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ABSTRACT: Total internal reflection fluorescence microscopy (TIRFM) has been combined with functional 
reconstitution of the mouse IgG receptor moFcyRII in substrate-supported planar membranes to quantitatively 
probe IgG-moFcyRII interactions. MoFcyRII was purified from the macrophage-related cell line J774A. 1 
using affinity chromatography with Fab fragments of the anti-moFcyRII monoclonal antibody 2.402, 
Purified moFcyRII was reconstituted into liposomes by detergent dialysis, and the liposomes were fused 
on quartz substrates to form supported planar membranes containing moFcyRII. T IRFM measurements 
showed that fluorescently labeled 2.462 Fab specifically bound to the planar membranes, confirming the 
presence of moFcyRII. The receptor density in the planar membranes was sufficiently high to allow direct 
detection of bound, fluorescently labeled polyclonal and monoclonal mouse IgG with TIRFM, demonstrating 
that moFcyRII retained Fc-mediated IgG binding activity after planar membrane formation and permitting 
direct measurement of bound IgG as a function of the IgG solution concentration. Cross-inhibition mea- 
surements showed that polyclonal mouse IgG blocked the binding of labeled 2.402 Fab and that 2.462 
Fab blocked the binding of labeled polyclonal IgG. This work provides a direct measure of the relatively 
weak IgG-moFcyRII association constant and demonstrates a new model system in which the chemical 
and physical properties of IgG-moFcyRII interactions can be quantitatively characterized as a function 
of membrane, antibody, and solution properties. 

C e l l  surface receptors for the Fc region of antibodies are 
found on a number of immunological cell types, including 
macrophages, lymphocytes, natural killer cells, basophils, mast 
cells, and polymorphonuclear leukocytes. A range of different 
antibody receptors with distinct antibody class and subclass 
specificities have been identified. By linking the cellular and 
humoral immune responses, these receptors play key roles in 
antibody-mediated cellular immune mechanisms such as 
phagocytosis, B cell activation and regulation, cellular de- 
granulation, and antibody-dependent cell-mediated cytotox- 
icity. 

One Fc receptor that has been extensively studied is the 
mouse IgG receptor moFcyRII, which is expressed in relatively 
abundant amounts on macrophages and some lymphocytes 
(Unkeless et al., 1988). Biochemical and immunological 
characterization of moFcyRII has been facilitated by the 
development of a hybridoma that secretes monoclonal anti- 
bodies specific for the receptor (2.402) (Unkeless, 1979) and 
by subsequent receptor purification (Mellman & Unkeless, 
1980) and cDNA cloning and sequencing (Hibbs et al., 1986; 
Ravetch et al., 1986; Lewis et al., 1986). MoFcyRII is a 
glycosylated, single-transmembrane polypeptide belonging to 
the immunoglobulin supergene family (Hibbs et al., 1988; 
Mellman et al., 1988). Radioimmune assays have shown that 
moFcyRII binds monomeric IgGl, IgG2b, and possibly IgG2a 
with low affinity and aggregated IgGl, IgGZb, and IgG2a with 
higher affinity (Unkeless et al., 1988; Weinshank et al., 1988; 
Burton, 1985). MoFcyRII occurs in at least three isoforms, 
called a, PI,  and P2 (Ravetch et al., 1986). 

Physical characterization of IgG-moFcyRII interactions 
has been complicated by the weak association of monomeric 
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IgG with moFcyRII (Dower et al., 1981; Segal & Titus, 1978) 
and by the presence of other cell surface IgG receptors 
(Unkeless et al., 1988). The relationship of the thermodynamic 
and kinetic aspects of IgG-moFcyRII interactions, the 
translational and rotational mobilities of moFcyRII and 
IgG-moFcy RII complexes, and the interactions of moFcyRII 
or IgG-moFcyRII complexes with other cell surface or cir- 
culating molecules to the immune functions in which the 
different forms of moFcyRII participate are not yet well 
understood. Elucidation of these different physical phenomena 
may lead to an increased understanding of the mechanics of 
signal generation and transduction for the moFcyRII receptor 
and may serve as a paradigm for other receptor-mediated 
processes. The molecular details of the association of IgG with 
moFcyRII are also of importance in the development and 
application of biosensors and immunodiagnostic devices. 

A recently developed method for quantitatively investigating 
interactions between protein ligands and cell surface receptors 
is to combine total internal reflection fluorescence microscopy 
(TIRFM)' with substrate-supported planar phospholipid 
membranes. Supported planar membranes have previously 
been used to examine a diverse array of membrane processes 
(Thompson & Palmer, 1988; McConnell et al., 1986). One 
method of forming supported membranes that contain re- 
constituted transmembrane proteins is to fuse liposomes that 
contain the proteins at solid surfaces. This approach has been 
used to functionally reconstitute the mouse histocompatibility 
antigens H-2Kk (Brian & McConnell, 1984) and I-Ad (Watts 
et al., 1984) and the insulin receptor (Sui et al., 1988). With 

Abbreviations: TIRFM, total internal reflection fluorescence mi- 
croscopy; DNP, dinitrophenyl; R-, tetramethylrhodamine isothiocyanate 
labeled; F-, fluorescein isothiocyanate labeled; PBS, phosphate-buffered 
saline; BCA, bicinchoninic acid: TFA, trifluoroacetic acid; NBD-PE, 
1 -acyl-2- [ 12- [ (7-nitro-2,1,3-benzoxadiazol-4-yI)amino] dodecanoyl] - 
phosphatidylethanolamine; BSA, bovine serum albumin; FPPR, 
fluorescence pattern photobleaching recovery. 
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use of TIRFM (Hellen et al., 1988; Lanni et al., 1985; Axelrod 
et al., 1984), a laser beam that is internally reflected at the 
membrane/solution interface creates an evanescent field that 
penetrates approximately 850 A into the solution and selec- 
tively excites membrane-bound fluorescent ligands. TIRFM 
has recently been used to examine the association at equilib- 
rium of a variety of biological molecules with specific surface 
sites (Pisarchick & Thompson, 1990; Kalb et al., 1990; Sui 
et al., 1988; Watts et al., 1986; Weis et al., 1982) and is one 
of only a few techniques available for quantitatively charac- 
terizing weak interactions between protein ligands and re- 
ceptors. 

In  an earlier work, TIRFM was used to investigate the 
specific association of IgG with supported planar membranes 
containing moFcyRII that were formed from membrane 
fragments isolated from a macrophage-related cell line (Po- 
glitsch & Thompson, 1990). However, the moFcyRII surface 
density was low so that bound, fluorescently labeled IgG could 
not be readily detected with a reasonable signal-to-noise ratio, 
and the IgG binding activity of moFcyRII in the planar 
membranes was demonstrated only by competitive schemes 
with fluorescently labeled anti-moFcyRII antibodies. De- 
scribed in this paper is the application of TIRFM to sub- 
strate-supported planar membranes that contain purified and 
functionally reconstituted moFcyRII. The membranes have 
a significantly higher moFcyRII density, allowing direct de- 
tection of fluorescently labeled polyclonal and monoclonal 
mouse IgG. The results demonstrate a new model system in 
which the thermodynamic and kinetic aspects of IgG- 
moFcyRII interactions can be quantitatively characterized as 
a function of membrane, antibody, and solution properties. 

