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ABSTRACT The immunological synapse is a stable intercellular structure that specializes in substance and signal transfer from
one immune cell to another. Its formation is regulated in part by the diffusion of adhesion and signaling molecules into, and their
binding of countermolecules in the contact area. The stability of immunological synapses allows receptor-ligand interactions to
approximate chemical equilibrium despite other dynamic aspects. We have developed a mathematical model that describes the
coupled reaction-diffusion process in an established immunological synapse. In this study, we extend a previously described
contact area fluorescence recovery after photobleaching (FRAP) experiment to test the validity of the model. The receptor binding
activity and lateral mobility of fluorescently labeled, lipid-anchored ligands in the bilayer resulted in their accumulation, as revealed
by a much higher fluorescence intensity inside the contact area than outside. After complete photobleaching of the synapse,
fluorescence recovery requires ligands to dissociate and rebind, and to diffuse in and out of the contact area. Such a FRAP time
course consequently provides information on reaction and diffusion, which can be extracted by fitting the model solution to the
data. Surprisingly, reverse rates in the two-dimensional contact area were at least 100-fold slower than in three-dimensional
solution. As previously reported in immunological synapses, a significant nonrecoverable fraction of fluorescence was observed
with one of two systems studied, suggesting some ligands either dissociated or diffused much more slowly compared with other
ligands in the same synapse. The combined theory and experiment thus provides a new method for in situ measurements of
kinetic rates, diffusion coefficients, and nonrecoverable fractions of interacting molecules in immunological synapses and other
stable cell-bilayer junctions.

INTRODUCTION

Information and substance transfer between cells and their

environment often occurs in specialized structures with

concentrated and organized adhesion and signaling mole-

cules. Examples include intraepithelial junctions, neural and

neuromuscular synapses, and immunological synapses, the

last of which are the focus of this study (1,2). The formation,

evolution, and maintenance of immunological synapses are

thought to be due in part to the work of adhesion molecules,

which also may serve as signaling molecules (3). These ad-

hesion receptors diffuse in and out of the cell-cell contact,

bind to their ligands across the intercellular gap via the ex-

tracellular domain, and link to cytoskeletal and/or adaptor

molecules via the cytoplasmic domain (4). Quantitative de-

scriptions of these processes are required for an under-

standing of various structural and functional aspects of

immunological synapses.

We have investigated an experimental model as a first step

toward a quantitative description of the physiochemical

processes that control the dynamics of adhesion molecules

involved in the immunological synapse. Our simplified sys-

tem consists of a single species of fluorescently labeled, lipid-

anchored ligands that are reconstituted into a glass-supported

bilayer membrane in contact with a cell that expresses a

single receptor species for that ligand species. In a classic

study (5), fluorescent IgE was used to form a bridge between

a cell expressing laterally mobile high-affinity Fce receptors

and an antigen-coated bead and to visualize molecular re-

distribution of the bridges in the interface. The fluorescent

IgE accumulated at the interface, which correlated with in-

creased adhesive strength. Because cell signaling may, and is

even expected to, lead to the reorganization of FceRI after

interaction with ligands, it is difficult to directly correlate

the IgE accumulation with bridge formation and diffusion in

the contact area. This challenge is overcome by replacing the

bead with a supported planar bilayer containing freely mobile

fluorescent ligands. When cells bearing receptors interact

with the fluorescent ligands on this surface, the accumulation

of fluorescence in the interface can be related more directly to

bridge formation and diffusion (6,7). The self-assembly of

the contact area between the cell and the bilayer is monitored

by reflection interference microscopy (RIM), again allowing

for quantitative measurement (8–10).

A probable physical mechanism for contact area formation

is shown in Fig. 1. Before contacting the lipid bilayer with

receptor-expressing cells, all ligands are bright, mobile, and

uniformly distributed (Fig. 1 A). After the cell contacts the

bilayer, receptors begin to bind ligands. Bond formation

converts free ligands into bound ligands, which locally
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depletes free ligands. The density gradient that is generated

can result in a net diffusion of free ligands into the contact

area to replenish the free ligands, which can push the for-

ward reaction much further than it would otherwise proceed

without diffusion. This leads to the accumulation of a large

number of ligands and the formation of a high density of

bonds in the contact area (Fig. 1 B). Over time, the fluores-

cence intensity inside the contact area (proportional to the

total density of free and bound ligands combined)

may become much higher than that outside (proportional to

the density of free ligands), until the process reaches an

equilibrium. Like solution binding, the number of bonds

at equilibrium should initially increase rapidly with the

density of free ligands in the bilayer but would saturate be-

yond a certain point (7,9). Fitting the equilibrium binding

model to such a Langmuir isotherm (cf. Fig. 4 A below) or its

linearized transformation, i.e., the Scatchard plot or the Zhu-

Golan plot (cf. Fig. 4 B below), allows for evaluation of the

two-dimensional (2D) equilibrium dissociation constant Kd

(7,9).

Contact area formation involves global deformations of

the cell from a sphere to an indented sphere and local

deformations of the membrane from rough to smooth. Thus,

the chemical reaction-diffusion process described above

must be coupled to a mechanical process of cell deformation.

Signaling-dependent reorganization of cytoskeleton and

motor-driven transport of molecules into and away from the

contact area also may take place, which can be quite complex.

To isolate the chemical process from the mechanical and

biological processes, we focused on established contact

areas, defined as those contact areas the growth of which has

already achieved steady state. RIM observations suggest that

the size and shape of an established contact area are often

stable and that the cell membrane has already reorganized to

align with the lipid bilayer with no further change in time.

