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Total Internal Reflection with Fluorescence Correlation Spectroscopy:
Combined Surface Reaction and Solution Diffusion

Tammy E. Starr and Nancy L. Thompson
Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27599-3290 USA

ABSTRACT Total internal reflection with fluorescence correlation spectroscopy (TIR-FCS) is a method for measuring the
surface association/dissociation rates and absolute densities of fluorescent molecules at the interface of solution and a planar
substrate. This method can also report the apparent diffusion coefficient and absolute concentration of fluorescent molecules
very close to the surface. An expression for the fluorescence fluctuation autocorrelation function in the absence of
contributions from diffusion through the evanescent wave, in solution, has been published previously (N. L. Thompson, T. P.
Burghardt, and D. Axelrod. 1981, Biophys. J. 33:435-454). This work describes the nature of the TIR-FCS autocorrelation
function when both surface association/dissociation kinetics and diffusion through the evanescent wave contribute to the
fluorescence fluctuations. The fluorescence fluctuation autocorrelation function depends in general on the kinetic association
and dissociation rate constants, the surface site density, the concentration of fluorescent molecules in solution, the solution

diffusion coefficient, and the depth of the evanescent field. Both general and approximate expressions are presented.

INTRODUCTION

A variety of biological processes are mediated by interac-
tions between soluble ligands and cell surface receptors.
Examples include immune processes that rely on interac-
tions between soluble antibodies specific for pathogens and
antibody receptors on immune cell surfaces (Daeron, 1997;
Ravetch, 1997); neurological processes in which soluble
transmitters such as serotonin stimulate cellular response by
binding to specific receptors (Kim and Huganir, 1999; Seal
and Amara, 1999); regulation of cellular growth and prolif-
eration by interactions between specific growth factors and
their cell-surface receptors (Hwa et al., 1999; Olofsson et
al., 1999); and blood hemostasis, which is mediated in part
by soluble proteins such as fibrinogen that associate with
specific receptors on platelet surfaces (Clemetson and
Clemetson, 1998; Zwaal et al., 1998).

One method for examining the thermodynamics and ki-
netics of ligand-receptor interactions is to use substrate-
supported planar membranes (McConnell et al., 1986;
Tamm and Kalb, 1993; Sackmann, 1996) and total internal
reflection fluorescence microscopy (Axelrod, 1993;
Thompson et al., 1993; Thompson and Lagerholm, 1997).
In this approach, fluorescent ligands in solution interact
with nonfluorescent receptors in the planar membranes. An
excitation light source is internally reflected at the substrate/
solution interface, creating a thin evanescent field that ex-
cites membrane-bound ligands (as well as those very close
to the membrane). Measurement of the evanescently excited
fluorescence as a function of the concentration of fluores-
cent ligands in solution yields binding curves from which
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equilibrium association constants may be measured (Pisar-
chick and Thompson, 1990; Hsieh et al., 1992). Information
about surface association and dissociation kinetic rates may
be found by using evanescent illumination with a concen-
tration jump (Kalb et al., 1990; Miiller et al., 1993) or with
fluorescence photobleaching recovery (Hsieh and Thomp-
son, 1995; Lagerholm et al., 2000).

A method similar to the combination of evanescent illu-
mination with fluorescence photobleaching recovery is total
internal reflection with fluorescence correlation spectros-
copy (TIR-FCS) (Thompson et al., 1981; Thompson, 1982).
In conventional fluorescence correlation spectroscopy
(FCS), temporal fluctuations in the fluorescence measured
from a small volume in solution are autocorrelated to pro-
vide information about the dynamics of the processes giving
rise to the fluctuations (Elson and Magde, 1974; Magde et
al., 1974; Palmer and Thompson, 1989a; Thompson, 1991).
In TIR-FCS, the small observation volume is defined by
using evanescent illumination and an aperture placed at an
intermediate image plane of an optical microscope. The
fluorescence measured from the small volume adjacent to
the surface where internal reflection occurs fluctuates with
time as individual fluorescent ligands diffuse into the vol-
ume, bind to surface-associated receptors, dissociate, and
exit the volume. The fluorescence fluctuations are autocor-
related to obtain information about the association and
dissociation rate constants for the ligand—receptor interac-
tion. The experimental feasibility of TIR-FCS was initially
demonstrated by examining the reversible, nonspecific ad-
sorption of proteins to fused silica surfaces (Thompson and
Axelrod, 1983), and this method has recently been used to
examine the interaction of small molecules with chromato-
graphic surfaces (Hansen and Harris, 1998a,b).

