In the previous chapter we described fluorescence imaging
and spectroscopy on single molecules. Individual fluo-
rophores can be studied if the observed volume is restricted
and the fluorophores are immobilized on a surface. With
present technology it is difficult to track freely diffusing
single molecules. Single-molecule detection (SMD) on sur-
faces is a powerful technique because it avoids ensemble
averaging and allows single events to be observed. If a
dynamic process such as a chemical reaction is being stud-
ied, there is no need to synchronize the population because
the individual kinetic events can be observed. However,
SMD has its limitations. The most stable fluorophores typ-
ically emit 105 to 10¢ photons prior to irreversible photode-
struction. Because of the modest detection efficiency of
optical systems, and the need for high emissive rates for
detection of the emission over background, single mole-
cules can only be observed for a brief period of time—I
second or less—which may be too short to observe many
biochemical processes. When the fluorophore is bleached
the experiment must be started again with a different mole-
cule. Additionally, SMD requires immobilization on a sur-
face, which can affect the functioning of the molecule and
slow its access to substrates and/or ligands because of
unstirred boundary layers near the surface.

Fluorescence correlation spectroscopy (FCS) is also a
method based on observation of a single molecule or sever-
al molecules. In contrast to SMD, FCS does not require sur-
face immobilization and can be performed on molecules in
solution. The observed molecules are continuously replen-
ished by diffusion into a small observed volume. FCS thus
allows continuous observation for longer periods of time
and does not require selection of specific molecules for
observation. FCS is based on the analysis of time-depend-
ent intensity fluctuations that are the result of some dynam-
ic process, typically translation diffusion into and out of a
small volume defined by a focused laser beam and a confo-
cal aperture. When the fluorophore diffuses into a focused
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light beam, there is a burst of emitted photons due to multi-
ple excitation-emission cycles from the same fluorophore.
If the fluorophore diffuses rapidly out of the volume the
photon burst is short lived. If the fluorophore diffuses more
slowly the photon burst displays a longer duration. Under
typical conditions the fluorophore does not undergo photo-
bleaching during the time it remains in the illuminated vol-
ume, but transitions to the triplet state frequently occur. By
correlation analysis of the time-dependent emission, one
can determine the diffusion coefficient of the fluorophore.
In this case "time-dependent" refers to the actual time and
not to a time delay or time-dependent decay following
pulsed excitation.

FCS has many applications because a wide variety of
processes can result in intensity fluctuations. In addition
to translation diffusion, intensity fluctuations can occur due
to ligand—macromolecule binding, rotational diffusion,
internal macromolecule dynamics, intersystem crossing,
and excited-state reactions. The data are interpreted in
terms of correlation functions. Different equations are need-
ed to describe each process, and usually two or more
processes affect the data at the same time. It is also neces-
sary to account for the size and shape of the observed vol-
ume. As a result the theory and equations for FCS are rather
complex.

FCS was first described in the early 1970s in a series of
classic papers.'* An extensive description of FCS and its
applications can be found in a recent monograph.> These
papers describe the theory for FCS and recognize its poten-
tial for measurement of diffusion and reaction kinetics. The
theory showed that FCS would allow measurement of kinet-
ic constants even when the system was in equilibrium, if the
reversible process caused spectral changes. The FCS data
will contain information on the reaction rates because a
reaction at equilibrium still proceeds in both directions, so
that the spectral properties will continue to fluctuate. How-
ever, the early FCS measurements were plagued by low sig-
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nal-to-noise (S/N) ratios for a variety of reasons, including
a large number of observed molecules, intensity changes in
the laser light sources, low-quantum-yield fluorophores,
and low-efficiency detectors.® In contrast to fluorescence
intensity measurements, where it is easier to measure solu-
tions with higher fluorophore concentrations, FCS meas-
urements are best performed when observing a small num-
ber of fluorophores (<10). In order to detect a small number
of fluorophores with a focused laser beam the sample need-
ed to be dilute, typically near 1 nM. Since the samples are
diluted, the unwanted background due to fluorescent impu-
rities and scatter needed to be suppressed by confocal optics
and effective filtering. Because of all these requirements
FCS was not widely used for 20 years. By the early 1990s
a number of technical advances made FCS a practical tech-
nology, including confocal optics, high-efficiency ava-
lanche photodiode (APD) detectors, stable lasers, and mul-
tiphoton excitation and commercially available instru-
ments.® As a result there has been a rapid increase in the
applications of FCS to biochemical analysis.”~'¢ FCS is now
being used to detect protein association reactions, DNA
hybridization, immunoassays, binding to membrane recep-
tors, gene expression, and diffusion of labeled intracellular
proteins, to name a few.

24.1. PRINCIPLES OF FLUORESCENCE
CORRELATION SPECTROSCOPY

FCS is typically performed using freely diffusing mole-
cules. Excitation is usually accomplished with a laser
focused to a diffraction-limited spot. A confocal pinhole is
used to reject signal from outside the desired volume. Using
these optical conditions, the observed volume is an ellipsoid
that is elongated along the optical axis. The concentration
of the fluorophores needs to be in a range where just a few
molecules are present in the observed volume.

To illustrate the principle of FCS consider a cylindrical
volume 0.08 pm in diameter and 2 pm in length (Figure
24.1) that is slightly larger than for a typical FCS instru-
ment. The volume of this cylinder is 1 f1 = 10-13 liters. If the
fluorophore concentration is 1 nM, then the observed vol-
ume contains an average of 0.6 molecules. The average
number of fluorophores in the volume is determined by the
bulk concentration and remains constant in a stationary
experiment. However, random diffusion of the fluorophores
results in time-dependent changes, called fluctuations, in
the number of fluorophores in the volume. Fluctuations in
occupancy number in this small volume result in intensity
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Figure 24.1. Typical volume in an FCS experiment.

fluctuations in the fluorescence intensity. The theory for
FCS provides the basis for extracting molecular informa-
tion from the molecules by analysis of the rates and ampli-
tudes of the intensity fluctuations.

The theory of FCS is based on Poisson statistics. For
random discrete events the number of fluorophores in the
volume can be described by the Poisson distribution

P(n,N) = %e*’v (24.1)

In this expression P(n,N) is the probability of n fluoro-
phores being present in the volume when the average num-
ber of molecules in the volume is N. Using eq. 24.1 one can
calculate that for N = 0.6 there is a 55% probability that the
volume contains no fluorophores, a 33% probability that the
volume contains 1 fluorophore, and a 10% probability that
the volume contains 2 fluorophores (Figure 24.2). The flu-
orescence intensity from this volume will fluctuate as the
fluorophores diffuse into and out of the volume.

The changes in occupation number of the volume will
result in changes in the intensity (Figure 24.3). If the diffu-
sion is slow the fluorophores will move slowly into and out
of the volume. If the diffusion is faster the occupation num-
ber and intensity will change more rapidly. This time-
dependent intensity is analyzed statistically to determine
the amplitude and frequency distribution of fluctuations.
The intensity at a given time F(¢) is compared with the
intensity at a slightly later time F(¢ + t). If diffusion is slow,
F(t) and F(t +t) are likely to be similar (top panel). If diffu-
sion is fast, F(¢) and F(¢ + 1) are likely to be different (lower
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P(0)=0.55

P(1)=0.33

P(2)=0.10

Figure 24.2. Poisson distribution of a 1-nM fluorophore solution in a
1-fl volume, N = 0.6.

panel). In an FCS instrument a dedicated correlation board
is usually used to calculate the correlation between F () and
F(t + ) for a range of delay times . This results in an auto-
correlation function G(t) that contains information on the
diffusion coefficient and occupation number of the
observed volume. The dependence of the correlation func-
tion on the rate of diffusion makes FCS valuable for meas-
uring a wide range of binding interactions, such as
protein—ligand binding and DNA hybridization. Note that
the correlation time t in an FCS measurement is not related
to the lifetime of the fluorophore.

An important feature of FCS is a measurement of the
number of diffusing species in the observed volume. In
principle, this measurement does not rely on an external
calibration or the quantum yields of the fluorophores. In
practice, calibrations are performed using known solutions.
The important point is the amplitude of the autocorrelation
function at T = 0 reveals the average number of molecules
being observed. Sometimes a proportionality constant is
used to adjust this number. FCS can thus be used to detect
changes in particle density due to association or cleavage
reactions. In contrast to single molecule detection, the
observed molecules are continually replaced by diffusion,
so that photobleaching is less of a problem. Additionally,
since only a few molecules are observed, FCS provides
high sensitivity. Intensity fluctuations can also occur due to
blinking of the fluorophores upon transition to the triplet
state, structural changes in biomolecules, and the rate of lat-
eral translation in flowing samples. There are also more
advanced types of FCS, such as dual-color cross-correlation
FCS, which selectively detects species that contain two flu-
orophores, such as DNA oligomers labeled with two differ-
ent fluorophores.
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Figure 24.3. Fluctuations in the number of fluorophores (N) in the
observed volume of 1 fl with ¢ = 1 nM. The intensity axis is in units
of the intensity from a single fluorophore.

FCS can provide information about reaction kinetics
even when the reaction is in equilibrium. Consider a simple
reaction F' + M = F*M, where F is a fluorophore that is
nonfluorescent in solution but fluorescent (F*) when bound
to a macromolecule (M). The reaction kinetics would usu-
ally be studied by starting the reaction from a nonequilibri-
um condition, such as mixing separate solutions of F and M
in a stopped-flow instrument. Upon mixing the intensity
would change as the reaction approached equilibrium.
When the reaction reaches equilibrium the fluorescence
intensity will remain constant and no additional information
is obtained by continuing to measure the intensity. In con-
trast, FCS can measure the reaction kinetics under equilib-
rium conditions. If a small number of molecules are
observed the intensity will fluctuate as the fluorophore
binds to and dissociates from the macromolecules. The rate
of intensity fluctuations contains information on the sum of
the forward and reverse reaction rates.

Because of the ability of FCS to determine the number
of observed particles, and to determine the rates of diffu-
sion, and other dynamic processes, there has been a rapid
expansion of FCS technology into a wide range of applica-
tions, including high-throughput screening, DNA analysis,
and detection of small numbers of intracellular species. In
the following section we describe the theory and practice of
FCS with examples to illustrate the potential of this tech-
nology.
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24.2. THEORY OF FCS

The equations for FCS are moderately complex, and
there are many subtle points that result from the unique
aspects of the measurements. Different authors use slightly
different terminology for FCS. Hence it is valuable to
review the theory to provide a basis for understanding
the data and the factors that influence the measured correla-
tion functions.

The autocorrelation function of the fluorescence inten-
sity is given by the product of the intensity at time ¢, F(f),
with the intensity after a delay time t, F(t + t), averaged
over a large number of measurements.!7-2! The time ¢ refers
to the actual time as the intensities are observed. Data col-
lection times range from seconds to minutes. The delay
time 1 is the difference in real time between measurement
of F(t) and F(t+ t), typically in the range from 10-2 to 102
ms. If the intensity fluctuations are slow compared to T,
then F(¢) and F(t+ t) will be similar in magnitude. That is,
if F(¢) is larger than the average intensity <F>, then F(f + 1)
is likely to be larger than <F>. If the intensity fluctuations
are fast relative to t, then the value of F(¢) and F(z + 1) will
not be related. The value of the autocorrelation for a time
delay 7 is given by the average value of the products

R(t) = <F(O)F(t + 1)>

= lT JTE()F(t + ©)dr (24.2)

where 7 is the data accumulation time. The factor 1/7 nor-
malizes the value of the products F(#)F(¢ + t) for the data
accumulation time. This mathematical process is typically
performed using dedicated correlation boards that perform
the needed operations in real time as the fluctuating inten-
sity is observed. With modern electronics it is now also pos-
sible to record the time (f)-dependent intensities for the
duration of the data collection (7) and then perform the cal-
culations. Additional information can be obtained from the
complete list of time-dependent intensities, so it seems like-
ly that this approach will eventually be standard in FCS
experiments.

The quantities of interest are the fluctuations in F(r)
around the mean value

SF(t) = <F> — F(t) (24.3)
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The autocorrelation function for the fluorescence intensi-
ties, normalized by average intensity squared, is given by

<F(t)F(t + 1)>

G’ =
() <F><F>

_ |, SSF0)8F(x)>

B 2

24.4
<F> ( )

In this expression we have replaced 7 with 0. The delay time
T is always relative to a datapoint at an earlier time so that
only the difference 7 is relevant. It is important to remem-
ber the meaning of 7 and t in FCS, which is different from
their meaning in time-resolved fluorescence. In time-
resolved fluorescence ¢ refers to the time after the excitation
pulse and t refers to the decay time. In FCS ¢ refers to real
time and 7 refers to a time difference between two intensity
measurements. In the FCS literature there are occasional
inaccuracies in the words used to describe the correlation
functions in eqs. 24.2 and 24.4. Equation 24.2 is the auto-
correlation function of the fluorescence intensities. The
term 0F(f) in eq. 24.3 is the variance, so that the last term
on the right side of eq. 24.4 is actually the autocovariance
of F(t), but is conventionally referred to as the "autocorre-
lation function." A more accurate term is "the autocorrela-
tion function of the fluorescence fluctuations."!” Another
confusing point is the definition of the autocorrelation func-
tion. Some authors use eq. 24.4 and other authors use

<3F(0)3F(t)>

2

G(r) = (24.5)

<F>

which is the autocorrelation function of fluorescence fluc-
tuations. We will use eq. 24.5 since this avoids inclusion of
one (1) in all the subsequent equations. For simplicity we
will refer to eq. 24.5 as the correlation or autocorrelation
function.

