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Abstract 

Although the translational diffusion coefficients of proteins embedded in, or tightly bound to, natural and 

artificial cell membranes have been extensively studied, very little is known about the diffusion of proteins 
weakly bound to membranes. One method for measuring the diffusion coefficients of weakly bound species is 
to combine evanescent interference patterns with fluorescence pattern photobleaching recovery (TIR-FPPR). 
However, this technique is intrinsically limited in that the maximum post-bleach fluorescence change, 

normalized to the pre-bleach fluorescence, is 0.22. This limitation severely restricts the precision of the data 
and the applicability of the method. In the theoretical work described herein, it is shown that the maximum 

fractional fluorescence change in TIR-FPPR with two-photon bleaching and observation would be 0.36. Thus, 
the use of two-photon excitation in TIR-FPPR would significantly improve the signal-to-noise ratio and would 
provide more precise measurements of the translational diffusion of proteins weakly bound to surfaces. 

Keywords: Total internal reflection, Fluorescence photobleaching recovery; Translational diffusion; Surface diffusion; Protein- 
membrane interactions 

1. Introduction 

Although the translational diffusion coeffi- 
cients of proteins embedded in, or tightly bound 
to, natural and artificial cell membranes have 
been extensively studied, very little is known about 
the diffusion of proteins weakly bound to mem- 
branes. A recently developed method for measur- 
ing the diffusion coefficients of weakly bound 
species is to combine evanescent interference 
patterns with fluorescence pattern photobleach- 
ing recovery (TIR-FPPR) [l]. In this method, two 
totally internally reflected laser beams collide to 
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create a periodic evanescent intensity pattern, 
The evanescent light is used to excite fluorescent 
molecules that are weakly adsorbed to the inter- 
face and in chemical equilibrium with molecules 
in an adjacent solution. The fluorescence recov- 
ery after photobleaching provides a measure of 
the surface diffusion coefficient of the weakly 
adsorbed molecules. TIR-FPPR has been experi- 
mentally applied to IgE antibodies in the contact 
region between rat basophil leukemia cells and 
supported planar membranes [2], to bovine serum 
albumin adsorbed to glass coated with poly(meth- 
ylmethacrylate) [3,41, to vesicle fusion at sup- 
ported planar membranes [51, to insulin adsorbed 
at erythrocyte membranes [6], and to bovine pro- 
thrombin fragment 1 bound in the Ca2+-specific 
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manner to negatively charged substrate-sup- 
ported planar membranes (Z. Huang, K.H. Pearce 
and N.L. Thompson, unpublished results). 

interfering tY 

The evanescent interference configuration 
used in TIR-FPPR is advantageous because of 
the following features: (1) the evanescent inter- 
ference patterns are very sharp and have a well- 
defined spatial profile; (2) the illuminated area is 
large, resulting in high fluorescence and a reduc- 
tion of photon noise; (3) the spatial periodicity 
may be accurately controlled by varying the colli- 
sion angle; and (4) the period of the evanescent 
interference is small (0.2-5 pm for typical experi- 
mental conditions) so that slow translational mo- 
tions may be accurately measured. However, 
TIR-FPPR has an intrinsic limitation that severely 
restricts the precision of the data: the maximum 
post-bleach fluorescence change, expressed as a 
fraction of the pre-bleach fluorescence, is 0.22 
(see below). 

s- (a) 

In the theoretical work described herein, we 
show that the maximum fractional post-bleach 
fluorescence change in TIR-FPPR with two-pho- 
ton bleaching and observation would be much 
larger (0.36). The larger post-bleach fluorescence 
change occurs because absorption by two-photon 
excitation would be proportional to the square of 
the light intensity [7] and would result in a more 
sharply peaked evanescent interference pattern. 
We also show that two-photon absorption should 
increase the degree to which surface diffusion 
coefficients can be measured in the presence of 
appreciable, coexistent surface association and 
dissociation. Two-photon excitation has recently 
been used to achieve higher resolution in laser- 
scanning confocal microscopy [8], to measure new 
spectroscopic properties with solution-phase fluo- 
rescence polarization [93, and to measure the 
translational diffusion of fluorophores in three- 
dimensional environments such as the cell cyto- 
plasm [lo]. 