Fluorescence microscopic observations also indicate that the

process of ligand accumulation has reached a steady state, as

the fluorescence intensity no longer changes in time; this

suggests vanishing net diffusion into the contact area and

vanishing net bond formation inside the contact area. How-

ever, unlike the mechanical equilibrium, which is static, the

chemical equilibrium is dynamic. The dynamic nature of

bond formation and dissociation at equilibrium has been

demonstrated by a fluorescence recovery after photo-

bleaching (FRAP) experiment in the contact area, hereafter

called ‘‘contact area FRAP’’. This experiment revealed rapid

turnover of fluorescent bonds (complete turnover in ;10 min

for the fast dissociating CD2-CD58 interaction, see Figs. 5 B
and 7 A below) (9). This difference between the mechanical

equilibrium and chemical equilibrium allowed us to separate

the two processes, as discussed below.

For more than three decades, FRAP (also termed ‘‘fluo-

rescence photobleaching recovery’’ or ‘‘FPR’’) has been

widely used to measure lateral diffusion of membrane pro-

teins on the cell surface (11,12). It has been also appreciated

that FRAP can yield information about chemical reactions

(13–17). In conventional FRAP, a brief strong laser pulse is

used to bleach the fluorescence of a small spot, which creates

density gradients, as the bleached (dark) molecules are con-

sidered different species from the fluorescent (bright) mole-

cules in terms of diffusion. Such gradients drive diffusion of

the bright molecules into the bleached area and dark mole-

cules out of the bleached area. Thus, the fluorescence re-

covery time course provides information about the molecular

diffusivity, which can be extracted by fitting the solution of a

diffusion model to the recovery data. In contact area FRAP,

the bleached spot coincides with the entire contact area in

which cell surface receptors interact with initially bright

FIGURE 1 Schematic of contact formation

and contact area FRAP. (A) Before contact,

the cell surface receptors and bright ligands in

the bilayer are uniformly distributed. (B) After a

period of contact formation lasting 20–40 min,

the receptor and bright ligand accumulation in

the contact area reaches equilibrium and re-

mains stable for hours. (C) Patterned photo-

bleaching of the entire contact area converts that

bound and free bright ligands into dark ligands.

(D) Contact recovery involves exchange of dark

free ligands for bright free ligands by diffusion

and then replacement of bound dark ligands by

bound bright ligands by chemical dissociation

and binding.
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ligands that are all made dark by the laser pulse (Fig. 1 C).

Importantly, contact area FRAP provides a new method for

measuring receptor-ligand binding kinetics. The idea is to

exploit the dynamic nature of the chemical equilibrium of

receptor-ligand binding. A bound ligand can rebind after

dissociation, and it can exchange place with another ligand

that is free before dissociation because, either way, the re-

spective densities of free ligands and bonds remain un-

changed. After photobleaching, diffusion results in increases

of bright free ligands and decreases of the dark free ligands

inside the contact area over time. Because of the exchange

between the free and bound ligands, the dark bound ligands

are gradually replaced by the bright bound ligands (Fig. 1 D).

In other words, the turnover of fluorescent bonds in the

contact area is a result of dissociation of the dark bound

ligands from the cell surface receptors and their formation

of new bonds with bright free ligands. The contact area

FRAP time courses, therefore, provides diffusion and kinetic

information, which may be extracted if analyzed by a

mathematical model for the reaction-diffusion process in-

volved, which is the goal of this work. The theoretical de-

velopment, solution methods, and mathematical properties of

the model are presented in a companion article (18). This

article also presents a refinement of the original contact area

FRAP assay to generate data to experimentally test the model

validity, which also allows evaluation of 2D kinetic rates

and other parameters.

MATERIALS AND METHODS

Antibodies, protein, and cells

Monoclonal antibodies (mAb) CLBFcRgran1 (anti-CD16) (19) and TS2/9

(anti-CD58) (20) were obtained from hybridoma culture supernatants

provided by Dr. P. Selvaraj (Emory University School of Medicine, At-

lanta, GA). Alexa 488-conjugated rabbit anti-dinitrophenyl (DNP) immu-

noglobulin G (IgG) was obtained from Molecular Probes (Eugene, OR).

Fluorescein isothiocyanate-conjugated anti-mouse IgG was obtained from

Sigma Chemical (St. Louis, MO). Glycosylphosphatidylinositol-anchored

CD58 was purified from human erythrocytes using TS2/9 affinity chro-

matography and labeled with Cy5 while still coupled to the beads as de-

scribed previously (7).

Jurkat cells (clone JE6.1) constitutively expressing CD2 were obtained

from the American Type Culture Collection (Rockville, MD). Chinese

hamster ovary (CHO) cells transfected to express CD16bNA2 were a kind gift

from Dr. P. Selvaraj (21). Jurkat and CHO cells were cultured in Roswell

Park Memorial Institute medium with 10% fetal bovine serum according to

standard practices. Transfection media were supplemented with 400 mg/ml

hygromycin B as the selection agent.

Preparation of lipid bilayers reconstituted
with ligands

Liposomes of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(2,4-

dinitrophenyl) (DNP-PE) or L-a-phosphatidylcholine (PTIC) with or without

Cy5-CD58 were prepared via detergent dialysis. DNP-PE and PTIC lipids

were purchased from Avanti Polar Lipids (Alabaster, AL). They were dis-

solved in chloroform at a concentration of 10 mg/ml. PTIC, alone or com-

bined with DNP-PE in a 50/50 mixture (by mole fraction), was dried under

vacuum for 1 h. PTIC or DNP-PE lipids were dissolved in TSA (25 mM Tris,

150 mM NaCl, 0.02% NaN3) containing 1.5% OG (n-octyl b-D-glucopy-

ranoside) with or without Cy5-CD58 (sufficient to generate 1000–2000

molecules/mm2) to a concentration of 0.4 mM. The lipid mixture solutions

were then injected into respective dialysis cassettes. Liposomes were formed

during OG removal by dialysis, which was carried out in 1.5 L TSA for 36 h

within a sterile dialysis tank that replaced TSA every 12 h.