There has been considerable recent interest in developing
FCS as a method for examining the properties of biochem-
ical processes (e.g., Chen et al., 1999a, b; Korlach et al.,
1999; Schuler et al.,, 1999; Vanden Broek et al., 1999;
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Wiseman and Peterson, 1999; Bieschke et al., 2000; Cluzel
et al., 2000; Schwille et al., 2000; Van Craenenbroeck and
Engelborghs, 2000) and for use in high throughput screen-
ing (Sterrer and Henco, 1997; Auer et al., 1998; Fister et al.,
1998; Silverman et al., 1998; Moore et al., 2000). A signif-
icant part of this effort has been directed toward detecting
the reduction in the translational diffusion coefficient of a
fluorescent ligand upon binding to a nonfluorescent receptor
(e.g., Van Craenenbroeck and Engelborghs, 1999; Wohland
et al., 1999). Although useful, this version of conventional
solution-based FCS is limited for at least two reasons. First,
translational diffusion is not very sensitive to size. Unless
the receptor is considerably larger than the fluorescent li-
gand, the reduction in translational diffusion associated with
receptor binding is not measurable (Meseth et al., 1999).
Second, the average number of molecules in the illuminated
volume must be small to produce fluorescence fluctuations
of detectable magnitude, so the sample volume must be
small. The resulting time for diffusion through the sample
volume is usually in the millisecond range. Few ligand—
receptor interactions of physiological interest have lifetimes
on the order of, or shorter than, milliseconds. Therefore, the
time dependence of the fluorescence fluctuation autocorre-
lation function contains information only about the equilib-
rium and not the kinetic aspects of the ligand—receptor
interaction.

TIR-FCS autocorrelation functions depend directly on the
kinetic rates describing the interaction of fluorescent ligands
in solution with the surface binding sites (Thompson et al.,
1981; Thompson, 1982). Thus, TIR-FCS may solve both
major difficulties associated with using conventional solu-
tion-based FCS to monitor ligand-receptor interactions (low
sensitivity to changes in translational diffusion and lack of
direct information about kinetic rate constants). One aspect
of TIR-FCS is that fluorescence fluctuations may arise not
only from fluorescent ligands binding to and dissociating
from surface-associated receptors, but also from ligand dif-
fusion through the membrane-adjacent volume. Thus, there
is a need for a theoretical expression that describes the
manner in which solution diffusion and surface association/
dissociation contribute to the measured autocorrelation
function for samples in which both are significant. Such a
theoretical expression would allow the two processes to be
distinguished and the surface binding kinetics to be more
accurately characterized. In addition, because FCS can be
used in the microsecond time range, TIR-FCS has the ability
to measure the apparent diffusion coefficient of fluorescent
molecules very close to membrane surfaces. This effective
diffusion coefficient is important in that it is expected to
strongly affect the ligand-receptor kinetics. TIR-FCS also
reports, in theory, the absolute density of surface-bound
fluorescent ligands and the absolute concentration of fluo-
rescent ligands close to the membrane surface. In this work,
we present a comprehensive theory for TIR-FCS in which
both surface kinetics and solution diffusion are significant.
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We demonstrate how one can extract from TIR-FCS auto-
correlation functions the density of bound ligands, surface
association and dissociation kinetic rates, and apparent dif-
fusion coefficient and concentration of ligands very close to
the membrane surface.

RESULTS
General considerations

Consider a reversible bimolecular reaction at a surface (the
xy-plane) coupled with diffusion in solution (z > 0). A
concentration of fluorescent molecules in solution, 4, is in
equilibrium with a density of fluorescent molecules on the
surface, C, and a density of nonfluorescent, unoccupied
surface binding sites, B (Fig. 1). The surface association and
dissociation rate constants are k, and k,, respectively, and
the equilibrium constant describing surface binding is K =
k,/ky = CIAB. For a total density of surface binding sites S,
C = BKAS and B = BS where B = (1 + KA)™ ! is the
fraction of surface sites that are unoccupied at equilibrium.
The fluorescent molecules diffuse in solution with coeffi-
cient D. In this work, we assume that both unoccupied (B)
and occupied (C) surface binding sites are not translation-
ally mobile along the surface.
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FIGURE 1 Schematic of TIR-FCS. Fluorescent molecules in solution, 4,
reversibly bind to free surface sites, B, forming complexes C. The associ-
ation and dissociation kinetic rate constants are k, and kg, respectively. The
diffusion coefficient of ligands in solution is D. Molecules bound or close
to the surface are illuminated by an evanescent intensity of depth d.
Fluorescence is measured from a surface area of 4* through an aperture
placed at an intermediate image plane. In this work, it is assumed that 7 >
d and that the surface binding sites and surface-bound complexes are not
laterally mobile along the surface. Molecules fluoresce only when they are
bound or close to the surface. Fluctuations in the measured fluorescence are
autocorrelated. The fluorescence fluctuation autocorrelation function, G(7),
depends on k,, k4, A, D, d,and S = B + C.
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The surface is illuminated by the evanescent field created
by totally internally reflecting a laser beam at the surface/
solution interface. The intensity of the evanescent field, 7,
decays exponentially as a function of the distance from the
interface (Thompson et al., 1993). Thus, I(z) = I,e “¢
where [ is the evanescent intensity at the interface, and d is
the evanescent depth. For fused silica and water, d ~ 700 A
(Lagerholm et al., 2000). Along with the evanescent field, a
small aperture placed at an intermediate image plane of the
microscope (of characteristic length /) defines an observa-
tion volume (Fig. 1).

