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ABSTRACT: Total internal reflection with fluorescence photobleaching recovery (TIR-FPR) has been used 
to examine the dissociation kinetics between monomeric mouse IgG and a mouse Fc receptor (moFcyRII) 
reconstituted into substrate-supported planar membranes. IgGl , IgG2a, and IgG2b exhibited similar 
dissociation kinetics, whereas IgG3 did not bind. The fluorescence recovery curves for the IgG-moFcyRII 
interactions were best described by two reversible components (1.4 SKI, 66% and 0.06 s-l, 18%) and an 
irreversible component (<0.01 s-l, 16%). The kinetic parameters for a mouse anti-dinitrophenyl (DNP) 
IgGl antibody were equivalent in the absence and presence of saturating amounts of DNP-glycine, 
demonstrating that possible allosteric changes which might occur in IgGl upon hapten binding do not 
appreciably affect the kinetic characteristics of moFcyRII binding. The fluorescence recovery curves for 
polyclonal mouse IgG Fc were similar to those for intact IgG, showing that decreasing the size of the IgG 
3-fold does not alter the dissociation rate. The dissociation kinetics of IgGl decreased considerably in a 
low ionic strength buffer, indicating that the IgG 1 -moFcyRII interaction has significant electrostatic 
components. 

The association of antibody-antigen complexes with 
immune cells triggers a diverse array of responses, including 
phagocytosis, antibody-dependent cell-mediated cytotoxicity, 
and B cell activation and regulation (Hulett & Hogarth, 1994; 
Ravetch & Kinet, 1991). These responses are initiated by 
the association of the Fc regions of antibodies and cell surface 
Fc receptors. The diversity of immune responses is generated 
in part by the heterogeneity of antibodies and their Fc 
receptors. Three Fc receptor isoforms for IgG (FcyRI, 
FcyRII, and FcyRIII) have been identified in mouse and 
human. The Fcy receptor examined in this work is mouse 
FcyRII (moFcyRI1)' (Mellman & Unkeless, 1980), which 
is a single-spanning transmembrane protein with two extra- 
cellular, glycosylated immunoglobulin-related domains. 

The initiation of antibody-mediated cellular immune 
responses involves, in general, an interplay between chemical 
reaction processes (protein-protein interactions) and trans- 
port processes (lateral diffusion, rotational diffusion, and 
segmental flexibility both in solution and on the membrane). 
The manner in which these reaction and transport processes 
are coupled at the membrane surface is not yet clearly 
understood. The lack of physical information has been in 
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part due to the heterogeneity of Fc receptors, the heterogene- 
ity of antibodies, and the weak interactions between antibod- 
ies and some Fc receptors. 

One method for obtaining quantitative, physical informa- 
tion about the coupled reaction and transport of proteins at 
membrane surfaces is to use substrate-supported planar 
membranes and techniques in fluorescence microscopy 
(Thompson et al., 1993a,b). In particular, illumination by 
total internal reflection may be combined with fluorescence 
photobleaching recovery (TIR-FPR) to examine the dissocia- 
tion rates of proteins at supported planar membranes 
(Thompson et al., 1981; Burghardt & Axelrod, 1981). In 
this technique, the internal reflection of light generates a thin 
evanescent wave, which selectively excites fluorescent 
molecules bound to and near a surface. The dissociation of 
fluorescent molecules from the surface is investigated by 
using fluorescence photobleaching recovery, in which the 
fluorescence intensity preceding and following application 
of an intense pulse of light, which bleaches fluorescent 
molecules bound to the surface, is monitored as a function 
of time. TIR-FPR has recently been used to probe several 
biologically specific systems, including anti-dinitrophenyl 
(DNP) Fabs at planar membranes containing dinitropheny- 
lated phospholipids (Pisarchick et al., 1992), prothrombin 
and its fragment 1 at planar membranes containing negatively 
charged phospholipids (Pearce et al., 1992, 1993), and 
epidermal growth factor at membranes containing its receptor 
(Hellen & Axelrod, 1991). 

In previous work, mouse FcyRII (moFcyRII) was purified 
and reconstituted into substrate-supported planar membranes, 
and steady-state total intemal reflection fluorescence mi- 
croscopy was used to examine equilibrium aspects of IgG- 
moFcyRII reactions (Poglitsch et al., 1991; Hsieh et al., 
1992). Here, TIR-FPR is used to examine the dissociation 
kinetics of IgG from the reconstituted moFcyRI1. 
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MATERIALS AND METHODS 

Cells. J774A. 1, a macrophage-like cell line containing 
cell surface moFcyRII, was obtained from the University of 
North Carolina Tissue Culture Facility. 2.4G2, a rat-mouse 
hybridoma which secretes antibodies specific for moFc yRII 
(Unkeless, 1979), was provided by B. Diamond of the Albert 
Einstein College of Medicine. DHK109.3 and DHKIO. 12, 
two mouse-mouse hybridomas which produce anti-DNP 
IgGl and IgG2b, respectively (Liu et al., 1980), were 
obtained from N. R. Klinman and P. Linton, Scripps Clinic 
and Research Foundation. Cells were grown in DMEM/ 
F12 media supplemented with 1 mM sodium pyruvate, 2 
mM L-glutamine, 100 IU penicillin, 100 pg/mL streptomy- 
cin, and fetal calf serum (FCS) that had been heat inactivated 
for 30 min at 56 "C, as follows: J774A.1, 5% FCS; 2.4G2, 
10% FCS; DHK109.3, 1% FCS, DHK10.12, 5% FCS. 
J774A. 1 cells were also sometimes supplemented with 0.25 
pg/mL amphotericin. 

