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New Perspectives of Fluorescence Correlation Spectroscopy
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The principle of fluorescence correlation spectroscopy is outlined. The technique has been applied
to a mutant of the well-known green fluorescent protein. A comparative study has been made with
time-resolved fluorescence anisotropy. The latter experiment shows that the fluorophore is rigidly
bound inside the protein matrix follows the rotation of the whole protein and does not show any
fast restricted motion. It is evident from fluorescence correlation spectroscopy that some excited-
state reaction plays a role, since the autocorrelation traces show a significant effect on the incident
laser power. Other potential applications of fluorescence correlation spectroscopy are presented as
taken from very recent publications.
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INTRODUCTION

Fluorescence correlation spectroscopy (FCS) is a
sensitive technique developed for studying dynamic proc-
esses of fluorescently marked molecules under equilib-
rium conditions. FCS measures fluctuations of fluores-
cence intensity in an open volume element created by a
focused laser beam. Any dynamic process that is accom-
panied by a fluorescence change can be measured. The
fluorescence intensity fluctuations can be caused either
by diffusion of fluorescently labeled molecules in- and
out of the light cavity, by chemical reaction kinetics such
as arising from association and dissociation of a molecular
complex, by conformational transitions in macromole-
cules, or by flow of fluorescent molecules. Fast correla-
tion of the intensity fluctuations is then used to evaluate
the particle number (concentration), reaction dynamics,
and diffusion rates. The concepts for FCS date back to
the early 1970s [1-5]. It is due to recent developments
in confocal microscopy (leading to significant fluorescent
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background suppression), efficient photon detection and
correlation, that the measurements can now be performed
rapidly [6—12].

Briefly, the principle of FCS is as follows. A small
open-volume element is created by a focused laser beam.
In this confocal volume fluorescent molecules will be
excited, leading to a burst of fluorescence photons. Owing
to Brownian motion, molecules will enter or leave the
excitation cavity, which results in changes in the detected
fluorescence intensity. These intensity fluctuations can
be rapidly measured with a fast photon detector and auto-
correlated on-line. The autocorrelation function provides
information on diffusion properties of fluorescent mole-
cules. Small-sized molecules move more rapidly through
the confocal volume element than large macromolecules.
This is the basis of the advantage of the technique: one
can measure molecular interactions at the unsurpassed
sensitivity of single-molecule detection. When a small,
fluorescent ligand interacts with a large macromolecule,
it can be immediately determined by a retarded diffusion
and the interaction can be fully quantified. Not only trans-
port properties but also chemical reactions like associa-
tion-dissociation kinetics {13,14] and photochemical
reactions such as triplet-state kinetics can be investigated

1053-0509/99/0300-0081$16.00/0 © 1999 Plenum Publishing Corporation



82

with the technique [15]. A schematic view of the concepts
and causes of FCS has been presented in Fig. 1.

The diffusion constant for translational movement
can be determined from the normalized autocorrelation
function G(t), which relates the fluorescence intensity /
at a time 7 to that T seconds later:
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intensity is dependent on the concentration and spectro-
scopic properties of the fluorescent probe and the detec-
tion efficiency of the experimental setup. Assuming a
detection volume, which is Gaussian shaped in three
dimensions [16], the autocorrelation function can be writ-
ten as
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Fig. 1. Causes and concepts of fluorescence intensity fluctuations. The first cause is connected with transport of single molecules in and out of the
laser cavity. This diffusion phenomenon will depend on the volume of the light cavity V.. The larger the volume, the longer the fluorescent molecule
resides therein, resulting in longer diffusion times. On the other hand, FCS events related to chemical relaxation such as the dissociation rate of a
protein-bound ligand or conformational transitions in a single protein molecule are not dependent on the size of the cavity volume, since these
phenomena take place in the still smaller molecular territory (V). Chemical relaxation can be measured only when the fluorescence efficiencies of
the molecules involved are different. In principle the off-rate constant (k) of a binding equilibrium reaction can be determined during the residence
time in the volume element (example 1, left). Alternatively, the interconversion rate between two macromolecular conformations can be determined
(example 2, left). The cross sections of the confocal volume element depicted in the center account for the relative volumes of the light cavity V,
and of the particle territory Vr, which determine whether we have large average fluorescence intensities (V, > V1) or large fluctuations (V, < Vp).
The particle territory is the reciprocal of the concentration. The right side gives a kinetic picture. Kinetically there are two characteristic times to
consider: the reciprocal of the encounter frequency 7, ' of the particle to enter the light cavity of radius R and the residence time of the particle in
the cavity Tag D is the translation diffusion coefficient and n is the particle density (number of particles/cm?). The ratio 74/, is simply the ratio
of volumes of light cavity and particle territory and reflects the probability of finding a particle inside the cavity (further details can be found in
Ref. 9).