MATERIALS AND METHODS 
Cells. The macrophage-related cell line J774A.1, which 

contains cell surface moFcyRII, was obtained from the 
University of North Carolina Tissue Culture Facility. The 
rat-mouse hybidoma 2.402, which secretes antibodies specific 
for moFcyRII, and the mouse-mouse hybridoma AN02, 
which secretes anti-dinitrophenyl (DNP) mouse IgGl, were 
obtained as gifts from Prof. Betty Diamond of the Albert 
Einstein College of Medicine and from Prof. Harden 
McConnell of Stanford University, respectively. Cells were 
maintained in culture as previously described [J774A. 1 and 
2.462, Poglitsch and Thompson (1990); AN02, Wright et al. 
(1988)] except that J774A.1 cells were grown in spinner flasks. 

Antibodies. Intact mouse IgG, mouse IgG F(ab)',, rat IgG 
Fab, and (alkaline phosphatase)-conjugated goat anti-(rat IgG) 
were obtained commercially (Jackson ImmunoResearch, Inc., 
West Grove, PA). 2.402 antibodies were purified from cell 
supernatants by affinity chromatography with an anti-(rat IgG 
K light chain) antibody (MAR18.5) and 2.402 Fabs were 
produced and purified as described (Poglitsch & Thompson, 
1990). AN02  antibodies were isolated from cell supernatants 
by affinity chromatography with DNP-conjugated human 
serum albumin (Pisarchick & Thompson, 1990). 

Antibodies were labeled with tetramethylrhodamine (R-) 
or fluorescein (F-) isothiocyanate (Molecular Probes, Inc., 
Junction City, OR) (Mishell & Shiigi, 1980). Unreacted dye 
was removed by Sephadex G50-80 chromatography and sub- 
sequent dialysis against phosphate-buffered saline (PBS; 0.05 
M sodium phosphate, 0.15 M sodium chloride, 0.01% sodium 
azide, pH 7.4). Labeled 2.462 and rat IgG Fab were further 
purified with MAR1 8.5 affinity chromatography. No un- 
reacted fluorophore was observed at the dye front when labeled 
antibodies were analyzed on SDS-PAGE gels and illuminated 
with ultraviolet light. 
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Labeled and unlabeled antibodies were clarified at lOOOOOg 
for 2 h at 4 OC before application to planar membranes. Gel 
filtration experiments (G200-120 Sephadex, 1.5 cm X 48 cm, 
0.1 mL/min, sample volume, 1.0 mL, PBS, 25 "C) showed 
that labeled and unlabeled antibodies (mouse IgG and AN02; 
1.0 mg/mL) eluted with symmetrical peaks and at identical 
elution volumes corresponding to IgG monomers. Possible 
higher molecular weight IgG aggregates were not detected. 

The concentrations of labeled and unlabeled antibodies and 
the molar ratios of fluorophore to antibody (0.8-2.0, except 
as noted) in clarified solution were estimated spectrophoto- 
metrically with use of assumed molar absorptivities (Timbs 
& Thompson, 1999). The spectrophotometrically determined 
R-AN02 and R-(mouse IgG) concentrations agreed well with 
independent determinations using a bicinchoninic acid (BCA) 
assay (Pierce Chemical Co., Rockford, IL) (H. V. Hsieh, C. 
L. Poglitsch, and N. L. Thompson, unpublished results). The 
relative fluorescence intensities of different antibody prepa- 
rations were estimated on a spectrofluorometer (8OOOC; SLM, 
Urbana, IL) with excitation and emission wavelengths equal 
to 550 and 580 nm, respectively. 

MoFcyRII Purification. MoFcyRII was purified from 
J774A. 1 cells with modifications of a previously developed 
procedure (Mellman & Unkeless, 1980). A total of 2 X lo9 
J774A. 1 cells was homogenized (Wheaton 358054, Millville, 
N.J.) in 50 mL PBS with 0.5% Nonidet P-40, 1 mM phe- 
nylmethanesulfonyl fluoride, and 0.4 unit/mL aprotinin. The 
homogenate was clarified at 1600g for 5 min and then twice 
at 40000g for 30 min. The supernatant was carefully removed 
to minimize contamination by floating lipids and was applied 
to a 2.462 Fab affinity column equilibrated with wash buffer 
(PBS with 0.5% Nonidet P-40). The column was rinsed with 
500 mL of wash buffer and then eluted with PBS containing 
0.5% n-octyl 0-D-glucopyranoside (octyl glucoside) and 0.1 M 
triethylamine, pH 11.5. The eluate was immediately neu- 
tralized with 1 M Tris, pH 7.4 (1 / 1 v/v) and dialyzed against 
three 100-mL volumes of HEPES buffer (0.05 M NaCl, 0.165 
M sucrose, 10 mM N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid (HEPES), 0.01% NaN,, Tris pH 7.4) with 
20 mM octyl glucoside. All procedures were carried out at 
4 "C. 

MoFcyRII concentrations were determined with use of the 
BCA assay (see above). MoFcyRII purity was monitored by 
10% reducing and nonreducing SDS-PAGE with silver 
staining. Western blots were carried out according to the 
ProtoBlot protocol (Promega, Madison, WI) using Immobi- 
Ion-P membranes (Millipore, Bedford, MA), 2.402 as the 
primary antibody, (alkaline phosphatase)-conjugated goat 
anti-(rat IgG) as the secondary antibody, and nitro blue tet- 
razolium/5-bromo-4-chloro-3-indolyl phosphate as the enzy- 
matic substrate. In some cases, moFcyRII was further purified 
by use of analytical reverse-phase HPLC [2.1 mm X 30 mm 
RP300 (C,) column from Applied Biosystems, Inc., Foster 
City, CA; mobile phase A, 0.1% trifluoroacetic acid 
(TFA)/water (v/v); mobile phase B, acetonitrile/water/TFA, 
70/30/0.06 (v/v); gradient of 0% B for 5 min, &loo% B in 
45 min; peak elution, 39 min; detection wavelength, 230 nm]. 
The first 19 N-terminal amino acids were sequenced for the 
protein in the main peak (Applied Biosystems 470A protein 
sequencer). 

Substrate-Supported Planar Membranes. Purified 
moFcyRII was reconstituted into lipid vesicles by detergent 
dialysis (Young et al., 1983a). Egg phosphatidylcholine and 
cholesterol (Sigma Chemical Co., St. Louis, MO), judged to 
be pure by thin-layer chromatography, were mixed 6/ 1 (w/w) 
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in chloroform/methanol (2/ 1 v/v), dried ilnder vacuum, 
solubilized with -25 pg/mL moFcyRII in HEPES buffer 
with 20 mM octyl glucoside at a protein/lipid ratio of 1/10 
(w/w), treated for 2 min in a water-bath sonicator, and dia- 
lyzed for 72 h against four 1-L volumes of HEPES buffer. 
Some detergent-dialyzed liposomes contained only lipid and 
some were labeled with - 5  mol % l-acy1-2-[12-[(7-nitro- 
2,1,3-benzoxadiazol-4-yI)amino]dodecanoyl] phosphatidyl- 
ethanolamine (NBD-PE; Avanti Polar Lipids, Birmingham, 
AL). Liposomes derived from J774A. 1 membrane fragments, 
with and without 5 mol % NBD-PE, were prepared as de- 
scribed (Poglitsch & Thompson, 1990). 

Planar membranes were formed from liposomes with or 
without purified moFcyRII or from J374A.1 membrane 
fragment liposomes as described (Poglitsch & Thompson, 
1990) except that substrates were washed with 3 mL of PBS 
after liposome adsorption. Membranes were treated with 65 
pL of 10 mg/mL bovine serum albumin (BSA, Sigma) in PBS 
for 30 min and then with 250 pL of various antibody solutions 
in 5 mg/mL BSA/PBS. Planar membranes treated with 
fluorescently labeled antibodies were allowed to equilibrate 
for 30 min before microscopy measurements (except as noted). 
Planar membranes prepared from liposomes doped with 
NBD-PE were prepared in the same manner as those without 
NBD-PE except that the incubation step with labeled anti- 
bodies was omitted. 