In order to interpret the FCS data we need a theoretical
model to describe the fluctuations. The data are typically
the number of photon counts in a given time interval, typi-
cally about a microsecond, which are due to a small num-
ber of fluorophores. The intensity is dependent on the num-
ber of photons detected from each fluorophore in a given
period of time. For FCS it is convenient to use a parameter
called the brightness, which is given by

B = ¢cQ (24.6)
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where ¢ is the quantum efficiency for detection of the emit-
ted photons, ¢ is the cross-section for absorption, and Q is
the quantum yield for emission of the fluorophore. The
brightness is the number of photons per second for a single
fluorophore observed for a given set of optical conditions.
Unlike the quantum yield, the brightness is not a molecular
property of the fluorophore, but depends on the precise
optical conditions including the light intensity, light collec-
tion efficiency of the instrument, and the counting efficien-
cy of the detector. The measured intensity from the sample,
typically in kHz, is given by the integral of the fluorophore
concentration over the observed volume:

F(t) = B [CEF(r)I(r)C(r,t)dV (24.7)
In this expression CEF(r) is the collection efficiency func-
tion of the instrument as a function of position (7). The inte-
gral extends over the entire observed space. The position r
is more properly described as a vector (r) but for simplicity
we assume 7 is a vector. The excited fluorophores will be
distributed in a three-dimensional volume, in the x-y plane
and along the optical z-axis. I(r) is the excitation intensity
at each position r, and C(r,f) is the distribution of fluo-
rophores. Equation 24.7 looks complex, but it has a simple
meaning. The intensity depends on the concentration and
spatial distribution of the excitation and detection efficien-
cy, and the brightness of the fluorophores. The observed
intensity also depends on the excited and observed vol-
umes, which is accounted for by the integral. It is usually
not necessary to consider these factors separately, so that
the instrument is described as having a detection profile:

p(r) = CEF(r)I(r) = MDE(r) (24.8)
which is also referred to as the molecular detection efficien-
cy MDE(r).

Figure 24.4 shows a typical FCS instrument. A laser is
focused on the sample. The emission is selected with a
dichroic filter. The out-of-focus light is rejected with a pin-
hole, which is typically large enough to pass all light from
a region slightly larger than the illuminated spot.!® The
intensity profile of the focused laser is assumed to be
Gaussian. For this configuration, the brightness profile can

be approximated by a three-dimensional Gaussian (Figure
24.5):

p(r) = Ioexp{—Z(x2 + yz)/szJexp(—222/u2) (24.9)
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Figure 24.4. Typical instrumentation for FCS. Revised from [17].

The surface of the volume is not sharply defined. The radius
s and half-length u refer to distances at which the profile
decreases to e~? of its maximal value /.

Equation 24.7 gives the time-dependent intensity. We
now need to calculate the autocorrelation function due to
concentration fluctuations throughout the observed volume.
This function is more complex than for a fluorophore dif-
fusing in and out of a volume with a sharp boundary (Fig-
ure 24.1). As the fluorophore diffuses it enters regions
where the count rate per fluorophore is higher or lower

Observed
volume

Cone of illumination

Figure 24.5. Ellipsoidal observed volume with focused single photon
excitation and confocal detection.
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based on the detection profile p(r). The autocorrelation

function for the intensity fluctuation is given by

B* [ [p(r)p(r)<8C(r0)3C(r';x)>dVdV
G =
() |BC[p(r)dVP

(24.10)

where r is the position of the fluorophore at = 0 and 7' is
its position at ¢+ = t. This formidable expression can be
understood as follows. The denominator contains the aver-
age intensity, which is given by the product of the bright-
ness B, mean concentration C, and the detection profile of
the instrument integrated over the observed volume. The
concentration term and brightness appear outside the inte-
gral because Q is independent of position, and only the
average concentration is needed to calculate the average
intensity. The detection profile p(r) accounts for the excita-
tion and detection efficiency. The numerator calculates the
intensity fluctuations from the concentration fluctuations at
each point in the sample, which is then integrated over the
observed volume. When the fluorophore moves from r to a
new location 7', its brightness becomes proportional to the
detection profile at this position p('). The integral extends
over the observed volume for all the fluorophores present in
the volume. The term B? is again outside the integral
because the intrinsic brightness of the fluorophore does not
depend on position. Remarkably, the correlation function
(but not the S/N ratio) is independent of fluorophore bright-
ness, which cancels in eq. 24.10. This makes sense because
we are measuring the correlation between fluorophore loca-
tions, which should not depend on the brightness of the flu-
orophore.

It is instructive to consider the number of fluorophores
in a typical FCS experiment. A diffraction-limited volume
will typically have a diameter of 0.5 um and a total length
of 2 um. For this size and shape the effective volume is 0.35
fl. The effective volume is not equal to the geometric vol-
ume of an ellipsoid because the detection profile does not
have sharp boundaries. Figure 24.6 shows calculations of
the number of fluorophores in this volume. Occupation
numbers of 2 to 20 are expected for fluorophore concentra-
tions from 9.6 to 96 nM. The width of the distribution is
given by VN and increases with the occupation number, as
characteristic for a Poisson distribution.

Equation 24.10 is not limited to diffusion and can be
used to derive a correlation function for any process that
results in the intensity fluctuations. Chemical or photo-
chemical processes that change the brightness of a fluo-
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Figure 24.6. Poisson distribution in an ellipsoidal volume for various
fluorophore concentrations. The volume of a geometric ellipsoid with
s=0.25um and u = 1.0 pm is 0.26 fl.

rophore can also be studied. In place of dC(r,t) eq. 24.10 is
then used with a different 7' model to derive the expected
autocorrelation function.

24.2.1. Translational Diffusion and FCS

Perhaps the most common application of FCS is to measure
translational diffusion. The rate of diffusion depends on the
size of the molecule and its interactions with other mole-
cules. The correlation function for diffusion in three dimen-
sions is given by!8

<3C(r,0)6C(rt)>

= C(4nDt)exp|—Ir — rP/4Dt|  (24.11)
where D is the diffusion coefficient. Insertion of eq. 24.11
in 24.10, using the Gaussian detection profile (eq. 24.9) and
some complex mathematics, yields the correlation function
for three-dimensional diffusion:

G(r) = G(O)(l +4SD2T)‘(1 . 45;)1/2

= G(0)D(1) (24.12)

where G(0) is the amplitude at Tt = 0. For future convenience
we define D(t) as the portion of the correlation function
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which contains the diffusion coefficient. This expression is
also written as

G(r) = G(O)(l +i)_1(1 . (i)2i)—1/2

Tp Tp
= G(0)D(7) (24.13)
where the diffusion time is
T = s%4D (24.14)

The origin of eq. 24.14 is understood by recalling that the
mean distance a molecule diffuses in a time 7 is proportion-
al to VDt . The form of eq. 24.12 is a result of the shape of
the detection profile (eq. 24.9) being integrated with the
concentration correlation function. Different detection pro-
files will result in different forms of eq. 24.12.

Figure 24.7 shows the correlation functions expected
for a single freely diffusing species, that is, a homogeneous
population, with diffusion coefficients ranging from 10- to
10-7 cm?/s. We assumed the observed volume was an ellip-
soid with radius s = 0.25 pm and half-length # = 1 pm. The
correlation function G(t) is usually plotted using a logarith-
mic 1 axis. The amplitude of G(t) decreases as T increases.
G(t) approaches zero because at long times the fluo-
rophores have no memory of their initial position. The value
of 1 is usually determined by least-squares fitting of the
simulated curve with the measured data. A diffusion coeffi-
cient of 10-° cm?/s results in T, = 0.156 ms. As the diffusion
coefficient decreases the correlation function shifts to
longer t values, which reflects slower intensity fluctuations
as the fluorophores diffuse more slowly into and out of the
observed volume. As we will discuss below, a 100-fold
change in diffusion coefficient would require a 10,000-fold
change in molecular weight, so that the curves in Figure
24.7 are more shifted than is typical in an FCS experiment.
The autocorrelation function is also expected to depend on
the fluorophore concentration.

The autocorrelation function is that it provides a meas-
urement of the average number of molecules N in the
observed volume, even if the bulk concentration is not
known. The number of molecules is given by the inverse of
the intercept at 1 = 0, G(0) = 1/N. Hence the amplitude of
the correlation function is larger for a smaller number of
molecules. This is the reason why FCS was relatively
unused in the 1970s and 1980s. Without confocal optics to
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Figure 24.7. Simulated autocorrelation functions for diffusion in three
dimensions (eq. 24.12) for diffusion coefficients of 10-° to 10-7 cm?/s
(top) and for a mixture of two diffusing species (bottom). The
observed volume was assumed to be an ellipsoid with s = 0.25 pm and
u=1pm.

reduce the observed volume the number of molecules was
large and the amplitudes of the correlation functions were
too small for reliable measurements, even with long data
acquisition times. Another important feature of G(t) for a
single species is that G(t) does not depend on the brightness
of the fluorophore. The brightness B affects the S/N of the
measurement and the ability to see the fluorophore over the
background. However, the correlation function itself is
independent of the brightness and G(0) depends only on the
average number of observed fluorophores.

At first glance it is difficult to see from eqs. 24.5 and
24.10 why the value of G(0) is equal to 1/N. Since N is pro-
portional to ¢ the denominator contains a factor N2. The
numerator also has two concentration terms as a product,
suggesting a factor of N2 in the numerator. However, for a
Poisson distribution the variance is proportional to the
square root of the mean, so that 3C is proportional to VN .
Hence the numerator contains a factor &V, and the ratio gives
G(0) = 1/N.

One might think that if G(t) reveals the number of flu-
orophores then it should be possible to determine the fluo-
rophore concentration. This is only partially correct. The
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number of fluorophores in the effective volume observed by
the instrument is given by
N = CVy (24.15)

If V. was precisely known then ¢ could be calculated. In
FCS we have an estimate of V_;, but we do not know an
exact volume. The effective volume is dependent on the
exact shape of the detection function p(r). If the observed
volume is described by 24.9 then

Ve = n¥%%u (24.16)
This effective volume is different from the geometric vol-
ume of an ellipsoid, which is given by (4/3)ms?u. For the
ellipsoid shown in Figure 24.7 the effective volume is V=
0.35 fl and the geometric volume is 0.26 fl. The effective
volume is different for other shapes, such as for a flat cylin-
der, a highly elongated volume, or when using two-photon
excitation. While the shape of Vg is not known precisely
the number of observed fluorophores is known. For this rea-
son volume is defined in an unusual way. The value of V4
is that volume which contains N fluorophores at a known
concentration.

It is also important to understand the meaning of tp
obtained from the autocorrelation function. The diffusion
coefficient D is a molecular property with a defined value
that is independent of any instrumental parameters. Since
T depends on D one is inclined to think that 1y, is also a
molecular parameter and independent of the instrument.
However, 1, depends on the radius of the observed volume.
This means that the recovered value of D depends on accu-
rate knowledge of the shape of V4. For this reason FCS
instruments are frequently calibrated with fluorophores
with known diffusion coefficients. The width and length of
the volume are adjusted until the known diffusion coeffi-
cient is recovered and the measured correlation function
matches the calculated correlation function. In principle,
there is no need to calibrate the concentration or instrument
sensitivity because the value of N = G(0)-! is determined
without any assumptions, except that the solution contains
only a single type of fluorophore with the same spectral and
diffusive properties. Solutions with known concentrations
are used for calibration procedures. Since FCS measure-
ments are often used to measure relative diffusion coeffi-
cients of two species, the results can be useful even if the
absolute values of the diffusion coefficients are somewhat
inaccurate.
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24.2.2. Occupation Numbers and Volumes
in FCS Advanced Topic

There are some differences in how authors use the G(0)
intercept to calculate N. Instead of G(0) = 1/N, some au-
thors use G(0) = y/N, where vy is a geometric factor that de-
pends on the detection profile. For a Gaussian volume, vy is
sometimes set equal to 1/v8 = 0.35. For a volume with a
Gaussian profile for the width and a Lorentzian profile for
the length, the factor is y = 0.076. This difference arises
from how the sample volume is defined. The volume of a
Gaussian-shaped sample is obtained by integration of eq.
24.9 to yield V; = n*2su/\8 . The y factor for a Gaussian-
Lorentzian shape is obtained in a similar way. The y factor
is used if the sample volume is taken as the integrated vol-
ume. If the effective volume of a Gaussian shape is defined
by eqs. 24.15 and 24.16 then G(0) = 1/N. For this chapter
we will use Vg = n3252u and G(0) = 1/N.