Fluorescence Correlation Spectroscopy

where D, denotes the translational diffusion constant,
Ny, the number of fluorescent particles in the detection
volume, and both w, and w, are constants corresponding
to the radial and axial radii (e”2 point of the Gaussian
beam) of the sampling volume element. Equation (2) also
contains a term F, describing the fraction of molecules
in the triplet state and the characteristic triplet decay rate
N\. The translational diffusion constant is related to the
diffusion time T4 via

wf

Dtl'ﬂ'n = (3)

4+ Ty
where T4 18 the time needed to diffuse over a distance
w,. The square of the laser beam waist w, can be obtained
by calibration with a rhodamine 6G solution having a
known diffusion constant of 2.8 - 10719 m? s~! at 20°C.
The hydrodynamic radius of the fluorescent particle, r,
is defined by Eq. (4) as

k-T

= 4
67" Dygn M ®

A
where k is the Boltzmann constant, T the temperature,
and m the viscosity.

In this contribution we would like to illustrate the
potential of FCS applied to the well-known green fluores-
cent protein (GFP) from the jellyfish Aequorea victoria,
which has received widespread utilization as a natural
fluorescent marker for gene expression and localization
of gene products (see Refs. 17 and 18 for recent reviews).
First, we show that a combination of FCS and time-
resolved fluorescence anisotropy (TRFA) will lead to
very specific complementary information on the motional
dynamics of this protein. TRFA will yield information
on both overall rotation and internal restricted motion of
the protein. Second, the chromophore in GFP undergoes
some peculiar excited-state processes upon an increase
in the laser power in the FCS experiment. Finally, some
interesting FCS applications have appeared in the very
recent literature, suggesting that the method has left the
pioneering stage and can now be applied to widely differ-
ent research areas.

EXPERIMENTAL

Details of the preparation of GFP will be given
elsewhere (Hink ef al., manuscript submitted). To change
the fluorescence excitation peak of wild-type green fluo-
rescent protein from 396 to 488 nm, two amino acid
mutational changes were introduced: Phe64 was replaced
by Leu and Ser65 by Thr. The protein was dissolved in
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0.1 M Tris—HCI buffer, pH 7.5. Concentrations were ca.
1-5 nM for FCS experiments and ca. 100 nM for steady-
state fluorescence spectral and time-resolved fluores-
cence experiments. All experiments were conducted at
20-22°C.

Full details concerning the FCS experimental setup
and data analysis as cuitently used by our research group
can be found in Ref. 19. The 488-nm Ar ion laser line
was used for excitation and the “fluorescein” filter set
selected the emission wavelength range. The laser power
was measured using a power meter, which was mounted
in one of the objective holders in the revolver. Then it
was assumed that the transmission efficiency of the Zeiss
Apochromat 40 X 1.2 objective lens is ca. 85%. To deter-
mine the power per area, the focal spot dimension was
calculated from mw? and amounted to 2.45 1073 m?. In
this way the power densities listed in Table I are deter-
mined, for instance, when no neutral density (ND) filter
is used, the power/area = 5.13 10° W m™2.

Time-resolved polarized fluorescence experiments
were carried out using a picosecond laser system and
time-correlated single-photon counting as described in
detail elsewhere [20]. The excitation wavelength was 480
nm and the fluorescence was selected by using a bandpass
filter transmitting between 500 and 550 nm. The excita-
tion and emission spectra were obtained with a Spex
Fluorolog 3-22 spectrofluorometer.

RESULTS AND DISCUSSION

Fluorescence Properties of the GFP Mutant

In Fig. 2 all experiments on the GFP variant with
enhanced blue—green light absorption are summarized.
The fluorescence excitation and emission spectra are
given in the top panel. Without converting the spectra
into wavenumber scale, it can already be seen that the
emission and excitation spectra do not exhibit a mirror
image relationship. The excitation spectrum is much
broader than the fluorescence spectrum (this effect would
be even more pronounced when the spectra are presented
on a wavenumber scale). The conclusion is that the
absorption spectrum between 450 and 510 nm contains
at least two overlapping electronic transitions.

