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Translational Diffusion of Bovine Prothrombin Fragment 1 Weakly Bound
to Supported Planar Membranes: Measurement by Total Internal
Reflection with Fluorescence Pattern Photobleaching Recovery

Zhengping Huang, Kenneth H. Pearce, and Nancy L. Thompson
Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3290 USA

ABSTRACT Previous work has shown that bovine prothrombin fragment 1 binds to substrate-supported planar membranes
composed of phosphatidylcholine (PC) and phosphatidylserine (PS) in a Ca?*-specific manner. The apparent equilibrium dis-
sociation constantis 1—15 uM, and the average membrane residency time is ~ 0.25 s™". In the present work, fluorescence pattern
photobleaching recovery with evanescent interference patterns (TIR-FPPR) has been used to measure the translational diffusion
coefficients of the weakly bound fragment 1. The results show that the translational diffusion coefficients on fluid-like PS/PC
planar membranes are on the order of 10~° cm?/s and are reduced when the fragment 1 surface density is increased. Control
measurements were carried out for fragment 1 on solid-like PS/PC planar membranes. The dissociation kinetics were similar
to those on fluid-like membranes, but protein translational mobility was not detected. TIR-FPPR was also used to measure the
diffusion coefficient of the fluorescent lipid NBD-PC in fluid-like PS/PC planar membranes. In these measurements, the diffusion
coefficient was ~107® cm?/s, which is consistent with that measured by conventional fluorescence pattern photobleaching
recovery. This work represents the first measurement of a translational diffusion coefficient for a protein weakly bound to a

membrane surface.

INTRODUCTION

The membrane-mediated conversion of prothrombin to
thrombin is a key process in thrombosis and hemostasis. This
reaction also serves as a paradigm for several enzymatic pro-
cesses in blood coagulation that require the association of
proteins containing <y-carboxyglutamic acid residues with
membranes that contain negatively charged phospholip-
ids (such as platelet surfaces). Of particular interest is
how transport and reaction are coupled at the membrane
surface during the assembly of the prothrombinase en-
zyme complex and during subsequent prothrombin cleav-
age (Mann et al., 1990; Jackson and Nemerson, 1980;
Abbott and Nelsestuen, 1988).

One method for obtaining quantitative information about
the physical dynamics of proteins at membrane surfaces is to
use substrate-supported planar membranes and techniques in
fluorescence microscopy (Thompson et al., 1993a, b, 1994).
Previous work has shown that bovine prothrombin and its
fragment 1 weakly bind to supported membranes composed
of mixtures of palmitoyloleoylphosphatidylcholine (POPC)
and bovine brain phosphatidylserine (PS) in a Ca®*-specific
manner and that fluorescence microscopy can be used to
measure both equilibrium and kinetic rate constants for mem-
brane binding (Tendian et al., 1991; Pearce et al., 1992,
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1993). In addition, the bound fragment 1 reduces the diffu-
sion coefficient of fluorescent phospholipids in the planar
membranes (Huang et al., 1992).

A physical parameter that has not been readily measurable
for proteins weakly bound to membrane surfaces is the trans-
lational diffusion coefficient. As described herein, one
method for directly measuring the translational diffusion
coefficients of proteins reversibly bound to substrate-
supported membrane surfaces is to use evanescent interfer-
ence patterns with fluorescence pattern photobleaching re-
covery (TIR-FPPR) (Abney et al., 1992; Huang and
Thompson, 1993). In this method, two internally reflected
laser beams are collided to create a periodic evanescent in-
tensity pattern that illuminates a region of a solid/liquid in-
terface. For fluorescently labeled molecules that are weakly
bound to the surface and in equilibrium with the solution, the
fluorescence recovery after photobleaching contains infor-
mation about the kinetic association/dissociation rates and
the surface diffusion coefficient.

TIR-FPPR has previously been used to examine fluores-
cently labeled IgE in the contact region between rat basophil
leukemia cells and supported planar membranes (Weis et al.,
1982); bovine serum albumin adsorbed to artificial surfaces
(Tilton et al., 1990a, b); phospholipid vesicles at supported
planar membrane surfaces (Kalb et al., 1992); and organic
polymers at various interfaces (Miehlich and Gaub, 1993).
Here TIR-FPPR was used to measure the translational dif-
fusion coefficient of bovine prothrombin fragment 1 weakly
bound to supported planar membranes in its Ca?*- and
phosphatidylserine-specific manner. This work represents
the first measurement of a translational diffusion coefficient
for a protein that is weakly bound to a phospholipid mem-
brane surface.
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MATERIALS AND METHODS
Reagents

Bovine prothrombin fragment 1 was purified from bovine plasma and la-
beled with fluorescein isothiocyanate (Molecular Probes, Inc., Eugene, OR)
as previously described (Pearce et al., 1992). The concentrations of labeled
proteins were determined by the bicinchonic acid assay (Pierce Chemical
Co., Rockford, IL), and the molar ratios of fluorescein to protein (0.6-1.6)
were determined using the molar absorptivity of protein-conjugated fluo-
rescein at 494 nm (e = 64,800 M~! cm™!; Molecular Probes). Fragment 1
was stored in Tris-buffered saline (TBS; 0.05 M Tris, 0.1 M NaCl, pH 7.4)
at —20°C until use. Bovine brain phosphatidylserine (PS), 1-palmitoyl-2-
oleoyl-3-sn-phosphatidylcholine (POPC), 1-acyl-2-{12-[(7-nitro-2,1,3-
benzoxadiazol-4-yl)-amino]dodecanoyl]-phosphatidylcholine (NBD-PC),
1,1-dipalmitoyl-sn-glycero-3-[phospho-L-serine] (DPPS), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE)
were obtained commercially (Avanti Polar Lipids, Birmingham, AL) and
used without further purification.

Planar membranes

Substrate-supported planar membranes were constructed by depositing
small unilamellar vesicles on 1“ X 1” X 1 mm fused silica substrates as
described previously (Pearce et al., 1992). Vesicles were prepared at 2 mM
either from PS and POPC, or DPPS and DPPC, by sonication and ultra-
centrifugation. For measurements of lipid translational mobility, 2 mol%
NBD-PC was incorporated in PS/POPC (10/88 mol/mol) vesicles or 2 mol%
NBD-DPPE was incorporated in DPPS/DPPC (10/88 mol/mol) vesicles.
Vesicles were fused and deposited on substrates by spontaneous adsorption
for 25 min followed by rinsing with 2 ml TBS. Planar membranes were then
treated with 250 ul of TBS containing various concentrations of unlabeled
fragment 1, fluorescein-labeled fragment 1, 10 mM CaCl,, or 1 mM
Na,EDTA. Samples containing fragment 1 were prepared so that labeled
fragment 1 was diluted 10-fold by unlabeled fragment 1 to yield the ap-
propriate final concentration. All 250-p1 samples were incubated at room
temperature for 25 min before use.