F1 uorescence Microscopy. The fluorescence originating 
from labeled antibodies on planar membranes was measured 
at room temperature (-25 "C) with TIRFM (Axelrod et al., 
1984) as described (Poglitsch & Thompson, 1990)., For all 
TIRFM data, 10 spatially independent measurements on each 
of 2-3 planar membranes formed from at least two separate 
liposome preparations were obtained. TIRFM equilibrium 
curves were fit to theoretical forms with use of the nonlinear 
curve-fitting functions in ASYST software (Asyst Software 
Technologies, Inc., Rochester, NY). 

The lateral mobility of incorporated NBD-PE and bound 
F-(2.4G2 Fab) was examined with fluorescence pattern pho- 
tobleaching recovery (FPPR) (Smith & McConnell, 1978) as 
described (Wright et al., 1988) except as follows: temperature, 
25 "C; bleach pulse duration, 100400 ms; depth of bleaching, 
40-70%; radii of illuminated and observed areas, 2 150 and 
38 pm, respectively; spatial periodicities in the sample plane, 
16 pm (NBD-PE) or 8 pm [F-(2.4G2 Fab)]. FPPR data were 
analyzed as previously described (Timbs et al., 1990; Wright 
et al., 1988). 

RESULTS 

Purification of MoFcyRII. The mouse Fc receptor 
moFcyR11 was purified from the macrophage-related cell line 
J774A.1 by use of 2.462 Fab affinity chromatography. The 

* Previous work (Poglitsch & Thompson, 1990) has assumed an eva- 
nescent wave depth of 700 8, on the basis of the theoretical expression 
for the evanescent depth (Axelrod et al., 1984) and assumed refractive 
indices at 1.5 for the substrate and 1.334 for the solution, an incidence 
angle of 7 5 O ,  and a vacuum wavelength of 514.5 nm. Using a more 
accurate value for the refractive index of fused quartz (1.467) yields a 
theoretical depth of 850 A. The effect of protein concentration on the 
solution refractive index and hence the evanescent field depth and in- 
tensity at the interface was negligible. Assuming that the change of the 
solution refractive index with protein concentration was 0.185 mL/g 
(Sober, 1973), the largest protein concentration (5.0 mg/mL BSA and 
3.0 mg/mL IgG) results in a solution refractive index increase of 0.1 1%. 
This change leads to a 1 .O% increase in the evanescent field depth and 
a 1 . 1 %  increase in the evanescent intensity for an incident electric field 
perpendicular to the plane of incidence. 
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FIGURE 1 : Electrophoretic mobility and Western blot analysis of 
purified moFcyRII. (a) Purified moFcyRII was analyzed with 
SDS-PAGE ( 1  0% acrylamide) under nonreducing conditions and 
visualized with silver staining as a broad band with apparent molecular 
weight centered about 60K. Low molecular weight impurities were 
excluded from detergent-dialyzed liposomes as judged by SDS-PAGE 
of reconstituted moFcyRII (not shown). (b) Purified moFcyRII on 
a nonreducing SDS-PAGE gel was transferred to an Immobilon-P 
membrane, treated with 2 .462  IgG, and visualized with (alkaline 
phospha tase)-conj ugated goat an ti-( rat IgG). 

eluted protein ran as a broad band of apparent molecular 
weight centered at about 60K on 10% SDS-PAGE gels under 
both nonreducing (Figure la)  and reducing (not shown) 
conditions, consistent with published reports for moFcy RII 
(Hibbs et al., 1986). Western blot analyses of gels run under 
nonreducing conditions confirmed that the band migrating with 
apparent molecular weight -6OK was recognized by the 
anti-moFcyRII monoclonal antibody 2.462 (Figure 1 b). 

N-Terminal amino acid sequencing showed that the first 
19 amino acids of the isolated protein were identical with those 
of the P form of moFcyRII (Lewis et al., 1986; Ravetch et 
al., 1986; Hibbs et al., 1986). The N-terminal amino acid 
sequence does not distinguish between the moFcyRIIP, and 
moFcyRIIP, forms since they differ only in that moFcyRII& 
contains a 47 amino acid insertion in its cytoplasmic tail 
(Hogarth et al., 1987; Miettinen et al., 1989). While 
moFcyRIIP, appears to be absent on primary macrophages 
and mainly restricted to lymphocytes and lymphoid cell lines, 
the J774A.1 cell line may express both isoforms (Miettinen 
et al., 1989; Ravetch et al., 1986). Therefore, the isolated 
moFcyRII was identified as primarily moFcyRIIP and may 
or may not consist of a mixture of moFcyRIIP, and 
moFcyRIIP,. A mixture of both P proteins could contribute 
to the observed broad electrophoretic mobility (Figure 1) in 
addition to possible heterogeneous glycosylation or differing 
levels of endogenous protease activity released during puri- 
fication (Hunziker et al., 1990; Hibbs et al., 1988; Mellman 
& Unkeless, 1980). The yield of moFcyRII from 2 X lo9 
J774A. 1 cells, as estimated from BCA protein determinations, 
was -70 pg. This value is consistent with previous work 
(Mellman & Unkeless, 1980), assuming a moFcyRII mo- 
lecular weight of 55000 and a cell surface abundance of 
500000 per cell (Mellman & Unkeless, 1980). 
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Table I: Lateral Mobility in Supported Planar Membranesa 
supported diffusion 

planar coefficient fractional 
membrane fluorescent probe (X 1 O* cm2/s) mobility 

moFcy R I I (-) N BD- PE 1.2 f 0.1 0.57 f 0.08 
moFcyR11(+) NBD-PE 1.9 f 0.1 0.78 f 0.10 
J774A.l NBD-PE <lo+ 
moFcyR11(+) F-(2.4G2 Fab) <lo-‘ 
a FPPR values for the apparent diffusion coefficients and fractional 

mobilities are averages over IO measurements each on three different 
membranes formed from at least two independent liposome prepara- 
tions. Uncertainties are standard errors in the means. The value for 
NBD-PE in planar membranes formed from J774A.1 membrane frag- 
ment liposomes is from an earlier work (Poglitsch & Thompson, 1990). 

Supported Planar Membranes. Purified moFcyRII was 
reconstituted into egg phosphatidylcholine/cholesterol vesicles 
by detergent dialysis. Previous work has shown that 
moFcyRII reconstituted in this manner retains the ability to 
bind both to 2.462 IgG and to immunocomplexes consisting 
of anti-DNP IgG bound to Sephadex coated with DNP-con- 
jugated BSA (Young et al., 1983a). In this work, sub- 
strate-supported planar membranes containing moFcyRII 
[moFcyRII(+) membranes] or not containing moFcyRII 
[moFcyRII(-) membranes] were formed by treating fused 
quartz surfaces with liposome suspensions. 

Epifluorescence microscopy indicated that the fluorescent 
lipid NBD-PE in both types of planar membranes was uni- 
formly distributed within optical resolution except for the 
presence of occasional bright features of size 5 1 pm2. These 
regions may have been due to liposomes that did not com- 
pletely fuse with the bilayer or multilayer present on the 
surface and have been observed in similar systems (Tendian 
et al., 1991; Poglitsch & Thompson, 1990). 