An example of experimental and fitted fluorescence
decay curves is presented in the middle panel in Fig. 2.
The curves are drawn in a semilogarithmic fashion to
illustrate that the decay is clearly heterogeneous. Three
fluorescence lifetimes were needed to give an optimal
fit. The main fluorescence lifetime is 2.6 ns, but lifetimes
of 0.50 and 4.9 ns are also present. The heterogeneity of
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Fig. 2. Fluorescence properties of the GFP mutant with enhanced blue—green light absorption. The top
panel shows the corrected, normalized excitation (A, = 510 nm) and emission spectra (A, = 450
nm). The center panel accounts for the experimental and fitted fluorescence decay curves and anisotropy
decay curves. The bottom panel gives an example of a FCS experiment with the shower of emission
photons (left) and the experimental and fitted autocorrelation curves (right). Numerical results and further
details are given in the text.
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the fluorescence decay is consistent with the reaction
scheme proposed previously from subpicosecond time-
resolved fluorescence spectroscopy [21,22]. This scheme
has taken into account equilibria between different ground
and excited states, proton transfer, and photoconversion
processes. These multiple states and the interconversion

between them would lead to an inherent nonexponential
decay as observed. An example of the experimental and
fitted fluorescence anisotropy decay curves is given in
the center panel in Fig. 2. The decay analysis yields a
single rotational correlation time ¢ of 11 ns. The fluoro-
phore is rigidly bound in the protein matrix and rotates
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together with the whole protein, since no shorter decay
component is visible in the anisotropy decay. This obser-
vation is in full agreement with the three-dimensional
structures in which the fluorophore is rigidly incorporated
in the central helix [23-25].

The GFP mutant has excellent properties for FCS.
In the bottom panel in Fig. 2 a representative example
of a “single-molecule” FCS experiment is given. In the
lower left panel the shower of fluorescence photons dur-
ing 60 s is depicted. In the lower right panel the autocorre-
lation curves (experimental and fitted) are presented. The
diffusion time (74 = 168 s) is in very good agreement
with what is expected for a protein of 27-kDa mass. The
concentration is accurately determined (4.5 nM), because
in this experiment both the number of particles (2.8) and
the probe volume (1.0 fL) are known. The figure of merit
in FCS is a sufficient number of photon counts that a
single molecule can emit during its residence in the sam-
pling volume. The GFP fluorophore with its 30-kHz fluo-
rescence photons detected per molecule nicely fulfills
these conditions, provided that the excitation laser power
is kept relatively low (vide infra).

Excitation Intensity Dependence of Autocorrelation
Traces of the GFP Mutant

In FCS experiments we found that the autocorrela-
tion traces of the used GFP strongly depends on the
incident laser power. This observation is illustrated in
Fig. 3 (top panel), in which several autocorrelation curves
taken with different laser excitation intensities have been
overlayed. When the data were analyzed, the apparent
Tqirr turned out to shorten with increasing laser power,
even to a point where the apparent Ty is of the same
order as the diffusion time of the rhodamine 6G standard
(Fig. 3, lower panel, and Table I). It is very likely that
this anomaly must be ascribed to the existence of a dark
state, which is populated at a relatively high laser power,
similarly as for the triplet state in the singlet—triplet cycle
[L5]. The data analysis, however, shows that the triplet
yield of the GFP mutant is not affected at all by a variation
of laser power (Table I). Therefore, the results suggest
that another mechanism is operative. Apparently, a high
laser power brings the GFP mutant in a kind of dark
state, from which it is not converted to the ground state
responsible for emission after photoexcitation. This inter-
pretation is in agreement with the reaction scheme derived
from the ultrarapid fluorescence kinetics [21,22] and from
the blinking behavior as observed from single-molecule
fluorescence detection of GFP in a polyacrylamide gel
[26]. Further research is needed to corroborate this point.
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Fig. 3. Normalized, experimental autocorrelation traces of the GFP
mutant with enhanced blue—green light absorption taken with increasing
laser power (top panel). Neutral density (ND) filters are used to decrease
incident laser power (for instance, ND = | means that the laser power
has been diminished by a factor of 10). The lower panel shows the
apparent diffusion times of the GFP mutant (open bars) as a function
of the relative intensity of the incident laser beam. For comparison, the
results of the standard compound rhodamine 6G are presented as well
(fill bars) to show that this compound gives approximately the same
diffusion time. The error bars are obtained from at least 15 experiments.