TIR-FPPR instrumentation

Fig. 1 illustrates the optical elements of the experimental apparatus. The
fluorescence microscope was composed of an argon ion laser (Innova 90-3,
Coherent Inc., Palo Alto, CA; without etalon), an inverted optical micro-
scope (Zeiss IM-35, Eastern Microscope Co., Raleigh, NC), and a single-
photon-counting photomultiplier (C31034A, RCA, Lancaster, PA) inter-
faced to an IBM PC AT computer (Pearce et al., 1992). The laser beam first
entered a device that consisted of two 10/90 beam splitters and two mirrors
to select between high and low laser intensities for photobleaching and
fluorescence monitoring, respectively. A neutral density filter (ND1) further
lowered the monitoring beam intensity. Two computer-controlled shutters
were used to select the bleaching (intense) and observation (dim) beams. The
bleaching and observation beams were split into two parallel beams using
a 50/50 beam splitter and a mirror (M). A neutral density filter (ND2) was
inserted to adjust the beams to equal intensity, and three mirrors (PLC) were
inserted to compensate for the pathlength difference. The two parallel beams
passed through a lens with a large focal length (LS1; 232 mm) and a lens
with a smaller focusing length (LS2). The distance between the two paraliel
beams was controlled by using lenses LS2 with different focal lengths (25,
50, 75, 100, 150, or 175 mm). The two s-polarized beams were directed
through a final focusing lens (LS3; focal length 75 mm) and a cubic quartz
prism [(1.5 cm)®] and interfered at the point of internal reflection. The
instrument was judged to be properly aligned when fringes were seen in
focus through the microscope (Fig. 2). Fringe pattern periods were varied
by changing the intersection angle (2¢) using LS2. The apparatus was
mounted on a vibration isolation table to eliminate fringe fluctuations; the
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FIGURE 1 Schematic of the optical arrangement for TIR-FPPR. (A) 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, and the angle between the two incidence planes is 2¢. (B) Two 10/90
beam splitters (BS) are used to create beams of relatively high and low
intensities for bleaching and observation, respectively. A neutral density
filter (ND1) is used to reduce further the observation beam intensity. Two
shutters (S) are used to control both the bleaching and observation beams.
Two parallel beams are generated by a 50/50 beam splitter and a mirror (M).
Three mirrors (PLC) are inserted to compensate for the pathlength differ-
ence. A neutral density filter (ND2) is used to adjust the intensity difference.
Two lenses (LS1, LS2) are used to vary the intersection angle 2¢. The two
converging beams enter the prism (P) through a focusing lens (LS3) and
interfere at the point of internal reflection, generating an evanescent field
with a sinusoidally varying intensity. Fluorescence is collected through the
microscope objective and directed through a barrier filter (B) and an aperture
(A) to a detector.

position of the fringes was stable over time and appeared to be identical
within optical resolution for both the bleaching and observation beams.
Evanescently excited fluorescence was collected through a microscope ob-
jective and directed through a barrier filter (B) and an aperture (A) to the
photomultiplier. The aperture was adjusted so that the photomultiplier
viewed ~10-15 fringes. Control data were collected by blocking one of the
two interfering beams and increasing the laser power twofold.
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50 pm

A single beam Two interfering beams
FIGURE 2 Experimental evanescent fields. Evanescent fields were cre-
ated by totally internally reflecting an argon ion laser beam through a quartz
prism: (A) a single beam; (B) two interfering beams.
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FIGURE 3 TIR-FPPR Data for NBD-PC in PS/POPC Planar Membranes.
(A) Shown are typical curves for NBD-PC/PS/POPC bilayers with pattern
periods 12.5 um (fop) and 7 pum (bottom). Decreasing the pattern period
increases the rate of fluorescence recovery. The lines show the best fits to
Egs. 1 and 2. (B) The values of rate o, obtained from the best fits of data
like those in A to Egs. 1 and 2, are plotted as a function of 1/P%, where P is the
fringe pattern period. The error bars at each point are SDs of the means. The
slope of the best fit to a line predicts the diffusion coefficient. The uncer-
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Measurement of translational mobilities

The translational mobilities of NBD-PC in PS/POPC planar membranes and
of fluorescein-labeled fragment 1 on both PS/POPC and DPPS/DPPC planar
membranes were measured with TIR-FPPR. Parameters were as fol-
lows: laser wavelength, 488.0 nm; objective, Zeiss, 40X, 0.75 N.A,;
observation laser power, 20-50 wW; bleaching laser power, 0.5 W;
bleaching pulse duration, 20—60 ms; depth of bleaching, 70-75%; in-
cidence angles 6, 75°; fringe pattern period, 4-15 pwm; length of the short
axis of the elliptically illuminated area, 50-200 pm; observed area,
10-15 fringes.

In some control measurements, the translational mobilities of
NBD-PC in PS/POPC planar membranes and of NBD-DPPE on DPPS/
DPPC planar membranes were measured with conventional fluores-
cence pattern photobleaching recovery (FPPR; Smith and McConnell,
1978) as previously described (Wright et al., 1988). Parameters were as
follows: laser wavelength, 488.0 nm; objective, Zeiss, 40X, 0.75 N.A.;
observation laser power, 5-10 uW; bleaching laser power, 0.5 W;
bleaching pulse duration, 200-500 ms; depth of bleaching, 60-80%;
ruling periodicity in the sample plane, 16 um; radii of illuminated and
observed areas, =90 and 75 um, respectively.

Recovery curves were fit to theoretical forms for the fluorescence
recovery, F(t), using the nonlinear curve-fitting routine in ASYST
(Macmillan Software, New York, NY). Data and their best fits are
plotted as

F(-) - F()

0 = 55 = Foy

(6]

where F(0) is the fluorescence immediately after photobleaching and
F(—) is the fluorescence before photobleaching.

RESULTS AND DISCUSSION
Lipid diffusion measured by FPPR

The translational mobility of 2 mol% NBD-PC in fluid-like
planar membranes consisting of PS/POPC (10/88 mol/mol)
was measured by conventional FPPR (Smith and McConnell,
1978; Wright et al., 1988; Huang et al., 1992). The measured
diffusion coefficient was (1.15 = 0.09) X 10~® cm¥s, and the
fractional mobility was 0.78 * 0.03. Similar measurements
were carried out on solid-like planar membranes consisting
of DPPS/DPPC (10/88 mol/mol) with 2 mol% NBD-DPPE
as the fluorescent probe. These measurements indicated that
the lipid translational diffusion coefficient in the solid-like
membranes was <107° cm%s.