Lipid bilayers were formed in a flow chamber (Focht Chamber System 2

(FCS2); Bioptechs, Butler, PA) on glass coverslips. The coverslips were

rigorously cleaned previously by boiling in piranha solution (70% reagent

grade sulfuric acid, 30% of 30% hydrogen peroxide) for 1 h at 90�C, fol-

lowed by thorough rinses with deionized water, and then air-dried. Stock

DNP- or CD58-containing liposomes were diluted by PTIC liposomes to

obtain variable surface densities of DNP and CD58. A 2-ml drop of prop-

erly diluted liposome suspension was sandwiched between the Micro-

aqueduct slide (Bioptechs) and a 40-mm diameter circular coverslip that

were separated by a 0.25-mm spacer. The liposomes fused on the hydro-

philic glass surface to form a continuous bilayer (6). The flow chamber was

connected with two syringes, one filled with TSA containing 1% bovine

serum albumin (BSA) and the other with HEPES buffer saline solution

(HBS) containing 1% human serum albumin (HSA). After 15 min of in-

cubation, the excess liposome solution was washed off the glass coverslip

by injecting TSA/1% BSA through the chamber. After an additional 15 min

of incubation, the TSA/1% BSA solution was washed off by injecting HBS/

1% HSA through the chamber. The DNP lipid bilayers and the Cy5-CD58

bilayers were then ready to use. To coat IgG ligands on the DNP bilayers,

rabbit anti-DNP IgG (10 mg/ml) was injected into the flow chamber for

incubation for 30 min at room temperature. Unbound IgG was washed off

with HBS/1% HSA.

Site density determination

Quantitative fluorescence measurements were used to determine the density

of Alexa 488-conjugated IgG on the lipid bilayer. A range of known quan-

tities of fluorescent IgG were added to a set of flow chambers. The chambers

were preincubated with casein for 2 h to minimize nonspecific sticking of

IgG to the coverslips. The fluorescence intensities were integrated over the

height (optical slice z direction) to obtain the fluorescence emitted from the

Alexa 488-IgG molecules in the volume above a unit area (1 mm2 in x, y

plane), which was plotted against the amount of IgG in the same volume

above the same unit area (Fig. 2 A). It is evident that the fluorescence in-

tensity increases linearly with the number of IgG per unit area. Next, a set of

bilayers were prepared by diluting the DNP-containing liposomes with PTIC

liposomes at different ratios, which were incubated with the same fluorescent

anti-DNP IgG to obtain a range of IgG site densities. The fluorescence in-

tensities were measured using the same microscope settings and the same

units (Fig. 2 B). After combining the data from Fig. 2, A and B, to eliminate

the setting- and unit-dependent fluorescence intensity values, we obtained a

calibration curve for determining the IgG site densities in different lipid bi-

layers prepared using known percentages of DNP liposomes.

The CD58 densities on lipid bilayers prepared from dilutions of the stock

CD58 liposomes were determined via an immunoradiometric assay. Glass-

supported lipid bilayers were prepared on circular 12-mm diameter cover-

slips by sandwiching 8 ml of the liposome solution between two coverslips in

a 24-well plate. After 5 min of incubation, the coverslips were covered with

1 ml TSA/1% BSA. The top coverslip was removed and discarded. The

bottom coverslip was allowed to incubate for an additional 15 min. The

coverslips were then incubated with a saturating concentration (.10 mg/ml)

of 125I-radiolabeled anti-CD58 mAb TS2/9 for 60 min at room temperature

on a shaker. After seven washes with TSA, the bilayers were dissolved by

1 ml/1 M NaOH and transferred to a tube for counting. Radioactivities of the

samples were measured using a gamma counter (Cobra II Auto Gamma;

PerkinElmer, Wellesley, MA). The specific activity per nanogram of anti-

body was determined by measuring the radioactivities of 125I anti-CD58

mAb TS2/9 in a range from 1 ng to 1 mg. The data were then used as

922 Tolentino et al.

Biophysical Journal 95(2) 920–930



calibration to calculate the number of ligands per unit area for glass-

supported lipid bilayers made from liposome preparations with varying

concentrations of Cy5-CD58.

Using the above calibration curves, we determined the total ligand (IgG or

CD58) site density for any bilayer prepared for any experiment. To determine

the relative bright ligand density in a contact area FRAP experiment, we

normalized the fluorescence intensity measured in a particular region at a

particular time of interest by the fluorescence intensity of the total ligand

measured for that experiment. This method is based on the assumption that

the microscope settings and the choice of the arbitrary units would only affect

the slope of the line but not the linearity of the relationship seen in Fig. 2 A,

which we believe is a reasonable hypothesis.

Contact area FRAP experiment

CD16bNA2-expressing CHO cells or CD2-expressing Jurkat cells, re-

spectively, were injected into FCS2 chambers (Bioptechs), where glass-

supported lipid bilayers reconstituted with fluorescently labeled rabbit IgG or

CD58 were prepared. The FCS2 chamber (Bioptechs) was placed on the

stage of a previously described custom-made inverted microscope (10),

which has fluorescence, RIM, and bright-field imaging capacities and is

equipped with photobleaching lasers and image acquisition software. Mea-

surements of contact area size and fluorescence intensity were made using

spectrum image analysis software (IPLab; BioVision Technologies, Exton,

PA). The formation of contact area was monitored by RIM and fluorescence

microscopy. After stable contact areas had been established, as judged by

stable contact area size and fluorescence intensity inside the contact area,

photobleaching was performed on selected contact areas, and the time course

of fluorescence recovery was recorded. Control experiments showed that

neither CHO nor Jurkat cells formed a contact area with ligand-free PTIC

bilayers.