At chemical equilibrium, individual molecules diffuse in
solution within the observation volume; and bind to and
dissociate from sites on the surface. These processes give
rise to temporal fluctuations in the fluorescence measured
from the observation volume. Of interest is the manner in
which the autocorrelation function of these fluorescence fluc-
tuations depends on the kinetic rates k, and k,, the surface site
density S, the solution concentration A4, the diffusion coeffi-
cient D, and the characteristic lengths d and /.

Definition of the fluorescence fluctuation
autocorrelation function

The fluorescence measured from the observation volume,
F(f), is the sum of the fluorescence arising from surface-
bound molecules, F(f), and the fluorescence arising from
molecules in solution, F,(f). The temporal fluorescence
fluctuation is defined as the difference between the instan-
taneous fluorescence intensity and its average value; i.e.,
8F(f) = F(t) — (F), where the brackets denote an ensemble
average. The normalized fluorescence fluctuation autocor-
relation function is

_(OF(t+ DOF(0)  (SF(7)5F(0))
- (Fy (0 S

where the second equality holds for ergodic systems. Thus,

G(7)

G(1) = Geo(1) + GealT) + Gac(7) + Gpal7),

Gextr) = T, @
G — <6FA<<T}§fc<o>>’
. <8FA(<TI>§5A<0>>.

InEq. 2, 6F(f) = F(f) — (Fc), and 8F \ () = Fs(f) — (Fa)-
Approximate analytical expressions have been found for
the efficiency of fluorescence collection through an aperture
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placed at an intermediate image plane (Koppel et al., 1976;
Palmer and Thompson, 1989b). In this work, we assume
that both the spatial dimension of the observed area in the
x—y plane, A, and the depth of fluorescence collection effi-
ciency along the z-axis are much larger than the evanescent
wave depth, d. In this case,

Fe(t) = Iofdz C(r, 1),
(@) r C(r 3

FA(t) = QIO J dzrf dZe_Z/dA(r, z, t),
0

where Q is a proportionality constant, r = (x, y) defines the
surface/solution interface, and the limits of integration for
dx and dy are from —#4/2 to h/2. The temporally averaged
fluorescence intensity is (F) = QI,N where N = N + N,
is the average number of fluorescent molecules in the ob-
servation volume. N. = Ch* is the average number of
fluorescent molecules on the surface within the observed
area, and N, = Ah’d is the average number of fluorescent
molecules in solution within the observed volume.

Magnitude of the fluorescence fluctuation
autocorrelation function

As described in the Appendix, GoA(0) = Go(0) = 0 and
G(0) = Gec(0) + Gaa(0),

BNC NA

4)
Gee(0) = m, Gaa(0) = m'

In Eq. 4, B is the fraction of surface sites that are unoccu-
pied at equilibrium as defined above.

When the average number of observed molecules in
solution is much larger than the average number of observed
molecules on the surface, N, >> N, and G(0) ~ (2N,) .
When the average number of observed molecules on the
surface is much larger than the average number of observed
molecules in solution, No >> N,, and G(0) ~ BN.' +
NA(2N2)~'. In this limit, the magnitude of the fluorescence
fluctuation autocorrelation function may still depend on N,;
this behavior arises because fluctuations in the fluorescence
arising from surface-bound molecules are very small when
the surface is nearly saturated (see Appendix). G(0) loses its
dependence on N, only if BN => N,. In this case, G(0) =~
BNc'.