Lipid diffusion measured by TIR-FPPR

In control measurements, the translational diffusion of
NBD-PC in PS/POPC planar membranes was examined
using TIR-FPPR. In this case, the fluorescent lipids remained
bound to the surface and the fluorescence recovery resulted
only from translational diffusion along the interface. As
shown in Fig. 3 A, the characteristic time for fluorescence
recovery was on the order of seconds and increased with the
pattern period.

As shown in Appendix A, the shape of the fluorescence
recovery for a single diffusing component irreversibly ad-
sorbed to the surface is described by

GIN = (1 — h\ 4 ho™ot M
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where
o= BD (3a)

_211'

B=% (3b)

Z(n, V) %4

NI Za V) - Zm V) 2+ V2

(39
Z(n, V) = Vie "I (n, V). (3d)

D is the diffusion coefficient, P is the period of the evanes-
cent interference pattern, 7 is a parameter proportional to the
bleaching intensity and duration (Eq. A7), V is the visibility
(or contrast) of the interference pattern, J, and I, are modified
Bessel functions, and the approximation holds in the limit of
shallow bleaching.

TIR-FPPR data were fit to Eqs. 1 and 2 with F(—) fixed
at the known value and F(0), &, and o as free parameters. The
rates o were plotted versus 1/P?% and these data were fit by
linear regression (Fig. 3 B). The resultant straight line con-
firmed the diffusive mechanism of the translational mobility.
The slope of the line yields a lipid translational diffusion
coefficient of D = (0.92 * 0.03) X 107® cm?s, which is
consistent with that measured by conventional FPPR (see
above).

Fractional recovery in lipid
diffusion measurements

The rate of fluorescence recovery is determined by the sur-
face diffusion coefficient D and the pattern period P in both
conventional FPPR and TIR-FPPR. However, although the
maximum fractional recovery R (Eq. Bla) and change C (Eq.
B1b) do not depend on the bleaching depth B (Eq. Blc) in
conventional FPPR, the relationship among R, C, and B is not
straightforward in TIR-FPPR (Abney et al., 1992; Huang and
Thompson, 1993). As described in Appendix B,

R=h (4a)
C=2Z(nV) (4b)
B=1-2Z,(n,V) + Z/(n, V), (4¢)

where Vis the visibility (Eq. Alc), nis a bleaching parameter
(Eq. A7), and the Z; are defined in Eq. 3d.

Fig. 4 A shows the predicted values of R (Eq. 4a) as a
function of the bleaching parameter 7 and the visibility V. As
shown, R is in general lower for deeper bleaching depths
(increasing 7)) and for imperfect contrast (V < 1). The average
fractional recovery for NBD-PC in PS/POPC membranes,
measured by TIR-FPPR, was R = 0.19 =+ 0.02, and the av-
erage fractional bleach was B = 0.73 + 0.02. The low value
of R is an intrinsic feature of TIR-FPPR. For a bleaching
depth B = 0.73 (n = 1), the maximum theoretical value of
Ris 0.28 (V = 1). Given that the fractional mobility is ~0.78
(see above), the measured value of R agrees reasonably well
with its predicted value (0.78 X 0.28 = 0.22),
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FIGURE 4 The fractional recovery R and fractional fluorescence change
C, as functions of the bleaching parameter m and the visibility V. Values of
R and C were calculated using Eqgs. 3, c and d, and 4, a and b; they are shown
for V=1¢ ), V=08 (-—-),and V = 0.5 (- - - -). The parameters V
and m are defined in Eqs. Alc and A7, respectively. (A) R is lower for deeper
bleaching depths and for imperfect contrast (V < 1). (B) The maximum value
of C is 0.22 and occurs for n =~ 1.5 and V = 1, corresponding to B = 0.8.

The precision of diffusion coefficients measured with
TIR-FPPR is related more closely to the average fractional
fluorescence change C than to the fractional fluorescence
recovery R. For example, aithough the recovery R is maxi-
mized in the limit of very low bleaching, TIR-FPPR data are
noisy in this limit because the net fluorescence change is
small. The values of C calculated from Eq. 4b are shown in
Fig. 4 B for different values of 1 and V. The maximum value
of Cis =~ 0.22 and occurs for V=1,7m = 1.5, and B = 0.8.
The measured value of C for NBD-PC in PS/POPC planar
membranes was C = 0.14 * 0.02.

A possible explanation for the low measured values of R
and C'is that the bleaching and observation beam interference
patterns were shifted in phase. As shown in Appendix B, for
a phase shift of &,

C =2Z,(m, V)cos(§) (52)

B =1 Zyn, V) + Z(n, V)cos(§). (5b)
and R is given by Egs. 5a, 5b, and Bla.

Fig. 5 shows the dependence of R, C, and B on the phase shift
£ and bleaching parameter 7). All three parameters decrease
with £ > 0, and R and C are negative for ¢ > /2. Experi-
mentally, B ~ 0.73 and V =~ 1. When adjusted for the
incomplete mobility (= 0.78) as measured by FPPR, the
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FIGURE 5 The fractional recovery R, the fractional fluorescence change
C, and the bleaching depth B, as functions of the phase shift £ and of the
bleaching parameter 7). Values of (4) R, (B) C, and (C) B were calculated
using Eqs. 5 and Bla and are shown for V= 1 and = 1.5 ( ), n =
1.0 (---),or 7 = 0.5 (- * - -). The parameters V, ), and £ are defined in
Egs. Alc, A7, and B2, respectively. B decreases with § Both R and C are
maximized when £ = 0, minimized when & = r, and zero when & = /2.

measured values of R and C are R =~ 0.24 and C =~ 0.18.
Therefore, if a phase shift between the bleaching and ob-
servation interference patterns is the explanation for the low
measured values of R and C, Eqs. 5 and Bla predict that
& ~ 33° (given V = 1). Phase shifts between the bleaching
and observation beams would be caused by shifts in the rela-
tive phase of the two interfering beams (Abney et al., 1992).
The optical resolution was not high enough for phase shifts
of this magnitude to be visually apparent.

A different explanation for the low measured values of R and
C is that the bleaching process is not a single exponential as a
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function of the bleaching intensity and duration (Eq. AS5). As
shown in Appendix B for biexponential bleaching (Eq. B4)

C= bZI(”fh, V+1- b)Zl(Th, V) (62)

B=1—[bZ(n, V) + (1 = b)Zy(m,, V)] (6b)
+[6Z,(n,, V) + (1 — B)Z,(m,, V)]

where b is the relative amplitude of the first bleaching process
and the Z, are defined in Eq. 3d. R is given by Egs. 6a, 6b, and
Bila.