Antibodies. 2.462 antibodies were purified from cell 
supernatants by affinity chromatography with anti-(rat IgG 
K light chain) antibodies, and 2.402 Fabs were produced and 
isolated as described (Poglitsch & Thompson, 1990). Intact 
mouse IgG2a, IgG3, and the Fc fragment of mouse IgG were 
obtained commercially (Jackson ImmunoResearch, Inc., West 
Grove, PA). DHK109.3 and DHK10.12 antibodies were 
purified from cell supernatants by affinity chromatography 
with DNP-conjugated human serum albumin (DNP-HSA) 
(Pisarchick & Thompson, 1990). 

Antibodies were labeled with tetramethylrhodamine-5(and- 
6)-isothiocyanate or fluorescein isothiocyanate (Molecular 
Probes, Inc., Junction City, OR) as previously described 
(Timbs & Thompson, 1990) and dialyzed against phosphate- 
buffered saline (PBS; 0.05 M sodium phosphate, 0.15 M 
sodium chloride, 0.01% sodium azide, pH 7.4) or phosphate 
buffer (PB; 0.01 M sodium phosphate, 0.01% sodium azide, 
pH 7.4). The labeling ratios and antibody concentrations 
were determined spectrophotometrically. The molar ratio 
of fluorophore to antibody was ~ 0 . 1  for each labeled 
antibody. 

Labeled antibodies were clarified (lOOOOOg, 2 h, 4 "C) 
no more than 24 h prior to application to planar membranes. 
Gel filtration measurements (G200- 120 Sephadex; 1.5 cm 
x 60 cm; flow rate, 0.03 mL/min; sample volume, 0.6 mL; 
PBS or PB; 25 "C) showed that F-Fc fragment and 
F-DHK109.3, R-DHK109.3, F-IgG2a, and F-DHK10.12 
antibodies (0.1 - 1 .O mg/mL) eluted with symmetrical peaks 
corresponding to monomers. Possible higher molecular 
weight aggregates were not detected. 

The immunoglobulin subclass of antibodies isolated from 
DHK109.3 supernatants was verified to be IgGl with the 
EIA Grade Mouse Typer System (Bio-Rad Laboratories, 
Richmond, CA) (Sumner, 1993). This analysis also indicated 
that the commercial polyclonal mouse IgG consisted prima- 
rily of IgGl. The immunoglobulin subclass of antibodies 
isolated from DHK10.12 supernatants was verified to be 
IgG2b with the Sigma ImmunoType Mouse Monoclonal 
Antibody Isotyping Kit (Sigma Chemical Co., St. Louis, 
MO). This analysis also indicated that the commercial Fc 
fragment made from polyclonal mouse IgG consisted pri- 
marily of IgG2b. 

Planar Membranes. MoFcyRII was purified from ho- 
mogenized J774A. 1 cells by 2.462 Fab affinity chromatog- 
raphy (Poglitsch et al., 1991; Mellman & Unkeless, 1980). 
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The purity of the product was estimated with sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and silver stain- 
ing. Previous N-terminal sequence determinations have 
confirmed that the purified product was moFcyRII (Poglitsch 
et al., 1991). 

MoFcyRII was reconstituted into vesicles by detergent 
dialysis as described (Poglitsch et al., 1991), except that the 
lipid films were dried under vacuum for 4 h. The lipid 
composition was egg phosphatidylcholine/cholesterol (Sigma 
Chemical Co, St. Louis, MO) 6:l (w:w), and the protein/ 
lipid ratio was varied from ::lo to 3:lO (w:w). Vesicles 
were also prepared without moFcyRII. 

Membranes were formed on planar fused silica surfaces 
by vesicle adsorption and fusion as described (Hsieh et al., 
1992). Planar membranes were treated with 10 mg/mL 
bovine serum albumin (BSA) in PBS (65 pL, 30 min) to 
block nonspecific binding sites and then treated with labeled 
antibodies in 10 mg/mL B S M B S  (250 pL, 30 min). Some 
antibody solutions also contained 0.25 pM 2.4G2 Fab and/ 
or 100 p M  DNP-glycine (DNP-G). 