The values of G(0) and G, ,(0) may be rewritten as

2

_ 1 P
e =N ol 4+ a0
1 p(l + ) 1 (1 + ? )

GAA(O):ﬁsda(l +p+a)2:ﬁ,\.2(1 +p+ a)?
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where @ = KA is a normalized solution concentration and
p = KS/d describes the strength of surface binding relative
to the evanescent depth d. N, = Sh? is the total number of
surface binding sites (occupied plus unoccupied) in the
observed area. This number does not fluctuate with time.
The fractions of the autocorrelation function amplitude aris-
ing from correlations in the density of surface-bound mol-
ecules, f, and in the concentration of molecules in solution,
fa, depend only on a and p:

_ Gec(0) _ 2p
Je=G0) " pH (Lt @
L Gu0) (1t ©)

Ja= G0)  2p+(1+ )

As shown in Fig. 2, the parameter p has a wide range of
possible values (from 10™° to 10°) for typical values of K,
S, and d. Therefore, the degree to which G(0) reports
information on the behavior of fluorescent molecules in
solution or on the surface depends critically on the experi-
mental conditions for which the data are obtained.

The dependence of G(0) on « and p is shown in Fig. 3
along with the fractions of G(0) that are associated with
correlations in fluctuations of surface-bound molecules, f,
and molecules in solution, f,. When 2p << (1 + «)?,
surface binding is weak, f, =~ 1, and G(0) = (2N,) '. In
this limit, the system behaves as though surface binding is
not present. When 2p >> (1 + ) surface binding is
strong, fe. ~ 1, and G(0) ~ BN '. In this limit, the system
behaves as though evanescently excited molecules are not
present in the solution. For a given average number of
observed, surface-bound molecules, N, G(0) is appreciable

log, (p)
<o

21—

L
41

L~
-6

log, (K) (M)

FIGURE 2 Typical values for the parameter p. The dimensionless pa-
rameter p = (KS)/d describes the strength of the surface binding relative to
the total surface site density S and the evanescent wave depth d. This plot
shows the value of p as a function of the equilibrium surface association
constant, for 10° M~' = K = 10° M~ ". The evanescent wave depth is 700
A. The total surface site density S is (/ine) 10* molec/um?, (long dash) 10°
molec/um?, (intermediate dash) 10> molec/um?, (short dash) 10 molec/
wm?, (dash-dot-dot) 1 molec/um?, and (dash-dot) 0.1 molec/um?.
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FIGURE 3 Magnitude of fluorescence fluctuation autocorrelation func-
tion G(0). The manner in which (4) NgG(0), (B) f and (C) f, depend on
the normalized solution concentration « and the parameter p was calculated
by using Eqgs. 5 and 6. In (4), the parameter p is (/ine) 10°, (long dash) 1,
(intermediate dash) 0.1, (short dash) 0.01, and (dash-dot-dot) 10~3. When
a — 0, G(0) — . In (B) and (C), the parameter p is (/ine) 10°, (long dash)
103, (intermediate dash) 100, (short dash) 10, (dash-dot-dot) 1, and (dash-
dot) 0.1.

only far from saturation (3 # 0) where the concentration
fluctuations are more prominent.

The solution concentration at which G(0) contains equiv-
alent fractions from surface-bound and solution molecules
is determined by the condition that f, = fi., or a = (2p)" —
1. At solution concentrations below this value, G(0) reports
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information primarily about surface association and disso-
ciation kinetics. At solution concentrations above this value,
G(0) reports information primarily about diffusion in solu-
tion. Therefore, it is theoretically possible to increase the
solution concentration to a point where G(0) primarily re-
flects the diffusional behavior of molecules in solution but
very close to the surface. However, for weak surface bind-
ing, it may not be possible to decrease the solution concen-
tration far enough so that G(0) primarily reflects surface
association and dissociation kinetics. The parameter f can
be made appreciable by lowering the solution concentration
only for values of p = 1. For d = 700 A and S = 1000
molec/wm?, this conditions corresponds to K = 4 X
10*M™! (Fig. 2).