Fig. 6 shows the dependence of R, C and B on 7, and 7,.
In these plots, it has been assumed for simplicity that
V = 1and b = 0.5. In this case, B increases for higher values
of 7, and m,, whereas R and C have maxima at intermediate
values of 1), and 7,. The maximum value of C ~ 0.22 occurs
when n, =~ m, =~ 1.5. The maximum value of R = 0.33 occurs
when 7, and n, approach zero. Both R and C are linear with
the parameter b, and their maxima with respect to this pa-
rameter, for given values of 7, and n,, occur for b = 0 or
b = 1, which corresponds to a single exponential bleaching
process. By using the biexponential model as the explanation
for the low measured values of R and C, the assumptions
that V= 1 and b = 0.5, the measured value of B, and the
measured and adjusted values of R and C (see above), one
finds that Eqs. 6 and Bla predict that Z,(n,, V) + Z(n,, V)
= 0.90 and Z,(n,, V) + Z,(n,, V) = 0.36. The predicted
values of these two sums imply that n, = 0.5 and 1, = 2.7.

Protein binding specificity

The previously published (Pearce et al., 1993) equilibrium
binding curve for fragment 1 on PS/POPC (10/90 mol/mol)
planar membranes was reproduced, except that bovine serum
albumin (BSA) was not included (data not shown). Binding
curves were constructed by measuring the evanescently ex-
cited fluorescence of fragment 1 on PS/POPC (10/90 mol/
mol) planar membranes as a function of the fragment 1 so-
lution concentration. All samples contained 10 mM Ca®*
except for the control samples, which contained 1 mM
EDTA. Although BSA was previously included to block pos-
sible nonspecific binding, it was not used in the measure-
ments described herein because of its potential to block or
retard the translational motion of the bound fragment 1 or
lipids adsorbed to the substrates. The apparent equilibrium
dissociation constant for fragment 1 on PS/POPC (10/90
mol/mol) membranes was K; =~ 8 uM, which is equivalent
to the previously published value. Approximately 20-25% of
the fluorescence arose from protein in solution or nonspe-
cifically bound to surface, as judged by measuring the eva-
nescently excited fluorescence in the presence of EDTA. The
binding of fragment 1 to DPPS/DPPC (10/90 mol/mol) pla-
nar membranes was examined at several protein concentrations.
The results were similar to those for fragment 1 on PS/POPC
membranes, with 20-25% of the fluorescence arising from pro-
tein in solution or nonspecifically bound to the surface.
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FIGURE 6 The fractional recovery R, the fractional fluorescence C, and
the bleaching depth B as functions of the bleaching parameters 1, and 1,.
Values of (A) R, (B) C, and (C) B were calculated using Egs. 6 and Bla
and are shown for V=1,b=0.5,and 5, = 5 ( ), M, = 1.5 (-----), and
7, = 0.2 (). The parameters V, b, and 7, are defined in Eqs. Alc, B4, and
B6, respectively. R is maximized when 7,, 7,—0, C is maximized when 1),
=~ 1, =~ 1.5, and B is maximized when 7,, n,~>.

Fragment 1 dissociation kinetics on fluid-like
membranes measured by TIR-FPPR

TIR-FPPR data were obtained for fluorescein-labeled frag-
ment 1 on fluid-like PS/POPC planar membranes, with one
of the interfering beams blocked so that the bleaching and
observation areas were large and elliptical in shape (Fig.
2 B). In these measurements, the laser intensity was in-
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creased twofold so that the fractional bleach was approxi-
mately equivalent to that measured for two interfering
beams. The characteristic time for fluorescence recovery,
which arose solely from the surface association/dissociation
kinetics, was on the order of seconds, and nearly complete
recovery occurred after a few minutes.

Previous work has demonstrated that, for large bleach-
ing and observation areas where surface diffusion does
not appreciably contribute to fluorescence recovery, the
recovery curves are not monoexponential (Pearce et al.,
1992, 1993). In this work, we consider two surface bind-
ing mechanisms that can account for the nonmonoexponential
shapes of TIR-FPPR recovery curves for large areas. In one
mechanism, fragment 1 isomerizes between two membrane-
bound states, i.c.,

ki k2
A+B=C,=C, )
k-1 k-2

where A denotes protein in solution, B denotes unoccupied sur-
face binding sites, C; and C, are membrane-bound complexes,
and the k, (i = 1, —1, 2, —2) are kinetic rate constants. In the
other mechanism, there are two types of membrane sites to which
fragment 1 binds, i.e.,

k1 k2
A+B =C, A+B,=C, ®
k-1 k-2

where A denotes protein in solution, B, and B, denote
unoccupied surface binding sites, C;, and C, are
membrane-bound complexes, and the k, (i = 1, — 1,2, —2)
are kinetic rate constants.

As shown in Appendix A, both mechanisms (Egs. 7
and 8) give rise to biexponential recovery curves in
the limit of large bleaching and observation areas. For the
first mechanism,

G(r) = ge™" + (1 = gle™™ ©)
where

20, =px\/p* — 4k, (10a)
p=k_,+k,+k_, (10b)
8§ = %:_fkT_ll (10c)

k_,
f= k, + k_, (10d)

For the second mechanism,
G(r) = ye ™1 4+ (1 — y)e *2 (11a)
(k_, + k,A)k, € (11b)

YT ket k(1 —€) + kA’

where € is the fraction of surface binding sites that are of
the first type and vy is the fraction of occupied sites that
are of the first type.
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TABLE 1 Dissociation rates and fractional recoveries for fragment 1 on planar membranes

Type of membrane A (M) r (™ a, r (™ a, a, +a,
PS/POPC 2 2.69 * 0.13 0.26 * 0.01 0.25 = 0.01 0.43 = 0.01 0.69 * 0.01
4 2.83 £ 0.16 0.33 £ 0.01 0.31 £ 0.01 0.48 + 0.01 0.81 = 0.01
8 3.18 £ 0.16 0.41 £ 0.01 0.37 *+ 0.02 0.39 = 0.01 0.80 = 0.02
20 3.89 + 0.13 0.53 = 0.01 0.45 * 0.02 0.34 £ 0.01 0.88 + 0.02
DPPS/DPPC 2 1.89 + 0.21 0.33 = 0.02 0.14 = 0.02 0.21 = 0.01 0.54 * 0.03
4 243 £ 020 0.38 = 0.04 0.22 *+ 0.02 0.22 + 0.01 0.60 = 0.04

Values were obtained from the best fits of control curves (large observation area data) to Eq. 12 and are the averages of 20-60 curves. r, and r, are the
recovery rates, and a, and a, are the fractional recoveries associated with r, and r,, respectively. Data were obtained with a sample interval of 10 ms, and
fluorescence recovery was monitored for 12 s. Errors are SDs of the means.