Fig. 1. Optical geometry for TIR-FPPR. Two laser beams are 
totally internally reflected at a planar interface between quartz 
and water. The interface is defined as the x-y plane with the 
x-axis bisecting the two incidence planes. The incidence angle 
for the two beams is 0, the angle between the two incidence 
planes is 24, and k, and k, are the propagation vectors of 

the two evanescent waves. 

2. Results 

2.1. General approach 

on a planar interface between quartz and an 
aqueous solution of fluorescent molecules; that 
the refractive indices of the quartz and water are 
ng = 1.5 and n, = 1.3 over the wavelength range 
of interest [11,121; that the beams travel through 
the quartz towards the interface; that the inci- 
dence angles, denoted by 6, are equivalent for 
the two beams and are greater than the critical 
angle for total internal reflection; that the beams 
are either both s-polarized or both p-polarized; 
that the angle between the two incidence planes, 
denoted by 24, is non-zero; that the dielectric 
interface lies in the x-y plane; and that the 
x-axis bisects the two lines that correspond to the 
intersections of the interface and the incidence 
planes (Fig. 1). For these conditions, the two 
evanescent fields interfere to produce a spatially 
periodic evanescent field with an intensity S(y, 
z) that may be written as [l] 

We assume that two laser beams of vacuum 
wavelength A, and equal intensities are incident S(y, z) =S,[l+ Vcos(py)] emrId (1) 
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In eq. Cl), S, is the average intensity at z = 0, V 
is the visibility (described below), /? is the spatial 
periodicity, d is the evanescent depth, and 

/?A, = 4rn, sin B sin 4 (2a) 

Note also in eq. (11, the Gaussian-shaped enve- 
lope in the x-y plane is not included in that its 
characteristic distance is typically much larger 
than the period of the interference pattern. 

For molecules adsorbed to the interface un- 
dergoing one-photon absorption, the absorptivity 
is proportional to S(y, 0). For a two-photon pro- 
cess, the absorptivity is proportional to S*(y, 0) 
[7]. The visibility V, or contrast, of the evanescent 
interference pattern is given by [l] 

v= 
smx - Smin 

‘,ti + ‘min 
(34 

l& = lcos 24 I, 
( sin20 - n2) cos 2r#1+ sin% 

2 sin20 - n2 

PI 

where n = n,/n,, S,,,, refer to the maximum 
and minimum values of SC y, O), respectively, and 
the subscripts p and s refer to the polarization of 
the incident beams. The square of the evanescent 
intensity has an apparent visibility V’ which is 
equal to (see eq. 1) 

s;, - s;, 2v 
I/‘= =- 

S&x + ‘iin 1+v2 (4) 

As shown in Fig. 2, [S(y, O)/S,lz is more 
sharply peaked than [S(y, 0)/S,,]. Mathemati- 
cally, this result may be seen by noting that 
V’ a V (eq. 4). 

In TIR-FPPR, fluorescent molecules are ad- 
sorbed to the quartz/solution interface and are 
in chemical equilibrium with molecules in the 
bulk solution. We assume that the surface associ- 
ation constant and site density are large enough 
so that the evanescently excited fluorescence 
arises primarily from adsorbed molecules rather 
than from molecules in solution which are in 

POSITION @y/b 

Fig. 2. Normalized evanescent intensities. S(y, 0)/S,, and 

[Sty, 0)/S,,]* were calculated using eq. (1) with V = 0.5 
(dotted), V = 0.8 (dashed) and V= 1 (solid). The squared 

function is sharper and has a higher contrast. 

close proximity to the interface; that the fluo- 
rophore absorption dipoles are isotropically ori- 
ented and homogeneously distributed in the x-y 
plane; that the effects of the nearby planar di- 
electric interface on the angular dependence of 
the fluorescence emission [13] are negligible; and 
that the influence of the microscope collection 
optics on the polarization-sensitive fluorescence 
collection efficiency (141 is small. 