24.2.3. FCS for Multiple Diffusing Species

The use of FCS to measure binding reactions depends on
the shape of the autocorrelation function for a sample with
two diffusion coefficients. Assume the ligand is labeled
with the fluorophore and that the labeled ligand binds to a
protein. In solution the ligand has a diffusion coefficient D,,
and the protein-bound ligand has a diffusion coefficient D,.
If the free and bound fluorophores have equal brightness,
that is, the absorption spectra and quantum yield of the
labeled ligand do not change upon binding, the autocorrela-
tion function is given by

1
G(t) = ﬁ[NlDl(r) + N.Dy(t)|  (24.17)

where N, and N, are the number of free and bound fluo-
rophores and N = N, + N, is the total number of fluo-
rophores. The diffusive parts of the autocorrelation function
are given by eq. 24.12 with diffusion coefficients D, and D,.
Note that D, refers to a diffusion coefficient and D(t) refers
to the part of the autocorrelation function that contains the
diffusion coefficients.

The lower panel in Figure 24.7 shows simulated auto-
correlation functions for a mixture of diffusing fluo-
rophores with D; = 10-5 cm?/s and D, = 107 cm?/s. In this
case we assumed the total number of diffusing fluorophores
to be N = 2. When both species are present the heterogene-
ity in the diffusion coefficients can be seen in the shape of
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the autocorrelation function (dashed line). This change in
shape serves as the basis for measuring association reac-
tions between biomolecules. Autocorrelation functions are
calculated for various assumed diffusion coefficients and
functional amplitudes until the calculated function matches
the measured function. This procedure is analogous to that
used to resolve multi-exponential decays from time-
resolved measurements. Note that the value of G(0) is 0.5
because we assumed an average of two fluorophores are in
the effective volume for these simulations. Equation 24.17
only applies if the two species do not exchange between the
free and bound forms during the timescale of the experi-
ment, which is the diffusion time t,. If the ligand binds and
dissociates within the time it is in the observed volume,
only a single diffusion coefficient will be observed. If the
ligand moves from the free to bound form on a timescale
comparable to the diffusion time, the correlation function
cannot be written as a sum of two correlation functions with
different diffusion coefficients.

Fluorophores frequently display changes in quantum
yield or brightness (eq. 24.6) upon binding to a biomole-
cule. In this case the two species still contribute to the auto-
correlation function, but do not contribute in direct propor-
tion to their relative concentrations or quantum yields. For
a sample with two different quantum yields, Q, and Q,,
with brightness B, and B,, and diffusion coefficients D, and
D,, the correlation function is given by

 N\BID(1) + NoB3Ds(1)
(NiB, + N,B,)°

G(1) (24.18)

with D,(t) defined as in eq. 24.12. For several different
species this expression becomes

_ ZNZB?DI(T)

G(1) (SNB.)’ (24.19)
Notice that each species contributes to the autocorrelation
function proportional to the square of its quantum yield or
brightness. This means that the autocorrelation function is
strongly weighted by the brightest species in the sample.
For instance, suppose the sample contains one molecule
with @, = 1.0 and one molecule with Q, = 0.1. The fraction
of the signal due to Q, will be about 99%.

The presence of two or more species with different
brightness complicates interpretation of G(0). The T = 0
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intercept reflects an apparent number of observed mole-
cules according to

_ (INB)

I 24.20
o > N.B? ¢ )
For the sample containing one molecule with Q, = 1 and
one molecule with O, = 0.1, the apparent number of mole-
cules will not be 2, but will be 1.20.

24.3. EXAMPLES OF FCS EXPERIMENTS
24.3.1. Effect of Fluorophore Concentration

Figure 24.8 shows autocorrelation functions for rhodamine
6G (R6G) in 70% sucrose.?2 The sucrose was used to de-
crease the diffusion coefficient of R6G and shift the curves
to longer values of t. The amplitudes of G(t) are strongly
dependent on the concentration of R6G. These data illus-
trate the effect of occupation number on the autocorrelation
functions. As the R6G concentration increases the G(t)
amplitude decreases. At an R6G concentration of 0.62 nM
the G(0) intercept shows there are an average of 5 mole-
cules in the observed volume. At an R6G concentration of
20 nM about 150 molecules contribute to the autocorrela-
tion function, which results in the low amplitude. Notice
that the number of R6G molecules is known even if the
effective volume is not known. By comparison with Figure

0.25F

0.20

1 1 L

1
5 10 15 20
[R6G] (nM)

015 |

0.10

0.05

AUTOCORRELATION G(7)

0

W0t ' a0* 20° af
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Figure 24.8. Fluorescence autocorrelation function for rhodamine 6G
(R6G) in 70% sucrose. From top to bottom the R6G concentrations

were 0.62, 1.25, 2.5, 5, 10, and 20 nM. The insert shows the measured
average number of molecules. Redrawn from [22].
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24.6 one can determine that the effective volume was prob-
ably larger than 0.35 fl.

While the amplitude of G(t) depends on the R6G con-
centration, the curves all display the same correlation time.
This is expected because the diffusion coefficient of R6G
should not depend on its concentration, at least at low con-
centrations used for FCS. By fitting these curves to eq.
24.12 one can recover the diffusion time without any as-
sumptions. The diffusion time can be used to calculate the
R6G diffusion coefficient (eq. 24.14), but this requires
knowledge of the dimensions of the ellipsoid. This depend-
ence shows that the value of 1 is not a molecular parame-
ter and that assumptions are needed to calculate the diffu-
sion coefficient.

24.3.2. Effect of Molecular Weight on
Diffusion Coefficients

Since the autocorrelation function depends on the rate of
diffusion, it seems natural to use FCS to determine molec-
ular weights. It is known that the translational diffusion
coefficient of a molecule is related to its size by

kT
6mnr

(24.21)

where k is Boltzmann's constant, 7 is the temperature, 1) is
the viscosity of the solvent, and R is the hydrodynamic
radius. The radius is related to the molecular weight MW of
the molecule with a specific gravity v by

4
V =MWy = gnR3 (24.22)
IMWv |
= ( . ) (24.23)
T

where V is the volume. These equations show that the radius
and diffusion coefficient are weakly dependent on the
molecular weight. For instance, a 10-fold increase in the
molecular weight will only result in a (10)3 = 2.15-fold
change in the diffusion coefficient. The association of two
proteins of equal size will double the molecular weight and
cause only a 1.26-fold or 26% increase in the diffusion
coefficient. For this reason it is difficult to measure the
association of two similar size proteins by FCS. In many
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Figure 24.9. Effect of molecular weight on the autocorrelation func-
tions of proteins labeled with tetramethylrhodamine-5-isothiocyanate
(TRITC). The effective volume was determined by assuming the dif-
fusion coefficient of R6G was 2.8 x 10-6 cm?/s. Revised from [23].

applications of FCS a system is selected because it provides
a large change in effective molecular weight of the diffus-
ing species.

Figure 24.9 shows experimental curves for R6G and
three proteins with very different molecular weights.2? This
figure also contains the autocorrelation function for R6G.
The data for R6G were used to determine the effective vol-
ume using a known diffusion coefficient of 2.8 x 10-6 cm?/s
for R6G (MW = 479). Autocorrelation functions are shown
for three proteins: a-lactalbumin (MW = 14,000), dena-
tured pepsin (MW = 35,000), and the chaperonin GroEL
(MW = 840,000). The midpoint of the curves shifts 2.5-fold
from 0.08 to 0.2 ms. The molecular weight increases from
14,000 to 840,000, which predicts a (60)!3-, or approxi-
mately fourfold increase in the diffusion coefficient. These
curves show that the autocorrelation functions are depend-
ent on molecular weight, but that substantial changes in
molecular weight are needed to result in detectable changes
in the diffusion time. In the case of binding interactions it is
possible to couple one of the reactants to polymeric
nanoparticles so as to increase the change in molecular
weight upon binding, as has been done for FCS immunoas-
says.2*

It is interesting to recall that the rotational correlation
time (0) of a molecule is directly proportional to the volume
(V) or molecular weight of a molecule:

_nV _nMWv 1

=T kT = (24.24)

0 -
6Dy




PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

where Dy is the rotational diffusion coefficient. Anisotropy
measurements are preferred when the binding reaction
results in a modest change in molecular weight.

24.4. APPLICATIONS OF FCSTO
BIOAFFINITY REACTIONS

The dependence of the autocorrelation functions on the dif-
fusion coefficients has resulted in the use of FCS to meas-
ure binding reactions, including binding of small ligands to
proteins,>-26  protein—protein interactions,?’-28 DNA
hybridization,?*-30 polymerase chain reactions,3!-33 DNA—
protein interactions,’*35 and interactions with recep-
tors.36-38 Additional references are listed following the main
reference section.

24.4.1. Protein Binding to the Chaperonin GroEL

The use of FCS to measure binding reactions is illustrated
by studies of protein binding to GroEL. Chaperonin GroEL
is a large multi-subunit protein (MW = 840,000) that pro-
motes folding of denatured proteins or folding of peptide
chains as they are extended during protein synthesis. The
subunits form a cylindrical cavity that appears to interact
with the hydrophobic regions of unfolded proteins. FCS
was used to study the interactions of partially denatured o.-
lactalbumin (c.-LA) with GroEL.2 The partially denatured
protein was obtained by reducing the four disulfide bonds
of a-LA, followed by labeling with TRITC. Upon addition
of GroEL the autocorrelation functions of labeled a-LA
shifted to longer times (Figure 24.10). This shift is readily
detectable because of the relative sizes of a-LA (14,000)
and GroEL (840,000). Titration of o-LA with GroEL
resulted in dilution of the sample, which caused an increase
in amplitude for the more dilute solutions of a.-LA (insert).
For these experiments the concentration of a.-LA was about
100 nM, which resulted in the low amplitudes of the auto-
correlation curves (not shown).

Data of the type shown in Figure 24.10 can be used to
recover the fractional binding of a-LA to GroEL. If the
brightness of labeled a.-LA does not change upon binding
to GroEL the autocorrelation function is given by

1
G(r) = (1 = y)Dr(x) +yDy(t)|  (24.25)

where the subscripts refer to a-LA free (F) in solution or
bound (B) to GroEL. Dy(t) and Dg(t) are diffusive parts of
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Figure 24.10. Normalized autocorrelation curves for reduced TRITC-
labeled o.-lactalbumin (a.-LA) upon titration with GroEL. The insert
shows the un-normalized curves. Revised from [23].

the autocorrelation function (eq. 24.12) with diffusion coef-
ficients Dy and Dy. The fraction of total a-LA bound to
GroEL is given by y. This fraction can be used to calculate
the binding constant for the reaction. However, there are
several parameters to be recovered from the data: the two
diffusion times, the fraction bound, and possibly the T = 0
intercept. For this analysis the diffusion times of the indi-
vidual proteins were measured for a-LA or GroEL (Figure
24.9), and these values used as fixed parameters. This
allowed analysis of the data in terms of just two parameters:
the fraction bound and the total number of diffusing mole-
cules (eq. 24.17).

24.4.2. Association of Tubulin Subunits

FCS can be used to study the self-assembly or aggregation
of proteins. One example is the association of tubulin to
form microtubules that are important components in the
mitotic machinery of cells. A variety of natural products are
known that interact with tubulin to disrupt cell division.
Such natural products apparently evolved as part of the
competition between organisms for survival. These com-
pounds are often small peptides or depsipeptides and are of
interest for use as antineoplastic drugs. These compounds
interact with the o,3-dimer of tubulin, which is referred to
as tubulin. In some cases the compounds depolymerize the
microtubules, and in other cases they prevent depolymer-
ization or cause formation of unique aggregates. FCS was
used to study the sizes of tubulin aggregates induced by
these compounds.’® The TAMRA-labeled tubulin dimer
was observed upon addition of cryptophycin (Figure
24.11). This addition resulted in an approximate 2.5-fold
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Figure 24.11. Effect of cryptophycin on the normalized autocorrela-
tion function of TAMRA-labeled tubulin dimer. Revised and reprint-
ed with permission from [38]. Copyright © 2003, American Chemical
Society.

increase in the diffusion time of tubulin. Such a large
increase in T indicates that tubulin must aggregate into
larger particles than dimers. This increase in t, was rough-
ly consistent with the increase in hydrodynamic radius
expected for self-association to an octamer.38

24.4.3. DNA Applications of FCS

As might be expected, FCS has been applied to DNA analy-
sis. Surprisingly, a relatively small number of papers have
appeared on hybridization of oligomers of similar size.30 A
large number of papers have appeared where one of the
DNA strands was much larger than the other or using dual-
color FCS, which is discussed later in this chapter. FCS has
also been used to study the interaction of DNA with pro-
teins, 342 DNA condensation,**# or binding of DNA
oligomers to larger RNA targets.*

FCS can be effectively used to monitor DNA
hybridization when there is a large change in diffusion coef-
ficient.46-48 Figure 24.12 shows the normalized autocorrela-
tion functions for a rhodamine-labeled 18-mer during
hybridization with M13 DNA, which contains about 7250
base pairs (specifically M13mp18). Because of the large
change in effective molecular weight the shift in G(t) is
dramatic. There was no change in brightness of the labeled
oligomer upon binding to M13, so that the fractions bound
and free could be calculated using eq. 24.17.