Fluorescence Microscopy. The fluorescence microscope 
was composed of an argon ion laser (Innova 90-3, Coherent, 
Inc., Palo Alto, CA), an inverted optical microscope (Zeiss 
IM-35, Eastern Microscope Co., Raleigh, NC), and a single 
photon-counting photomultiplier (RCA C3 1034A, Lancaster, 
PA) interfaced to an IBM PC AT. TIR-FPR was carried 
out at room temperature as described (Pisarchick et al., 1992; 
Pearce et al., 1992), with the following parameters: laser 
wavelength, 488.0 or 514.5 nm; observation laser power, 
5 -200 pW; laser polarization, s-polarized or circularly 
polarized; incidence angle 75"; size of evanescent illumina- 
tion area; 30 pm x 100 pm or 100 p m  x 120 pm; objective 
(Zeiss), water, 40x,  0.75 N. A.; evanescent wave depth, 
x820 8, at 488.0 nm, ~ 8 5 0  8, at 514.5 nm; bleach pulse 
laser power, 0.1-0.5 W; bleach pulse duration, 10-40 ms; 
bleach depth, 30-70%. For measurements with circularly 
polarized excitation light, a quarter-wave plate (Melles-Griot, 
Irving, CA) was introduced into the path of the laser beam. 
For each sample type and experimental parameter, measure- 
ments were obtained on planar membranes formed from at 
least two separate moFc yRII purifications. TIR-FPR recov- 
ery curves were fit to eq 1 with ASYST (Macmillan Software 
Co., New York). 

RESULTS 
Interaction of IgG with MoFcyRII in Substrate-Supported 

Planar Membranes. This paper describes characterization 
of the dissociation kinetics of monomeric mouse IgG at 
substrate-supported planar membranes containing purified 
and reconstituted moFc yRII. Supported planar membranes 
were formed by allowing detergent-dialyzed, receptor- 
containing phospholipid vesicles containing purified and 
reconstituted moFcyRII to adsorb and fuse at fused silica 
surfaces. A body of previous work suggests that this 
procedure results in continuous bilayers in which the lipids 
are well-oriented and undergo long-range lateral diffusion 
(Pearce et al., 1992; Gemmell et al., 1988; Zot et al., 1992). 
The reconstituted moFcyRII is not laterally mobile. In 
addition, approximately one-third of the receptors are ac- 
cessible to binding by 2.402 Fab, and, of these, 25-50% 
bind mouse IgG (Poglitsch et al., 1991; Hsieh et al., 1992). 

Specificity of IgG Binding to MoFcyRII in Planar Mem- 
branes. Previous measurements with steady-state total 
internal reflection fluorescence microscopy have shown that 



IgG1 -moFcyRII Interactions 

IgG binds specifically to moFc yRII in planar membranes 
(Poglitsch et al., 1991). The equilibrium association constant 
was found to be K = (3.6 f 0.5) x IO5 M-' (Hsieh et al., 
1992). Binding specificity was demonstrated in that the 
evanescently excited fluorescence arising from labeled IgG 
on or near planar membranes was significantly reduced for 
membranes without moFcyRII, for labeled IgG Fab'z, and 
in the presence of saturating amounts of 2.402 Fab. In the 
work described herein, two of these control samples, those 
without moFcyRI1 and those containing an excess (0.25 pM) 
of 2.4G2 Fab, were routinely monitored to confirm IgG- 
moFc yRII binding specificity. 

Surjkce Binding Kinetics jbr  IgG and MoFcyRII. TIR- 
FPR was used to investigate the surface binding kinetics of 
fluorescently labeled IgG with moFc yRII in planar mem- 
branes. The characteristic times for fluorescence recovery 
were on the order of several seconds, and recovery was 
nearly complete after 60 s (Figure la,b). The fluorescence 
intensity as a function of time was fit to a sum of 
exponentials 

n 
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from rotational motions were ruled out by confirming that 
the recovery curves did not change when the incident light 
was circularly, rather than linearly, polarized. Finally, little 
or no recovery was observed for fluorescein-labeled 2.4G2 
Fabs (Figure IC), which bind tightly (K X 10' M-l; Unkeless, 
1979) to moFcyRII. 

ReactiodDiffusion Effects in TIR-FPR. Previous theoreti- 
cal work (Thompson et al., 1981; Hsieh & Thompson, 1994) 
has shown that TIR-FPR recovery curves depend in general 
on two types of characteristic rates: those that are functions 
only of the kinetic rate constants for a given surface binding 
mechanism, and those that describe transport. Within the 
second class of rates, there are three types: rates for diffusion 
in solution through a distance equal to the ratio of the surface 
density and the solution concentration (H), rates for diffusion 
in solution through the bleached area (RL),  and rates for 
diffusion along the surface through the bleached area (Rs) .  

The TIR-FPR recovery curves for IgC at planar mem- 
branes containing moFc yRII were equivalent within experi- 
mental error for bleached areas of different sizes (Table 1). 
Although contributions to fluorescence recovery that might 
arise from surface diffusion of IgG -moFcyRII complexes 
should be negligible in that the moFcyRII are not laterally 
mobile (Poglitsch et al., 1991), the lack of a dependence on 
the size of the bleached area indicates that, in addition, 
transport in solution in a direction parallel to the surface (Rs,  
RL) does not appreciably contribute to the rate and shape of 
the fluorescence recovery curves. Therefore, the recovery 
curves may be analyzed by examining the theoretical forms 
for fluorescence recovery in limit of a large bleaching/ 
observation area. 