2.2. &face diffusion without surface kinetics 

We first assume that the kinetic dissociation 
constant is low enough so that fluorescence re- 
covery after photobleaching arises primarily from 
the exchange of bleached molecules with un- 
bleached molecules through surface diffusion 
along the interface. The differential equation for 
the surface concentration of unbleached mole- 
cules N, and its initial condition, are 

$N(Y, t) =D-$N(y, t) 

N( y, 0) = (N) epAcy) (5b) 
where D is the surface diffusion coefficient, A(y) 
is a bleaching function (described below), and 
(N) is the total surface density of bleached and 
unbleached fluorophores. Using conventional 
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Fourier transform methods along with the follow- 
ing expression for the fluorescence normalized to 
its pre-bleach value 

/ *~“O(Y)NV> t) dy 
F(t) = O 

/ 2p’BO(~)~N> dy 
(6) 

0 

where O(y) is an observation function (see be- 
low), one finds that 

j;cWO(y) 

x e-A(~‘) e -(y-y’)*/401 1 
[j 1 

-1 
X 2r'BO( y) dy 

0 

where O(y) = S(y, 0) (for one-photon observa- 
tion) or O(y) = S2(y, 0) (for two-photon observa- 
tion), A(y) = K,S(Y, 0) (for one-photon bleach- 
ing) or A(y) = K~S~(Y, 0) (for two-photon bleach- 
ing), K~ and K~ are proportionality constants, and 
the bleach pulse occurs at time I = 0. 

We denote the fluorescence recovery curve for 
one-photon photobleaching and one photon ob- 
servation as F,,(t), for two-photon photobleach- 
ing and one-photon observation as F,,(t), for 
one-photon photobleaching and two-photon ob- 
servation as F,,(t), and for two-photon photo- 
bleaching and two-photon observation as F,,(t). 
These functions may be derived by using eq. (1) 
(evaluated at z = 0) in eq. (7), with the appropri- 
ate forms of A(y) and O(y). We find that 

F,,(t) =Xio(~i~ V)-Mi1(qi, V) emBZDt (8a) 

4v 

+ &pi2(“, V) e-4pzDr WI 

where 

vi = K& for i=l, 2 Pa) 

Xij(~i, V) E gjTcos( j/)) e-‘7t(‘+vCos O)’ de 

0 

fori=l,2; j=O,1,2 Pb) 

The expression for F,,(t) in eq. (8a) has been 
published previously [ll. The functions Xjj<ai, V) 
are shown in Fig. 3 for V= 1. These functions are 
generalizations of the modified Bessel functions 
Ij; i.e., when i = 1, Xlj = exp(-~,>Zj(~,, V). The 
Xij(qi, V) should be common to a variety of 
problems in two-photon fluorescence microscopy. 

In the limit of shallow bleaching (7, -C 1 or 
q2 K 1) and to first order in q1 or vZ, 

F,,(t) = (1 - ql) - $f1V2 emPZD’ (lOa> 

F12(t) = (1 - 7,) - s eVPZDt ( IOb) 

F21(r) = 1 -v2(1 + iv”) --7j2V2 e-BzD’ (Kk) 

F&f) = 1 - v2(1 + $2) - z 

712v4 _ ~ e-4PZDt 

8+4l’* 

As shown in eqs. (81, the time dependence of F,, 
and F2, (one-photon observation) is expressed as 
an exponential term with rate p*D. For F,, and 
FZ2 (two-photon observation), there is an addi- 
tional exponential term with rate 4p2D. How- 
ever, for experimentally reasonable bleaching 
depths (0.5 < vi < 1.5) and times (t > O.Ol/p’D), 
the term with rate 4p2D is negligible (See eqs. 8 
and Fig. 3). 