FLUORESCENCE CORRELATION SPECTROSCOPY

Target DNA Sequence

AUTOCORRELATION
FUNCTION (a.u.)

TIME (channel )

Figure 24.12. Hybridization of a rhodamine-labeled 18-mer to M13
DNA containing the appropriate complementary sequence. M13 DNA
has about 7250 bases. Revised from [47].

FCS has also been used to study degradation of DNA
by enzymes. One example is shown in Figure 24.13 for
double-stranded DNA with a 500-base-pair oligomer.47-48
The 500-mer was randomly labeled at low density with a
tetramethylrhodamine-labeled nucleotide, TMR-dUTP. The
oligomer was progressively digested from the 3' end by T7
exonuclease. As the reaction proceeds the amplitude of G(t)
decreases, reflecting the increased number of diffusing
species. Examination of the normalized curves (insert)
shows a progressive shift to shorter diffusion times as the
DNA is progressively degraded. This shift is expected given
the small size of a labeled nucleotide relative to a 500-base-
pair oligomer. In principle the t = 0 intercepts of G(t) can
be used to recover the number of diffusing species. Howev-
er, for such an analysis it is necessary to know the relative
brightness of each species (eq. 24.20). For the case shown
in Figure 24.13 there are two dominant species: free TMR-
d-UTP and the residual section of the 500-mer. The relative
brightness of the species will be approximately proportion-
al to the number of fluorophores per particle. In the initial
stages of the reaction one could probably assume just two
species: a dim monomer that contains one TMR and a
bright oligomer that contains many TMRs. As the reaction
proceeds it will become progressively more difficult to
resolve the population of the various sized DNA fragments.

FCS was also used to measure the appearance of
labeled DNA fragments during polymerase chain reaction
(PCR) and to characterize the size of the fragments.3! The
fluorophore TMR-dUTP was incorporated into the PCR
products. FCS analysis was performed following removal
of the free TMR-dUTP, which otherwise would decrease
the amplitude of G(t). Incorporation of TMR-dUTP into a
217-mer was easily observed from the shift in G(t) (Figure
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Figure 24.13. Autocorrelation functions for double-stranded DNA,
500 base pairs long, randomly labeled with tetramethyrhodamine-4-
dUTP in the presence of T7 DNA polymerase, acting as an exonucle-
ase. Revised from [47].

24.14). The PCR reaction was used to synthesize labeled
DNA with different lengths. In the case of DNA fragments
it is possible to obtain information on their length from the
diffusion times (Figure 24.15). This was possible because
increasing the molecular weight of DNA results in elongat-
ing a relatively stiff rod in one dimension, rather than fill-
ing a three-dimensional volume. For such molecules the
diffusion time increases nearly linearly with length (L)
according to*-30

_3mns® L
™7 4T Inp +y

(24.26)

where L is the length of the rod, p is the length/diameter
ratio, and y is an end-group correction. The important point
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Figure 24.14. Normalized autocorrelation curves for TMR-dUTP and
when incorporated into a 217-mer by PCR. Revised and reprinted with
permission from [31]. Copyright © 1998, American Chemical Soci-
ety.
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Figure 24.15. Effect of DNA length on FCS diffusion times. Revised
and reprinted with permission from [31]. Copyright © 1998, Ameri-
can Chemical Society.

is that 1, should increase roughly in proportion to the num-
ber of bases in the oligomer.

DNA oligomers of known length were used to create a
calibration curve of diffusion time versus the number of
base pairs. The autocorrelation curves for the fragments
(Figure 24.14) were used to recover the distribution of dif-
fusion times for the oligomers. This was accomplished by
fitting the data to

1
G(r) = NfowP(TD)G(TD) dtp (24.27)

where G(t) is given by eq. 24.12 and P(tp) is the normal-
ized probability for value of t,. The meaning of this inte-
gral is that the observed correlation function is the sum of a
large number of such functions, weighted by the relative
probability of 1, in the sample. This analysis is similar to
the analysis of intensity decays in terms of lifetime distribu-
tions. The recovered correlation times for these fragments
increase significantly with the number of base pairs. The
distribution (Figure 24.15, lower panel) shows good resolu-
tion of 1y, but it would be difficult to recover more than sev-
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Figure 24.16. Cleavage of rhodamine-labeled M13 DNA by four
restriction enzymes. The number of cleavage sites is shown under
each circle. Revised from [51].

eral Ty, values in a mixed sample if the lengths were more
similar. The distributions were obtained from measure-
ments on a single species, with a single brightness, so that
resolution of multiple 1, values can be expected to be more
difficult for a mixture of species with different brightness.

In addition to monitoring the length of DNA oligo-
mers, FCS can be used to roughly estimate the number of
fragments formed during DNA cleavage.>! Figure 24.16
shows the G(t) curves for M13 DNA (7250 base pairs) after
cleavage by several restriction enzymes. From the known
sequence and enzyme specificity one can predict the num-
ber of fragments formed by each enzyme. The G(0) values
from autocorrelation curves are largest for BspMI, which
generates only 3 fragments, and smallest for Haelll, which
generates 15 fragments. Of course, the G(0) values give
only an apparent number of diffusing species since the frag-
ments are of unequal length and their contributions to G(t)
are weighted according to eq. 24.18.

24.5. FCS INTWO DIMENSIONS: MEMBRANES

FCS is not limited to three-dimensional samples, but can
also be used to study cell membranes.52-¢! FCS is especial-
ly useful for studies of membranes because diffusion is lim-
ited to two dimensions. Also, the typically viscous nature of
membranes result in a wide range of diffusion times for
membrane-localized fluorophores. The wide range of diffu-
sion times possible with cells or cell membranes is shown
in Figure 24.17. The correlation curves are for rhodamine
derivatives in solution (S), in the cytoplasm (C), and bound
to the membranes of a rat leukemia cell (M). Also shown is
the curve for Cy3-labeled IgE bound to the IgE receptor.
The diffusion times span four orders of magnitude. Hence
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Figure 24.17. Autocorrelation curves for rhodamine derivatives in
solution (S), in the cytoplasm (C), and bound to the membranes (M)
of rat basophilic leukemia cells (RBL). A lipophilic rhodamine deriv-
ative was used to bind to the membranes. Also shown is the curve for
Cy3-labeled IgE bound to the IgE receptor on the membrane (R). The
pinhole was 100 pm in diameter. Revised from [62].

we expect the autocorrelation curves to contain information
about diffusive transport in membranes. To obtain a similar
change in diffusion times for a three-dimensional solution
the molecular weight would need to change by a factor of
1012,

Recall that the correlation function eq. 24.12 was
derived assuming a three-dimensional Gaussian volume
(eq. 24.9). In a membrane the fluorophores are constrained
in a two-dimensional plane. In this case the observed vol-
ume can be described by a planar two-dimensional Gauss-
ian distribution:

p(r) = Iy exp|=2(x* + y*)/s| (24.28)
For this geometry the correlation function for a freely dif-
fusing species is

B 4Dt \ !
G(1) = GOY(1 + /tp) " = GOy [ 1 + —2) (24.29)
s

where s is the radius of the disk and the diffusion time is
given by 1, = s2/4D (eq. 24.14). Intuitively this expression
is similar to eq. 24.12, except that the exit pathway out of
the plane is no longer available to the molecule, and the
square-root term is no longer present.

It is informative to examine the properties of the corre-
lation function in two and three dimensions: G,p(t) and
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Figure 24.18. Simulated autocorrelation functions for a sphere in
three dimensions and a disk in two dimensions (top), and for spheri-
cal and elongated 3-dimensional shapes (bottom). D = 10-6 cm?/s and
s =0.25 pm.

G;p(7), respectively. Figure 24.18 (top) shows the correla-
tion function for a sphere and a disk, plotted for the same
diffusion coefficient of 10-¢ cm?%/s. The disk shows a mod-
est shift to longer times due to the restricted diffusion path.
In this model it is assumed the fluorophore cannot diffuse
out of the plane. Frequently in the FCS literature one finds
that G,p(7) is used when G;p(t) seems appropriate and vice
versa. This occurs because there are only minor differences
between the correlation functions once the shape of the vol-
ume is considered. The lower panel shows simulated auto-
correlation functions for a sphere and two progressively
elongated shapes. When the ellipsoid has an aspect ratio of
4 the autocorrelation is virtually indistinguishable from
G,p(7). This result is due to the elongated volume in Gy(7)
and the modest contribution of the last term on the right in
eq. 24.12.21 Note also that these curves were drawn with a
fixed diffusion coefficient. If the value of D is allowed to
vary, as in the case when analyzing experimental data, then
the curves would shift along the t axis to the position of
maximum overlap. In this case it would become even more
difficult to distinguish between G,;(t) and G;p(1).

While the shapes of the autocorrelation functions are
not strongly dependent on two versus three dimensions, the
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Figure 24.19. Diffusion of a lipid-containing GFP at various positions
with an RBL cell as indicated on the insert. Revised from [62].

autocorrelation function for membranes can be dramatical-
ly different from free diffusion in solution. The effect of a
cell membrane on diffusion of a lipophilic GFP derivative is
shown in Figure 24.19.92 This GFP molecule contained a
bound palmitoyl chain to provide binding affinity for the
membranes. As the focal volume was moved up from the
cytoplasm to the cell membrane the autocorrelation func-
tion showed increased amplitude at long times. The G(t)
curves could be modeled using two diffusion times accord-
ing to

62DD2D(T) + E3DD3DT

G(r) = S (24.30)
O V(G + G2
4Dy(1) | !
Do) = 1+ :Z(T)) (431)
4Dpt ! 4Dpt\ 12
D) = (1 + SZF ) | u; ) (24.32)

where Dy and Dy are the diffusion coefficients of mem-
brane-bound and free GFP, respectively. Equation 24.30 can
be obtained from eq. 24.18 by noting N, = C;V. Notice that
this expression has different diffusion coefficients for the
free and bound forms of the fluorophore. These different
diffusion coefficients account for the shape of G(t) in Fig-
ure 24.19 as compared to the simulations in Figure 24.18,
where the shapes of G,,(t) and G5, (t) are similar. The long
timescale of FCS measurements, extending to seconds, has
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Figure 24.20. Confocal fluorescence images of giant unilamellar vesicles (GUVs) labeled with a cyanine (Dil-C,;) or a Bodipy (Bodipy-PC)-labeled
lipid. The lipid compositions are shown under the images. In the upper black and white images Dil-C,, is on the left and Bodipy-PC on the right. The

bars indicate 10 pm. Revised from [67].

revealed the phenomenon of anomalous subdiffusion of
membrane-bound proteins where the G(t) curve is spread
out over a larger range of T values.63-66

24.5.1. Biophysical Studies of Lateral Diffusion
in Membranes

The ability of FCS to measure widely different diffusion
coefficients has been useful in studies of lateral diffusion in
membranes. Giant unilamellar vesicles (GUVs) about 35
pM in diameter were used to allow observation of specific
regions of the membranes. Figure 24.20 shows confocal
fluorescence microscopy images of GUVs that were labeled
with two lipophilic dyes: Dil-C,, and Bodipy-PC.%" For
these images the GUVs were composed of two phospho-
lipids: dilauroyl phosphatidylcholine (DLPC) and dipalmi-
toyl phosphatidylcholine (DPPC). At room temperature
DLPC bilayers are in the fluid state and DPPC bilayers in
the solid state. Because of the difference in length of the
acyl side chain, C12 for lauroyl and C16 for palmitoyl,
bilayers containing both lipids show lateral phase separa-
tion. This does not mean that each phase is composed only
of DLPC or DPPC but rather that two phases exist: a fluid
phase rich in DLPC and a solid phase rich in DPPC.