Before injecting the cells, the quality of the bilayer was assessed by flu-

orescence microscopy and conventional FRAP. Uniform fluorescence in-

tensity, a diffusivity of Dl . 1 mm2 s�1, and fractional recovery of .0.9 were

used as the criteria for a good bilayer. The diffusivity was estimated from the

radius of the bleached circle, r0, and the time to achieve half-maximum re-

covery, t1/2, according to Dl � 0:25r2
0=t1=2 (10,15), which is an approximate

formula that has been shown to agree well with the results of curve-fitting the

entire FRAP time course with the solution of the diffusion equation (22). All

contact area FRAP data presented in this study were obtained using bilayers

that met these criteria.

Data analysis and curve-fitting

Data were analyzed using the coupled diffusion-kinetics model developed in

our companion study (18). We measured the background fluorescence in-

tensity (FIbdg) and the fluorescence intensity far away from the contact area

before photobleaching, FIout(0
�) (averaged over several spots), as well as the

fluorescence intensity inside the contact area before photobleaching and at

various time points after photobleaching, FIin(0�) and FI(tn) (n ¼ 1, 2, . . .,

. . ., N) (averaged over the contact area), respectively. The background-

subtracted normalized fluorescent intensity, FI*¼ (FIin� FIbgd)/[FIout(0
�)�

FIbgd], corresponds to the dimensionless total bright ligand density,

Æm�l 1 m�bæ; at these time points, tn, solved from the model described in

our companion study (18). The nonrecoverable fraction was calculated from

fn ¼ 1 � [FIin(N) � FIbdg]/[FIin(0�) � Fbdg] where FIin(N) is the

steady-state value obtained by extrapolating the FI(tn) data to infinity.

The dimensionless recovery rate data R*(tn) were obtained by numerical

differentiation of FI*(tn), which corresponded to the dimensionless time

rate of replacing the dark ligands by the bright ligands Q*(tn) solved

from the previously described model (18). The model solution was fit

to the data using the least-squares method by minimizing x2 as follows:

x
2 ¼ +

N

n¼1

wn FI�ðtnDl=r2

0Þ � Æm�l ðt
�
nÞ1 m�bðt

�
nÞæ

� �2
n

1 ð1� wnÞ R
�ðtnDl=r

2

0Þ � Q
�ðt�nÞ

� �2
o
; (1)

where wn are weight coefficients. Based on the numerical analysis de-

scribed in the companion study (18), we chose wn . 0.5 for the early

time points to increase the weight of the contact area FRAP recovery data

FI*; we used wn , 0.5 for the later time points, however, to increase the

weight of the recovery rate data R*. Note that time t has been scaled using the

diffusivity Dl of the free ligand in the bilayer and the radius r0 of the contact

area to become dimensionless time t*¼ tDl=r2
0 : Curve-fitting returns best-fit

parameter values for the product mrkf of receptor site density mr and forward

rate constant kf, the reverse rate constant kr, and the retarded diffusion

fraction j.

FIGURE 2 (A) Representative of three independent experiments. Fluo-

rescence intensity integrated over the optical slice height emitted from the

Alexa 488-conjugated rabbit anti-DNP IgG molecules in the volume above a

1-mm2 area is plotted versus the amount of IgG in the volume above a unit

area. The linear relationship between the fluorescence intensity and the

number of IgG per unit area provides a calibration curve for determination of

site density of IgG bound to the lipid bilayer. (B) Representative of three

independent experiments. Fluorescence intensity of Alexa 488-conjugated

rabbit anti-DNP IgG bound to bilayers prepared with different dilutions of

stock DNP-CAP-PE liposomes. IgG binding increases with increasing DNP

concentration nearly linearly when the DNP liposomes is ,0.5% but tends

to saturate at higher DNP concentrations.
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Zhu-Golan plot analysis that provides a separate measurement of 2D

binding affinity Ka and the initial receptor site density mr0 is described in the

Results section.

RESULTS

Equilibrium analysis

Upon establishment of the stable contact area, the receptor-

ligand binding kinetics has reached equilibrium. The densi-

ty of bound ligands inside the contact area is related to the

free-ligand density in the bilayer via the 2D binding affinity.

A 2D Scatchard plot analysis was used to make the first 2D

Kd (�21 mm�2) measurement for the CD2-CD58 interaction

(7). This method was later modified to a Zhu-Golan plot

analysis taking into account that only the receptors inside (not

those outside) the contact area are capable of interacting with

the ligands and only the mobile (not the immobile) fraction of

receptors can diffuse from outside into the contact area,

which corrected the Kd (�1–7 mm�2) for the CD2-CD58

interaction (9,23,24). The present study obtained a value of 5

mm�2, which is similar to the value obtained by Dustin and

colleagues (9).

The 2D equilibrium dissociation constant was also de-

termined for the interaction between human CD16bNA2

and rabbit IgG Fc. A saturating concentration of Alexa

488-conjugated anti-DNP IgG was allowed to incubate

with a series of bilayers prepared by diluting the DNP-

containing liposomes with PTIC liposomes at different

ratios to obtain a range of total ligand densities. The area

of stable contact between the bilayer and a CD16bNA2-

expressing CHO cell was found to increase with the bilayer

DNP percentage, as expected (Fig. 3). The free ligand

density on the bilayer was determined by converting the

fluorescence intensity outside the contact area using the

calibration curves in Fig. 2. The total number of bonds in

the contact area was determined by multiplying the contact

area (Ac) by the bond density that was determined from the

difference between the fluorescence intensities outside and

inside the contact area. The measured relationship between

the two is plotted in Fig. 4 A, which resembles a typical

saturation binding curve. B is the density of bound ligands

within the contact area, F is the density of free ligands in

the bilayer, B/F is the ratio of the density of bound ligands

density to free ligand density, and P is the ratio of contact

area to full cell surface area. To linearize the curve, the

bond density was divided by the free-ligand density to

FIGURE 3 Contact area Ac measured by RIM is plotted versus the DNP

concentration in the bilayer. Ac increases with increasing DNP concentration

nearly linearly when DNP , 0.1% but tends to saturate at higher DNP

concentrations.