Table 1 summarizes the kinetic data obtained by analyzing
control curves (large observation area data). These data were
fit to the theoretical form

F() = F(=) + [F0) = F(-)la, + a,e™ + a,e™],  (12)

with F(—) fixed at the known value, a, = 1 — @, — a,, and
with F(0), a,, a,, r,, and r, as free parameters. As shown in
Table 1, both of the recovery rates and the fractional recov-
eries associated with the fast rate increased slightly with the
fragment 1 solution concentration, and the fractional recov-
eries associated with the slow rate decreased slightly. The
recovery rates are somewhat larger than those previously
published (Pearce et al., 1992). A likely reason for this

Protein translational diffusion on fluid-like
membranes measured by TIR-FPPR

The translational diffusion of fragment 1 on fluid-like PS/
POPC membranes was measured by obtaining TIR-FPPR
recovery curves as a function of the pattern period P. As
shown in Fig. 7 A, the rate of fluorescence recovery increased
with decreasing P. In these measurements, the fluorescence
recovery arose from both dissociation/association kinetics
and protein surface translational diffusion, and the fractional
recovery R was ~1.

As shown in Appendix A, the shape of the fluorescence
recovery for the two-step binding mechanism is

is that the data are not truly biexponential (Pearce et al., Gt) =[ge=™ + (1 — gle (1 — h) + he™"].  (13)
1993), and the recovery curve data in this work were o . Lo .

obtained with shorter time durations and therefore on a  Similarly, for the two-site binding mechanism,

faster time scale. G(t) =[ve™ '+ (1 — ye [ — h) + he™™]. (14)

For the two-step binding mechanism (Eq. 7), k_,, k,, and
k_, were calculated by using o, = r,, o, = r,, Egs. 10, and
the assumption that g = a,/(a, + a,) (Pearce et al., 1992)
(Table 2). For the two binding site type mechanism (Eq. 8),
k_,, k_, and vy had the same values as o, o, and g. For the
two-step binding mechanism, the rates k_, and k_, increased
slightly with the fragment 1 solution concentration. The av-
erage rates were k_, ~ 3 s ' and k, =~ k_, ~ 0.3 s™1. For the
two binding site type mechanism, k_,, k_,, and (as expected)
v increased slightly with the fragment 1 solution concen-
tration. The average dissociation rates were =~ 3 s! for one
site type and =~ 0.3 s™! for the other site type; the average
value of y was =~ 0.5.

TABLE 2 Kinetic rates for fragment 1 on planar membranes

These equations apply when the diffusion coefficients of C,
and C, are equal. TIR-FPPR data were fit to Eq. 1 with either
Eq. 13 or 14; with F(0), F(—), h, and o as free parameters,
and with g, o, 0,, or v, k_,, k_, fixed at the predetermined
values (see above). The obtained rates o were plotted versus
1/P?, and the data were fit by linear regression (Fig. 7 B). The
protein translational diffusion coefficients D were obtained
from the slopes (Eq. 3). Uncertainties in diffusion coeffi-
cients were calculated using linear regression theory (Taylor,
1982).

As shown in Fig. 7 C, the fragment 1 translational diffu-
sion coefficients ranged from (4.8 = 1.2) X 10~° cm¥s for

Two-step binding

Two binding site types

Type of
membrane A (pM) k_, k_, k, k_, k_, v

PS/POPC 2 2.36 £ 0.16 0.28 £ 0.02 0.29 £ 0.04 2.69 = 0.13 0.25 +£0.01 0.38 £ 0.02
4 2.49 £ 0.16 0.35 £ 0.02 0.30 £ 0.03 2.83 £ 0.16 031001 0.41 = 0.02

8 2.89 £ 0.25 0.41 +0.03 0.25 £ 0.01 3.18 £0.16 0.37 £ 0.02 0.51 £0.03

20 3.64 = 0.17 0.48 + 0.03 0.22 = 0.02 3.89+£0.13 045 = 0.02 0.60 * 0.03

DPPS/DPPC 2 1.81 £ 0.15 0.15 £ 0.01 0.073 = 0.004 1.89 *0.21 0.14 *+ 0.02 0.61 +0.03
4 232 £ 0.10 0.23 + 0.01 0.101 = 0.009 2.43 +0.20 0.22 + 0.02 0.63 * 0.05

For the two-step binding mechanism (Eq. 7), the values of k_,, k_, and k, were calculated from the data in Table 1 by using o, = r,, o, = r,, Eqgs. 10 and
14, and assuming that g = a@,/(a, + a,). For the two binding site type mechanism (Eq. 8), k_, = r,, k_, = r, and vy = a,/(a, + a;). The errors are SDs
of the means.
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FIGURE 7 TIR-FPPR Data for fragment 1 on PS/POPC planar mem-
branes. (A) Shown are typical curves for 2 uM fragment 1 on PS/POPC
bilayers with 10 mM Ca?* for a large observation area (fop) and a pattern
period of 7 um (bottom). Decreasing the pattern period increases the rate
of fluorescence recovery. The lines show the best fits to Eq. 13 (or Eq. 14).
(B) Rates o, obtained from the best fits of data like those in A to Eq. 13,
are plotted as a function of 1/P2, where P is the fringe pattern period. Results
are shown for 2 uM (M) and 20 uM (O) fragment 1. The error bars are SDs
of the means. The slopes of the best fits to lines give diffusion coefficients.
The uncertainties in the diffusion coefficients were calculated using linear
regression. (C) The surface diffusion coefficients of fragment 1 are shown
as a function of the fragment 1 solution concentration. Increasing the frag-
ment 1 solution concentration decreases the surface diffusion coefficient.
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FIGURE 8 TIR-FPPR data for fragment 1 on DPPS/DPPC planar mem-
branes. Rates g, obtained from the best fits of data to Eq. 13 (or Eq. 14),
are plotted as a function of 1/P2, where P is the fringe pattern period. Results
are shown for 2 uM () and 4 pM () fragment 1. The error bars are SDs
of the means. The data points were fit by linear regression. In both cases,
the slopes were very low (and negative), indicating that there was no mea-
surable protein translational mobility.

