9B). On the other hand, in a cis
can be seen from Figure 7C, the chang®inis related to the  conformation, the distal headgroup is turned 18and the
magnitude ofd:a anddp. The change is small when the axial  sulfonic group is instead facing toward the linker arm. This, in
distance between the labeling sit€%,= L + Appzop, is much combination with a negligible net electric dipole moment, would

longer thand;a anddyp, while relatively large changes @4 rather lead to a repulsion of the distal headgroup from the linker
can be expected whetha anddp are longer or comparable o arm, so that botltl,, andL are longer for the cis than for the
R.. trans conformation (Figure 9B).

4.7.4. Electrostatic Considerations on the Simulated Data.  4.7.5. Relation of Simulated? to Acceptor Fluorescence
With bothd.x andL shorter for the trans than for the cis form, Anisotropy Dataln general, FRET-mediated excitation strongly
it is likely that the trans form of the acceptor dye to a larger reduces the fluorescence anisotropy compared to direct excita-
extent folds back onto the linker arm than does the cis form. tion. One reason is that, after excitation of the donor, the
This is also supported by electrostatic considerations. In Figure fluorescence emission is preceded by rotational diffusion of both
9A, the structures of the trans and cis form of the Cy5 dye dyes. In addition, wheRpa < Ry, the FRET efficiency will be
molecule are shown. At each of the headgroups of the dye thereclose to unity, and relatively independent of the orientation of
is a negatively charged sulfonic acid group, as well as a nitrogen, the acceptor dye, which generates a close to isotropic acceptor
that together with the nitrogen of the other headgroup harbor fluorescence. In Figure 8A, the measured steady-state anisotropy
one positive charge. Altogether, the Cy5 molecule is negatively of the acceptor dye fluorescencg as a function ofAy, is
charged. The charge distribution within the molecule depends plotted. Thera plotted is corrected for direct excitation of the
on its conformation. While significant in the trans form, the acceptor and cross-talk of donor fluorescence. As expecied,
net electric dipole moment in the cis state is very small. Via a is close to zero foA, < 13bp, which indicates that the acceptor
linker arm, the Cy5 molecule is coupled to the negatively dye can be excited via FRET relatively independent of its
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orientation. ForAp, = 13—17bp, whereRpa approximatesy, simulation in Figure 8E shows thatdf < 1, Pwould be reduced
a distinct increase iny can be noted, indicating that the extent only for shortRpa, while for Roa > Ry practically no effect on
of FRET start to depend on the orientation of the dyes. In this P is seen. In addition, also for shd®ba ano. < 0.5 would be
range, the slope d vs Ay, is relatively steep (see Figure 6), needed to generate a relative shift incBmparable to that
which should select for the most favorable orientations of a observed. Such a low value afwould not be in line with what
within the range of orientations possible for a givép, and has previously been reported for cyanine dyes similar to Cy5,
thereby lead to an increased. For Ay, > 17 bp, a slight where ana close to unity was foungf=4
decrease im can be noticed. This can be attributed to a periodic ~ 4.7.7. Simulation of P Additional Effects.The general
modulation of thex? orientation factor, following from the  reduction of Bis not due to structural parameters, and can also
change of the radial orientation 6fwaith App. Alternatively, not be fully generated from spectroscopic effects, such as a shift
for large App, the relative changes & are smaller, and so are  of a or 6. Therefore, additional, in particular photochemical,
the relative changes @a, which reduces the dependence of effects have to be considered. An additional photochemically
the «2 orientation factor on the axial distance (see section 4.7.1 induced deactivation of the cis conformation, present under
and Figure 7C). Then a larger range of orientations for a certain FRET-mediated excitation, but not under direct excitation of
App Will show similar FRET-efficiencies, which should also lead  the acceptor dyes, would not only explain a general reduction
to the observed reduction m. Since only the trans conforma-  of P, but would also give a reason for the overestimation of the
tion of the acceptor dye should be fluorescent, the anisotropy FRET efficiencies found after normalization of the isomerization
of the acceptor fluorescence reflects the anisotropy of the rates according to eq 19. One possible mechanism for such a
acceptor dyes being in a trans conformation. cis state deactivation is charge transfer in the DNA molecule,
The measureda of Figure 8A supports the steady-state Which have been observed to take place over distancefs as long
anisotropy data measured under direct excitation (Table 2) that@s 200 A. Although the details of the mechanisms are still under
the orientation of the acceptor dye is not isotropic, at least not debate, the rate of transfer has been found to be relatively
in the trans form. Moreover, it is compatible with a predominant insensitive toAy,>~%° Under FRET-mediated excitation, it
orientation of the trans acceptor dye along the helical axis, andWould therefore be possible that free charges are generated from
provides evidence that variations and differencecinetween  €Xxcitation of the donor dyes, and that they propagate along the