FIGURE 4 (A) Bond-associated fluorescence intensity versus free ligand-

associated fluorescence. (B) Zhu-Golan plot for CD16bNA2-IgG interaction.

B is the density of bound ligands within the contact area, F is the density of

free ligands in the bilayer, B/F is the ratio of the density of bound ligands

density to free ligand density, and P is the ratio of contact area to full cell

surface area. The slope of the linear fit and the x-intercept provide respective

estimates for the binding affinity Ka and the receptor density before contact

area formation, mr0 (indicated). The standard deviations of Ka and mr0

(indicated) are calculated from the 95% confidence interval of the fits.
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obtain the B/F data. The total number of bonds is divided

by the total surface area of the cell (AT) to yield the B 3 P
data (P ¼ Ac/AT). To measure AT, the cells were swollen

by hypotonic media to smooth their surface roughness,

because it is assumed that Ac is a smooth surface in es-

tablished contact areas (see Discussion). Here, the B/F
versus B 3 P plot is the so-called ‘‘Zhu-Golan plot’’ (Fig.

4 B), where the negative slope of the line is the 2D binding

affinity and the x-intercept is the initial receptor density

mr0 before the contact area formation (assuming that the

receptors were uniformly distributed initially and the mo-

bile fraction fm ¼ 1) (9). The reciprocal of the binding

affinity yields a Kd value of 0.16 mm�2.

Contact area FRAP time course depends on
kinetic rates and ligand density

Contact area FRAP experiments were performed on two

systems: 1), CD16bNA2-expressing CHO cells forming con-

tact areas on a DNP bilayer bound with Alexa 488-conju-

gated rabbit anti-DNP IgG; and 2), CD2-expressing Jurkat

cells forming contact areas on a bilayer reconstituted with Cy5-

conjugated glycosylphosphatidylinositol-anchored CD58.

The basis for the contact area FRAP method is the

dynamic nature of the binding reaction as revealed by the

recovery of fluorescence after photobleaching (10), which

suggests that binding continues to proceed in both directions

at equal rates that cancel each other after equilibrium is

achieved. After the free and bound ligands were bleached,

fluorescence could recover no more than the level outside the

contact area should the receptor-ligand bonds be stable. This

is because the bound dark ligands would have been con-

strained within the contact area. Therefore, only free dark

ligands could diffuse out of the contact area and be replaced

by free bright ligands that diffused into the contact area. In

contrast, if the bonds were dynamic (i.e., underwent contin-

uous dissociation and rebinding), fluorescence recovery

could reach as high as the prebleached level, which is much

higher than the level outside the contact area. These hy-

potheses were confirmed by the later obtained two receptor-

ligand systems studied in this article as shown in Fig. 5,

which depicts representative contact area FRAP time courses

of the two systems.

It is apparent that the CD16-IgG system (Fig. 5 A) re-

covered much less rapidly and completely than the CD2-

CD58 system (Fig. 5 B). The former required .1 h to regain

equilibrium, and the fluorescence recovery was still largely

incomplete (,50%); the latter required ,10 min, and the

fluorescence recovery was nearly complete (.90%). Thus,

the measured contact area FRAP time courses were specific

to the molecular and cellular systems in question. The contact

area FRAP time course was also sensitive to the ligand density

ml on the lipid bilayer for both systems, indicating that ml is a

controlling parameter of the observed kinetic process. The

differences in the contact area FRAP time courses for dif-

ferent ligand densities were not due to contact area changes.

Consistent with the data in Fig. 3, the contact area was in-

sensitive to the ligand density in the range of ml tested, with

Ac ¼ 45.5 6 6.6, 41.8 6 5.8, 36.0 6 6.0, and 53.5 6 16.5

mm2 for ml ¼ 490, 630, 650, and 680 mm�2, respectively, for

the CD16bNA2-IgG system and Ac¼ 99 6 36, 116 6 28, and

93 6 12 mm2 for ml¼ 100, 200, and 400 mm�2, respectively,

for the CD2-CD58 system. The coupled reaction-diffusion

model described in the companion study (18) predicts that the

contact area FRAP time course depends on the kinetic rates kf

and kr (binding affinity Ka¼ kf/kr) of the interacting receptors

and ligands, their densities mr and ml, the size of the contact

area Ac, and the diffusion coefficients of ligands outside and

inside the contact area Dl and jDl, respectively (18). The

observations that the data respond to the changes in the re-

ceptor-ligand kinetic rates and the ligand density (above)

have provided preliminary qualitative test of the model de-

scribed in the companion study (18).

Significant fraction of fluorescence is
nonrecoverable in the CD16bNA2-IgG system

The contact area FRAP of the CD2-CD58 system reached a

plateau that was only slightly lower than the fluorescence

level before photobleaching (Fig. 5 B), confirming that these

bonds were highly dynamic, as observed previously (10). By

comparison, the plateau fluorescence level for the CD16bNA2-

IgG system was significantly lower than its prebleached level

(Fig. 5 A), suggesting a fraction of the bonds was stable or

resides in regions that were inaccessible to diffusion (see

Discussion). These nonrecoverable fractions of fluorescence

FIGURE 5 Comparison of measured (dotted line) and fitted (curves)

contact area FRAP time courses of (A) CD16bNA2-expressing CHO cells

interacting with bilayers reconstituted with rabbit IgG in four densities

(indicated) and (B) CD2-expressing Jurkat cells interacting with bilayers

reconstituted with CD58 in three densities (indicated). Representative data

are expressed as the spatially averaged, background-subtracted, total ligand-

associated fluorescence intensity inside the contact area, FIin(t)–FIbdg, nor-

malized by the background-subtracted, free ligand-associated fluorescence

intensity outside the contact area before photobeaching, FIout(0
�)–FIbdg.