A = 2 uM (20% saturated) to (1.7 = 1.1) X 107° cm?%s
for A = 20 uM (70% saturated). Two-tailed t-tests were
carried out to evaluate the effects of the fragment 1 solution
concentration on the surface diffusion coefficients. The val-
ues of p were as follows: «0.01 for comparing the diffusion
coefficients for A = 2 and 4 uM; <0.01 for A = 4 and 8 uM;
0.0125 for A = 8 and 20 uM; and «0.001 for A = 2 and
20 uM. These results demonstrate that a significant reduction
in the diffusion coefficient occurs with increasing protein
solution concentration (and surface density).

Protein translational diffusion on
solid-like membranes

As a control, TIR-FPPR data were obtained for fragment 1
on solid-like DPPS/DPPC membranes. Tables 1 and 2 list the
kinetic rate constants obtained from the control curves (large
observation area data). The fast recovery rates and the frac-
tional recoveries associated with them were not significantly
different from those on fluid-like PS/POPC membranes,
whereas the slow rates, the fractional recoveries associated
with them, and the total fluorescence recoveries differed
somewhat. For the two-step binding mechanism, the values
of k_, were similar to those for fragment 1 on fluid-like
membranes, whereas k_, and k, were lower than those on
fluid-like membranes. A possible reason for this difference
is that the change in state associated with the second step
depends on the lipid translational mobility, i.e., that the
different membrane-bound states correspond to fragment 1
associated with different numbers of PS molecules. TIR-
FPPR recovery curves obtained with fringe patterns were
analyzed by the same method applied to the fluid-like mem-
branes. As shown in Fig. 8, for both 2 and 4 uM fragment
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1 solution concentrations, no recovery rate increases were
found when decreasing the fringe pattern period. Thus, no
protein translational mobility was detected.

Simulations of the effect of the fragment 1
solution diffusion on TIR-FPPR recovery curves

As shown in Table 2, increasing the protein solution con-
centration slightly increases the protein surface dissociation
kinetic rates. This trend suggests that the system is not en-
tirely reaction-limited, i.e., that the fluorescence is deter-
mined in part by the protein solution diffusion (Pearce et al.,
1992). A potential artifact in the measurement of transla-
tional diffusion is that, if the system is not reaction-limited,
decreasing the pattern period may increase the rate of fluo-
rescence recovery even in the absence of surface diffusion
because the system is being driven from a diffusion-limited
case to a reaction-limited one (Thompson et al., 1981; Hsieh
and Thompson, 1994). Thus, one might measure an artifac-
tually high diffusion coefficient.
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The general theoretical forms for TIR-FPPR, which ac-
count for solution diffusion, were used to evaluate its po-
tential effect on the measurement of D (see Appendix C). In
these calculations, the solution diffusion coefficient was D,
= 5 X 1077 cm?s; the surface diffusion coefficient was D
= 4.8 X 107° cm?s; the kinetic rate constants k_; k,, and
k_, were equal to the values shown in Table 2 for 2 uM
fragment 1 on PS/POPC membranes; the apparent surface
dissociation constant was K; = 8 uM; m = V = 1; and the
total surface site density was N = 26,500 mol/um? (Pearce
et al., 1992). Fig. 9 A shows G(t) as a function of the pattern
period, as predicted by the general expression for the two-
step binding mechanism (Eqs. C1-C5); Fig. 9 B shows G(t)
as predicted by the general expression for two binding site
type mechanism (Eqgs. C1 and C6-C8); and Fig. 9 C shows
the dependence of G(7) on the pattern period for the reaction-
limited case as calculated from Eq. 13 (or 14). In all three
cases, G(t) decreases more rapidly with decreasing P. How-
ever, there is considerable difference between G(¢) for the
general cases (Fig. 9, A and B) and for the reaction-limited
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case (Fig. 9 C), which means that the system is not com-
pletely reaction-limited. The above calculations were re-
peated assuming that surface diffusion coefficient D was zero
and keeping all of the other parameters the same. In these
cases, as shown in Fig. 9 D for the two-step binding mecha-
nism and Fig. 9 E for the two binding site type mechanism,
the values of G(z) for different pattern periods overlapped
whereas the G(t) for a large observation area were somewhat
different.

The simulated curves for D = 0 and 4.8 X 107° cm?/s were
analyzed using the same method as that used for experi-
mental data to extract the surface translational diffusion co-
efficients (see above). Fig. 10 shows a plot of the best-fit
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FIGURE 10 Diffusion coefficients as calculated from simulated data. The
simulated curves in Fig. 9 A, B, D, and E were analyzed by the same method
as that used for experimental data (see text). Shown in this figure are the
best-fit values of the rates o as functions of 1/P?, for (A) the two-step binding
mechanism (Eq. 7) and (B) the two-binding site types mechanism (Eq. 8).
As shown, for G(t) generated using D = 0 ((J), and (4) Egs. C1-C5 or (B)
Eqs. C1 and C6-CS8, the analysis gives artifactual diffusion coefficients of
(A) D = 1.7 X 107 cm?%s or (B) D = 0.4 X 107" cm¥s. However, for
G(t) generated using D = 4.8 X 10~° cm?/s (W), the analysis procedure gives
the correct value for D. Therefore, although the experimental data are not
completely in the reaction limit, the effect of the partial diffusion control
on the measured value of D is negligible.
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values of o vs. 1/P? for (A) the two-step binding mechanism
and (B) the two binding site mechanism. As shown, for G(r)
generated using D = 0, the analysis gives artificial diffusion
coefficients of (A) D = 1.7 X 107 cm%s or (B) D =
0.4 X 107 cm¥s. However, for G(t) generated using
D = 4.8 X 107° cm?s, the analysis procedure gives the
correct values for D for both mechanisms. Therefore, al-
though the experimental data are not completely in the re-
action limit, the effect of the partial diffusion control on the
measured value of D is negligible.

SUMMARY

The enzymatic conversion of prothrombin to the active serine
protease, thrombin, is one of several membrane-mediated
processes critically important in blood coagulation. This
proenzyme activation involves an interplay between chemi-
cal reaction processes (protein-protein and protein-
membrane interactions) and transport processes (surface
translational/rotational diffusion, surface dissociation/
association kinetics, protein solution diffusion). Among
these processes, the surface diffusion of prothrombin is a key
factor in understanding the interaction of prothrombin and
the membrane-bound prothrombinase complex.

TIR-FPPR provides a new method for measuring the trans-
lational diffusion of proteins weakly bound to membrane
surfaces. As compared with conventional FPPR, TIR-FPPR
samples need not be restricted to a plane, in that the eva-
nescent illumination allows discrimination between events at
an interface from those that occur in bulk volume. This work
represents the first successful measurement of the transla-
tional mobility of a protein weakly and specifically bound to
a membrane surface.