FPPR showed that the lateral mobility of the fluorescent 
lipid NBD-PE in both moFcyRII(+) and moFcyRII(-) 
membranes was high (- 10” cmz/s) (Table I), similar to those 
in other fluid-like supported planar membranes formed from 
detergent-dialyzed liposomes with or without transmembrane 
proteins (Brian & McConnell, 1984; Watts et al., 1984). The 
measurable long-range diffusion over distances I 15 pm im- 
plies that a significant fraction of the adsorbed liposomes fuse 
to form a continuous substrate-supported membrane. The 
incomplete mobility (60-80%) may be due to incomplete 
surface-catalyzed fusion. 

The fluorescence after photobleaching for moFcyRII(+) 
membranes treated with F-(2.4G2 Fab) did not significantly 
recover after 5 min for a spatial periodicity of 8 pm. This 
result assigns an upper limit of cm2/s for the apparent 
translational diffusion coefficient of the (2.4G2 Fab)- 
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moFcyRII complexes with use of the functional form for 
FPPR data (Timbs et al., 1991; Wright et al., 1988). The low 
mobility of F-(2.4G2 Fab) on moFcyRII(+) membranes is 
consistent with results for other transmembrane proteins in 
similar systems (Watts et al., 1986; Brian & McConnell, 1984; 
Schindler et al., 1980). Although (2.402 Fab)-moFcyRII 
complexes did not exhibit measurable diffusion, membranes 
labeled with F-(2.4G2 Fab) appeared uniformly fluorescent, 
ruling out the existence of highly oligomerized receptor. 

Antibody Binding to Planar Membranes Measured by 
TZRFM. Initial TIRFM measurements demonstrated that 
moFcyRII reconstituted in planar membranes retained spe- 
cificity for 2.462 Fab and for the Fc-mediated binding of IgG 
(Table 11): evanescently excited fluorescence intensities were 
much higher for R-(2.4G2 Fab) on moFcyRII(+) membranes 
than for R-(2.4G2 Fab) on moFcyRII(-) membranes or for 
R-(rat IgG) on moFcyRII(+) membranes; polyclonal mouse 
IgG but not polyclonal mouse IgG F(ab)’, blocked the R- 
(2.462 Fab) fluorescence on moFcyRII(+) membranes; the 
fluorescence of R-(mouse IgG) and R-AN02 was much higher 
on moFcyRII(+) than on moFcyRII(-) membranes; the 
fluorescence of R-(mouse IgG) and R-AN02 was significantly 
reduced in the presence of saturating amounts of unlabeled 
2.462 Fab on moFcyRII(+) but not on moFcyRII(-) mem- 
branes; and the fluorescence of R-[mouse IgG F(ab)’,] on 
moFcyRII(+) membranes was approximately equal to that 
of R-[mouse IgG F(ab)’,] on moFcyRII(-) membranes in 
both the presence and absence of saturating amounts of 2.462 
Fab. 

The amount of R-(mouse IgG) and R-AN02 bound to 
moFcyRII(+) membranes was estimated by examining the 
fraction of the evanescently excited fluorescence that could 
be photobleached (data not shown). This analysis was based 
on the premise that, for some evanescent intensities and 
bleaching durations, only surface-bound molecules are 
bleachable since the residency time of labeled antibodies in 
solution and within the evanescent field is short (< 1 ms). 
These measurements, obtained for several bleaching durations, 
showed that the fraction of fluorescence arising from bound 
R-(mouse IgG) and R-AN02 on moFcyRII(+) membranes 
was high (?so%), that this fraction was low (110%) for 
R-(mouse IgG) on moFcyRII(-) membranes and on 
moFcyRII(+) membranes in the presence of saturating con- 
centrations of 2.462 Fab, and that this fraction was even lower 
(55%) for R-AN02 on the two control samples. 

For planar membranes treated with fluorescently labeled 
antibodies, the variation in fluorescence intensity measured 
over large areas (- 1 cm2) was small, with typical standard 
deviations of 1-4s for 10 measurements on a single planar 

Table 11: Activity and Specificity of Reconstituted MoFcyRII in Supported Planar Membranes” 
fluorescently nonfluorescent moFcyRII(+) moFcyRII(-) 
labeled ligand inhibitor membranes membranes 

(A) 1 nM R-(2.4G2 Fab) none 
10 pM mouse IgG 
10 pM mouse F(ab)’, 
none 
none 
200 nM 2.462 Fab 
none 
200 nM 2.4G2 Fab 

(C) 3 pM R-AN02 none 
200 nM 2.402 Fab 

1 nM R-(rat IgG Fab) 
(B) 3 pM R-(mouse IgG) 

3 pM R-(mouse IgG F(ab)’2) 

1.00 f 0.03 
0.75 f 0.02 
1.06 f 0.04 
0.07 f 0.03 
1.00 f 0.01 
0.44 f 0.01 
0.35 f 0.01 
0.34 f 0.01 
1.00 f 0.01 
0.34 f 0.01 

0.04 f 0.02 

0.02 f 0.01 
0.48 i 0.01 
0.48 i 0.01 
0.36 i 0.01 
0.38 f 0.01 
0.39 f 0.01 
0.38 f 0.01 

“The binding of R-(2.4G2 Fab), R-(mouse IgG), and R-AN02 to moFcyRII in planar membranes was characterized with TIRFM. Evanescently excited 
fluorescence intensities were corrected for the relative fluorescence of different labeled antibody preparations and were normalized to the fluorescence of 
moFcyRII(+) membranes treated with (A) R-(2.4G2 Fab), (B) R-(mouse IgG), or (C) R-ANOZ. The values for the normalized fluorescence intensities are 
averages over 10 measurements each on three different membranes formed from at least two independent liposome preparations. Uncertainties are standard 
errors in the means. 
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FIGURE 2: Binding of R-(2.4G2 Fab) to planar membranes. The 
difference (m) of the evanescently excited fluorescence of R-(2.4G2 
Fab) on moFcyRII(+) membranes and moFcyRII(-) membranes 
(A) increased with the R-(2.4G2 Fab) solution concentration. 
Com aring the data to the best tit to eq 3 (-) gave K = (6.6 f 1.8) 
X 1OPM-'; the data are normalized so that F ( m )  = 118. The plotted 
solution concentrations equal the estimated values corrected for de- 
pletion (see text). Measured points represent the averages over 10 
spatially independent measurements on each of three or more planar 
membranes. 

membrane. The fluorescence of R-(mouse IgG), R-ANO2, 
and R-(2.4G2 Fab) on moFcyRII(+) and moFcyRII(-) 
membranes measured with TIRFM maintained an approxi- 
mately constant value after times greater than 15 min and up 
to at least 2'/2 h (data not shown). 

The evanescently excited fluorescence of R-(2.4G2 Fab) on 
moFcyRII(+) membranes as a function of the solution con- 
centration of R-(2.4G2 Fab) had the shape of a conventional 
adsorption isotherm whereas the fluorescence intensities of 
R-(2.4G2 Fab) on moFcyRII(-) membranes were negligible 
(Figure 2). The measured adsorption curve did not signifi- 
cantly change for a range of different R-(2.4G2 Fab) prepa- 
rations having different fluorophore-to-antibody molar ratios 
(0.2-1 -2). The ratio of the saturating fluorescence intensities 
of R-(2.4G2 Fab) on moFcyRII(+) membranes and on planar 
membranes made from J774A. 1 membrane fragment lipo- 
somes was 41 f 6 .  