The images in Figure 24.20 were taken through two
different emission filters to select for the shorter-wave-
length emission of Bodipy-PC (shown as green) or the

longer-wavelength emission of Dil-C,, (shown as red). To
obtain the confocal images the GUVs were labeled with
both probes at relatively high concentrations. When the
GUV contains only DLPC both probes are distributed
homogeneously (left). When the GUVs contain a mixture of
DLPC and DPPC one finds liquid domains rich in Bodipy-
PC and solid domains rich in Dil-C,,. As the mole fraction
of DPPC increases the extent of the solid phase containing
Dil-C,, increases (middle and right). GUVs similar to those
shown in Figure 24.20 were studied by FCS. For FCS the
GUVs were labeled with only one probe Dil-C,, at a lower
concentration to allow observation of only a few probe mol-
ecules. For this system we expect the diffusion to be two
dimensional with different diffusion coefficients in each
phase. Assuming the probe brightness is the same in both
phases the autocorrelation function becomes

CeDi(1) + CsDs(t)

G(r) = —
Veir( Ce + Cs)?

(24.33)

where F and S refer to the fluid and solid phases, respective-
ly, and the diffusion correlation function in each phase is
given by

4

Dyt) = (1 + ff)_l (24.34)
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Figure 24.21. Autocorrelation functions of Dil-C,, in GUVs with the
indicated molar ratios of DLPC to DPPC (top) and phospholipid
(DLPC + DPPC) to cholesterol (bottom). The observed volume is
about 1 pm in diameter. Revised from [67].

Figure 24.21 (top) shows the autocorrelation function for
Dil-C,, in GUVs with different amounts of DLPC and
DPPC. In GUVs containing only DLPC, fitting to eq. 24.23
yielded a single diffusion coefficient of 3 x 10-8 cm?/s.
The autocorrelation functions become more complex
for GUVs containing both DLPC and DPPC. For a DLPC/
DPPC ratio between 0.6 to 0.4 it is easy to see the contribu-
tion of more than one diffusion coefficient to the shape of
the autocorrelation function. As the amount of DPPC
increases the diffusion appears to be more homogeneous,
but fitting the data still required two diffusion coefficients.
The measurements on GUVs containing both DLPC and
DPPC were repeated several times and averaged, so that the
correlation function contains contributions from both phas-
es. If the observation volume is focused on one phase then
one expects to see only the diffusion coefficient(s) charac-
teristic of that phase. The effect of cholesterol on the GUV's
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is shown in the lower panel. As the mole fraction of choles-
terol increases the diffusion coefficient decreases (Figure
24.21, bottom). The autocorrelation function shifts aggres-
sively to longer diffusion times without a dramatic change
in shape. This result indicates that only a single phase state
is present in the bilayers that contain cholesterol.

24.5.2. Binding to Membrane-Bound Receptors

Cell membranes contain receptors for a wide variety of
molecules. Since FCS provides information on long
timescales, it is logical to use FCS to measure the slow dif-
fusion of membrane-bound proteins. One example is the
receptor for the C-peptide of insulin, which is now known
to have physiological activity. Insulin is composed of two
peptide chains that are linked by two disulfide bonds. When
insulin is first synthesized it appears as a single longer inac-
tive peptide called proinsulin.%® Insulin is activated by
cleaving off a small peptide called the C-peptide. The
released C-peptide is physiologically active and causes
increased glomerular filtration rates.®®-70 This suggests
there is a cell surface receptor for the C-peptide.

FCS was used to detect specific binding of the C-pep-
tide to human renal tubular cells.”’-7> This was accom-
plished using rhodamine-labeled C-peptide and by focusing
the observed volume on the cell membrane (Figure 24.22,
insert). The upper panel shows the intensity fluctuations for
the labeled peptide when free in solution (left) and when
bound to the cell membrane (right). The rate of fluctuation
is much faster for the free as compared to the membrane-
bound peptide. The autocorrelation functions show that the
diffusion time increased nearly 1000-fold when bound to
the membranes. The specificity of binding was shown by
adding unlabeled C-peptide, which shifted the curve back to
that typical of the free peptide (dashed line).

The data can be analyzed in two ways. One approach is
to use a mixture of the correlation functions for 2D and 3D
diffusion. In this case the fitting function is

1
G(r) = /(1 = 1) Gip(x) + yGan(7)] (24.35)

where the G(t) function for 2D and 3D are defined in eqs.
24.31 and 24.32, respectively. The terms (1 — y) and y rep-
resent the fractions of labeled peptide that are free and
bound, respectively. Another approach is to recover the
probability distribution for the diffusion times t:
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Figure 24.22. FCS studies of insulin C-peptide binding to human renal tubular cells using rhodamine-labeled (Rh) C-peptide. The dashed lines show
G(t) and P(t) after addition of a 1000-fold excess of unlabeled C-peptide. Revised from [71].

P(tp)

1
Gv) = Nfo (1 + t/tp)

dip (24.36)

In the absence of the receptor the diffusion time is near 0.5
ms (lower left panel). In the presence of the receptor there
is a dramatic increase in Ty, to 100 ms, with some fraction
of the peptide diffusing more rapidly (lower right panel).
There is nearly complete reversal of binding upon addition
of an excess of unlabeled C-peptide, showing the specifici-
ty of C-peptide binding (dashed line, lower left).

FCS measurements of membranes provides informa-
tion that is different from fluorescence measurements in
bulk solution or fluorescence microscopy. It would not be
possible to detect lateral diffusion of the insulin receptor

using steady-state measurements because the nanosecond
decay times are short relative to the long times needed for
diffusion. Receptor diffusion would also be undetectable by
fluorescence microscopy because the system is roughly sta-
tionary. The receptors are diffusing but the average distribu-
tion is constant. FCS can detect receptor motion because
diffusion affects the number of fluorophores in the observed
volume, even under conditions when the average distribu-
tion of receptors is not changing. The results shown in Fig-
ure 24.22 also indicate that the rate at which labeled C-pep-
tide dissociates from its receptor is slow relative to the
longest time, near one second, in the autocorrelation func-
tion.

It is instructive to compare FCS and fluorescence
recovery after photobleaching (FRAP) for studies of mobil-
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ity in membranes. When performing FRAP a laser is
focused on the region of interest in the membrane.’*7¢ The
laser is transiently brought to high intensity to photobleach
the fluorophores in the focal region. The laser intensity is
then decreased to allow continuous monitoring of the emis-
sion from this same region of the membrane. The intensity
increases as the unbleached probes diffuse into the bleached
area, and the rate of recovery is used to determine the diffu-
sion coefficients. In this FRAP measurement the experi-
mental system was synchronized with the bleaching pulse
and the system studied as it returned to equilibrium. The
system is not stationary during the experiment. In contrast
to FRAP, FCS measurements are performed under station-
ary conditions. The system is hopefully not perturbed by the
illumination needed for FCS. Information about mobility in
the membrane is obtained by diffusion of the probe mole-
cules under equilibrium conditions.

24.6. EFFECTS OF INTERSYSTEM CROSSING

In the preceding sections we described the effects of trans-
lational diffusion on the autocorrelation functions of
labeled molecules. Diffusion is just one of several mecha-
nisms that can cause intensity fluctuations, and such
processes can be studied by FCS. Because of the high illu-
mination intensities in FCS, intersystem crossing from the
first excited singlet state (S,) to the triplet state (T) is fre-
quently observed. A Jablonski diagram for intersystem
crossing is shown in Figure 24.23. The excitation intensities
used in FCS can result in a significant fraction of the fluo-
rophores in the triplet state. The fluorophores in the triplet
state are not observed, resulting in an apparent decrease in
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Figure 24.23. Jablonski diagram with intersystem crossing from the
singlet (S) to the triplet (T) state. k,,, is the sum of the radiative and
non-radiative decay rates.
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American Chemical Society.

the number of fluorophores in the effective volume. If the
fluorophores do not return to S, within the diffusion time
then only the amplitude of the correlation function will be
changed. If the triplet fluorophores can return to S, within
the diffusion time then this is a mechanism that can cause
fluctuations or blinking of the fluorophores,’7-30 as is also
observed in single-molecule experiments.

Prior to describing the theory for blinking in FCS it is
informative to examine some examples. The top panel in
Figure 24.24 shows autocorrelation functions for rho-
damine 6G (R6G) in water, using different illumination
intensities. At low incident power of 48 uW, G(t) appears
normal with a diffusion time near 0.03 ms (top panel). As
the incident power increases a new component appears in
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G(t) with a new characteristic time (t;), which, depending
on intensity, ranged from 0.5 to 1 pus. We do not call this a
diffusion time since the origin of the component is not dif-
fusion, but rather the rate of transition and return from the
triplet state. The relative amplitude of the short . compo-
nent represents the fraction of the fluorophore in the triplet
state.

24.6.1. Theory for FCS and Intersystem Crossing

The presence of an additional fluctuation mechanism re-
quires a different correlation function. In general the theory
for such systems can be complex. Some simplification is
possible if the reaction is faster than the diffusion time and
if there is no change in diffusion coefficient due to the reac-
tion.!7 In this case the overall correlation function can be
written as the product

G(t) = Gp(1)G(7) (24.37)
where Gp(1) is the term due to translational diffusion and
GT(1) is the term due to the additional mechanism, in this
case transition to the triplet state. For the system shown in
Figure 24.23 the correlation function is given by3!

Gi(t) =11+ exp(—1t/ty) (24.38)

1-T
where T is the fraction of the molecules in the triplet state
and t; is the relaxation time for the singlet—triplet relax-
ation. This equation accounts for the decrease in the aver-
age number of singlet molecules in the observed volume by
increasing the amplitude of t = 0. Increased amplitudes are
not seen in Figure 24.24 because the autocorrelation func-
tions are normalized. The relaxation time for the triplet path
shown in Figure 24.23 is given by

k Olkst 2439
+ :
Tr T8 ol + ki ( )

where o is the cross-section for absorption, /,, is the illumi-
nation intensity, kg is the rate of intersystem crossing, and
ky, 1s the rate of return to the ground state from the excited
singlet state. The fraction of fluorophores present in the

triplet state is given by

T Olerkst (24.40)
ol (ksr + krs) + krs(ksr + kio) .
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Fitting the data in Figure 24.24 to the full correlation func-
tion allows determination of the value of 7" and t;. These
values then need to be interpreted with consideration of the
system being studied, because other chemical mechanisms
can yield similar effects.

This theory can be used to account for the effects of
different solution conditions on the autocorrelation function
for R6G. The middle panel in Figure 24.24 shows the effect
of iodide on the autocorrelation. As the iodide concentra-
tion increases the amplitude of the triplet portion of G(t)
increases. This is the result of iodide increasing the rate of
intersystem crossing so that kg becomes

ksr = kY + KKI] (24.41)
where kg0 is the rate in the absence of iodide and k is the
bimolecular rate constant for intersystem crossing due to
iodide. By examination of eq. 24.40 one can see that an
increase in kg will result in an increase in the fraction of
fluorophores in the triplet state.

It is surprising to find that the effect of oxygen was
opposite of the effect of iodide. To study this effect the sam-
ple was strongly illuminated to obtain a large fractional
population in the triplet state (Figure 24.24, lower panel).
For this 6.25-mW intensity, in the absence of oxygen, most
of the fluorophores are in the triplet state. Equilibration of
the water solution with oxygen resulted in almost complete
recovery of the correlation function due to diffusion alone.
This effect occurred because oxygen increased the rate of
return to the singlet state (kq) more than it increased the
rate of crossing to the triplet (kgp). The net result was a
decrease in the triplet population.

24.7. EFFECTS OF CHEMICAL REACTIONS

Kinetics processes other than intersystem crossing can be
detectable by FCS. FCS has been used to study conforma-
tional transitions of fluorophores,3? association reactions of
fluorescent indicators,33 and kinetic processes in GFP.84-86
One example is shown in Figure 24.25 for EGFP. In this
case the G(t) function shows an increasing amplitude of a
short-time component as the pH is decreased.3¢ The longer
characteristic time is due to translational diffusion of EGFP.
It is known that the emission intensity of EGFP is strongly
quenched at low pH (insert). This quenching is due to pro-
tonation of an ionized hydroxyl group, because EGFP is
only fluorescent when the tyrosine is ionized. As the pH is
decreased a new short-time component appears in G(1),
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Figure 24.25. Normalized autocorrelation function for EGFP at vari-
ous pH values. Revised from [86].

which is assigned to pH-dependent protonation of the tyro-
sine residue. The rate of protonation increases at lower pH
values, resulting in the increased amplitude at short times.
The proton may come from the bulk solution or from the
protein itself.

24.8. FLUORESCENCE INTENSITY
DISTRIBUTION ANALYSIS

In the preceding sections we considered processes that
result in intensity and/or concentration fluctuations in the
observed volume. The relative contributions of different
brightness fluorophores to the correlation function was
given in eq. 24.19, but we did not describe any approach to
resolve the different fluorophores from each other. The
presence of different brightness fluorophores changes the
apparent number of observed molecules (eq. 24.20), but the
information about their individual brightness values is lost
during collection of G(t), as can be seen by examining eq.
24.10. The amplitude of the correlation function is due to
the same fluorophore emitting more than a single photon
during the binning time. During a particular time interval
the signal from the same dim fluorophores correlate with
each other, as will the signal from the bright fluorophores.
When the diffusion coefficients are the same the brightness
of each fluorophore cannot be resolved and the correlation
function will have the usual shape for a single diffusion
species.
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Figure 24.26. Comparison of correlation function and photon-count
histogram for a mixture of dim and bright particles.