It is of interest to characterize the fluores- 
cence recovery curves in terms of experimentally 

Y-----l 

I I 
0 I t 3 * 

9i 

Fig. 3. Functions Xij(qi. 0. Shown arc the values of Xij(q,, 
V)fori=lori=Zand j=O(solid),j=l(dashed)orj=2 

(dotted). The curves were calculated using eq. 9b. 
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R=C/B 

TIME t 

Fig. 4. Relationship of B, C and R to F(t). Shown is a 
schematic of a TIR-FPPR fluorescence recovery curve. B is 

the depth of bleach, C is the fractional fluorescence change, 
and R is the fractional fluorescence recovery. For this theo- 

retical curve, B = 0.75, C = 0.36 and R = 0.48. 
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accessible parameters. These parameters are the 
depth of bleach B, the fractional fluorescence 
change C, and the fractional recovery R and are 
defined as 

B=l-F(O) 

C=F(m) -F(O) 

(lla) 

(lib) 

R=C/B (llc) 

The relationships of B, C and R to F(t) are 
illustrated in Fig. 4. 

Figure 5 shows the predicted values of the 
fractional fluorescence recovery R as a function 
of the bleaching parameters 7i and the visibility 
V for the different types of observation and 

(t-4 
ol 

rr:” 
o.51----l 

0.5 I 

_. 
0.2 - '.,,, -_-_ 

'. 
. . '. . . 

0.1 '_ - ,. ._ '. ., 

0.0 _ I I I 
0 1 2 s 4 

Fig. 5. Dependence of the fractional recovery R on pi and V. The fractional recovery R increases with the visibility V but 
decreases with the bleaching parameters vi. Curves were calculated using eqs. (8). (9) and (11) with V = 0.5 (dotted), V = 0.8 

(dashed) and V= 1 (solid). 
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bleaching. As shown, R is in general lower for 
deeper bleaching depths (increasing q1 or ~~1 
and for imperfect contrast (V< 1). However, a 
key result is that higher values of R are predicted 
for two-photon observation and bleaching. Using 
eqs. (8) and (9), one may show that, in the limit of 
shallow bleaching where the fractional recoveries 
are maximized, 

v2 1 
4, = 

z-F+3 
for V= 1 (12a) 

2v2 2 
R,, = R,, = 

2+31/2 
for V= 1 (12b) 

16V2+ V4 17 
R,, = 8+24V2+3V4 +% 

for V= I 

( 12c) 

; 0.2 
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The precision of diffusion coefficients mea- 
sured with TIR-FPPR is related more closely to 
the fractional fluorescence change, C, than to the 
fractional recovery, R. For example, although the 
recovery R is maximized in the limit of very low 
bleaching, TIR-FPPR data are very noisy in this 
limit because the net fluorescence change is small. 
Using eqs. (8) and (lib), one finds that 

‘i1 = I/xil(rliY v) (13a) 

4v V2 
cj,= - 2 + v2&hi~ VI - g-p+izh V> 

( 13b) 
The values of C calculated from eqs. (13) are 
shown in Fig. 6 for different values of vi, V for 
different types of bleaching and observation. For 
one-photon bleaching and observation, the maxi- 

(b) 
cu 

u- 

(d) “.” 

z 0.2 
3 
u 0.1 

Fig. 6. Dependence of the fractional fluorescence change C on qi and V. The change C increases with the visibility V and has a 
maximum with respect to the bleaching parameters qr. The optimum value of 1, for one-photon bleaching and observation lies at 
1.5, corresponding to C = 0.22 while the optimum value of qz for two-photon bleaching and observation lies at 1.0, corresponding 

to C = 0.36. The curves were calculated using eqs. (9) and (13) with V = 0.5 (dotted), V = 0.8 (dashed) and V = 1 (solid). 
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mum value of C is = 0.22 and occurs for q1 = 1.5. 
For a mixture of one-photon and two-photon 
bleaching and observation, the values of C are 
higher. For two-photon bleaching and observa- 
tion, the maximum value of C is = 0.36 and 
occurs for qz = 1. Thus, the precision of the data 
should be improved significantly in a two-photon 
experiment. 

Because the values of R and C shown in Figs. 
5 and 6 are plotted as functions of the bleaching 
parameters 7, rather than the (experimentally 
measurable) depth of bleach B, it is useful to plot 
B as a function of ni and V for different types of 

observation and bleaching (Fig. 7). For the opti- 
mum values of 7, and q2, B ranges from 0.8 to 
0.9. 