The number of repeats for each ligand density for each system is indicated

in Fig. 6 on the top of the parameter value bar for that ligand density for

that system.
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resemble the immobile fractions of conventional FRAP in

studies of the lateral mobility of cell surface molecules. On

the glass-supported lipid bilayer, however, the immobile

fraction was quite low, as nearly complete recovery in the

conventional FRAP was used as a criterion for selecting good

bilayers for experiments (see Materials and Methods). The

nonrecoverable fraction fn is plotted versus the ligand density

(ml) for the CD16bNA2-IgG system (Fig. 6 A) and the CD2-

CD58 system (Fig. 6 B). As observed in the representative

data (Fig. 5), fn is much higher for the former system than the

latter system. Importantly, fn is insensitive to the ml changes

in both systems.

Recovery in different systems is limited by
different processes

The contact area FRAP of the two receptor-ligand systems

exhibited very different recovery times, which can be more

clearly seen when the normalized fluorescence intensity is

plotted versus the dimensionless time to account for the effect

of different contact area sizes, as shown in Fig. 7 A by rep-

resentative data. The transient phase of the recovery time

course of the CD16bNA2-IgG system (open circles) is much

longer than that of the CD2-CD58 system (open triangles),

which is comparable to that of the conventional FRAP of the

lipid bilayer alone (18). In the companion study (18), we used

numerical simulations to study the coupled reaction-diffusion

model proposed to govern the contact area FRAP process.

Two types of behaviors were identified: reaction-limited and

diffusion-limited processes, which respectively correspond

to the conditions kr*/j� 1 and kr*/j� 1, where kr
� ð¼ krr

2
0=DÞ

is the dimensionless off-rate and j (0 # j # 1) is the ratio of

diffusivity of free ligands inside the contact area to that of

outside the contact area. Reaction-limited recoveries exhibit

two timescales: one associated with the fast process of re-

placing the dark free ligands by diffusion and the other asso-

ciated with the slow process of replacing the dark bound ligand by reaction. By comparison, diffusion-limited recoveries dis-

play a single timescale because reaction has reached equilib-

rium as soon as diffusion brings free bright ligands into the

contact area (18). Both types of behavior can be seen in Fig.

7 A—the CD16bNA2-IgG data show a two-phase recovery,

whereas the CD2-CD58 data show a single-phase recovery.

Reaction-diffusion model fits contact area
FRAP data

Numerical simulations in the companion study also suggest a

strategy to determine the parameters of the coupled kinetic

and diffusive process (18). The contract area FRAP data (Fig.

7 A) were numerically differentiated to obtain recovery rate

data (Fig. 7 B). The solution of the coupled reaction-diffusion

model (curves) was simultaneously fit to the recovery (Fig.

7 A) and rate of recovery (Fig. 7 B) data (points) by mini-

mizing the x2 defined by Eq. 1. Curves that fit the repre-

sentative data of different ligand densities in Fig. 5 are plotted

FIGURE 6 Fraction of nonrecoverable fluorescence fn for the (A)

CD16bNA2-IgG and (B) CD2-CD58 systems. Results are expressed as mean 6

SE of data evaluated from 3–6 (indicated) contact area FRAP time courses

measured at the indicated ligand densities.

FIGURE 7 Representative data (points) and model fits (curves) of contact

area FRAP (A) and recovery rate (B) time courses for the respective

CD16bNA2-IgG (open circles) and CD2-CD58 (open triangles) systems.

The solution of the coupled reaction-diffusion model used in the curve-

fitting is described in the companion study (18). The number of repeats for

each ligand density for each system is indicated in Fig. 6 on the top of the

parameter value bar for that ligand density for that system.
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with the data points. All the data show excellent agreement

for both CD16bNA2-IgG and CD2-CD58 systems, thus sup-

porting the validity of the model.

Determining retarded diffusion and
binding kinetics

To further test the validity of the model, we examined de-

pendence (or the lack thereof) of the model parameters that

best fit the data on the changes in the ligand density for each

system. The self-assembly of a stable contact area might re-

tard diffusion inside the contact area, which could also con-

tribute to the much slower contact area FRAP time courses

than the conventional FRAP time course. Whether diffusion

is retarded can be determined from the time required for the

fluorescence inside the contact area to recover half the fluo-

rescence level outside the contact area, because this initial

recovery can be accomplished by diffusion without dissoci-

ation of the dark bound ligands. A much longer initial recovery

time than the half-time of free diffusion, t1=2ð¼ 0:25r2
0=DÞ;

is indicative of retarded diffusion. Examination of the con-

tact area FRAP time courses suggests that diffusion of un-

bound ligands was indeed retarded inside the stable contact

areas formed between the CHO cells expressing CD16bNA2

and the lipid bilayers reconstituted with IgG ligands (Figs. 5 A
and 7 A). This observation can be quantified by the frac-

tional diffusivity j—the larger the j-value, the less retarded

the diffusion. The best-fit values that j returned from curve-

fitting confirm that diffusion is retarded substantially for the

CD16bNA2-IgG system (Fig. 8 A) but much less for the CD2-

CD58 system (Fig. 8 B). Interestingly, the extent of this

retardation increases with increasing ligand density on the

bilayer (Fig. 8), presumably because of the increasing density

of bonds in the contact area (see Discussion).

By comparison, the reverse-rate kr is insensitive to the

changes in the ligand density ml, as expected (Fig. 9). This

result supports the validity of the model described in the

companion study (18), which assumes kr and ml to be inde-

pendent model parameters. Significantly, our data suggest

that CD2-CD58 bonds dissociate .100-fold more rapidly

than CD16bNA2-IgG bonds.

Fitting the contact area FRAP data also returns the dimen-

sionless binding affinity kf*/kr*, which equals the product of the

dimensional affinity Ka and the free receptor density mr. Di-

viding the best-fit mrKa value by the Ka value estimated from

the Zhu-Golan plot analysis (Fig. 4 B) provides a value for mr,

which decreases with increasing ligand density ml (Fig. 10).