General solution for the fluorescence fluctuation
autocorrelation function

As described in the Appendix, the fluorescence fluctuation
autocorrelation function is given by

G(7) . 12 i 12
o = iR + garl —iRer)

+gwli(R.1)"’]

R.T
tg .

where G(0) is given by the expressions in Egs. 4 and 5. The
shape of G(7) is determined by monotonically decaying
w-functions, which are defined as (Abramowitz and Stegun,
1974)

12
) - ReTW[i(ReT) 1/2]} > (7)

w(é) = e Ferfc(—ié). (8)
The amplitudes are
L |
==+ RE+R|\ o+ o= 5 |
gl,Z R:/2 _ Ré/2 1,2 RtUZ Réﬁ R3’4
_ + f‘CRr |:2 + Re - Rr:| 9
&3 Ja (R:R,)"” (R:Ry)"2 |’ ©)
fCRr
&4 =2 fA+ (R3R4)1/2 >
and the rates are
Ré% — R%% + R1/2
2 12
Rl R, N &_ (10)
1,2 2R[l/2 — 4Rt T B
where
A 2
Rr:kaA'f‘kd, Rt D(BC), Ré_? (11)
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The three fundamental rates that determine G(7) are R,
R,, and R, (Eq. 11). R, is the relaxation rate for a pseudo
first-order reaction and increases with the solution concen-
tration of fluorescent molecules, 4. By measuring R, as a
function of A4, the intrinsic association and dissociation
kinetic rates for the surface reaction may be found. R, is a rate
describing transport in solution through the distance BC/4 =
KSPB?. As described previously, the relative values of R, and R,
determine the extent to which previously dissociated molecules
rebind to the surface (Thompson et al., 1981; Lagerholm and
Thompson, 1998, 2000). R, is the rate for diffusion through the
depth of the evanescent intensity. G(7) is shown in Fig. 4 for a
typical set of experimental parameters.

Limit of no molecules in solution

When the molecules bind tightly to the surface, 2p > (1 +
@)? and f,, << fi. This condition is mathematically equiv-
alent to the statement that R, >> R,. If, in addition, R, => R,,

0.4 T——
—
~
~
03 ~—
N
©o02{ T — \
6] \\ \
\\
01~ —~— ___ \\
ﬂ_
04—

log,4(t) (sec)

FIGURE 4 Fluorescence fluctuation autocorrelation function G(7). G(7)
was calculated from Eqs. 7-11 and is shown for k, = 10’ M~ 'sec ™', k4 =
1sec”!, S = 10 molec/um? d = 700 A, h = 0.7 um, and D = 5 X 10~
cm?sec” . For these conditions, R, = 1.0 X 10* sec™'. G(7) is shown for
the following solution concentrations and consequent rates: /ine, 4 = 0.3
UM, R, = 4 sec”, R, = 4.6 X 10° sec”'; long dash, A = 0.1 uM, R, =
2sec” ', R, = 2.9 X 10% sec”'; intermediate dash, A = 0.05 uM, R, = 1.5
sec” !, R, = 9.2 X 10° sec™'; and short dash, A = 0.03 uM, R, = 1.3
sec ', R, = 5.1 X 10% sec™'. At short times, G(7) decays primarily by
diffusion of the fluorescent molecules in solution through the depth of the
evanescent intensity. At longer times, the decay of G(7) reflects the surface
binding kinetics and, for the curves shown here, depends primarily on the
rate R, because R, << R,. The length KS = 1660 A, the parameter p = 2.4,
and 0.3 = « = 3. Therefore, at the lowest solution concentration (short
dash), the fractions of G(0) arising from solution diffusion and from
surface binding kinetics are f, = 0.26 and f. = 0.74. At the highest
solution concentration (/ine), these fractions are f, = 0.77 and f. = 0.23
(Eq. 6). The values of G(7) are equivalent within plot resolution to the more
simple, approximate expression given in Eq. 16. The half-times decrease
with the solution concentration from 0.30 sec (4 = 0.03 uM) to 0.88 msec
(4 = 0.3 uM).

Biophysical Journal 80(3) 1575-1584
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then g; = g, = 0 and
G = 11 RPW[—iRn)'] - RPw iR )]
T .
S KA Rl/Z Rl/2

(12)

This function has been described previously (Thompson et
al., 1981; Lagerholm and Thompson, 1998; Lagerholm et
al., 2000) and is shown in Fig. 5. When the reaction rate R,
is much less than the transport rate R, R}3 ~ *R!"* (Eq. 10)
and (Abramowitz and Stegun, 1974)

11
G(r) = N KA “exp[ — (kA + ko) 7). (13)

When the transport rate R, is much less than the reaction rate

Starr and Thompson

The ratio R/R, increases with the solution concentration 4
(Eq. 11). Therefore, as this concentration is increased, G(7)
proceeds from the shape shown in Eq. 14 to that shown in
Eq. 13. However, the simple limit of Eq. 13 can be reached
by increasing A4 only if the surface binding is tight enough
so that both R, >=> R_and 2p > (1 + a)>.