Suppose the sample contains two types of molecules
with the same diffusion coefficient (Figure 24.26). This
could be the same protein labeled with one or several fluo-
rophores. If G(1) were measured for this mixture one would
see the usual correlation function for a single diffusion
coefficient (lower left). Suppose now that the entire time
course of intensities was available instead of the correlation
functions. There would be lower and higher intensity fluc-
tuations due to the dimmer and brighter particles, respec-
tively. One can count the number of times a fluctuation has
a dim or bright amplitude, and create a histogram of the
results (lower right). For the mixture there will be two pop-
ulations of fluorophores, which will be seen from the inten-
sity distributions. If the particles display very different
brightness it is possible to count the number of times dim
and bright particles pass through the observed volume. One
example is shown in Figure 24.27 for coumarin-labeled
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Figure 24.27. Photon-count histogram for a mixture of 0.05 and 0.115
pm coumarin-labeled beads. Revised from [87].
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beads with radii of 0.05 and 0.115 pm.%” Two populations
are already visible in the photon-count histogram.

Until recently the correlation functions were obtained
with dedicated circuit boards that calculate G(t) in real
time. This was necessary because of the need to rapidly
sample the fluctuating signal on a timescale short enough to
characterize the process of interest. With modern electron-
ics and computers it is possible to record the intensities for
each time interval during the measurement. This allows the
data to be analyzed in a different way, which is called fluo-
rescence intensity distribution analysis (FIDA) or photon-
counting histograms (PCH) by different authors.88-97

Unfortunately, actual use of this concept with fluo-
rophores rather than beads is not as clear as in Figures 24.26

FLUORESCENCE CORRELATION SPECTROSCOPY

and 24.27. This is because there are multiple Poisson distri-
butions that need to be considered.?-92 The number of pho-
tons observed during a given time interval shows a Poisson
distribution, as does the number of fluorophores in the vol-
ume. Additionally, a given fluorophore will display a differ-
ent brightness in each region of the observed volume. As a
result the distribution of the number of photon counts is
broad even for a single fluorophore. These effects were less
important in Figure 24.27 because of the brightness of the
labeled beads and/or the mutual exclusion of the beads from
being in the laser beams at the same time. The theory of
FIDA/PCH is complex and not yet used in a standardized
way. Hence we will present just a few examples to illustrate
the nature of the data and the possible resolution.

Figure 24.28 (top) shows an example of FIDA data.”!
The top panel shows the photon-count histograms for three
individual fluorophores. The data represent the probability
a bin contained k photon counts. A different distribution
was observed for each fluorophore. While the histograms
appear distinct for each fluorophore this appearance is
somewhat misleading because the shapes of the distribu-
tions depend on fluorophore concentration, as shown for a
lower concentration of fluorescein (dashed line). The lower
panel shows the use of these histograms to resolve a mix-
ture of fluorophores. Curves are shown for fluorescein, a
coumarin derivative, and a mixture of both fluorophores,
1.2 nM each. The PCH for the mixture was different from
each fluorophore alone, but the difference is due in part to
the overall higher photon counts when the two fluorophores
are present in the solution. The relative concentration and
brightness of each fluorophore to the PCH are determined
by fitting the data to simulated histograms. In this example
the difference in brightness was about twofold. It may be
difficult to use this approach if there is only a modest dif-
ference in fluorophore brightness.

The resolution of FIDA increases as the fluorophores
display larger differences in brightness. Figure 24.29 shows
the photon-count histograms for TMR and R6G, and for a
mixture (top).8 These data were used to recover two popu-
lations of particles: one with a brightness of 36.6 kHz per
molecule (TMR) and the second about threefold brighter—
107 kHz per molecule (R6G). In this case the two popula-
tions are well resolved. The dashed lines show the distribu-
tions observed for the individual fluorophores, which are
already wide. This intrinsic width must be taken into
account when using the measured distributions to resolve
the underlying populations.
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mixture of TMR and R6G. The dashed line shows the results for sep-
arate solutions of each fluorophore. Revised from [89].

24.9. TIME-RESOLVED FCS Advanced Topic

Nanosecond time-resolved measurements are now being
combined with FCS.%8-100 This is accomplished using high-
repetition-rate pulse lasers and time-domain detection. It is
possible to recover correlation data using a pulse train be-
cause the fluorophore in the observed volume can be excit-
ed by many light pulses during the millisecond timescale
diffusion times. Lifetimes on the nanosecond timescale are
also shorter than the diffusion time. For example, suppose
the laser repetition rate is 40 MHz, so the pulses are 25 ns
apart. This time interval is 4 x 103-fold shorter than a diffu-
sion time of 0.1 ms. Hence there is time for the same fluo-
rophore to be excited many times while in the laser beam,
which allows the correlation curves to be measured.
Time-resolved methods can use off gating at short
times to suppress unwanted autofluorescence from the sam-
ples.?8 Figure 24.30 shows the correlation curves for a pure
solution of 10-nM TMR (top curve) and for 10-nM TMR
containing ANS as the mock impurity (lower 3 curves). The
presence of ANS decreases the amplitude of the autocorre-
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Figure 24.30. Background suppression in FCS using gated detection.
The top line shows 10-nM TMR with no ANS. Two-photon excitation
at 790 nm. Revised from [98].

lation curves and increases the apparent number of
observed molecules. The lifetimes of TMR and ANS were
2.2 ns and less than 100 ps, respectively. Because of the
short lifetimes the emission from ANS could be suppressed
by off gating the detection during the excitation pulse and
turning the detector on after a time delay. The correlation
curves were measured with three delay times: 0.0, 0.3, and
0.9 ns. As the delay time increased the amplitude of the
curves increased, demonstrating a decreased contribution
from the short-lived ANS impurity. For a delay time of 1.4
ns the correlation curves become almost the same as for
TMR alone (not shown). Gating is likely to become useful
for FCS because the small number of observed molecules
makes FCS sensitive to impurities, particularly in studies of
intracellular fluorophores.

As described above, FIDA can be used to determine the
presence and brightness of two or more species in an FCS
sample. Another approach is to resolve the FCS data from a
mixture using the decay times of the two species.!® Figure
24.31 (top) shows autocorrelation curves for pure CyS5, pure
FR662, and a mixture of both fluorophores. Apparently
these fluorophores have somewhat different diffusion coef-
ficients even though their molecular weights are similar.
The lifetime of FR662 near 3.5 ns is almost threefold longer
than that of Cy5, which is near 1 ns. This difference was
used with a fast-fitting algorithm!%! to determine the ampli-
tude of each decay time and to resolve the autocorrelation
function for each fluorophore (lower panel). Since probe
lifetimes frequently change upon binding to macromole-
cules it seems likely that time-resolved measurements will
become widely used in FCS.
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Figure 24.31. Top: Autocorrelation curves for pure Cy5, pure FR662,
and a mixture. Bottom: G(t) resolved from the mixture using the
time-resolved decays. Revised from [100].

24.10. DETECTION OF CONFORMATIONAL
DYNAMICS IN MACROMOLECULES

Since FCS can detect blinking and chemical reactions that
change the intensity, it seems natural to use FCS to study
the conformational dynamics of macromolecules.!02-108
Given the ms timescale of FCS, and the possibility of
increasing the diffusion time by increasing the size of the
volume, FCS should be able to detect conformational
changes that occur during the diffusion time. Since the
observed volume is limited by background emission, the
observed volume cannot be made too large, so the events
will probably need to occur on the microsecond timescale
or faster to be detectable by FCS. One example of measur-
ing macromolecular dynamics is shown in Figure 24.32.
This shows a molecular beacon that is opening and closing
with rate constants &, and k,. The open state is fluorescent
and the closed state quenched.

The correlation functions were measured for the bea-
con Gg(t) and for a control oligonucleotide G(t) that did
not have the quencher (Figure 24.32, middle panel). While
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Figure 24.32. Folding kinetics of a molecular beacon at 45°C.
Revised from [108].

the difference between Gg(t) and G(t) seems substantial,
the difference in amplitude may be the result of about 65%
the beacon being in the closed state at the experimental
temperature of 45°C, thus reducing the effective fluo-
rophore concentration. If the timescales are very different,
the overall correlation function is the product of the func-
tions due to the different processes. In this case the control
molecule reveals the portion of G(t) due to translational dif-
fusion:

Gy =1+ ) 24.42)
c(t) = N . (24.
The overall correlation function is given by
1—p T
Gg(t) = Gc(r)[l + » exp(—f)] (24.43)
TR
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where p is the fraction of the beacons in the open conforma-
tion and 1/tg = k, + k, is the relaxation time for the reaction.
The functional form of eq. 24.43 is the same as eq. 24.38
because both equations account for fluorophore blinking,
but due to different mechanisms. Division of Gg(t) by
G(7) reveals the part of the correlation function that is due
to opening and closing of the molecular beacon (lower
panel). Note the time axes on the panels are different, and
the ratio is greater than unity only for delay times less than
0.1 ms. This ratio of correlation function is consistent with
a relaxation time near 24 ps. By examination of a range of
DNA sequences the authors were able to show that the
opening rate k; was mostly independent of sequence, but
the closing rate k, was strongly dependent on sequence.!08

The FCS measurements provided a measure of the sum
of the forward and reverse reaction rates for the molecular
beacon. Additional information is needed to determine both
rates individually. The equilibrium constant K for folding of
the beacon is given by K = k,/k, and can be measured in a
steady-state experiment. One can show that the forward and
reverse reaction rates are related to the equilibrium constant
by

K=t K (24.44)
Pl + K '

= 24.45
7l + K (24.45)

The FCS measurements only provide information on
the reaction rates if the relaxation time is comparable to
the correlation time, irrespective of the fraction of the fluo-
rophore in either form. This can be seen by examination
of eq. 24.43. The exponential term approaches unity when
TR > T.

24.11. FCSWITHTOTAL INTERNAL REFLECTION

Measurement of the correlation functions requires observa-
tion of a small number of fluorophores in a restricted vol-
ume. This can be accomplished by focused illumination and
confocal detection. Another approach to FCS is to obtain
the small volume using total internal reflection (TIR).
Recall from Chapter 23 on Single-Molecule Fluorescence
that TIR occurs from light incident on an interface when the
index of refraction is lower in the distal region and the angle
of incidence, measured from the normal, exceeds the criti-
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cal angle 0. Under these conditions there is an evanescent
field in the distal region. The intensity of this field decays
according to

1(z) = 1(0) exp(—z/d) (24.46)
where 1(0) is the intensity at the interface and z is the dis-

tance above the interface. The decay constant for the inten-
sity of the evanescent field is given by

0 . _
d=—(n3sinf. — n?) 12
4

(24.47)
where A, is the wavelength in a vacuum, and #n, and n, are
the refractive indices of the distal (water) and local (glass)
regions, respectively. The evanescent field typically pene-
trates a distance d = 200 nm. As a result the volume can be
restricted by localized excitation of fluorophores near the
interface.

Figure 24.33 shows a typical configuration of FCS
using TIR. The observed volume is a thin circle or elliptical
disk 100-200 nm thick and about 5 pm in diameter. In this
configuration fluorophores that are free in solution can
enter or exit the volume by diffusion to and away from the
glass surface. Diffusion out of the observed volume along

——X—— Aperture

Detector

Figure 24.33. Experimental configuration for FCS using total internal
reflection.
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Figure 24.34. FCS with TIR. Top: Simulated correlation functions
near a planar surface, without (Gp,(t)) and with (G(t)) binding sites
for the diffusing species. Bottom: Experimental data for labeled IgG
near a lipid surface, without and with receptors for the Fc region.
Revised from [111].

the interface is slow due to the large diameter of the spot. If
the fluorophores are bound to the surface then they can only
leave the volume by lateral diffusion along the surface or
dissociation from the surface. Because of the difference in
geometry and diffusion paths the correlation functions have
a different functional form. This theory has been devel-
oped!®-111 and TIR-FCS has been used to study diffusion
and binding near glass or membrane interfaces. The equa-
tions are rather complex and can be found elsewhere.!12-115
However, we will present an experimental example.

The correlation function for diffusion with TIR geom-
etry has a characteristic shape (Figure 24.34). The shape
depends strongly on whether the labeled molecules simply
diffuses near the surface Gp(t) or, if there are receptor sites
on the surface, Gy(t). The presence of binding sites results
in a long time component in the correlation function that
can be used to detect binding to the surface. The lower
panel in Figure 24.34 shows experimental data for Alexa
Fluor 488-labeled IgG. The correlation function was meas-
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ured near a lipid-coated surface, or near a lipid-coated sur-
face that contained a receptor for the Fc region. The pres-
ence of binding sites results in a dramatic shift in G(t). One
can imagine such measurements being used to measure
binding to cells to screen for drug—receptor interactions.