This is expected because the higher the ligand density origi-

nally reconstituted in the bilayer, the higher the bond density

(Fig. 4 A), which lowers the free receptor density in the contact

area. A comparison of the mr values (Fig. 10 A) to the initial

receptor density mr0 estimated from the Zhu-Golan plot anal-

ysis (Fig. 4 B) demonstrates that .90% of the CD16bNA2 in

the contact area are engaged by IgG.

DISCUSSION

This article has a tripartite objective: 1), validate the model

developed in the companion study (18); 2), apply the model

FIGURE 8 Fractional diffusivity inside the contact area, or the ratio of

diffusion coefficient inside the contact area to that outside, j, for the (A)

CD16bNA2-IgG and (B) CD2-CD58 systems. Results are expressed as

mean 6 SE. of data evaluated from 3–6 (indicated) contact area FRAP

time courses measured at the indicated ligand densities.

FIGURE 9 Off-rate of receptor-ligand dissociation kr for the (A) CD16bNA2-

IgG and (B) CD2-CD58 systems. Results are expressed as mean 6 SE of data

evaluated from 3–6 (indicated) contact area FRAP time courses measured at

the indicated ligand densities.

FIGURE 10 Free receptor density inside the contact area mr for the (A)

CD16bNA2-IgG and (B) CD2-CD58 systems calculated using the model (18).

Results are shown as mean 6 SE of data evaluated from 3–6 (indicated)

contact area FRAP time courses measured at the indicated ligand densities.
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to make in situ measurement of parameters important to the

formation of an immunological synapse; and 3), explore the

unexpected biology of contact areas as revealed by contact

area FRAP.

Validity of the model

To test the validity of the model, we varied the experimen-

tal parameters and examined whether the recovery time

course responded properly and whether the mathematical

model fit the data appropriately. The varied parameters were

kinetic rates of the molecular system and ligand density on

the bilayer. To vary the kinetic rates, two receptor-ligand

systems—CD16bNA2-IgG and CD2-CD58 interactions—

were used because previous solution measurements suggest

that these interactions have different 3D kinetics (25–27).

Different recovery timescales were correspondingly observed:

the CD16bNA2-IgG system had slow recovery time on the

order of tens of minutes whereas the CD2-CD58 system had a

fast recovery time on the order of minutes (Figs. 5 and 7).

Such a correlation qualitatively supports the conceptualiza-

tion of the model as depicted in Fig. 1. Furthermore, the

model was able to fit well these recovery data of different

timescales and returned from curve-fitting fast and slow ki-

netic rates (Fig. 9), thereby quantitatively supporting the

validity of the model.

To further test the model validity and to ensure confi-

dence in the parameters estimated from the model fits,

contact area FRAP experiments were performed using lipid

bilayers reconstituted with different densities of ligands be-

fore contact area formation. Higher ligand density resulted

in a more rapid initial time rate of increase and a higher

equilibrium level of the contact area FRAP time course

(Fig. 5), as predicted by the law of mass action. However,

these data should be described by the same model with the

same or related parameters. Indeed, with independently

measured ligand densities and contact area sizes as input, the

model fit all data equally well (Fig. 5 and data not shown).

The estimated model parameters make good sense—the

fractional diffusion retardation j decreases with increasing

ligand density ml (Fig. 8). The reverse-rate kr does not depend

on ml (Fig. 9). The free receptor density mr inside the con-

tact area decreases with increasing ml (Fig. 10). Together,

these data provide strong support for the validity of the

coupled reaction-diffusion model developed in the compan-

ion study (18).

Comparison with published kinetic rates

Because one objective of this work is to measure the kinetic

rates and binding affinities, we must compare the reported

values to those measured previously by different 3D and 2D

techniques. The principal method for determining 3D kinetic

rates (in which one or both ligands diffuses in 3D) is surface

plasmon resonance (SPR). By SPR, the 3D CD2-CD58

binding affinity is 5 3 105 M�1 and a reverse-rate of $ 6 s�1

(9,25). A flow chamber method reported an extrapo-

lated zero-force reverse-rate of 7.8 s�1 (28). In this work, we

found a reverse-rate of 0.074 6 0.005 s�1 for this interaction

and a calculated (by multiplying by the binding affinity of

0.2 mm2) forward-rate of 0.015 6 0.001 mm2 � s�1. The ki-

netic rates and binding affinities of soluble CD16bNA2 in-

teracting with human IgG were measured by two SPR studies

(26,27). One study (26) reported respective binding affinities

for human IgG1 and IgG3 of 13 and 2.6 3 105 M�1, re-

spectively, for glycosylated CD16bNA2 and of 11 and 4.2 3

105 M�1, respectively, for aglycosylated CD16bNA2. The

reverse-rates were similarly slow, ranging from 0.001–0.002

s�1 (26). The other study (27), which was performed by the

same group reporting CD2-CD58 data, demonstrated com-

parable binding affinities of 5–7 3 105 M�1, but .2 orders

of magnitude faster reverse-rates of 0.7 s�1 for aglycosylated

CD16bNA2. These SPR data suggest that there may be two

binding modes for CD16bNA2 to IgG Fc—a fast dissociating

mode and a slow dissociating mode. We also found two

modes of interaction between CD16bNA2 and rabbit IgG, one

had a kr ¼ 0.0011 6 0.0001 s�1 and kf ¼ 0.0070 6 0.0007

mm2�s�1 and the other was not reversible on the timescale

of our contact FRAP measurements (see discussion of non-

recoverable fraction below). The data for CD2-CD58 dem-

onstrate that 2D reverse-rates are ;100-fold slower than

corresponding 3D reverse-rates. Taking the 3D reverse-rate

from the same group that determined the 3D reverse-rate

for CD2-CD58, the 2D reverse-rate for CD16bNA2 interac-

tion with rabbit IgG Fc is 600-fold slower than the 3D re-

verse-rate. One possible explanation for this very slow 2D

reverse-rate in an equilibrated contact area is that the chem-

ical reverse-rate remains unchanged, but the receptor and

ligand tend to remain together and rebind hundreds of

times before diffusion away from the encounter complex.