Limit of no surface binding

When the molecules do not bind to the surface, p = f- = 0.
This equality implies that Go(T) = Gea(T) = Gac() = 0
(Appendix). From Egs. 7 and 9 with f = 0,

Re'T 12
SR

G(r) = {(1 2R DIW[i(R. 7] + 2<

R, R\? =~ —R{”, R)> =~ —RJR|”, R)> > R|”, and
! i As shown in Fig. 6, this function decays monotonically with
G(1) = L —ewli(l + KAP ——— (D ) ) (14) 7 from (2N,) " to zero. The characteristic decay time is R, '
Ns K4 and the ratio of the initial slope to the initial value is —R,.
10 1 10 1.
81 8 1
T 6] ¢
I
7 a1 T 4 -
2-\'\,\A 2 \\
O . _-__'_._____ 0 ; "' ‘-—'
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\ .
084 0.8 1 '~
\
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S~ — ~— —_ e~ _
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T (sec) log,,t (sec)
FIGURE 5 G(7) in the limit of no molecules in solution. NgG(7) was calculated by using Eqs. 10—12. In these plots, k, = 10* M~ 'sec™ !, k; = 10 sec ",

S = 10° molec/um?, and D = 5 X 1077 cm?sec” . The solution concentration 4 is (line) 1 uM, (dash) 0.3 uM, (dash-dot-dot) 0.1 MM (dash-dot) 0.03
1M, and (dot) 0.01 uM. At the lowest solution concentration, R, = 11 sec™ ', R, = 0.27 sec™ ', and G(7) is nearly identical to Eq. 14 for 4 = 0.01 uM
(not shown). At the highest solution concentration, R, = 110 sec™ !, R, = 2700 sec” ', and G(7) is nearly identical to Eq. 13 for 4 = 1 uM (not shown).
The length KS is 1.66 X 10~ c¢m and, for an evanescent wave depth d equal to 700 A, the parameter p is 240. Therefore, 2p >> (1 + «)? for most curves
and contributions from molecules diffusing in solution within the depth of the evanescent intensity are small. The half-times decrease with the solution

concentration from 2.3 sec (4 = 0.01 uM) to 6.3 msec (4 = 1 uM).
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FIGURE 6 G(7) in the limit of no surface binding. 2N, G(7) was calcu-
lated by using Eq. 15 with R, = 1.02 X 10* sec™". This function decays
monotonically with time. The time where G() has decreased to one-half of
its initial value is 3.3 R_ . The ratio of the initial slope and the initial value
is —R..

Approximate expression for G(7)

In most experimental systems of interest, R, << R,. In this
case, G(7) is a weighted sum of the limits shown in Egs. 12
and 15:

12, r_ - 1271 _ pli2, - 12
G(n) = {Rl i Z(Rﬂie}/g — §E/2W[ R ]} Gec(0)
R 12
+{(1 = 2R W[i(R.D"?] + 2 ( p ) } Gan(0),
(16)

where G(0) and G ,(0) are given by Eqgs. 4 and 5. For
many experimental conditions, Eq. 16 will be adequate. The
values of G(7) calculated from Eqs. 7 and 16 are compared
in Fig. 4.

DISCUSSION

FCS is of growing importance as a method for characteriz-
ing interaction dynamics in biochemical systems (e.g., Chen

1581

et al., 1999a b; Korlach et al., 1999; Schuler et al., 1999;
Winkler et al., 1999; Wiseman and Peterson, 1999; Vanden
Broek et al., 1999; Van Craenenbroeck and Engelborghs,
2000; Bieschke et al., 2000; Cluzel et al., 2000; Moore et
al., 2000; Schwille et al., 2000). This technique is also of
considerable current interest to the pharmaceutical commu-
nity in that it has significant potential as a method for high
throughput screening of drug—target interactions (Sterrer
and Henco, 1997; Auer et al., 1998; Fister et al., 1998;
Silverman et al., 1998; Moore et al., 2000). One limitation
of the most common form of solution-based FCS is that
information is obtained only about the equilibrium and not
the kinetic parameters governing the biochemical interac-
tions that are examined (e.g., Van Craenenbroeck and En-
gelborghs, 1999; Wohland et al., 1999). As described in this
work, one method of overcoming this limitation is to use
TIR-FCS, which yields direct information about the associ-
ation and dissociation kinetic rate constants. This technique
is not limited to the interaction of fluorescent ligands with
membrane-bound receptors, but might also be used to study
a variety of protein—protein interactions in that a number of
methods have been developed for immobilizing functional,
soluble proteins on transparent surfaces. In addition, as
described here, TIR-FCS can monitor the diffusion coeffi-
cients and concentrations of fluorescent ligands very close
to membrane surfaces.