the trans and cis form are mainly present for IdRgx. The DNA chain. From the redox potentiasjt is known that Cy5
measured  indicates that the extent to which FRET occurs C€an be oxidized by nucleobase radical ions, and in the case of
depends very weakly on the orientation of the dyes unj stilbenes, isomerization of radical cations is known to take place,

reaches the range of 337 bp. Orientational differences yvith yields that can bg significan.tly dif]‘erent from thosg seen
between the trans and cis conformation of the acceptor shouldin the absence of radical formati6hlt is therefore possible
also not be evident as a change dbPlower A, This agrees  that CyS radical cations can be formed and, prior to charge
well with the measured BFigure 8A), for which an overall ~ fécombination, that they undergo isomerization and back-
increase is observed, which coincides with that of isomerization. [f thg radlqal cation of Cy5 would haye a ylgld
4.7.6. Simulation of P Effects of Absorption Spectrum o_f back-l_somenzatlon Whlc_h is favored_overthat of isomeriza-
tion, an increased population of trans isomers and a reduction

Changes Following Isomerizatiomt this point, it can be of P would follow. However, clearly further investigations are
concluded that structural and orientational factors can generate ) ’ y 9

the experimentally observed variations_oﬁFQrAbp. However, Eeﬁfjedd :19 reveal tire |gent!ty apfd the details of the mechanism
they cannot explain why the amplitudes ofuhder FRET- ehind this general reduction of P

mediated excitation were found to be generally much lower than 5, Conclusions and Outlook

those measured under direct excitation of the acceptor dyes. In
particular, wherRpa < Ry, E(N) andE(P) can be expected to
be close to unity, and only very small changes otdh 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 P
into account, a scaling factor foriad to be introduced in the
simulations (0.33 for the simulations shown). This motivates a
discussion what the underlying mechanisms of this scaling factor relative increase in acceptor fluorescence is well established.

can be. The advantage of FCS is that the absolute mean number of
A blue-shift of the excitation spectrum of the cis-isomer molecules within the detection volume can be determined
relative to that of the trans formd (> 1, see eqs 21) would lead  making a concentration calibration superfluous. However, the
to a stronger spectral overlap with the donor emission spectrumyse of this approach is limited to samples where one can control
for the cis than for the trans isomer. This would fa(P) the influence from other light sources than FRET-induced
relative toE(N), and thusk'eiso relative tok'iso (eqs 13 and  acceptor fluorescence and requires careful calibrations of cross-
14), and a lower amplitude of Ban be expected (eq 20). talk and background. Also, labeling efficiencies of the donor
However,o > 1 only leads to a reduction offer Roa ~ Rg or and acceptor fluorophores have to be considered. An absolute
longer, and not to a general reduction of (Pigure 8E). determination of FRET efficiencies is difficult to perform, since
Moreover, the reduction in Bnder FRET-mediated excitation  the total detection quantum yield of the instrumentatipis
is far more prominent than that seen under direct excitation at difficult to determine with h|gh enough precision and accuracy.
496 nm. Therefore, the influence of a shift dnis small and Nonetheless, for the measurements presented in this study, where
cannot account for a major reduction in P the background and the donor emission cross-talk were almost
The factora, defined as the ratio of the excitation cross negligible, the relative FRET-efficiencies determined with this
section of the cis over that of the trans forop/oy (eq 16), can approach were found to scale well with those determined via
also have an influence on the measuredHdwever, the the isomerization kinetics of the acceptor dye.