Another possibility, which seems less likely, is that the

chemistry of the bond changes in the contact area such that it

dissociates more slowly.

The 2D kinetics of several glycosylated CD16 membrane

anchor isoforms interacting with IgG of different isotypes

and from different species have been measured by micropi-

pette (29–34) and centrifugation (35) methods. These studies

reported 2D effective binding affinities ranging from 0.1–8 3

10�6 mm4 for CD16 expressed on CHO or K562 cells (29–

35), which correlate with the 3D binding affinities for the

same IgGs of the same CHO cell CD16 isoforms measured

by competitive inhibition (30). We have previously discussed

the 3–4 orders of magnitude difference in 2D affinities mea-

sured by mechanical methods like micropipette and centri-

fugation and fluorescence methods like those described

in this study (36). The mechanical methods are calibrated for

statistical analysis of small numbers of bonds. By compari-

son, the fluorescence methods are calibrated to work with

thousands of interactions in an equilibrated contact area that

persist when the relevant contact area is estimated. Contact

area FRAP and Golan-Zhu analysis of the CD16bNA2 inter-
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action with rabbit IgG Fc confirms this dramatic difference in

equilibrium binding and now, based on this study, in kinetic

rates between fluorescence-based methods and mechanical

methods. The major difference between the two situations

that we previously envisioned was the higher degree of order

leading to much faster forward rates in the equilibrated

contact area (36). We believe that this is still the most likely

explanation for these differences; however, we did not an-

ticipate the 100–600-fold slower reverse-rate in the contact

area, which we had argued would remain the same in 3D and

different 2D settings. As discussed above, we cannot deter-

mine from our data whether the longer interaction in the 2D

setting is due to many cycles of dissociation and rebinding

before complete separation or due to a chemical change in the

contact area.

Possible explanations for
nonrecoverable fraction

Nearly full fluorescence recovery is expected for conven-

tional FRAP performed on lipid-anchored molecules recon-

stituted in glass-supported synthetic bilayer membranes. By

comparison, a substantial immobile fraction usually exists

when proteins on a live cell surface are examined. Similarly,

depending on the molecular systems examined, we and

others have found variable fractions of nonrecoverable fluo-

rescence in the contact area FRAP experiment (Fig. 6). We

were surprised to observe significant nonrecoverable fluo-

rescence in CD16bNA2-IgG-mediated contact areas. This is

mechanistically different from the immobile fraction in the

conventional FRAP experiment because, in this study, the

ligands remained anchored to the lipid bilayer, which pre-

sumably does not change its fluidic properties even in a

contact area where some of the ligands bind with the cell

surface receptors. The failure to dissociate has been seen

previously in the immunological synapse between T cells and

supported planar bilayers, in which supramolecular activa-

tion clusters are formed (37) that in some way render TCR-

pMHC interactions nonrecoverable (38). TCR and pMHC

ligands have been shown previously to undergo extensive

aggregation in solution (39), which could explain the non-

recoverable fluorescence through structural/chemical changes

leading to a slowing of the 3D reverse-rate. Similarly, the

measurement of 100-fold different reverse-rates for

CD16bNA2 interaction with Fc suggests that two modes of

interaction are possible. If the interactions in equilibrated

contact areas have reverse-rates that are at least 100-fold

slower than in 3D, then the slower measured rate of 0.001–

0.002 s�1 would translate to a rate of 0.000015 s�1 in a

contact area. This would correspond to a recovery half-time

of ;12 h, which would appear nonrecoverable in our ex-

periments. Another possible explanation for nonrecoverable

fluorescence is that certain areas become inaccessible to free

ligands, thus precluding exchange. Although we have ob-

served reductions of 20–40% in free ligand density in contact

areas, we have never observed complete exclusion in light

microscopy experiments; however, we cannot rule out that

functionally relevant exclusion zones exist on smaller length

scales in the contact area. Biologically, the existence of non-

recoverable modes of interaction may enhance adhesion and

some modes of signaling, but poses a challenge for fast-

moving immune cells that would need to resolve these ap-

parently less dynamic interactions to move within tissues.

Possible explanation for retarded diffusion

The diffusion within the contact area was reduced 2 orders of

magnitude for the CD16 system, which seemed surprising at

first glance. However, closer examination of the geometry

reveals that diffusion within the contact area requires an

unbound IgG ligand of the dimension of ;15 nm to ma-

neuver around many posts of similar size through a gap of

;20 nm spanning the cell membrane and the lipid bilayer.

Obviously, this is a much more difficult task than diffusion

outside the contact area where the low ceiling and the dense

posts are absent. Therefore, the retarded diffusion may sim-

ply be caused by a ‘‘traffic jam’’ within the contact area. This

hypothesis is consistent with the observation that the frac-

tional diffusion retardation j decreases with increasing ligand

density (Fig. 8 A) and that the much higher affinity CD16bNA2-

IgG interaction results in much lower j-values than the much

lower affinity CD2-CD58 interaction (Fig. 8).

CONCLUSIONS

We have validated the model (18) for contact FRAP using

two biological systems over a range of ligand densities. To

our surprise, we have learned that the effective reverse-rate is

at least 100-fold slower in an equilibrium contact area than in

solution. We have confirmed by direct comparison that af-

finity and kinetic measurements in stable cell contacts me-

diated by many interactions have a 3–4 orders of magnitude

higher affinity than the same system measured by mechanical

methods that form one or a few interactions. We also found

evidence for two modes of CD16bNA2 interaction with Fc

that lead to recoverable and nonrecoverable fractions. The

nonrecoverable fraction may be biologically relevant in form-

ing more stable platforms for signaling or adhesion.
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