In previous work, a theory was developed for the inter-
pretation of TIR-FCS autocorrelation functions arising
solely from the association and dissociation of fluorescent
ligands with surface binding sites (Thompson et al., 1981;
Thompson, 1982). In this case, the magnitude of the fluo-
rescence fluctuation autocorrelation function reports the
density of surface-bound ligands and the temporal decay
depends on the intrinsic relaxation rate for the interaction,
R,, and a rate describing transport in solution, R, (Eq. 11). In
this work, we have presented a more general expression for
the TIR-FCS autocorrelation function, which is applicable
to situations in which both surface kinetics and diffusion
through the depth of the evanescent field contribute to the
fluorescence fluctuations (Eqs. 7-9; Fig. 4). This more
general expression depends on R,, R, and an additional rate,
R., which describes diffusion through the evanescent wave
depth (Eq. 11). The general expression reduces to the pre-
viously published form in the absence of fluctuations from
diffusion through the evanescent wave depth (Egs. 12—-14;
Fig. 5) and to a simple expression in the absence of fluctu-
ations from surface reaction (Eq. 15; Fig. 6). For most
systems of biochemical interest, the rate of diffusion
through the evanescent field (R.) will be much more rapid
than the rates describing the surface reaction (R, and R)). In
this case, the general expression for G(7) (Egs. 7-9) can be
approximated by a weighted sum of the two more simple
expressions (Eq. 16; Fig. 4).
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APPENDIX: DERIVATION OF THE
FLUORESCENCE FLUCTUATION
AUTOCORRELATION FUNCTION

Definition of the normalized fluorescence
fluctuation autocorrelation function

The concentration fluctuations as a function of position and time are
8C(r, 1) = C(r, 1) — (C) and 8A(r, z, t) = A(r, z, 1) — (A). By using these
expressions in Eqs. 1-3, one finds that

1
Gee(7) = N d’r [ &' dec(r, v’ 7),
1 o
GAC(T) = ﬁ dzr er/ dZéiZ/d(bAC(r) r” z, T))

oo
dzr, dzle_Z,/d(i)CA(r’ r’: Z’: T))
0

Jer)
J

©

dzrefz/defz’/d

1
Gealr) = N [dzr

1 o
GAA('T) = ﬁ dzrf dzr, dz
0 0
(bAA(r’ r,’ z, Z’; T)’
(A1)

where N is the average number of fluorescent molecules in
the observation volume (see text) and

bec(r, v, 1) = (8C(r, 7)8C(r', 0)),
bac(r, v', z, 7) = (8A(r, z, T)8C(r', 0)),
bealr, v’ 2", 7) = (8C(r, 7)84(x', Z', 0)),
Panlr, ', z, 2", 7)) = (8A4(r, z, T)BA(r', z', 0)).

The functions ¢ are autocorrelations and cross-correlations
of fluctuations in the solution concentration and surface
density of fluorescent molecules.

Magnitude of the fluorescence fluctuation
autocorrelation function

The magnitude of G(7) is found by evaluating Eqs. Al at 7 = 0. The initial
values of the concentration fluctuation correlation functions are (Elson and
Magde, 1974; Thompson et al., 1981)

d)CC(rb r’) O) = BCS(F - r,)a
d)AC(ra r" Z, 0) = d)CA(r’ r', Z’, 0) = 05
¢)AA(r, rla z, Z/: O) = AB(r - r/)S(Z - Z’):

(A3)

where (3 is the fraction of surface binding sites that is free at equilibrium
(see text). Fluctuations in the concentrations of molecules of different
species (free in solution, 4, and surface-bound, C) are not correlated at the
same time. Molecules diffusing through the open, illuminated volume (4)
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are correlated at the same time only at the same place. This result is also
the case for molecules bound to the surface (C), but the magnitude of the
correlation is reduced by the factor B. By using Eqgs. A3 in Egs. Al, one
finds that G,(0) = GA(0) = 0 and Egs. 4.

Differential equations and boundary conditions

For most experimental situations, the evanescent depth d is at least ten-fold
smaller than the characteristic length of the observation area /. In this case,
the differential equations describing combined surface reaction and solu-
tion diffusion are (Thompson et al., 1981; Lagerholm and Thompson,
1998)

% C(r, t) = kB(r, t)[A(r, z, 1)],-0 — kiC(r, 1),

&A(r, z, t) =D QA(I‘, z, t).