In the limit of a large area, TIR-FPR recovery curves 
depend only on the intrinsic kinetic rate constants and on 
the transport rates H (Thompson et al., 1981; Hsieh & 
Thompson, 1994). If the solution concentration is high and/ 
or diffusion in solution is fast, contributions from R are 
minimal, and the TIR-FPR recovery curves are "reaction- 
limited". In this limit, bleached, dissociated molecules are 
rapidly replaced by unbleached molecules from solution, and 
the fluorescence recovery curves depend only on the intrinsic 
surface dissociation rate constants. If the solution concentra- 
tion is low and/or diffusion in solution is slow, the TIR- 
FPR recovery curves are "diffusion-limited" and depend only 
on the transport rates R. As shown in Table 1, the TIR- 
FPR recovery curves for IgG-moFcyR1I did not depend on 
the IgG concentration in solution. This result suggests that 
the data are in the reaction-limit. An additional condition 
for this limit is that the rate for transport in solution is much 
larger than the observed recovery rates. For a simple, 
reversible, bimolecular reaction, the transport rate is given 
by (Thompson et al., 1981) 

i= 1 

where F ( - )  was the prebleach fluorescence, and ai (for i = 
0 to n)  and lj (for i = 1 to n )  were free parameters. The 
fractional recoveries J; and the bleached fractions p were 
calculated as 

n 

i=O 

(3) 
i=O 

The factorsJ; are the fractions of the bleached fluorescence 
associated with rates Ai, and fo is the fraction of the bleached 
fluorescence which does not recover within the time frame 
of the experiment. The TIR-FPR data were fit to monoex- 
ponential (Figure la ;  n = 1) and biexponential (Figure lb;  
n = 2) forms of eq 1. The triexponential form (n = 3) of 
eq 1 contained too many free parameters for adequate fitting. 
Analysis with an F-statistic (Wright et al., 1988) indicated 
that the data for each IgG-moFcyRII interaction examined 
in this work were best described by two reversible compo- 
nents rather than one (n  = 2). The best fit parameters for 
IgG-moFcyRII interactions werefo = 0.16 * 0.03, l1 = 
1.4 21 0.1 s-',fl = 0.66 f 0.03, j l ~  = 0.06 f 0.01 s-I, and 
A = 0.18 rt 0.01. 

Controls for  TIR-FPR Measurements. Several measure- 
ments were carried out to confirm that TIR-FPR data 
accurately report dissociation kinetics for IgG from moFc yRII 
in planar membranes (Table 1). The following data con- 
trolled for possible photoinduced artifacts during fluorescence 
photobleaching or monitoring: the fluorescence in the 
absence of photobleaching decreased 5 5% over the duration 
of fluorescence observation (60 s); the recovery curves were 
similar for two different fluorescence probes (fluorescein and 
tetramethylrhodamine); the recovery curves changed little 
with a 4-fold increase in the duration of the bleaching pulse 
or with a 5-fold increase in the intensity of the bleaching 
pulse; and the recovery curves were equivalent for repetitive 
bleaching on the same area (data not shown). Possible 
contributions to the fluorescence recovery that might arise 

(4) 

where D is the solution diffusion coefficient, A is the 
antibody solution concentration, and N is the density of 
surface-bound antibodies at saturation (see below). For N 
= 300-1500 molecules/pm2, D = 5 x lo-' cm2/s, K = 3.6 
x lo5 M-l, and A = 1-10 pM, R ranges from 120 to 3.3 x 
lo4 s-I and is therefore much greater than the observed rate 
of fluorescence recovery. 

Effects of Antibody, Membrane, and Solution Charucter- 
istics on IgG-MoFcyRII Kinetics. The kinetic parameters 
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FIGURE 1: Typical TIR-FPR curves for fluorescently labeled IgG on planar membranes containing moFcyRII. The data are as follows: (a 
and b) 1 p M  F-DHK109.3 in PBS; (c) 0.25 p M  F-(2.4G2 Fab) in PBS; (d) 1 p M  F-DHK109.3 with 4 p M  DNP-HSA in PBS; and (e) 1 
p M  F-DHK109.3 in PB. The lines represent the best fits to (a) eq 1 with n = 1; (b, d, and e) eq 1 with n = 2; and (c) a line. 

for IgG binding to moFcyRI1 with different antibody, 
membrane, and solution characteristics are shown in Table 
2. 

Several characteristics had no measurable effect on the 
kinetic rates and recoveries. The recovery curves for 
monoclonal IgGl (DHK109.3), polyclonal IgG2a, and mon- 
oclonal IgG2b (DHK10.12) were similar (whereas IgG3 did 
not bind). A concentration of 100 ,LAM DNP-G, which 

saturates nearly all of the antigen-binding sites of DHK109.3 
(Hsieh et al., 1992) and causes only a small decrease in the 
fluorescence of the extrinsic probe ('20% for fluorescein; 
' 5 %  for tetramethylrhodamine), had no measurable effect 
on the kinetic parameters. 