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-ti@iassomer-
ization kinetics were utilized.

The concept to determine the FRET efficiency from the
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To our knowledge, the concept to measure FRET efficiencies sponding to approximately 375 A with 3.4 A/bp), with a
via the trans-cis isomerization kinetics is completely new. In  precision good enough that two samples with oligonucleotides
principle, characterizing FRET by FCS and via the isomerization differing in the donotacceptor distances by only-2bp can
kinetics offers several advantages. The measuWigglo: is be well separated over the whole range of distances. The lower
independent of labeling efficiencies of both the donor and the limit for what FRET efficiencies that can be measured is set by
acceptor, of donor fluorescence leaking into the detection thermal deactivation of the cis isomer to the trans form. At low
channels for the acceptor fluorescence, of background, as wellFRET efficiencies, where the excitation induced transitions
as of the absolute concentration of the measured moleculesbetween the trans and cis isomers are also low, a possible
Thus, no prior purification of double labeled molecules is influence of thermal deactivation of the cis state should be kept
needed, in contrast to conventional steady-state ensemblen mind. However, no significant contribution of such a process
measurements, where great care must be taken to purify thecould be noticed, not even for longer dor@cceptor distances
molecules containing both donor and acceptor dyes. Even if measured at excitation intensities down to 0.6 kWicm
the donor fluorescence, or a high background, would dominate  For the measured,Pa periodic variation and an overall
over the signal in the detectors for the acceptor fluorescence,increase in Rvith longer Ap, could be observed. We show by
they would not generate the specific fluorescence fluctuations simulations that differences in the position and orientation of
seen for the acceptor fluorescence. The relaxation rate of thethe trans and cis form of the acceptor dye can underlie the
isomerization processsort0nly depends on the excitation rate  periodicity as well as the overall increase of &d thereby
of the acceptor dye. For FRET measurements in general, theprovide additional structural information.
number of measurements on separate solutions_ with diﬁe(ent Although the population of cis-isomers was found to be lower
molecules should be kept to a minimum, to avoid generating nder FRET-mediated excitation than under direct excitation
unnecessary measurement noise, system errorstitt FRET of the acceptor dyes, the loss of acceptor fluorescence due to
measurements based on changes in donor and acceptor fluopanyation of nonfluorescent, but still FRET-active, cis states
rescence quantum yields typically requires rather elaborate s significant. This should be kept in mind when cyanine dyes
spectral component analyses of donor-only, acceptor-only, asare ysed as acceptor dyes, in particular when the acceptor

well as of donor-acceptor-labeled moleculéswith the ap-  fyorescence is used as a read-out parameter. In this study, the
proach presented here, control measurements can be kept 10 jfferences in FRET efficiencies between the isomeric forms
minimum due to the relative independencek@bior. Moreover,  4re not likely to be very big, as seen from the plots of the relative

in contrast to single molecule or ensemble FRET measurements=ReT efficiencies measured via isomerization kinetics (reflect-
based on changes in the donor and/or acceptor quorescencei,ng a weighted sum oE(N) andE(P)) compared to those from
no knowledge about the absolute detection quantum yield of ,orescence rates per molecule (reflectiBN)). However,

the instrumentation is required_. The instrumen_tation neede_zd for_depending on their relative orientations and positions, bigger
our approach can be made quite robust and simple, and since igjjtferences inE between the isomeric forms are in principle
is a confocal microscopy-based technique it can be applied 0possible. The measured FRET efficiency, would then depend
a wide range (_)f different environments. For determination of gy jf E(N) or a weighted sum d&(N) andE(P) are reflected in
the FRET efficiencies via the quenching of the donor fluores- he read-out parameter. (For instance, when the FRET efficiency
cence I!fet!me, it is usually necessary to determine the fluores- s getermined via the acceptor fluoresceri@y) is measured,
cence lifetimes for both the doneacceptor as well as for the  gjnce only the trans form is fluorescent. If on the other hand
donor-only labeled molecules, since fluorescence lifetimes canyne FRET efficiency is determined via donor fluorescence
be extremely environment-dependent. The environmental sen-jifetime quenching, a contribution from the FRET-active ac-
sitivity of the isomerization process must al_so b_e considered in ceptor dyes in a cis conformation should also be expected.) It
FRET measurements by FCS, but the calibration can also bejs interesting to note that almost no attention has previously
done by direct excitation on the same sample. been paid in the literature to these consideratins.