By using the expressions for 6C(r, 7) and 8A(r, z, f) from above in Eq. A4,
neglecting the term proportional to 8C(r, £)8A(r, z, ), and noting that
0B(r, t) = —8C(r, t) because S does not fluctuate with time, one finds that

0
5, 9Cr, 1) = kBI3A(r, z, 1) . — ROC(r, 1),

5 6A(r, z, t) =D @ 8A(l‘, z, t),

where R, is the primary relaxation rate for the surface reaction (Eq. 11).
Multiplying Egs. A5 by either 6C(r’, 0) or 84(r’, z’, 0) and taking ensem-
ble averages yields

dJ
a_ (;bCC(ra l',, T) = kaB[quC(rz r’) Z, T)]zzo

- Rr¢CC(r5 r’a T);

d
E. d)CA(r: r,a Z’; T) = kaB[d)AA(r) r’a z, Z’: T)]Z:O
- er)CA(r’ r,’ Zl, T): (A6)
] ) 9’ )
E_ d)AC(r’ r,z T) =D Q d)AC(r’ r,z T)’
9 ’ ’ 82 ' '
87_¢AA(r>r 52,2 aT) :DQ(bAA(r’r s 2,2, T)'
Two of the four required boundary conditions are
[d)AC(ro l',, Z, T)]z:w = [d)AA(ra l',, Z, Z!’ ’T):lz:OQ = 0 (A7)

The remaining two boundary conditions are found from the condition
describing the flux at the surface,

= kB(r, [A(r, z, 7)],- — kC(r, 7),

d
D|:aZ A(l’, zZ, ’T):|ZO
(A8)
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or
d ! ] !
D & d)AC(r’ r,z T) = kaB[d)AC(r’ r,z T)]Z:O
dz=0
—Ripcc(r, v’ 7). (A9)
3 -
D|:aZ ¢AA(r> r’) Z, Z” T) = kaB[d)AA(ra r/a z, Z’) T)]Z:()
4z=0

_er)CA(ra l"’, Z,a T)-

Concentration fluctuation autocorrelation and
cross-correlation functions

The concentration fluctuation correlation functions may be found by using
Laplace transforms as previously described (Thompson et al., 1981; Hsieh
and Thompson, 1994; Lagerholm and Thompson, 1998). The results are

, BC8(r — r')
bcc(r, ', 1) = RE-RIZ

AR iR ] — REW[=i(Ry7)],
¢CA(r5 r,a z, T) = (bAC(ra r/a z, T)

ks Co(r — 1)
= D1/2(R}/2 — R%/Z) re

iz
. {W|:(4DT)1/2 —i(RyT 1/2:|

- W[(4Dli)1/z - i(RzT)'/Z]},

—z%/4D7

(l)AA(ra r’: Z, ' T)

B Ad(r — ') ksCo(r — 1')

(=22, _ "2
.{e (z Z)/4DT+ e (z+z")¥4D7

= GmDo™ DR} = RY")
o iz+z')
. {R{/ze (z+z)/4DTW|: (4Dq-)”2 _ l(RlT 1/2]
- i(z+z')
— Ré/Ze(z+z)/4DTW|: (4D7)”2 _ Z(Rﬂ_)l/z]}. (AIO)

Rates R, and R, are defined in Egs. 10.

Normalized fluorescence fluctuation
autocorrelation function

The fluorescence fluctuation autocorrelation function G(7) may be found
by using Egs. A10 in Egs. Al. Completing the integrals (Abramowitz and
Stegun, 1974) yields

Gec(T) _ Je
G0)  R/?—R)

Rl i(R,7)'"]

— RPw[—i(Ri1)"?],  (ALL)
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Gea(T) . Gac(7)

G(0) — G(0)
feR: (w[—i(R,7)"]
= R}/z — R;/z{ R;/z
—i(R,m)'"? 1 1
— W + (W _ R;/2) W[i(ReT)I/Z]}’
(A12)
Gaa(7)
G(0)

‘féRr Ré/Z . Ri/Z .
= R}/z — Ré/z R74 W[_I(RzT)m] - Risw[_l(Rﬂ')m]

fCRr ReT 1 . fCRr(Re - Rr)
fA + (R3R4)1/2:|<7T) + {[fA + R3R4 ]

o S R i(R.m)"?, (A13
Ia (RsR,)"? T wliRe)™, ( )

+2

where the rates R; and R, are given in Eqs. 10 and the fractions f, and f
are given in Eq. 6. Summing the terms in Eqs. A11-A13 gives Eqs. 7 and 9.
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