24.12. FCSWITH TWO-PHOTON EXCITATION

Two-photon (TPE) or multiphoton excitation (MPE) is very
useful in FCS. When using MPE the excited volume is
small because of the quadratic dependence on light intensi-
ty. Importantly, the z-axis resolution is improved because
the excited volume is less elongated. Sensitivity is also
improved because the emission can be observed without a
confocal aperture. The theory for FCS using MPE is very
similar to that for one-photon excitation. The molecules can
still enter and exit the observed volume from three direc-
tions. However, the shape of the volume is changed due to
the quadratic dependence on intensity. For two-photon exci-
tation diffusion time is related to the volume diameter:

=— (24.48)

where s is the distance at which the intensity is 1/e2 of its
maximum value. Equation 24.48 for two-photon excitation
is different than eq. 24.14 because the intensity profile is
squared to provide the two-photon excitation profile.%2 That
is, the dimensions of the excited volume are described in
terms of the original long-wavelength intensity profile
rather than the square of the intensity profile. For two-pho-
ton excitation the correlation function for diffusion
becomes!!0-117

Gp(1) = G(0) (1 + 8?)1 (1 + Suf)m (24.49)

For the same diameter beam the diffusion times are smaller
with TPE even if the diffusion coefficient is not changed
because of the quadratic dependence on intensity and the
smaller excited volume. Some authors assume the excita-
tion intensity is Gaussian in the focal plane and Lorentzian
along the z-axis. This assumption results in an expression
for Gp(7) that is different from eq. 24.49 and more complex,
but the visual shape of G (t) is similar. A significant frac-
tion of the publications on FCS!18-121 yse two-photon exci-
tation because of its experimental advantages. When using
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two-photon excitation there is no need for a confocal aper-
ture and the beam profile is shorter along the z-axis.

24.12.1. Diffusion of an Intracellular Kinase Using
FCS with Two-Photon Excitation

Localized excitation using TPE has made it possible to
study labeled intracellular proteins in selected regions of a
cell. One example is studies of the ubiquitous enzyme
adenylate kinase in HeLa cells.!?2 Adenylate kinase (AK)
occurs in two forms: a cytoplasmic form AKC and a mem-
brane-bound form AKM. The membrane-bound form con-
tains an additional 18-amino-acid chain that appears to bind
AKM to membranes. These two forms of AK from murine
cells were fused with EGFP and expressed in HeLa cells.
Figure 24.35 shows a microscope image of cells expressing
these proteins. The cells containing AKC-EGFP are bright
in the cytoplasm and the cells containing AKM-EGFP show
a line of fluorescence at the plasma membrane, showing
that the two forms of AK are localized differently in the
cells. The bottom panel shows the correlation functions
recovered for both proteins. The autocorrelation functions
for the cytoplasmic form (©) shows the protein diffuses
freely, as can be seen by comparison with the autocorrela-
tion function for EGFP alone in the cells (a). The mem-
brane-bound protein shows a large long T component cen-
tered near 100 ms. The middle panel in Figure 24.35 shows
the diffusion coefficients of AKM-EGFP on or near the
plasma membrane. At the plasma membrane two diffusion
coefficients are found, one being about tenfold smaller than
in the cytoplasm. This component is thought to be due to
membrane-bound AKM. These separate measurements on
each form of AK were facilitated by the use of localized
two-photon excitation.

24.13. DUAL-COLOR FLUORESCENCE
CROSS-CORRELATION SPECTROSCOPY

We have seen that the fluorescent fluctuation autocorrela-
tion functions are sensitive to the rate of diffusion and to
chemical or photophysical processes that occur during
observation. The weak dependence of the diffusion coeffi-
cients on molecular weight makes it difficult to use FCS to
measure binding reactions unless there is a large change in
molecular weight. Formation of dimers is near the resolu-
tion limit for FCS using the diffusion time to distinguish
two species. The addition of two-color excitation and detec-
tion to FCS changes the form of the correlation functions
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Figure 24.35. Top: Image of an HeLa cell containing AKC-EGFP
(left) or AKM-EGFP (right). Middle: Image of the cell membrane
with AKM-EGFP with the recovered diffusion coefficients. Bottom:
Normalized autocorrelation function for cytoplasmic AKC-EGFP (0),
membrane-bound AKM-EGFP (®), and EGFP in the cytoplasm (A).
The solid lines in the insert show the components due to each diffu-
sion coefficient. Revised from [122].

and provides new applications of FCS. Figure 24.36 shows
a schematic of a dual-color FCS experiment. Suppose the
sample contains three types of molecules, labeled with
green (G), red (R), or both green and red (RG) fluo-
rophores. Such a sample could be observed with an FCS
instrument configured for two-color measurements and sep-
arate detectors for the R and G signals. Different time-
dependent fluctuations will be observed in each channel
(Figure 24.36). If a G fluorophore diffuses into the volume
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Figure 24.36. Dual-color fluorescence cross-correlation spectroscopy.

there is a burst of photons in the G channel, and similarly
for an R fluorophore. If the RG fluorophore diffuses into
the volume then a burst of photons is observed in both chan-
nels. This shows that doubly labeled molecule can be
detected by cross-correlation between the two channels.
The method is called fluorescence cross-correlation spec-
troscopy (FCCS).

24.13.1. Instrumentation for Dual-Color FCCS

Before describing the theory for FCCS it is instructive to
examine the instrumentation (Figure 24.37). We have
assumed a red and a green channel since these wavelengths
have been used in FCCS.123-131 Two lasers are used typical-
ly: an argon laser for 488 nm and an HeNe laser for 633 nm.
Additionally, a single laser has been used with two-photon
excitation to excite two fluorophores.'32 In order to obtain a
cross-correlation signal the observed volumes for both col-
ors must overlap in space. For this reason it is convenient to
bring the excitation to the microscope using an optical fiber,
which provides the same point source for both wavelengths
and overlap the excitation volumes, assuming the objective

FLUORESCENCE CORRELATION SPECTROSCOPY

is corrected for color aberration. The emission wavelengths
are separated by a dichroic filter and sent to separate detec-
tors.

The optics used to separate the green and red signals
are sophisticated. The emission spectra of rhodamine green
(RhG) and Cy5 are shown in Figure 24.38. It is necessary
to excite both fluorophores and to separate their emissions.
The double dichroic filter is a specialized component. It
reflects both 488 and 633 nm and transmits the emission
from both RhG and Cy5. The emission from these fluo-
rophores is then sent to different detectors using additional
dichroic filters. There is always some overlap or crosstalk
between the channels. Excitation at 488 nm excites mostly
RhG but will weakly excite Cy5. The emission of RhG
extends to the region of Cy5 emission. Excitation at 633 nm
excites only Cy5. Analysis of the cross-correlation signals
requires correction for crosstalk. The actual equation
becomes complex, so we will only describe the theory
assuming no crosstalk between the channels.

24.13.2. Theory of Dual-Color FCCS

The theory of dual-color FCCS has been described in
detail.!?3-124 The sample will contain some average concen-
trations of each species— Cy, Cy, and Cgr —and each
species will have an autocorrelation function—Gg(t),
Gg(1), and Ggg(t). The observed autocorrelation or cross-
correlation function will depend on which detector is
observed and the crosstalk between the detectors, which we
assume to be zero. The green fluorophore is excited with
the green excitation source, and the red fluorophore with
the red source. For simplicity we assume the brightness of
all species are the same. In this case the correlation func-
tions for the three species are given by

EGDG(T) + EGRDGR(T)

Go(t) = ST R 24.50
o(®) Ve Co + Co)’ (2450
ERDR(T) + GGRDGR(T)
Gu(t) = 7T 2451
<0 Ver Ce + Cox)? (2430
CoxD
Gar(t) = axDox(7) (24.52)

Veff(E'G + E‘GR)(E‘R + Z‘GR)

where D(t) are the portion of the correlation functions that
contain the diffusion coefficients. These expressions can be
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understood as each autocorrelation function being the
weighted sum for each species (G and R) as seen through
one of the channels. For instance, the G fluorophore is
detected in the G channel if it is present on the G or GR par-
ticle. It is important to notice that the amplitude of the
cross-correlation function is proportional to the concentra-
tion of the doubly labeled species Cgpy -

Because of the different excitation wavelengths the
dimension of the observed volume will be different for each
color, and different for the cross-correlation function. For
each channel

S
VG = n¥s%ug, 1§ = i (24.53)
2
SR
Vi = n'7sjug, 5 = D (24.54)
For the cross-correlation measurement
3/2
G = ﬁl(sé +s)(ug + ug)|? (2455
2 2
sg T Sk
= — 24.56
TGR 8D ( )
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Figure 24.39. Autocorrelation and cross-correlation function for
cleaving of labeled DNA. Revised from [125].

It is informative to visualize how the cross-correlation
function is different from autocorrelation functions.
Assume a DNA strand is labeled and cleaved by an enzyme
(Figure 24.39). If the strand contains one green fluorophore
and the strand is cut in half, then G(t) shifts slightly to
shorter diffusion times due to slightly faster diffusion: 213 =
1.26-fold. The intercept G(0) is not changed because the
number of diffusing fluorophores remains the same. Now
assume the DNA contains two green fluorophores, one on
each end. Cleavage of the strand again results in an increase
in the diffusion coefficient, but also a decrease in G;(0)
because the number of independent diffusing species is
doubled. In practice it may be difficult to quantify the G(0)
value since it depends on the bulk concentration and the
extent of triplet formation.

A remarkably different and useful result is obtained if
the fluorophore is labeled on each end, but with a different-
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color fluorophore (Figure 24.39 bottom). In the intact
strand the G and R fluorophores diffuse together and yield
a cross-correlation function Ggg(t) that is proportional to
the concentration of the intact strand. As the DNA is
cleaved the amplitude of the cross-correlation function
decreases dramatically to zero when all the DNA is cleaved.
The cross-correlation measurement detects only the doubly
labeled species. Notice that the amplitude of G(t) is pro-
portional to Cgy , rather than the inverse, C;! or Cy!, as
for the autocorrelation functions.

While dual-color FCCS is very powerful it does have
some intrinsic limitations. Examination of eq. 24.52 reveals
that the cross-correlation amplitude is inversely proportion-
al to the concentration of the singly labeled species. Hence
FCCS is not useful for detection of trace amounts of doubly
labeled species in the presence of excess amounts of singly
labeled species.

24.13.3. DNA Cleavage by a Restriction Enzyme

The unique information provided by FCCS is illustrated by
the cleavage of a 66-bp long double-stranded DNA
oligomer.!' This DNA is labeled on one end with rho-
damine green (RhG) and on the other end Cy5. The cleav-
age site for the restrictive enzyme EcoRI is near the middle
of the strand (Figure 24.40). The cross-correlation was
measured for various times following addition of EcoRlI,
and its amplitude decreased progressively to near zero. The
residual amplitude at long times is probably due to crosstalk
between the channels.

At first glance one may think that the cross-correlation
signal is dependent on RET between RhG and Cy5 (Figure
24.38), since these probes would be a good donor—acceptor
pair for Forster transfer. However, the distance between
RhG and Cy5 in the 66-mer is too long for RET. The
appearance of cross-correlation does not depend on energy
transfer, but instead on the two probes being linked so both
appear in the observed volume at the same time.

24.13.4. Applications of Dual-Color FCCS

Applications of FCCS have already been published.!33-142
One example is the stoichiometry of binding of RNA
oligomers to transcription activator protein NtrC.!3¢ This
protein controls part of the nitrogen metabolism pathway in
bacteria. It was thought that the octameric NtrC complex
may bind two DNA oligomers, which could be tested by
dual-color FCS. The oligomers were labeled with either
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Figure 24.40. Sequence of DNA labeled with both RhG and Cy5. The lower panel shows the cross-correlation function during incubation of the

labeled DNA with the restriction enzyme EcoRI. Revised from [125].

FAM or ROX (Figure 24.41). Detection of binding of both
labeled oligomers was demonstrated by the cross-correla-
tion signal. If NtrC bound only one oligomer then the cross-
correlation amplitude would be zero.

Dual-color FCCS is likely to find widespread use in
studies of gene expression. This can be accomplished by
synthesis of two oligonucleotides, each labeled with a dif-
ferent fluorophore and each specific for a different region of
the same gene. The concept of the experiment is shown in
Figure 24.42.137 The RNA from the cells of interest is
extracted and converted to cDNA using reverse transcrip-
tase. The cDNA is then mixed with the two labeled probes,

which are specific for nearby regions of the same gene. If
the gene is present the G and R probes bind near to each
other and create a cross-correlation signal. If the probes are
mixed with cDNA that was depleted of this gene the cross-
correlation signal is near zero.