However, in practice, absolute calibration is not so easy 0 Finally, it should be pointed out that FCS is well suited to
perform with high accuracy. In this study, the calibration of monitor several photodynamic features and photoinduced tran-
the isomerization rates measured under FRET-mediated excitasjent states, involving both the donor and the acceptor dyes.
tion with those measured under direct excitation lead to a gince several of these states can be influenced by FRET, FCS
significant overestimation of the absolute FRET-efficiencies. can in principle also be used to monitor the presence and extent
The reason for this is not fully clear. Systematic errors in the of FRET via these states. For the donor dye, the quantum yield
determination of the excitation intensity experienced by the of a process originating from the excited state will decrease in
molecules under study can contribute. However, we estimate the presence of FRET, since FRET is a competing deactivation
the relative error of the measured excitation intensities to less process of the excited state of the donor. For instance, we could
than 20%. Therefore, it is more likely that the overestimation note that at higher excitation intensities the triplet state build-
is due to additional photochemical pathways not taken into yp in the donor molecules, measured via AC curves of the donor
consideration in the derivation of the FRET efficiencies from  fiyorescence, was lower in oligonucleotides with shiagt and
the experimental parameters. The fact that the FRET-efficiencieshigh FRET efficiencies, compared to oligonucleotides with a
are overestimated, in combination with the finding that the |ow E or no FRET at all. In contrast, for the acceptor dye a
amplitude of As much lower under FRET-mediated excitation process originating from the excited state will be promoted by
suggests that an additional photochemical deactivation pathwayFRET, since FRET does not compete in the deactivation of the
of the cis state may be involved. Here, charge transfer from the excited state, and since excitation is a prerequisite for the
excited donor to the acceptor dye, via the DNA chain could be generation of the state at all. Monitoring fluctuations on the
a possible mechanism. However, further investigations are acceptor side has the advantage that incomplete labeling is
needed to verify this theory. automatically corrected, since basically only those acceptor dyes

Although it is difficult to accurately determine the absolute are seen which have been excited via FRET (if direct excitation
FRET efficiencies of the molecules under study, the presented of the acceptor dyes is negligible). An important advantage using
data show that relative FRET efficiencies can be measured overtrans—cis fluctuations to monitor FRET is that the relative
a broad range of donetacceptor distances (22 bp corre- 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.
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only dyes having transient states with photodynamic features

(14) Deniz, A. A.; Dahan, M.; Grunwell, J. R.; Ha, T.; Faulhaber, A.
E.; Chemla, D. S.; Weiss, S.; Schultz, P.Boc. Natl. Acad. Sci. U. S.A

like those of isomerization. Recently, it has been shown by FCS 1999 96, 3670.

measurements that green fluorescent proteins have similar

photodynamic propertie®:26 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{{xz), wherezs along
the DNA helical axis,”xis along the direction of the normal

separation vector from the helical axis to the acceptor dye, and70

y is perpendicular td xand z
aaara: (O- 0, 1)

&perp= (1,0, 0)

(A1)

(A2)

F=(r, My

r)
1
Roa

whereRpa is given by eq 27 an® = W + Apppop. 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, thec? orientation factor can be expressed @s| 30):

(dp — dp COSO, dp SINO, L+ Ay 7,) (A3)

K="+ @ 1)

Then, for'a= &ara

K*(para)= 13+ (Bt N> =5+ 1/ (A4)
and for’a= &erp
K*(perp)= s+ Berp* )’ =5+ 1,2 (A5)

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

K*(X) = a,’(perp)+ a,c*(para) (A6)

where X is either N or P ang; anda, can be different for the

two forms. To calculate Pthe «2 orientation factors of eq A6

are included infn(App) and Sp(Apg) of eq 21, which are put

into the expression for(RApp) of eq 22, in which the expression
for Rpa is given by eq 27.
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