The fluorescence of polyclonal R-(mouse IgG) on 
moFcyRII(+) membranes also increased as a function of the 
R-(mouse IgG) solution concentration whereas the fluores- 
cence of R-(mouse IgG) on two different control samples, 
moFcyRII(-) membranes and moFcyRII(+) membranes to 
which saturating amounts of unlabeled 2.4G2 Fab had been 
added, was significantly lower and linear with concentration 
(Figure 3) .  Similar results were obtained for R-AN02 on 
moFcyRII(+) membranes in the absence and presence of 
2.462 Fab and on moFcyRII(-) membranes (Figure 4). The 
fluorescence intensities on the two control samples were 
equivalent within experimental error for both R-(mouse IgG) 
and R-ANO2. 

The association of mouse IgG and 2.4G2 Fab with 
moFcyRII(+) membranes was also investigated with indirect 
assays in which the evanescently excited fluorescence of R- 
(2.462 Fab) in the presence of unlabeled mouse IgG, and in 
which the fluorescence of R-(mouse IgG) in the presence of 
unlabeled 2.402 Fab, was monitored. These measurements 
showed that only -25% of the fluorescence arising from bound 
R-(2.4G2 Fab) could be displaced by 20 NM mouse IgG 
(Figure 5 ) .  This result was observed whether or not the planar 
membranes were preblocked with mouse IgG prior to treat- 
ment with R-(2.4G2 Fab) and mouse IgG. The fraction of 
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FIGURE 3: Binding of R-(mouse IgG) to planar membranes. The 
difference (B) of the evanescently excited fluorescence of R-(mouse 
IgG) on moFcyRII(+) membranes (A) and the average of two control 
samples, moFcyRII(-) membranes and moFcyRII(+) membranes 
to which saturating amounts of unlabeled 2.4G2 Fab were added (e), 
increased with the R-(mouse IgG) solution concentration. The best 
fit to eq 3 (-) gave K p  = (2.9 f 0.4) X lo5 M-' and F ( m )  = 1.5 X 
lo4 photons/s. Uncertainties are standard errors in the means for 
averages over 10 spatially independent measurements on each of three 
planar membranes. 
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FIGURE 4: Binding of R-AN02 to planar membranes. The difference 
(m) of the evanescently excited fluorescence of R-AN02 on 
moFcyRII(+) membranes (A) and the average of two control samples, 
moFcyRII(-) membranes and moFcyRII(+) membranes to which 
saturating amounts of unlabeled 2.462 Fab were added (e), increased 
with the R-AN02 solution concentration. Comparing the data to 
the best fit to eq 3 (-) gave K,,, = (9.3 f 0.2) X lo5 M-' and F ( - )  
= 1.3 X 104 photon+. Uncertainties are standard errors in the means 
for averages over 10 spatially independent measurements on each of 
three planar membranes. 

the fluorescence that could not be blocked by mouse IgG was 
not due to nonspecifically bound R-(2.4G2 Fab) as complete 
inhibition of the fluorescence could be obtained with unlabeled 
2.462 Fab (data not shown). The 2.462 Fab was much more 
efficient at blocking R-(mouse IgG) binding to moFcyRII(+) 
membranes (Figure 6 ) .  

ANALYSIS OF TIRFM BINDING CURVES 
Absolute Densities of Bound Antibodies. Antibody surface 

densities were estimated from the ratios ( r )  of the fluorescence 
intensities for labeled antibodies on moFcyRII(+) membranes 
to those on control membranes (Pisarchick 8c Thompson, 
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For R-(2.4G2 Fab) on moFcyRII(+) and moFcyRII(-) 
membranes, the measured value of r at each antibody solution 
concentration3 together with the known degree of surface site 
saturation implied that the total surface site density of re- 
ceptors that bound R-(2.4G2 Fab) in moFcyRII(+) mem- 
branes was [TI = 1320 f 50 molecules/pm2. Comparing the 
fluorescence intensities of R-(2.4G2 Fab) on moFcyRII(+) 
membranes and on planar membranes made from J774A. 1 
membrane fragment liposomes, together with the previously 
measured moFcyRII density in J774A. 1 planar membranes 
of -50 molecules/pm2 (Poglitsch & Thompson, 1990), gave 
a similar density of [TI = 2050 f 510 molecules/pm2. 

Use of eq 2 with the data in Figures 3 and 4 gave [TI 
430 f 80 molecules/pm2 for R-(mouse IgG) and [TI = 600 
f 25 molecules/pm* for R-AN02. However, comparing the 
differences at saturation in the fluorescence intensities of 
R-(mouse IgG) and R-AN02 on moFcyRII(+) membranes 
and on their control samples, normalized by the relative 
fluorescence intensities of R-(mouse IgG) and R-AN02, im- 
plied that the density of R-(mouse IgG) binding sites was 
-20% higher than the density of R-(AN02) binding sites. 
Thus, the densities of R-(mouse IgG) and R-AN02 binding 
sites on moFcyRII(+) membranes are approximately equal 
and about 3-fold lower than the density of R-(2.4G2 Fab) 
binding sites. 

Basis for Equilibrium Binding Analyses. The measured 
total binding site densities for R-(2.4G2 Fab), R-(mouse IgG), 
and R-ANO2, together with the known volumes and con- 
centrations of applied antibody solutions, the known substrate 
area, and the known degree of surface site saturation, were 
used to estimate the extent to which moFcyRII(+) membranes 
depleted the applied solutions of antibodies. These calculations 
implied that the depletion was negligible for the micromolar 
concentrations used with mouse IgG, mouse IgG F(ab)’2, 
R-(mouse IgG), and R-AN02 (50.2%), and the solution 
concentrations of these antibodies were therefore assumed to 
equal the applied concentrations. The estimated depletion was 
significant for the nanomolar concentrations used with 2.4G2 
Fab and R-(2.4G2 Fab) (3-60%), and consequently the so- 
lution concentrations of these antibodies were assumed to equal 
the estimated values as corrected for depletion. 

On moFcyRII(-) membranes and on moFcyRII(+) mem- 
branes to which saturating amounts of 2.4G2 Fab were added, 
the low bleachable fractions of R-(mouse IgG) and R-(AN02) 
obtained with use of evanescent illumination implied that the 
amount of nonspecifically bound, labeled IgG was low. Thus, 
the nonzero fluorescence intensities for control samples arose 
primarily from fluorescent antibodies within the evanescent 
field but not bound to planar membranes. The amount of 
nonspecifically bound R-(2.4G2 Fab) on moFcyRII(+) 
membranes was also very low because negligible fluorescent 
intensities were measured on moFcyRII(-) membranes and 
for R-(rat IgG) Fab on moFcyRII(+) membranes. The small 
variation in fluorescence intensity measured over large areas 
of the planar membranes coupled with the uniform microscopic 
appearance of membranes containing NBD-PE or bound, 
fluorescently labeled antibodies suggests that the contribution 
to the measured fluorescence intensities from scattered exci- 
tation illumination is probably not significant. Also, the linear 
range of evanescently excited fluorescence as a function of 
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FIGURE 5: Competitive binding of R-(2.4G2 Fab) and mouse IgG 
to planar membranes. The fluorescence obtained with evanescent 
field excitation and arising from R-(2.4G2 Fab) bound to 
moFcyRII(+) membranes decreased as a function of the concentration 
of unlabeled mouse IgG (B) but remained constant as a function of 
the concentration of unlabeled mouse IgG F(ab)’, (A) for applied 
concentrations of R-(2.4G2 Fab) equal to 1 nM. The mouse IgG 
data are compared to the best fit to eq 7 with use of the solution 
concentration corrected for depletion by membrane moFcyRII for 
R-(2.4G2 Fab) (0.35 nM). Uncertainties are standard errors in the 
means for averages over 10 spatially independent measurements on 
each of three planar membranes. 
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m u m  6: Competitive binding of R-(mouse IgG) and 2.462 Fab 
to planar membranes. The fluorescence obtained with evanescent 
field excitation and arising from R-(mouse IgG) bound to 
moFcyRII(+) membranes decreased as a function of the concentration 
of unlabeled 2.4G2 Fab (m) for applied concentrations of R-(mouse 
IgG) equal to 5 pM. The normalized fluorescence was calculated 
by first taking the difference between the fluorescence intensity on 
moFcyRII(+) membranes and moFcyRII(-) membranes and then 
taking the ratio of fluorescence in the presence and absence of 2.4G2 
Fab. The data are compared to the best fit to eq 8 with use of the 
solution concentrations corrected for depletion by membrane 
moFcyRll for 2.462 Fab. Uncertainties are standard errors in the 
means for averages over 10 spatially independent measurements on 
each of two or more planar membranes. 