The results described in this paper show that the lipid dif-
fusion coefficient in fluid PS/PC planar membranes, as meas-
ured by TIR-FPPR, is ~1078 cm%/s and matches well with
the coefficient measured by conventional FPPR. Prothrom-
bin fragment 1 bound to fluid-like PS/PC planar membranes
at low surface densities has a diffusion coefficient ~5 X 10~°
cm?/s. This value is approximately twofold lower than the
lipid diffusion coefficient in the absence of bound fragment
1 and is approximately equivalent to the lipid diffusion co-
efficient in the presence of bound fragment 1 (Huang et al.,
1992). In addition, no translational diffusion was detected for
fragment 1 on solid-like PS/PC membranes. These results
demonstrate that the translational diffusion of weakly bound
fragment 1 requires and mimics membrane fluidity, which
suggests that fragment 1 does not skim over the membrane
surface. Because the limiting viscosity is that of the
membrane, fragment 1 apparently remains bound to its lipid
binding site throughout its surface occupancy. The fragment
1 surface diffusion coefficient is reduced approximately
threefold when the fragment 1 surface density changes from
20 to 70% of the density at saturation. This result suggests
that lateral protein-protein interactions significantly retard
the fragment 1 surface diffusion when the fragment 1 surface
density is high.
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APPENDIX A

TIR-FPPR recovery curves for combined surface
diffusion and surface association/dissociation
kinetics (reaction limit)

If the surface affinity and site density are high enough, the dominant signal
in a TIR-FPPR experiment arises from molecules that are bound to the
surface rather than in solution near the surface. In this case, the measured
fluorescence is related to the evanescent intensity at the interface (z = 0).
For two s-polarized, interfering beams with equal incidence angles and
amplitudes, this intensity may be written in the form (Abney et al., 1992;
Huang and Thompson, 1993)

1,000 = I5,[1 + V cos(By)] (Ala)
g = 47n, si;oe sin ¢ (Alb)
V =lcos 2dl. (Alc)

I(y) is the evanescent intensity used for fluorescence monitoring, f,(y) is
the evanescent intensity used for fluorescence bleaching, I} , are the spatially
averaged intensities, § is the spatial periodicity, A, is the vacuum wavelength
of the incident beam, n, is the refractive index of the quartz, 8 is the incidence
angle, ¢ is the semi-angle of intersection of the two interfering beams, V
is the visibility, and the relationship between B and the period of the in-
terference pattern, P, is shown in Eq. 3b. In the measurements described
herein, A, = 488.0 nm, n, = 1.47, 8 ~ 75°, ¢ = 0.7°-2.5", P =~ 4-15 pum,
and V=~ 1.

The time-dependent fluorescence recovery F(t) after photobleaching
may be written as

F)=0 f L(»)S(y, 1) dy, (A2)
1]

where S(y, t) is the surface concentration of unbleached fluorescent mol-
ecules at time ¢ and position y, and Q is a proportionality constant. Eq. A2
is based on the assumption that the fluorophore absorption dipoles are iso-
tropically oriented and homogencously distributed. The equation also ne-
glects the (often small) effects of the nearby planar dielectric interface on
the angular dependence of the fluorescence emission and the influence of
the microscope collection optics on the fluorescence collection efficiency.
For a simple, monovalent binding mechanism (Abney et al., 1992)

Y

A+B=S, (A3)

k-1

where A is the solution concentration of fluorophores, B is the surface den-
sity of unoccupied surface sites, and § is the two-dimensional density of
surface-bound fluorophores. In the reaction limit, the fluorescence recovery
depends on both the surface association/dissociation kinetic rates and the
surface diffusion coefficient. The differential equation governing S(y, 1) is

3 &
35050 = D35 500 + KIAG, 2, ))-oB(y, 1) — k1503, 1), (A%

where z is the distance from the interface and y lies in the sample plane and is
perpendicular to the fringe stripes; A, B, and S are functions of both space and
time; and D is the surface diffusion coefficient of S. For photobleaching mea-
surements, B(y, ¢) is a constant (Thompson et al., 1981); and, in the reaction limit,
[A(y, 2, 1)],,, is also a constant (see Appendix C). The initial condition is

S()’, O) = (S)e—xlb(y) i <S)[1 - KIb(y)]’ (AS)
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where k is a parameter proportional to the bleaching duration and efficiency,
I(y) is the bleaching beam intensity, and the approximation holds in the limit
of shallow bleaching, (S) is the equilibrium concentration of S(y, ¢). The dif-
ferential equation may be solved by using Fourier transform methods. Substi-
tuting the obtained S(y, ) into Eq. A2 and using Eq. 1, one finds that

G() = e™v[(1 ~ h) + he™™, (A6)
where h and o are defined in Egs. 3c and 3a, and

n =y (A7)

When &_; = 0, the fluorescence recovery arises purely from surface diffusion,
and G(f) reduces to a one-exponential form with characteristic rate o (Eq. 2).
When 0—0,

Glr) = e+, (A8)

which represents reaction-limited, monovalent dissociation kinetics for a large
observation area (Thompson et al., 1981).
The differential equations for the mechanism shown in Eq. 7 are

] &
5; CI(Y$ t) = Dl ﬁ C;()” t) + kl[A(yv %, t)]z—-OB(y’ t) (Aga)

=k, T B)Ci(y, 1) + k_,Co(y, )

ad 3

700 = Dza_yz C(3 ) + G (y, 1) = k_,Co(y, 1), (A9b)
where C, and C, are functions of both space and time, and D, and D, are the
protein surface diffusion coefficients for the different bound states. In the reaction
limit, [A(y, 2, £)],_., and B(y, t) are constants. The initial conditions are

Ci(5,0) = (C)exp™* ~(C, {1 — «h,(y)]

G,(5,0) = {Cylexp ™) ~ (C,)1 — &I, (¥)],

where « and /(y) are defined above, and the approximation holds in the limit
of shallow bleaching. (C,) and (C,) are the equilibrium concentrations of C,(y,
1) and Cy(y, 1), and are related by k(C,) = k_,(C)).