New Developments in FCS

Interesting FCS applications have appeared in the
very recent literature. A study on the kinetics of confor-
mational fluctuations in DNA hairpin loops is described
in Ref. 27. The authors have investigated the opening and
closing of the loop by using a so-called DNA molecular
beacon, which consists of a fluorescent probe at one end
and a quencher attached to the other end of the loop.
The correlation function of the beacon (Gyegeon) CONtaing
contributions of both diffusion and chemical kinetics. As
a control sample a DNA hairpin without quencher is used,
for which the correlation function (G.onieo) CONsists of
diffusion only. The ratio Gpepcon()/Geonral(f) 1solates the
kinetics part yielding the chemical reaction rate 1/7 action
= k_ + k,, where k_ is the opening and k, the closing
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Table I. Results of Analysis of Autocorrelation Curves of Mutant GFP as Function of Laser Excitation Power”
Taiet Tuip cpm Power/area
(us) N (us) % triplet (kHz) [(W/m*)#107]
72*2 102 £ 04 48 21 = 1 150 £ 0.5 6.23
86 = 1 65 =03 4.0 18 =1 230 £ 04 3.08
124 =3 42 =01 35 18 =1 310 £ 04 1.50
192 =5 35 +0.1 5.0 171 29.0 = 0.3 0.62
294 + 29 34 0.1 14 17+3 140 = 04 0.18
355 = 62 3302 24 173 54 *04 0.06

@ The standard errors are based on 15 determinations. 74, diffusion time; N, number of particles in the sampling volume element; T, triplet-state
lifetime; % triplet, the fraction of molecules in the triplet state [F'in Eq. (2)]; cpm, number of photon counts emitted per molecule. Laser power

is estimated as described under Experimental.

rate constant of the loop. Another experiment gave the
equilibrium constant K = k_/k, so that both rate constants
can be determined separately.

An investigation on conformational fluctuations in
single DNA molecules is given in Ref. 28. The authors
used a fluorescent probe linked to the forward primer of
a 217-bp DNA oligonucleotide and a biotin molecule
linked to the reversed primer. The DNA derivative is
then attached to a coverslip containing streptavidin. The
conformational fluctuations are monitored via FCS and
the autocorrelation curves are analyzed via a stretched
exponential model (Aexp(—Keaction?)®s Kreaction 18 the sum
of reaction rates in each direction, similarly as in the
hairpin loop experiment [27], and { is the so-called stretch
parameter), which indicates the presence of a distribution
of transition rates between two conformations. These
experiments show that it is possible to obtain information
on the properties of a single DNA molecule as distin-
guished from the collective properties of a whole ensem-
ble of DNA molecules. One of the key questions is,
then, Do all DNA molecules have the same reaction rate
(Keaction) Or do DNA molecules contribute individually to
yield a narrow distribution of rates? A general formulation
of this principle has been given by Wang and Wolynes
[29]. Properties found for the molecular ensemble can
also be a property of a single molecule (the homogeneous
case). Alternatively, the ensemble behavior can be repre-
sented as a collection of individual molecules each having
slightly different properties (the inhomogenous case). In
the latter case the principle of ergodicity will be
important. Individual DNA molecules will experience
different reaction rates, but provided that enough time is
given, the time average of the reaction rate of each single
DNA molecule will be identical to the ensemble average
collected from many DNA molecules.

Dual-color fluorescence cross-correlation spectros-
copy is a new approach to probe interactions between
(macro-)molecules that carry different fluorescent labels

[30]. Dual-color fluorescence cross-correlation spectros-
copy probes molecules that simultaneously emit fluores-
cence at two distinct wavelengths. Real-time enzyme
kinetics and rapid enzymatic assay processing for high-
throughput screening with the aid of dual-color fluores-
cence cross-correlation spectroscopy are described,
respectively, in Refs. 31 and 32.

The next challenging step is to apply the technique
to living cells [11,33]. We shall call the technique fluores-
cence correlation microscopy (FCM) when it is applied
to cellular systems. Preliminary FCM experiments carried
out by us on living cells indicated that some technical
problems have to be solved before the methodology can
be routinely applied. Cellular autofluorescence and pho-
tobleaching of the fluorescent probe are important per-
turbing factors which should be eliminated before FCM
is feasible. Dual-color fluorescence cross-correlation
spectroscopy may be very helpful in suppressing the
uncorrelated autofluorescence in cells. Furthermore, in
order to study cellular systems in real time, rapid scanning
through the cell in three dimensions combined with effi-
cient data collection needs systematic investigation [34—
37]. The occurrence of fluorescence resonance energy
transfer (FRET; operating in the 2- to 5-nm distance
range) between two juxtaposed fluorescent molecules can
be perfectly measured using the concept of dual-color
fluorescence cross-correlation spectroscopy, where one
single laser wavelength excites the donor and two detec-
tion channels isolate the emissions of donor and acceptor.
This FRET approach allows the observation of interacting
molecules in a cellular environment and provides us with
nanometer resolution in confocal microscopy.
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