1990). The fluorescence arising from nonspecifically adsorbed 
antibodies and from those excited by scattered light was small 
(see above). Thus, assuming no change in quantum yield upon 
binding 

(1) 

where [SI is the density of bound antibodies for a given an- 
tibody solution concentration [C] and d is the evanescent field 
depth (= 850 A)2. With use of the fractional surface site 
saturations p, determined as the ratios of measured fluores- 
cence intensities at each [C] and estimated fluorescence in- 
tensities for infinite values of [C], the total antibody binding 
site densities were calculated as 

(2) 

[SI + d[CI 
d[CI 

r =  

[TI = Pl /8  = (r  - l ) W I / B  

For R-(2.4G2 Fab), R-(mouse IgG), and R-ANOZ, estimates of the 
antibody surface densities were calculated only from the measured values 
of r where the fluorescence intensities of labeled antibodies on control 
planar membranes were 2 15% of the background fluorescence for 
moFcyRII(-) membranes treated with PBS. 
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fluorophore-labeled protein surface density extends up to at 
least 14000 molecules/pm2 (Lok et al., 1983), which is much 
higher than the estimated antibody surface densities at satu- 
ration on moFcyRII(+) membranes (see above). Thus, the 
evanescently excited fluorescence intensities, corrected for 
solution fluorescence, were assumed to be proportional to the 
surface densities of specifically bound, labeled antibodies. 

The evanescently excited fluorescence intensities of labeled 
antibodies on planar membranes were constant after 15 min 
(data not shown). This result is similar to that obtained for 
antibodies equilibrating with hapten-conjugated phospholipids 
in substrate-supported monolayers (Pisarchick & Thompson, 
1990; Timbs et al., 1990) and with other solid surfaces 
(Stenberg & Nygren, 1988; Darst et al., 1988). Along with 
the calibrated antibody solution concentrations and surface 
densities, this result supports analysis of the data in Figures 
2-6 with equilibrium expressions. 

Quantitative Analysis of Equilibrium Binding Curves. 
Apparent association constants were determined by subtracting 
the fluorescence intensities of samples containing only solu- 
tion-phase fluorescent antibodies from those that also contained 
membrane-bound, fluorescent antibodies. The fluorescence 
differences were fit to the functional form for a reversible, 
bimolecular reaction, given by 
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where K, and Kg,p are the association constants of R-(2.4G2 
Fab) with free moFcyRII and with moFcyRII-IgG com- 
plexes, respectively, [GI is the R-(2.4G2 Fab) solution con- 
centration, and [PI is the mouse IgG solution concentration. 
A similar and coupled behavior would also apply to the data 
in Figure 6, which would be of the form 

1 + (Kp,g/Kp)K,[Gl 
1 + [ ( I  + Kp,,[PI)/(1 + Kp[PI)IK,[Gl 

( 5 )  - - F p J  [GI) 

FPJO) 

where Kp and KPa are the association constants of R-(mouse 
IgG) with free moFcyRII and with moFcyRII-(2.4G2 Fab) 
complexes, respectively. In addition, the four association 
constants would obey the relationship 

(3) 

where [C] was the antibody solution concentration and the 
free parameters were the apparent association constant, K, and 
the fluorescence at saturation, F(=J).  

Fitting the fluorescence differences for R-(2.4G2 Fab) on 
moFcyRII(+) membranes and moFcyRII(-) membranes to 
eq 3, while using the solution concentrations corrected for 
surface depletion (see above), gave an apparent association 
constant for R-(2.4G2 Fab) and moFcyRII of Kg = (6.6 f 
1.8) X lo7 M-' (Figure 2). The difference in the measured 
fluorescence intensities for polyclonal R-(mouse IgG) on 
moFcyRII(+) membranes and the average of two control 
membranes, moFcyII(-) membranes and moFcyRII(+) 
membranes to which a saturating amount of 2.4G2 Fab had 
been added, yielded an apparent association constant for 
R-(mouse IgG) and moFcyRII of Kp = (2.9 f 0.4) X los M-' 
(Figure 3). The fluorescence differences for monoclonal 
R-AN02 on moFcyRII(+) membranes and the average of 
the two control membranes gave an apparent association 
constant for R-AN02 and moFcyRII of K, = (9.3 f 0.2) X 
lo5 M-' (Figure 4). 

Polyclonal mouse IgG did not completely block the 
fluorescence arising from R-(2.4G2 Fab) bound to 
moFcyRII(+) membranes (Figure 5 ) ,  whereas 2.462 Fab did 
almost completely block the fluorescence arising from bound 
R-(mouse IgG) (Figure 6). A mechanism in which mouse IgG 
and 2.402 Fab compete for a homogeneous population of 
moFcyRII was thus judged to be unlikely. 

One possible explanation for the data in Figure 5 is that 
mouse IgG does not completely inhibit the binding of R-(2.4G2 
Fab) to moFcyR11. In this case, mouse IgG could reduce the 
apparent binding affinity of R-(2.4G2 Fab) for moFcyRII 
rather than completely block its binding and the fluorescence 
in the presence of large concentrations of unlabeled mouse IgG 
would not approach zero (Poglitsch & Thompson, 1990). The 
data in Figure 5 would be of the form 

1 + (K,,p/K,)Kp[PI 
1 + [ ( I  + K,,p[GI)/(l + K,[GI)IKp[Pl (4) -- - Fg.p( [PI 1 

Fg.p(O) 

Evaluation of the data in Figures 5 and 6 with eqs 4 and 
5, respectively, and with K,, Kp, [GI, and [PI equal to their 
known values, gave Kg,p = (4.9 f 1.8) X lo7 M-' (Figure 5 )  
and KP,, = (-1.5 f 2.1) X lo4 M-' (Figure 6). The ratio in 
eq 6, calculated with use of these values of Kg,p and Ks,, - 

is -0.07 f 0.10. The result that this ratio does not even 
approximately equal one, together with the antibody surface 
density data that showed that 2.402 Fab binding densities were 
-3-fold higher than mouse IgG or A N 0 2  densities, argues 
strongly against a mechanism in which 2.4G2 Fab and mouse 
IgG only partially cross-inhibit binding to a homogeneous 
population of moFcyRI1. 