Immune complexes were created by combining DNP-HSA 
and F-DHK109.3 (4:1, movmol; E. C. Bowles and N. L. 
Thompson, unpublished data). These immune complexes, 
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Table 1 : Controls for TIR-FPR Measurements" 
bleaching bleaching [antibody] observation area number 

probe power (W) duration (ms) polarization @M) (pm x pm) of curves ,II (s-') A2 (SKI) fl f 2  

F 0.5 10 linear( s) 1 30 x 100 13 1.3 f 0 . 2  0.05 f 0.01 0.60f0.07 0.22 fO.04 
F 0.5 40 linear( s) 1 30 x 100 15 1.2 f 0 . 2  0.06 f 0.01 0.59 f 0 . 0 5  0.20 fO.02  
F 0.1 40 linear( s) 1 30 x 100 15 1.6 f 0 . 3  0.07 f 0.03 0.64 f 0 . 0 6  0.17 f 0 . 0 3  
R 0.5 10 linear( s) 1 30 x 100 13 1.6 f 0 . 2  0.05 f 0.02 0.73 f O . O 1  0.14 f O . O 1  
F 0.5 10 linear( s) I 100 x 120 14 1.5 f 0 . 4  0.06 f 0.05 0.68 f 0 . 0 3  0.14 f 0 . 0 2  
F 0.5 10 linear( s) 10 30 x 100 10 1 . 6 f 0 . 5  0.09f0.05 0 .76f0 .15  0.15f0.03 
F 0.5 10 circular 1 30 x 100 15 1.3 f 0.3 0.06 f 0 . 0 2  0.60 =k 0.05 0.22 f 0.05 
av 1.4 f 0.1 0.06 f 0.01 0.66 =k 0.03 0.18 =k 0.01 

Values were obtained from the best fits of TIR-FPR recovery curves to eq 1 with n = 2 and are the averages of 10-15 recovery curves. 
Uncertainties are standard deviations. For each sample type, data were obtained from at least two independent antibody and receptor preparations. 
Abbreviations are as follows: F, fluorescein-labeled; R, tetramethvlrhodamine-labeled. 

Table 2: Effects of Antibody, Membrane, and Solution Properties on IgG-MoFcyRII Kinetics" 

antibody solution ,I, ( S K I )  A 2  (s-1) fl f2 
F-DHK109.3 (IgG1) PBS 1.19 f 0.18 0.06 f 0.01 0.59 f 0.05 0.20 f 0.02 
R-DHK109.3 PBS 1.59 f 0.23 0.05 f 0.02 0.73 f 0.03 0.14 f 0.04 
F-polyclonal IgG2a PBS 1.38 f 0.52 0.07 f 0.04 0.50 f 0.07 0.20 f 0.06 
F-DHKl 0.12 (IgG2b) PBS 1.15 f 0.47 0.08 f 0.03 0.40 f 0.06 0.16 f 0.02 
F-polyclonal IgG Fc PBS 1.18 f 0.80 0.08 f 0.04 0.43 f 0.08 0.17 f 0.03 
F-DHK109.3 PBS, DNP-G 1.47 f 0.25 0.05 f 0.02 0.71 f 0.05 0.21 f 0.05 
R-DHK109.3 PBS, DNP-G 1.59 f 0.23 0.08 f 0.06 0.71 f 0.07 0.14 f 0.04 
F-DHK109.3 PB 0.35 f 0.07 0.05 f 0.02 0.39 f 0.08 0.36 f 0.04 
Values were obtained from the best fits of TIR-FPR recovery curves to eq 1 with n = 2 and are the averages of 3-15 recovery curves. 

Uncertainties are standard deviations. For each sample type, data were obtained from at least two independent antibody and receptor preparations. 
The antibody and DNP-G concentrations were 1 and 100 pM, respectively. The bleaching power and duration were 0.5 W and 10 or 40 ms. 
Abbreviations are as follows: DNP-G, DNP-glycine; F, fluorescein-labeled; PB. phosphate buffer: PBS, phosphate-buffered saline: R, 
tetramethylrhodamine-labeled. 

which are multivalent in IgG and bind to moFcyRIl more 
tightly than IgG monomers (Dower et al., 1981a), displayed 
a significantly higher irreversibly bound fraction and slower 
kinetic rates (Figure Id). The best-fit parameters of the 
recovery curves for aggregates of F-DHK109.3, taken under 
similar conditions as curves for monomeric F-DHK109.3, 
exhibited a fast rate (0.35 s-l, 11%), a slow rate (0.02 s-l, 

36%), and a fraction (53%) that was irreversible within the 
observation period (1 min). Recovery curves for F- 
DHK109.3 aggregates, observed for a longer period of time 
(13 min), exhibited a decreased fast rate (0.03 s-l, 26%), a 
decreased slow rate (0.003 s-l, 41%), and an irreversible 
fraction (33%). 

Fluorescence recovery curves for F-DHK109.3 binding to 
moFcyRII were measured as a function of the density of 
reconstituted, IgG-binding moFcyRI1. This density, N ,  was 
estimated by using 

( I -  1)dA 
4 

N =  

where r was the ratio of the fluorescence on membranes 
containing moFcyRII to the fluorescence on membranes 
without moFcyRI1, d was the evanescent depth, and q5 was 
the fraction of the surface sites that were saturated (Poglitsch 
et al., 1991). The best-fit parameters for recovery curves 
obtained on samples with moFcyRII densities ranging from 
300 to 1500 molecules/pm2 changed very little. 