Dual-color FCS can be used to measure protein associ-
ation. Aggregation of amyloid proteins appears to be an
important component of Alzheimer's disease, and aggrega-
tion of prion proteins occurs in bovine spongiform
encephalopathy and Creutzfeldt-Jakob disease.!3® Dual-
color FCS has been used to study aggregation of prion pro-
teins (PrP). The isolated proteins were labeled either with
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Figure 24.41. Detection of binding of two DNA oligomers to the regulatory protein NtrC by dual-color FCCS. Revised and reprinted with permission
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Figure 24.42. Detection of gene expression using dual-color FCCS.

Revised from [137].

Cy5 or Oregon Green.'3® A cross-correlation signal
appeared immediately upon mixing (Figure 24.43), show-
ing the formation of aggregates. The use of FCCS allows
kinetics to be studied, and to see if aggregate formation is
spontaneous or requires seeds of aggregated proteins.

In the previous examples the needed information was
contained in the amplitude of the cross-correlation function.
The diffusion coefficients were not needed, and hence there
was no need to calculate the cross-correlation function.
Instead, the data can be analyzed by coincidence analy-
sis.!43-147 The oligonucleotides with the desired require-
ments are labeled with two different probes (Figure 24.44).
Instead of the correlation function one records the time-
dependent intensities from each channel. The data are ana-
lyzed to count the number of events where signals appear in
both channels.

24.14. ROTATIONAL DIFFUSION AND PHOTON

ANTIBUNCHING Advanced Topic

Since FCS is sensitive to translational diffusion it seems
logical to use FCS to measure rotational diffusion. Such
measurements would be useful because rotational correla-
tion times are directly proportional to the molecular weight,
but translational diffusion coefficients are proportional to
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Figure 24.43. Association of prion proteins (PrP) by dual wavelength
cross-correlation FCS. PrP were labeled with either Cy5 or Oregon
Green (OG). Revised from [139].

(MW)13, The use of FCS to measure the hydrodynamics
and internal dynamics of macromolecules is promising
because the timescale is not limited by fluorescence life-
times. However, there have been relatively few publications
on rotational diffusion’#8-152 because there are a number of
physical limitations and technical challenges. To measure
rotational motions using FCS it is necessary to account for
photon antibunching and triplet formation, which can occur
on the same timescale as rotational diffusion.

In a typical FCS experiment the timescale of interest is
the diffusion time t,, which is usually much longer than the
fluorescence lifetime t,. Hence there is time for the fluo-
rophore to return to the ground state to be excited again
while still in the observed volume. However, rotational cor-
relation times 0 are usually comparable to the lifetimes and
much shorter than the diffusion times. In order to observe a
correlation it is necessary to detect more than a single pho-
ton from the molecule before its orientation is randomized
by rotational diffusion. While the fluorophore is in the
excited state it cannot be excited again. As a result there is
always some time delay, comparable to the fluorescence
lifetime, between detection of two photons from the same
fluorophore. This delay is called photon antibunching, to
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indicate that detection of a second photon is statistically
less probably as the time delay becomes smaller.!33-155

An optical configuration for anisotropy FCS (AFCS) is
shown in Figure 24.45. The sample is excited with polar-
ized light. The emission is observed using two detectors.
The emission is split by a beamsplitter that randomly trans-
mits or reflects the photons. The detection electronics is
similar to that used for TCSPC. The difference in arrival
times of the emitted photons is measured with the time-
domain electronics. Because the photons are randomly dis-
tributed the first photon can arrive in either channel, so the
correlation function will appear to be symmetrical around t
= 0. Figure 24.45 shows polarizers in the emission light
paths, but they are not necessary because photoselection
occurs upon excitation.

The theory for AFCS can be complex, 48149 so we will
present the simplest case. Assume that the lifetime 1y is
much shorter than the rotational correlation time 0, and that
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[150].

both of these are shorter than the diffusion time. Also
assume that the absorption and emission dipoles are paral-
lel, and that the excitation is polarized in the z direction and
the emission is observed without polarizers, the observed
volume is long along the z-axis. The correlation function is
then given by

1
G(‘C) = G(O)[T’E/‘ED
+ %exp( —er) - %exp(;)] (24.57)

F

The correlation time information is available without polar-
izers because the probability of excitation depends on the
orientation of the fluorophore relative to the incident polar-
ization. This separation of correlation time from lifetime
can be seen in the middle term of eq. 24.57, where the expo-
nential relationship depends on the ratio of the experimen-
tal correlation time t to the rotational correlation time 0.
This is different from time-resolved anisotropy decays,
where the lifetime must be comparable to the rotational cor-
relation time to obtain useful information. The last term in
eq. 24.57 represents the photon antibunching, which
decreases exponentially with the ratio of the experimental
correlation time to the lifetime tp.
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Figure 24.46. Measurement of rotational diffusion of Texas Red-
labeled pancreatic lipase using FCS. Revised from [151].

It is interesting to notice that eq. 24.57 contains two
exponential terms plus the diffusion term. Recall that the
concentration autocorrelation function is also exponential
in Tt (eq. 24.11). The averaging over a Gaussian volume
results in the dependence shown in eq. 24.57. The photon
antibunching term and the rotational diffusion terms still
show the exponential dependence because they do not
depend on the position of the fluorophore in the volume.

Figure 24.46 shows an AFCS experiment, in this case
for pancreatic lipase labeled with Texas Red.!>! The data
were collected using three parallel polarizers (Figure
24.45), so that eq. 24.57 is not appropriate for these data but
requires additional geometric factors. G(t) is symmetrical
because of the random distribution of photons by the beam-
splitter. Notice that the timescale is ns rather than ms
because rotational diffusion occurs on this timescale. The
dip in the middle is due to photon antibunching and is sev-
eral ns wide, comparable to the lifetime 1. The decays on
either side are due, at least in part, to rotational diffusion of
the protein.

24.15. FLOW MEASUREMENTS USING FCS

As a final application of FCS we will describe how it can be
used to detect the velocity in flowing samples. This is not a
trivial problem, especially in microfluidic structures where
the velocity will vary across the channel and will be differ-
ent in branches of a channel. The theory of FCS with flow
has been described,!>¢ and the interest in such measure-
ments appears to be growing rapidly.!’7-162 A typical
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Figure 24.47. Flow velocity measurements using FCS.

arrangement for flow measurements is shown in Figure
24.47. The flowing sample is illuminated with one laser
beam or with two spatially separated laser beams. Flow
velocities can be measured using either the autocorrelation
function from one volume or the cross-correlation signal
from two spatially separated volumes.

When a single volume is observed the time a fluo-
rophore remains in the laser beam is reduced in a flowing
sample. G(t) is expected to decay more quickly as the
velocity increases. In the presence of flow, if diffusion can
be neglected, the single volume autocorrelation function is
given by

(24.58)
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Figure 24.48. Normalized autocorrelation curves for 5-nM rhodamine
green flowing in a capillary. Revised and reprinted with permission
from [161]. Copyright © 2002, American Chemical Society.
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where 1y, is the time for a fluorophore to be swept through
the volume at a velocity V:
Ty =8IV (24.59)

The effect of flow is shown in Figure 24.48 for rhodamine
green in water.'%! In the absence of flow the usual autocor-
relation function is observed. As the flow rate increases the
curves shift progressively to shorter times, and begin to take
on the exponential shape given by eq. 24.58. This shift is
the result of the fluorophores being removed from the
observed volume prior to being excited multiple times.

Another approach to measuring flow is to use cross-
correlation between two spatially separate volumes (Figure
24.49). In this case the cross-correlation curves show a peak
at the time needed for a fluorophore to flow from one vol-
ume to the next volume.!62 The increased amplitude below
0.1 ms is due to crosstalk between the channels. The expres-
sion for cross-correlation due to flow, neglecting diffusion,
is given by

1 -R?
— exp[ 5

5 ( v +1—2%2 cosar) | (24.60)
N

2
Tvelv Tyel

G(t) =

where 1, = R/V. This last expression is complex, but the
result is simple. The cross-correlation curves show a peak at
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Figure 24.49. Measurement of the flow of TMR in water using cross-
correlation between spatially separated channels. Revised and reprint-
ed with permission from [162]. Copyright © 2002, American
Chemical Society.
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a time that corresponds to the transit time between the two
volumes.

24.16. ADDITIONAL REFERENCES ON FCS

FCS is in a stage of rapid development. Additional refer-
ences on various aspects of FCS are listed after the main
reference section.
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PROBLEMS

P24.1.

P24.2.

pP24.3.

pP24.4.

P24.5.

Figure 24.8 shows autocorrelation curves for several
concentrations of R6G. Assume these concentrations
are correct. What is the effective volume (V) of the
sample? Assume the ratio for the ellipsoidal volume is
p/s = 4.0. What are the dimensions of the ellipsoid?

Figure 24.10 shows the autocorrelation function for
labeled a-lactalbumin (14,000 daltons) in the
absence and presence of GroEL (840,000 daltons).
Is the change in diffusion time consistent with com-
plete binding of a-lactalbumin to GroEL?

Figure 24.21 shows autocorrelation functions for
GUVs composed of DLPC or DLPC/DPFC (0.2/
0.8). Assume the laser beam diameter is 1 pm.
Using the same diffusion coefficient, calculate the
time it takes a Dil-C,, molecule to diffuse 10 pm.
Suppose the beam diameter is increased to 2 pm.
How long does it take the molecule to diffuse 10
pm?

Figure 24.32 shows a correlation function for the
opening and closing of a molecular beacon. Assume
you have access to a steady-state fluorometer with
control of the sample temperature. Suggest a way to
separately determine the values of k, and k,.

Figure 24.33 shows a typical configuration for FCS
using TIR. Suppose you wanted to measure diffu-
sion coefficients near the interface, and the illumi-
nated spot had a diameter of 5.0 um. Calculate the
volume of the observed solution assuming d = 100
nm. What concentration of fluorophore is needed to

P24.6.
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obtain approximately 10 fluorophores in the vol-
ume?

Assume the volume contains a single phospholipid
bilayer that contains all the probe molecules. What
fraction of the lipids need to be labeled to obtain 10
fluorophores in the volume? The area occupied by a
single phospholipid molecule is about 70 A2,

Figure 24.50 shows autocorrelation curves for tubu-
lin with cryptophycin as the sample was diluted.
Explain how these data can be used to determine if
the complex dissociates upon dilution. Assume all
the tubulin substrates contain the TMR label.

1.0

Cryptophycin-Tubulin

0.8
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Gl7)
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Figure 24.50. Effect of increasing concentrations of cryptophycin on
labeled tubulin dimers. Revised and reprinted with permission from
[38]. Copyright © 2003, American Chemical Society.



	Chapter 24
	Fluorescence Correlation Spectroscopy
	24.1. Principles Of Fluorescence Correlation Spectroscopy
	24.2. Theory of FCS
	24.2.1. Translational Diffusion and FCS
	24.2.2. Occupation Numbers and Volumes in FCS
	24.2.3. FCS for Multiple Diffusing Species

	24.3. Examples of FCS Experiments
	24.3.1. Effect of Fluorophore Concentration
	24.3.2. Effect of Molecular Weight on Diffusion Coefficients

	24.4. Applications of FCS to Bioaffinity Reactions
	24.4.1. Protein Binding to the Chaperonin GroEL
	24.4.2. Association of Tubulin Subunits
	24.4.3. DNA Applications of FCS

	24.5. Fcs In Two Dimensions: Membranes
	24.5.1. Biophysical Studies of Lateral Diffusion in Membranes
	24.5.2. Binding to Membrane-Bound Receptors

	24.6. Effects of Intersystem Crossing
	24.6.1. Theory for FCS and Intersystem Crossing

	24.7. Effects Of Chemical Reactions
	24.8. Fluorescence Intensity Distribution Analysis
	24.9. Time-Resolved FCS
	24.10. Detection of Conformational Dynamics in Macromolecules
	24.11. Fcs With Total Internal Reflection
	24.12. Fcs With Two-Photon Excitation
	24.12.1. Diffusion of an Intracellular Kinase Using FCS with Two-Photon Excitation

	24.13. Dual-Color Fluorescence Cross-Correlation Spectroscopy
	24.13.1. Instrumentation for Dual-Color FCCS
	24.13.2. Theory of Dual-Color FCCS
	24.13.3. DNA Cleavage by a Restriction Enzyme
	24.13.4. Applications of Dual-Color FCCS

	24.14. Rotational Diffusion and Photon Antibunching
	24.15. Flow Measurements Using FCS
	24.16. Additional References on Fcs
	References
	Additional References to FCS and ITS Applications
	Binding Reactions
	Classics
	Data Analysis
	DNA Applications
	Dual Color
	Image Correlation Spectroscopy
	Instrumentation
	Intracellular
	Kinetics
	Membranes
	Moments and Higher Orders
	Novel Methods
	Photon Counting Histograms
	Proteins and FCS
	Polymers and FCS
	Resonance Energy Transfer
	Scanning FCS
	Reviews
	Theory of FCS
	Total Internal Reflection

	Problems