Another model for describing the data in Figures 5 and 6 
is one in which only a fraction of the reconstituted moFcyRII 
that binds 2.462 Fab also binds the Fc region of mouse IgG 
and in which 2.462 Fab and mouse IgG bind to this fraction 
of moFcyRII in a mutually exclusive manner. The appropriate 
form for the data in Figure 5 would be 

= (6.6 f 1.8) X lo7 M-I, and Kp = (2.9 f 0.4) X 10 M 4 , 

where the moFcyRII that binds 2.462 Fab is present as a 
fraction cr) that also binds mouse IgG and a fraction (1 -A 
that does not bind mouse IgG. The fluorescence F,,p([P]) 
ranges from Fg,p(0) in the absence of mouse IgG to F,,p(0)( 1 
-j) in the presence of large concentrations of mouse IgG. 
Fitting the data in Figure 5 to eq 7 with K,, [GI, and [PI equal 
to their known values and F,,p(0),f, and Kp as free parameters 
yieldedf= 0.25 f 0.02 and Kp = (5.4 f 0.8) X lo5 M-I. This 
value of Kp is in reasonable agreement with the directly 
measured value obtained from the data in Figure 3, and the 
value off is consistent with the measured R-(2.4G2 Fab) and 
R-(mouse IgG) binding site densities. 

The functional form for the inhibition of R-(mouse IgG) 
binding by unlabeled 2.462 Fab would be 

where the fluorescence F,,,([G]) ranges from Fp4(0) in the 
absence of 2.4G2 Fab to zero in the presence of large con- 
centrations of 2.462 Fab. Fitting the data in Figure 6 to eq 
8 with Kp [PI, and [GI equal to their known values and F,(O) 
and K, as free parameters gave a best fit with K, = (1.4 f 
0.5) X lo8 M-I, which is consistent with the directly measured 
value obtained from the data in Figure 2. 



IgG-MoFcyRII Interactions 

In Figure 5 ,  as the concentration of mouse IgG is increased, 
less R-(2.4G2 Fab) are bound to the membrane and the so- 
lution depletion of R-(2.4G2 Fab) is potentially reduced. 
Quantitatively accounting for this phenomena in eq 4 and the 
subsequent discussion yields a value for the ratio in eq 6 equal 
to -0.1 2 f 0.18 and does not alter the conclusion that in- 
complete blocking cannot explain the data in Figure 5 .  Ac- 
counting for this phenomena in eq 7 yields a larger value for 
f (=0.55). In Figure 6, the amount by which the membrane 
depletes the solution of 2.462 Fab is theoretically less when 
some moFcyRII are occupied by R-(mouse IgG). This effect 
was not quantitatively considered because the solution con- 
centration depletion of 2.4G2 Fab was negligible for all but 
the lowest concentration data point in Figure 6. 

DISCUSSION 
Interaction of Antibodies with Planar Membranes Con- 

taining MoFcyRII. The measured value for the association 
constant of 2.402 Fab with the reconstituted moFcyRI1, Kg 
= (6.6 f 1.8) X IO' M-I, is lower than the values previously 
measured for R-(2.4G2 Fab) on planar membranes prepared 
from J774A. 1 membrane fragment liposomes ( lo9 M-I, 25 OC; 
Poglitsch & Thompson, 1990) and for 12SI-labeled (2.4G2 Fab) 
on J774A.1 cells (108-109 M-I, 4 OC; Unkeless & Healey, 
1983; Mellman & Unkeless, 1980). The 2.462 Fab binding 
to purified moFcyRII in planar membranes would be weaker 
than previously measured to moFcyRII in planar membranes 
derived from J774A.1 plasma membrane liposomes or to 
J774A.1 cells if moFcyRI1 purification resulted in loss of 
essential membrane components or partial moFcyRII dena- 
turation. 

The apparent association constant for mouse IgG and 
moFcyRII obtained from the data in Figure 3, Kp = (2.9 f 
0.4) X IOs M-', is to our knowledge the first reported direct 
measurement of this parameter. The measured value agrees 
with previous values obtained from indirect assays, including 
TIRFM measurements of the ability of unlabeled mouse IgG 
to block the binding of R-(2.4G2 Fab) to planar membranes 
constructed from J774A. 1 membrane fragment liposomes (1-5 
X lo5 M-I, 25 OC; Poglitsch & Thompson, 1990) and radio- 
immune measurements of the ability of myeloma mouse IgG 
( - 5  X IO5 M-I, 0 OC; Segal & Titus, 1978) and polyclonal 
rabbit IgG (-1.3 X I O 6  M-I; 0 OC; Dower et al., 1981) to 
block the binding of '2SI-labeled multivalent rabbit IgG to 
macrophage cell surfaces. That the measured value of Kp 
agrees with other reports suggests that the phenomena leading 
to the reduced value for Kg do not significantly affect the 
IgG-moFcyRII interaction. 

The measured value for the association constant of the 
mouse monoclonal IgGl antibody A N 0 2  with moFcyRII 
obtained from the data in Figure 4, K,,, = (9.3 f 0.2) X lo5 
M-I, is a factor of 3 larger than the association constant Kp 
for polyclonal mouse IgG. The difference between K,,, and 
Kp may result from the heterogeneous nature of polyclonal 
IgG, which contains different mouse IgG subclasses that may 
bind to moFcyRII with a range of affinities (Unkeless et al., 
1988; Weinshank et al., 1988). The average Kp might also 
vary between different serum samples if the IgG subclass 
content of the polyclonal mouse IgG differs. 

The apparent association constants of mouse IgG and 2.402 
Fab with moFcyRII do not appear to be significantly affected 
by the covalent attachment of tetramethylrhodamine. The 
values of Kp and Kg obtained for R-(mouse IgG) and R-(2.4G2 
Fab) with use of direct binding measurements (Figures 3 and 
2), respectively, were reasonably consistent with those obtained 
for mouse IgG and 2.462 Fab with use of indirect measure- 

Biochemistry, Vol. 30, No. 27, 1991 6669 

ments (Figures 5 and 6), respectively. In addition, there was 
no significant difference between the Kg's measured directly 
for R-(2.4G2 Fab) on moFcyRII(+) membranes, for fluoro- 
phore-to-antibody ratios ranging from 0.2 to 1.2. 

Estimates of the surface density of bound R-(2.4G2 Fab) 
at saturation, obtained from direct measurement of R-(2.4G2 
Fab) on moFcyRII(+) membranes (- 1320 molecules/pm2), 
were similar to estimates independently obtained by comparing 
the fluorescence intensities of R-(2.4G2 Fab) on moFcyRII(+) 
membranes and on planar membranes made from J774A. 1 
membrane liposomes of known moFcyRII density (-2050 
molecules/pm2). The direct binding data for R-(mouse IgG) 
and R-AN02 implied IgG surface densities of -430 and 
-600 molecules/pm2, respectively. Use of the data in Figure 
5 suggests that mouse IgG blocks only 25-50% of the bound 
R-(2.4G2 Fab) and implies a 2.462 Fab surface density of 
(2-4) X 430 = 860-1720 molecules/pm2. This result agrees 
well with the two other independent measures of this param- 
eter. The moFcyRII density estimated from the known pro- 
tein-to-lipid ratio and assumed surface areas of lipid (50 A2) 
and of moFcyRII (400 A2) is = 5000 molecules/pm2, which 
suggests that roughly half of the reconstituted moFcyRII are 
oriented with the extracellular portion of the receptor accessible 
to R-(2.4G2 Fab) in solution. 