The rate of solute orientational diffusion has been predicted 
to have a strong effect on both kinetic association and 
dissociation rates in protein-protein and protein-membrane 
interactions. Therefore, TIR-FPR data were acquired for 
polyclonal mouse IgG Fc, which is approximately 3-fold 
smaller in size than intact IgG. As shown in Table 2,  these 
measurements demonstrated no differences in the kinetic 
parameters for intact IgG and its Fc. 

The kinetic parameters for F-DHK109.3 in a low ionic 
strength buffer (PB) were considerably different than those 
in the more physiological buffer, PBS. The fractional 
recovery and kinetic rate constant of the faster component 
decreased, and the fractional recovery of the slower rate 
increased (Figure le; Table 2). 

DISCUSSION 

IgG-MoFcyRII Kinetics-General Conclusions. TIR- 
FPR has been used to directly characterize the dissociation 
kinetics of monomeric mouse IgG at planar membranes 
containing purified and reconstituted moFcyRII. The fluo- 
rescence recovery curves changed little as control parameters 
were altered, indicating the absence of significant photoar- 
tifacts. 

The TIR-FPR data were best described by two reversible 
components and a small irreversible component (1.4 s-l, 

66%; 0.06 s-l, 18%; <<0.06 SKI, 16%). The slow rate agrees 
well with previous studies in which competitive radioim- 
munoassays were used to estimate the dissociation rate 
constant for monomeric IgG from cell surface Fc receptors 
(0.07 SKI; Dower et al., 1981b; Hogg et al., 1987). The use 
of cell pelleting in the previous work limited the observable 
rate. In particular, a rate on the order of the fast rate 
measured in this paper with TIR-FPR would probably not 
have been observable. 

The apparent association rate constants for DHK109.3 and 
moFcyRII, as calculated from the measured values of AI, 
A2, and the equilibrium association constant K = 3.6 x lo5 
M-l, were ~5 x lo5 and 2 x lo4 M-' s-l. These values 
agree well with previously estimated kinetic association rate 
constants for mouse IgG-moFcyRII interactions ( 2  x lo4 
to lo5 M-I s-l; Dower et al., 1981b; Hogg et al., 1987). 
Similarly slow association rate constants have been measured 
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by TIR-FPR in a number of biological model systems 
(Thompson et al., 1993a,b). 

The kinetic association rates calculated from TIR-FPR data 
have differed from those measured in other studies in a 
particularly interesting manner. The association rate for an 
anti-DNP antibody binding to dinitrophenylated planar 
membranes was much lower than the rate for DNP-G in 
solution (Pisarchick et al., 1992), and the association rate 
for prothrombin fragment 1 binding to planar membranes 
was considerably lower than the rate for binding to small 
unilamellar vesicles (Pearce et al., 1992, 1993). However, 
the association rates for IgG and moFcyRI1 reconstituted into 
planar membranes, and for epidermal growth factor on cell 
membranes (Hellen & Axelrod, 1991), both agree with 
previous estimates on cell surfaces. This trend in TIR-FPR 
data suggests that the use of planar membranes may include 
features of the general mechanism of proteins binding to a 
surface (such as orientational, rebinding or electrostatic 
effects), which is omitted or different for molecules in 
solution or vesicles in suspension. 

Heterogeneous Nature of IgG-MoFcyRII Dissociation 
Kinetics. The reaction-limited TIR-FPR recovery curves for 
IgG at planar membranes containing moFcyRI1 were not well 
described by a single exponential. Similar complex kinetic 
behavior has also been seen in other systems characterized 
with total internal reflection fluorescence microscopy, in- 
cluding bovine prothrombin fragment 1 at supported planar 
membranes containing phosphatidylserine (Pearce et al., 
1992, 1993), anti-DNP Fabs at Langmuir-Blodgett films 
containing dinitrophenylated phosphatidylethanolamine (Pisar- 
chick et al., 1992), fibrinogen at planar membranes contain- 
ing reconstituted aIIbp3 integrin (Muller et al., 1993), and 
epidermal growth factor on immobilized human epidermoid 
cells (Hellen & Axelrod, 199 1). Nonmonoexponential 
kinetics have also been observed at cell surfaces, e.g., for 
IgE and antireceptor Fabs on mast cells containing moFccRI 
(Ortega et al., 1991) and for epidermal growth factor on 
human fibroblasts (Mayo et al., 1989). 

There are a number of plausible explanations for the 
observed nonmonoexponential dissociation kinetics (Figure 
2). Heterogeneity in the IgG (Figure 2a) might arise from 
different types of glycosylation (Nose & Wigzell, 1983; 
Leatherbarrow et al., 1985) or different binding sites on IgG 
for moFcyRII (Gergely & Sarmay, 1990; Diamond et al., 
1985; Lund et al., 1992). Heterogeneity might also arise 
from the presence of a small population of IgG aggregates 
(see above); however, the absence of a significant amount 
of IgG aggregates was demonstrated by using gel filtration. 
This putative IgG heterogeneity is not likely to arise from 
the fluorescence labels in that the TIR-FPR recovery curves 
were equivalent for a range of independent labeling prepara- 
tions using two different monoclonal antibodies (DHK 109.3 
and DHK10.12) and (for DHK109.3) two different fluores- 
cence labels (fluorescein and tetramethylrhodamine isothio- 
cyanate). The complex dissociation kinetics might also arise 
from heterogeneity in the moFcyRII (Figure 2b). Different 
moFcyRII types could plausibly result from different mem- 
brane orientations (Poglitsch et al., 199 l ) ,  different binding 
sites on moFcyRII for IgG (Hogarth et al., 1992), or the 
presence of some receptor dimers. Nonspecific membrane 
binding has previously been demonstrated to be minimal in 
this system (Poglitsch et al., 1991; Hsieh et al., 1992). 