2.3. Surface diffusion with surface kinetics 

If the fluorescent molecules are bound loosely 
enough, the fluorescence recovery may in general 
depend on the kinetic rates for surface associa- 
tion and dissociation, the solution diffusion coef- 
ficient, and the surface diffusion coefficient [15]. 
In the simplest case, the surface reaction occurs 
between monovalent ligands in solution (P) and 

(b) 

Fig. 7. Dependence of the depth of bleach B on q, and V. The depths of bleach that correspond to the optimum values of the 

bleaching parameters (17, = 1.5 and TJ~ = 1.0) range from 0.8 to 0.9. The curves were calculated using eqs. (S), (9) and (lla) with 
V = 0.5 (dotted), V = 0.8 (dashed) and V = 1 (solid). 
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TIME t TIME t 

0’ 
0 

Fig. 8. Fluorescence recovery curves with surface dissociation. Shown on the left is G,,(t) (one-photon bleaching and observation) 

for 7, = 1 (B = 0.74). Shown on the right is G,,(t) (two-photon bleaching and observation) for q2 = 0.52 (B = 0.74). In both plots, 
V = 1, k,, = 0.1 and p*D = 0 (long dashed), @*II = 0.1 (dotted), /3*D = 0.5 (short dashed) or /3*D = 5 (solid). The plots were 

generated using eqs. (17). 

monovalent surface sites (Q) to form surface- 
bound ligands (N), i .e., 

P+Q k !ZN 
off 

( 14) 

where k,, and k,, are the surface association 
and dissociation rates, respectively. Furthermore, 
in the “reaction limit”, the fluorescence recovery 
curve does not depend on the solution diffusion 
coefficient or the association rate, and the differ- 
ential equation for My, t) is: 

aN(Y, t) a2 
at 

=DayZN(y, t) +k,,PQ 

-ko,NY7 f> (15) 

where P and Q are constants. 
We define the normalized fluorescence recov- 

ery curves for combined surface reaction and 
diffusion as G(t). Using eqs. (.5b), (15) and (6) 
(with F + G), we than find that 

G(f) = 1- e-kofl’(l -F(t)) (16) 

where F(t) is given by eq. (7). When k,, ap- 
proaches zero, eq. (16) reduces to eq. (7). When 
D approaches zero, eq. (16) reduces to a previ- 

ously published form, i.e., G(t) = 1 - B exp 
(-k&J [15]. Thus, for combined surface reac- 
tion and diffusion (eqs. 16 and 8), 

G,,(t) = 1 - e-‘aff’[l -X1,,(~r, V) 

+I/x,,(17r, v) e-82D1] 

G,,(f) = 1 - emkofir 1 -Xz,(~z, V) 
I 

4v 
+p 2+ V*X*I(%Y V) e-pZDr 

(174 

V2 
- ~+X,,(Q, V) e-4p2D’ 

1 
(1nJ) 

Equation (17a) agrees with a previously published 
expression [l]. 

As shown in Fig. 8, the dual modes for fluores- 
cence recovery (replacement of surface-bound, 
bleached molecules by either surface diffusion or 
surface dissociation) complicate G(t) and make 
extraction of D from experimental data difficult. 
However, the effect of surface diffusion is larger 
for two-photon bleaching and observation (G,,) 
than for one-photon bleaching and observation 
(G,,). Thus, obtaining lateral diffusion informa- 
tion from TIR-FPPR data when appreciable sur- 
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face dissociation occurs should be more tractable 
in a two-photon experiment. 

3. Summary 

We have shown that by using two-photon ab- 
sorption in TIR-FPPR, one can expect to obtain 
data with better precision. When lateral diffusion 
alone contributes to fluorescence recovery, the 
fractional fluorescence change will be higher. 
When recovery occurs from a mixture of surface 
diffusion and surface binding kinetics, the surface 
diffusion process will contribute more to the fluo- 
rescence recovery. Thus, using two-photon ab- 
sorption in TIR-FPPR may provide some of the 
first precise measurements of the translational 
diffusion coefficients of proteins weakly bound to 
surfaces. 
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