IgG-MoFcyRII and ( 2 . 4 6 2  Fab)-MoFcyRII Binding 
Mechanism. Although previous studies have shown that 2.462 
Fab inhibits rosette formation between macrophages and IgG1- 
or IgG2b-coated erythrocytes (Unkeless, 1979), that 2.462 
stimulates some cellular responses similar to those of 
moFcyRII occupied with aggregated IgG (Young et al., 
1983b), and that monomeric mouse IgG can reduce the 
binding of 2.462 Fab to planar membranes constructed from 
macrophage membrane fragment liposomes (Poglitsch & 
Thompson, 1990), the precise nature of the presumably shared 
epitope for 2.462 Fab and mouse IgG is not known (Pure et 
al., 1987). In this work, analysis of the direct and indirect 
binding curves of mouse IgG and 2.462 Fab suggests that 
mouse IgG and 2.402 Fab inhibit binding to moFcyRII in 
a mutually exclusive manner. Data analysis also suggests that, 
in this system, only 25-50% of the moFcyRII that bind 2.402 
Fab also bind the Fc region of mouse IgG. This interpretation 
is consistent with our observation that some elution buffers 
during affinity purification can yield moFcyRII that binds only 
2.462 Fab (unpublished data). Taken together, the measured 
antibody surface densities and binding curves do not support 
a mechanism in which mouse IgG and 2.462 Fab bind to a 
homogeneous population of moFcyRII with incomplete 
blocking. However, the data do not necessarily rule out an 
intermediate case in which a fraction higher that 2540% but 
less than 100% of the moFcyRII that bind 2.402 Fab also 
bind mouse IgG and in which the two ligands only partially 
block each other. In addition, other mechanistic factors such 
as complex 1gG:moFcyRII stoichiometries (O'Grady et al., 
1986), multiple association steps [e.g., Nygren and Stenberg 
(1989) and Pecht (1982)], or heterogeneous receptor orien- 
tations might be involved in the association of IgG with re- 
constituted moFcyRII. 

Comparison with Planar Membranes Formed from J774A.l 
Membrane Fragments. A previous work has characterized 
planar membranes made by treating solid supports with li- 
posomes derived from J774A. 1 membrane fragments (Po- 
glitsch & Thompson, 1990). These planar membranes spe- 
cifically bound 2.462 Fab and the Fc region of mouse IgG 
and yielded IgG-moFcyRII association constants obtained 
indirectly with unlabeled mouse IgG that were consistent with 
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the direct and indirect measurements described in this work. 
Advantages of planar membranes constructed from J774A. 1 
membrane fragment liposomes are that moFcyRII purification 
is not required and that more of the native membrane com- 
ponents are retained. However, the receptors were diluted by 
-25-fold from their natural cell surface density, and the lipids 
were not laterally mobile. The use of liposomes containing 
purified moFcyRII yielded planar membranes with a much 
higher receptor density (similar to that found on J774A.l 
cells), permitting the direct measurement of bound, labeled 
IgG with TIRFM. In addition, these membranes are chem- 
ically well-defined in that they contain only moFcyRII and 
not other TgG Fc receptors, and the receptor density and lipid 
composition can be systematically manipulated. 

Summary. Two recently developed techniques, the for- 
mation of substrate-supported planar phospholipid membranes 
and total internal reflection fluorescence microscopy, have been 
combined and used to quantitatively characterize the relatively 
weak interactions of IgG with the mouse Fc receptor 
moFcyRII. This work adds to the currently small number 
of transmembrane proteins that have been functionally re- 
constituted into substrate-supported planar membranes and 
suggests that fusion of proteoliposomes to solid surfaces may 
be a widely applicable approach for reconstituting different 
transmembrane proteins. In addition, the ability of TIRFM 
to directly detect fluorescently labeled IgG bound to 
moFcyRII provides a basis for the use of dynamic techniques 
in TIRFM such as fluorescence photobleaching recovery and 
correlation spectroscopy (Tilton et ai., 1990; Palmer & 
Thompson, 1989; Thompson & Axelrod, 1983; Burghardt & 
Axelrod, 1981). Steady-state TIRFM and also TIRFM with 
these dynamic techniques should allow characterization of new 
physical aspects of IgG-moFcyRII interactions such as the 
role of antibody and membrane structure and solution com- 
position in IgG-moFcyRII equilibria and kinetics. 
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Tissue-Type Plasminogen Activator Binds to and Is Inhibited by Surface-Bound 
Lipoprotein( a) and Low-Density Lipoprotein+ 
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ABSTRACT: Elevated levels of lipoprotein(a) [Lp(a)] are associated with an increased risk of atherothrombotic 
disease, but the mechanism(s) by which Lp(a) potentiates atherogenesis is unknown. The extensive homology 
of apolipoprotein(a) [apo(a)] to plasminogen has led us and others to postulate that Lp(a) may impair 
fibrinolysis. W e  have previously shown that Lp(a) inhibits fibrin stimulation of plasminogen activation by 
tissue-type plasminogen activator (t-PA); however, we and other investigators have been unable to demonstrate 
direct inhibition of t-PA by Lp(a) in solution. We now report that t-PA binds reversibly and saturably to 
surface-bound Lp(a) and to low-density lipoprotein (LDL) and that as a result of this binding activation 
of plasminogen by t-PA is inhibited. The catalytic efficiency (kat/&,) of t-PA when bound to polystyrene 
surface-bound fibrinogen increased 2.9-fold compared to t-PA bound to control wells. When bound to 
surface-bound Lp(a), however, the catalytic efficiency of t-PA was reduced 9.5-fold compared to t-PA bound 
to control wells; likewise, by binding to surface-bound LDL, the catalytic efficiency of t-PA was reduced 
16-fold compared to the control. Studies with defined monoclonal antibodies suggest that major determinants 
of t-PA binding are its active site, the LDL receptor binding domain of apolipoprotein B-100 (apoB-loo), 
and apo(a). These data suggest a unique mechanism by which Lp(a) and LDL incorporated in an atheroma 
can inhibit endogenous fibrinolysis and thereby contribute to the genesis of atherothrombotic disease. 

%e presence of both thrombus and atheroma in the ather- 
osclerotic vessel wall has been recognized for many years 
(Haust et al., 1964, 1965), but the molecular and cellular 
mechanisms by which thrombotic and atherogenic processes 
interact remain poorly defined. One mechanism by which 
atherogenic determinants may influence thrombotic events 
occurring in atheromata involves a unique, highly atherogenic 
lipoprotein, lipoprotein(a) [Lp(a)] .* First identified by Berg 
(1963), Lp(a) is comprised of low-density lipoprotein (LDL) 
covalently linked through a disulfide bridge from apoB- 100 
to one or two molecules of a unique apoprotein, apo(a). Lp(a) 
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has been localized to the intima of atherosclerotic lesions (Rath 
et al., 1989), and elevated levels of Lp(a) (greater than ap- 
proximately 30 mg/dL) are associated with a significantly 
increased risk of coronary artery disease (Dahlen et al., 1986; 
Kostner et al., 1981; Murai et al., 1986; Rhoads et al., 1986). 
The cDNA of apo(a) has recently been cloned and sequenced 
and demonstrates a remarkable homology to human plasmi- 
nogen: it contains a serine protease domain that is 94% ho- 
mologous with that of plasminogen, one copy of a kringle-5-like 
region, and 37 copies of kringle-4-like domains (McLean et 
al., 1988). Despite the structural homology to plasminogen, 
apo(a) does not generate plasmin-like activity when exposed 
to plasminogen activators owing to a critical amino acid 
substitution at the analogous activation site. However, recent 
work by several groups including our own has supported the 
view that Lp(a) influences fibrinolysis through its kringle 
domains. Lp(a) has been shown to inhibit plasminogen binding 

I Abbreviations: Lp(a), lipoprotein(a); apo(a), apolipoprotein(a); 
LDL, low-density lipoprotein; HDL, high-density lipoprotein; apoB-100, 
apolipoprotein B- 100; t-PA, tissue-type plasminogen activator; PPACK, 
D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone hydrochloride; 
TBS, 10 mM Tris/O. 15 M NaCI, pH 7.4; BSA, bovine serum albumin; 
SDS, sodium dodecyl sulfate; ANOVA, analysis of variance. 
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