The presence of more than one membrane-bound species 
would also result in nonnionoexponential TIR-FPR recovery 
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FIGURE 2: Mechanisms that result in biexponential TIR-FPR 
recovery curves: (a) two types of IgG in solution; (b) two types of 
moFcyRII binding sites on the membranes; (c) isomerization of 
the membrane-bound IgG-moFcyRII complexes; and (d) multiple 
membrane-bound states in which the IgG molecules may bind to 
one or two moFcyRII binding sites. 

curves. A mechanism in which 1gG-moFcyRII complexes 
undergo an isomerization is consistent with the TIR-FPR data 
(Figure 2c). In addition, both the symmetric nature of IgG 
and the possibility of multiple binding IgG-moFcyRII 
contacts (Hogarth et al., 1992; Gergely & Sarmay, 1990; 
Diamond et al., 1985; Lund et al., 1992) suggest that IgG 
could bind to the membranes via sequential monovalent/ 
bivalent attachment (Figure 2d). However, this latter mech- 
anism is not consistent with the TIR-FPR data, in that they 
do not change substantially with the IgG solution concentra- 
tion or the receptor density. In addition, a previous epi- 
fluorescence study (Poglitsch et al., 1991) of F-2.4G2 Fab 
on planar membranes containing reconstituted moFcyRII has 
shown that the receptors are uniformly distributed (within 
optical resolution) and do not undergo significant lateral 
diffusion. In that the highest receptor density used in the 
work described herein was 1500 molecules/pm*, which 
corresp?nds to an average receptor-receptor distance of 
~ 2 5 0  A, the likelihood that a significant number of the 
receptors are within close enough proximity so that one 
aritibvdy could bind two receptors simultaneously , as requii-ed 
by the latter mechanism, is low. 

Protein-membrane interactions are often heterogeneous, 
as measured by a variety of methods and on a variety of 
systems (Pisarchick et al., 1992; Pearce et al., 1992, 1993; 
Hellen & Axelrod, 1991; Muller et al., 1993; Ortega et al., 
1991; Mayo et al., 1989). There has also been recent 
theoretical activity addiessing the complex nature of protein- 
membrane interactions [e.g., Steinbach et al. (1992), Nagle 
( 1992), and Kopelman ( 1 988)l. These experimental and 
theoretical studies suggest that the complex IgG-moFcyRII 
dissociation kinetics measured by TIR-FPR may arise from 
an intrinsic physical phenomena common to all protein- 
membrane interactions, such as crowding, rebinding, orien- 
tational, diffusional, or electrostatic effects. 

EfSect of IgG Subclass on Dissociation Kinetics. The 
observations that lhe IgG subclass specificities of different 
Fcy receptors vary, that the expression of Fcy receptors is 
cell-type specific, and that different effector functions are 
associated with different cell types (Kavetch & Kinet, 1991; 
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Unkeless et al., 1988; Mellman et al., 1988; Weinshank et 
al., 1988) suggest that the subclass specificity of Fcy 
receptors is of physiological significance. For example, 
previous work has directly shown that some IgG-mediated 
immune responses can be subclass restricted for some 
categories of antigen (Perlmutter et al., 1978; Coutelier et 
al., 1991). Differences in the interactions of IgG subclasses 
with Fcy receptors could presumably arise from differences 
in the amino acid sequences. The region of mouse IgG2b 
that binds moFcyRII is apparently in the C H ~  region 
(Diamond et al., 1985; Lund et al., 1992); and the C H ~  
regions of IgC2a and IgG2b are 94% homologous to each 
other, but only 67% homologous to mouse IgGl (Coding, 
1986). Different receptor binding characteristics might also 
result from different glycosylations or segmental flexibilities 
(Oi et al., 1984; Dangl et al., 1988). 

Early studies of Fcy receptors in the mouse identified two 
receptors: moFcyRI, the high affinity, trypsin-sensitive 
IgG2a receptor, and moFcyRII, the low affinity, trypsin- 
resistant IgG1/2b Fcy receptor (Walker, 1976; Unkeless, 
1977; Heusser et al., 1977; Segal & Titus, 1978). However, 
later studies indicated that the low affinity IgG1/2b Fcy 
receptor also weakly binds IgG2a (Mellman & Unkeless, 
1980; Weinshank et al., 1988). The widespread presence 
of moFcyRII on different cell lines and variety of related 
functions has led to the suggestion that the specificity of 
moFcyRII for the different mouse IgG subclasses may vary 
with the cell type (Baum et al., 1985; Daeron et al., 1989). 
However, recent review articles have reached a consensus 
that moFcyRII weakly binds to monomeric IgG1, IgG2b, 
and IgG2a (Fridman, 1991; Ravetch & Kinet, 1991) and have 
suggested that the concurrent presence of moFcyRI on the 
same cells apparently masked the weaker IgG2a-moFcyRII 
association (Unkeless et al., 1988). 