The differential equations in Eqs. A9 may be solved by using Fourier
transform methods. Substituting S(y, £) = C,(y, t) + Cy(y, t) into Eqs. A2
and 1, one finds that

(A10a)

(A10b)

G = é hje™, (A11)
where o, , are defined in Eq. 10a,
205, = (D, + D,)B* + p £ \/f(B) (A12a)
e L2

h,=%(1—h) ——a’;z —fa, (A12b)

ho=xpZn” [fk_, + fD,B* + (1 — £)D,B7]
M= o, — o, (Al2c)
f(B) =D, — Dy)B* + (k_y + k, — k_,) + 4kk_,, (A12d)

and B3, h, and f are defined above (Eqs. 3b, 3c, and 10d). When D, = D, =
D, G(t) reduces to Eq. 13. For a large observation area (o — 0), Eqs. A1l
and 13 reduce to the previously published form (Eq. 9) (Pearce et al., 1992).
For irreversibly adsorbed molecules (k_, — 0), g, , — 0, and Eq. 13 reduces
to Eq. 2. When the second membrane-bound state is not abundantly occupied
(kyfk_,— 0), g — 1, o, = k_,, and Egs. A11 and 13 reduce to Eq. A6 (the
form for monovalent binding).

For the mechanism shown in Eq. 8, we assume that the sites are inde-
pendent, so that

Fi(9) = F(~) + [F(0) — F(-)IG,®), (A13)

where i = 1 or 2, F(t) is the fluorescence associated with molecules
bound to the ith site type, and G(z) is defined above (Eq. 1). The
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measured fluorescence F(¢) is the sum of F,(z) and F,(¢). By using Eqs.
1 and A13 with

F(t) = Fi() + Fy(1) (Al4a)
_F(=) - F(0)
F(=) — F(0)’ (A14D)

where v is the fraction of occupied surface binding sites that are of the
first type, one finds that

G(@r) = ¥G,() + (1 = 7)G,()
= ye *'[(1 — h) + he P'P] + (1 — y)e ™ ¥[(1 ~ h) + he D%

(A15)

In the limit of a large observation area (8 — 0), Eq. A1S reduces to Eq. 11. If
we assume that the two types of surface-bound complexes have the same trans-
lational diffusion coefficients, or D, = D, = D, then Eq. A15 reduces to Eq. 14.
K, in addition, k_, = k_, — 0, Eq. A15 reduces to Eq. 2. When y = 1, Eq. A15
reduces to Eq. A6.

In all three surface-binding mechanisms, G(r) separates into distinct sur-
face diffusion and chemical kinetic factors (Egs. 13, 14, and A6). In addition,
the mechanisms shown in Eqs. 7 and 8 generate different recovery rates, but
both have a biexponential form in the limit of a large observation area.

In general, TIR-FPPR fluorescence recovery curves depend not only on
the surface association/dissociation kinetic rates and surface diffusion co-
efficients, but also on the solution diffusion coefficient (Thompson et al.,
1981; Hsieh and Thompson, 1994). The results shown in this Appendix are
applicable to the reaction limit of TIR-FPPR, in which solution diffusion is
rapid and/or the solution concentration is high. The more general case is
described in Appendix C.

APPENDIX B

Fractional recoveries R and fractional
fluorescence changes C in the absence of
surface association/dissociation

The fractional recovery R may be defined in terms of the fractional fluo-
rescence change C and the fractional bleach B, i.e.,

_F®)-FO) g
“Ro-ew T (B12)
F() — F(0)
C="FS (B1b)
5o FO) - FO
F(-) . (BIC)

By using the expression for F(z) (Appendix A), one finds the dependence
of R, B, and C on n and V (Eqs. 4) for irreversibly bound fluorophores.

The possibility exists that the bleaching and observation beam interfer-
ence patterns might be shifted in phase. Following the methods of derivation
outlined in Appendix A, with

1,(y) = I][1 + Vcos(By + §)), (B2)

where £ is the phase shift, one finds that

F(r)

oy = (V) = Zi(m, V)e #P'cos(9), (B3)

where the Z are defined in Eq. 3d. Eq. B3 implies Egs. 5.
Another possibility is that the bleaching process is not exponential, i.e.,

S(y, 0) = (S)[be™ > + (1 — b)e™=+0], (B4
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where 0 < b < 1 is a constant and x, # k,. This equation implies that

F
F((t)) [(bZy(ny, V) + (1 — b)Zy(mp, V)]
(B5)
- [6Z,(m,, V) + (1 = B)Z,(7,, V)]e-gZDl’
where the Z, are defined in Eq. 3d and
L K,lz. (BG)

Eq. BS implies Egs. 6.

APPENDIX C

Effect of solution diffusion on TIR-FPPR
recovery curves

The results shown in Appendix A are applicable to the reaction-limit
of TIR-FPPR. The general result is given by (Hsieh and Thompson,
1994)

G(t) = (1 — h)H(O, 1) + hH(B, 1), (C1)

where h is given in Eq. 3c and H(B, ¢) depends on the membrane-binding
mechanism.

For membrane binding according to the two-step mechanism (Eq. 7) with
D, = D, = D, the function H(B, t) is given by (Hsieh and Thompson, 1994)

HB, D = 3 AN e~ #erto(~A /), 2

i=t

where D, is the protein diffusion coefficient in solution,

23 ,car

T Ve Ve Ve - VeaVe - Ve Ve = Ve
the \/m are the five roots of
[ve+ 33

X[{a+k,+D-D)BHa+k,+k_+ (D~ DB}~ kk_,]

C3)

\2/{[(!+k +(D-D,)BY=0 (Cd

and

\/— [+ k_, + (D - D,)B] (C5a)
o=ktk,+D-D)+(1-fk_, (Csb)
_ Jko
@= /R (C5¢)
=1 (C5d)
_ Dy(k_, + k,AY
R (cs9

and f is defined in Eq. 10d, N is the total density of surface binding sites.
This general expression reduces to the reaction-limited case (Eq. 13) when
k_, <R
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For membrane binding according to the two binding site type mechanism,
the function H(B, t) is given by (Thompson et al., 1981)

H@B, 1 (C6)

3o Vel Vet NRD oo
_2{7[\/;;_\/;1\/(!_“_\/‘1—“]&( B2Da)erfe( a,f)

-1

o VedVaa t ko NRL s }
+Q 7)[\/‘:2_\/‘1_121\/‘1—.2_\/@8“ B0 erfo(— \/a,0) 1,

where the \/a_im, V %> and \/ e, (for m = 1 or 2) are the three roots of

2

_ K
I:\/c_x+\k/;—][a+k,m+(D—DA)Bz]—\/I—’;—=O ©n

and

&K, +AV
N (&)

R,= DA<
7 is defined in Eq. A4, K|, is the equilibrium dissociation constant (which is
assumed to be equivalent for both site types), and N, is the total surface density

of sites of type m, for m = 1 or 2. This general expression reduces to the
reaction-limited case (Eq. 14) when k_; < R.
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