In this work, it has been shown that the kinetic parameters 
of moFcyRII are identical for monomeric mouse IgG1, 
IgG2a, and IgG2b (whereas IgG3 did not bind). This result 
is consistent with the previous work concluding that the 
equilibrium binding does not significantly differ for these 
IgG subclasses. The result does not provide a basis for 
postulating the physical basis that might underlay functional 
differences between these three IgG subclasses. 

Saturation of the Hapten-Binding Site. The extent of 
conformational changes that may occur in antibodies upon 
binding haptens or antigens has not yet been fully resolved. 
Some structural studies for different antibodies have indicated 
that little if any conformational changes occur, whereas others 
have provided evidence for displacements in the variable and 
hypervariable regions or in the antigen (Poljak, 1975; 
Colman, 1988; Stanfield et al., 1990; Bhat et al., 1990; 
Davies et al., 1990; Wilson et al., 1991; Rini et al., 1992; 
Benjamin et al., 1992). 

Functional studies have also produced conflicting results. 
For example, antigen was found to bind to IgE complexed 
with cell surface receptors with an affinity constant that is 
4- 1 1-fold higher than the one for antigen and IgE in solution 
(Kubitscheck et al., 1991). Because the interactions among 
antigen, antibody, and antibody receptor may be considered 
to be cyclic (Hsieh et al., 1992), this result suggests that 
IgE binds to cell-surface receptors more tightly when the 
antigen binding site is filled. In addition, antibody-antigen 
immune complexes have been found to bind more tightly to 
cell-surface Fcy receptors than IgG oligomers of the same 
size (Leslie, 1985). 
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The kinetic parameters for the anti-DNP IgGl antibody 
DHK109.3, with moFcyRIl in planar membranes, were not 
measurably different in the presence or absence of saturating 
amounts of DNP-G. This result agrees with previous work 
examining the equilibrium binding constant of this antibody 
with moFcyRII (Hsieh et al., 1992; Sumner, 1993). 

Molecular Size. Rotational diffusion has been predicted 
to be a major determinant in the kinetic association and 
dissociation rates of protein-protein and protein-membrane 
interactions (Baldo et al., 1991; Berg & von Hippel, 1985; 
Berg & Purcell, 1977; Schweitzer-Stenner et al., 1992). The 
effect of the size of the solution ligand on IgG-moFcyRII 
interactions was examined in this work by comparing the 
dissociation kinetics of monomeric IgG and IgG Fc. These 
measurement demonstrated no differences in the kinetic 
parameters for intact IgG and its Fc (molecular weight ratio, 
~ 3 :  1). Although earlier binding assays produced (conflict- 
ing) results suggesting significant differences between the 
binding of intact IgG and Fc to cell-surface Fc receptors 
(Dissanayake & Hay, 1975; Unkeless & Eisen, 1975), more 
recent functional studies, including measurements of side- 
ways killing (It0 et al., 1989), platelet aggregation (Endresen, 
1989), binding to virus-induced Fc receptors (Litwin et al., 
1990), and prostaglandin synthesis (Suzuki, 1991), have not 
shown significant differences. 

Effect of lonic Strength. One of the earliest indications 
that more than one distinct class of human Fcy receptors 
was present on monocyte cell lines was found by varying 
the ionic strength (Jones et al., 1985). Binding of aggregated 
mouse IgG2b was enhanced at low ionic strength, while 
binding of aggregated mouse IgG2a was unaffected. This 
difference in binding led to the identification of human 
FcyRII, which was later classified to be analogous to mouse 
FcyRII. A more recent study (Anderson et al., 1991) of 
FcyRII on human platelets also found that a decrease (3- 
fold) in ionic strength enhances the binding of immune 
complexes. The decrease in the IgG-moFcyRII dissociation 
rates measured by TIR-FPR, in a low salt buffer, is consistent 
with these previous results. The ionic strength dependence, 
which suggests that IgG-moFcyR1I interactions involve a 
strong electrostatic component, is also consistent with results 
suggesting that a high fraction of the amino acids in FcyRII 
that participate in IgG binding are positively charged [E. C. 
Bowles and N. L. Thompson, unpublished data]. 

Summary. In this work, we have shown that TIR-FPR 
can be used to quantitatively examine the kinetics of weak 
interactions between protein ligands and receptors reconsti- 
tuted into planar model membranes. The technique was used 
to characterize interaction of monomeric IgG with FcyRII 
for a range of membrane, antibody and solution character- 
istics. Possible future applications include characterization 
of the effects of extrinsic proteins such as complement 
components on the kinetics of IgG-FcyRII interactions, 
further investigations into the physical reasons for the 
observed heterogeneous kinetics, and extension of the method 
to other receptors that weakly bind protein ligands. In 
addition, when methods are developed for generating substrate- 
supported planar membranes that contain translationally 
mobile receptors, it may be possible to use TIR-FPR to 
quantitatively examine the kinetics of formation of IgG- 
induced receptor dimers. 
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