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Kinetics of Antibody-Dependent Binding of Haptenated Phospholipid 
Vesicles to a Macrophage-Related Cell Line? 

J. Todd Lewis,* Dean G. Hafeman, and Harden M. McConnell* 

ABSTRACT: We have measured the kinetics of specific anti- 
body-dependent binding (and phagocytosis) of haptenated lipid 
vesicles to RAW264 macrophages as a function of antibody 
density on the vesicle surface and lipid composition of the 
vesicles. Fluid vesicles (dimyristoylphosphatidylcholine at 37 
“C) bind much more rapidly to macrophages than do solid 
vesicles (dipalmitoylphosphatidylcholine at 37 “C). Inclusion 
of cholesterol in the dipalmitoylphosphatidylcholine vesicle 
membrane results in a large enhancement in binding rate, 
whereas inclusion of cholesterol in the dimyristoyl- 
phosphatidylcholine membrane has a much smaller effect (37 
“C). The rate of vesicle binding also depends on the antibody 
density on the vesicle surface. In the presence of cytochalasin 
B, vesicle phagocytosis is completely inhibited in the case of 
dimyristoylphosphatidylcholine vesicles and partially inhibited 
in the case of dipalmitoylphosphatidylcholine vesicles. An 
analysis of the vesicle to macrophage binding kinetics has been 

x e  interaction of a phagocytic cell with an antibody-coated 
target cell can be thought of as an example of cell-cell rec- 
ognition and triggering. Antigens on the target cell are first 
“recognized” by specific antibodies; the Fc stems of the bound 
antibodies are “recognized” by the Fc receptors of the pha- 
gocytic cell, which in turn triggers phagocytosis or cytolysis 
of the target cell. In the present work we have simplified this 
“model” of cell-cell recognition even further by using hap- 
tenated lipid vesicles in place of the target cell, since the 
physical and chemical properties of such vesicles can be con- 
trolled with considerable precision. By varying these physical 
and chemical properties and by studying the phagocytic ac- 
tivity, one can hope to understand better the molecular events 
that are typically involved in cell-cell recognition. We have 
investigated the relation between molecular motion in the 
vesicle target membranes and the kinetics of vesicle binding 
and/or phagocytosis by RAW264 macrophages. We have also 
attempted to provide a quantitative analysis of the kinetic 
results. Other studies of specific antibody-dependent inter- 
actions between cells of the immune system and haptenated 
lipid membranes include work by Geiger & Schreiber (1 979), 
Henkart & Blumenthal (1975), and Hafeman et al. (1979). 

The present study has been carried out in parallel with 
studies of the kinetics of specific antibody-dependent activation 
of the first component of complement by similar lipid target 
membranes. The results we have obtained for specific anti- 
body-dependent binding of haptenated lipid target membranes 
are strikingly similar to those observed for the specific anti- 
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made, leading to the conclusion that receptors are internalized 
along with vesicles during phagocytosis, and these receptors 
are not replaced during the time of the experiment. The 
analysis of the data shows an exponential relationship between 
vesicle binding (and phagocytosis) and receptor loss, such that 
vesicles binding at later times deplete the macrophage of fewer 
receptors than do vesicles binding at  earlier times. The dif- 
ference in the rate of binding of dimyristoylphosphatidylcholine 
and dipalmitoylphosphatidylcholine vesicles to the macro- 
phages can be accounted for in terms of the difference in the 
lateral diffusion coefficients of antibodies bound to these vesicle 
surfaces. The addition of cholesterol to the dipalmitoyl- 
phosphatidylcholine membrane enhances this diffusion coef- 
ficient. The above considerations are incorporated into a 
simple kinetic model for the binding rates of vesicles to ma- 
crophages. 

body-dependent activation of the first component of comple- 
ment, in that “fluid” target membranes are much more ef- 
fective than “solid” target membranes (Esser et al., 1979; 
Parce et al., 1980). Here “fluid” and “solid” refer to lipid 
membranes where the lateral diffusion coefficients of lipid 
haptens as well as antibody bound to these haptens are on the 
order of 210-8 and 110-lo cm2/s, respectively (Smith et al., 
1979). These conclusions evidently apply only to certain steps 
in target membrane recognition and triggering in the case of 
RAW264 macrophages, since, as discussed in the accompa- 
nying paper (Hafeman et al., 1980), some biochemical events 
(oxygen consumption and 1-C-glucose oxidation) are much 
more extensive for the solid target membranes than for the 
fluid target membranes. Thus the biophysical and biochemical 
consequences of a change from the solid to fluid state of a 
target membrane need not always be in the same direction. 
For recent reviews on endwytosis and macrophages, see Stasel 
(1977), Ralph (1980), and a monograph edited by Baram et 
al. (1979). 

Materials and Methods 
Hapten and Lipids. The dipalmitoylphospholipid nitroxide 

spin-label hapten (I) was synthesized by D. Torney according 
H 2 C OCO(C H 2 )  14 C H 3 

I 
CH3(CH2)14COO-CH 

H2CO-P-O(CH2)2NHCO(CH2)3CONH I !  -+ 
I 
0- 

I 

to a modification of BrOlet’s original synthesis (BrQlet & 
McConnell, 1977) developed by L. Smith and D. Torney 
(unpublished experiments). 

The fluorescent phospholipid probe, N-(4-nitrobenzo-2- 
oxa- 1,3-diazolyl)phosphatidylethanolamine (NBD-PE),’ pre- 
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pared from egg lecithin, was purchased from Avanti Bio- 
chemicals, Birmingham, AL. DMPC and DPPC, Grade A, 
were purchased from Calbiochem and stored as 10 pmol/mL 
stock solutions in methanol at -20 OC. Cholesterol, Sigma 
Grade, was purchased from Sigma Chemical Co. and stored 
as a 1 pmol/mL stock solution in ethanol under argon at -20 
OC. [ 1-l4C]DPPE was purchased from Applied Science 
Laboratories, Inc., State College, PA. All lipids were used 
without further purification unless otherwise noted. 

Phospholipid Vesicles. Large unilamellar vesicles were 
prepared by a modification of the ether injection method of 
Deamer & Bangham (1976). A lipid mixture of some selected 
composition, 10 pmol total, with 1.4 pCi of [14C]DPPE, was 
dried from stock solutions under partial vacuum at room 
temperature on a Buchi rotary evaporator and redissolved in 
5 mL of methanol/diethyl ether (1:4 v/v). An aliquot of this 
solution was mixed with 10 mL of ACS counting solution 
(Amersham Corp., Arlington Heights, IL) and a count rate 
was determined on a Nuclear Chicago liquid scintillation 
counter. The lipid solution, at room temperature, was injected 
into 5 mL of PBS, maintained at 62 OC, through a crimped 
syringe needle (18 gauge) at a rate of 0.25 mL/min. (The 
syringe needle was crimped so that a fine spray resulted when 
ether was forced through the needle into air at the injection 
rate used.) An expansion chamber at the top of the PBS 
compartment trapped foam produced during the injection 
process and returned it to the PBS. After injection was com- 
plete, the PBS, containing vesicles thus formed, was placed 
on ice. 

Vesicle subpopulations were selected by differential cen- 
trifugation at 0 “C  in a Lourdes 9RA fixed angle rotor using 
15-mL Corning glass centrifuge tubes. A fraction of vesicles 
which pelleted at 5000 rpm (3000g) in 5 min was termed the 
“large” fraction. The supernatant was centrifuged at 10 000 
rpm (12OOOg) for 20 min. The pellet of vesicles was collected 
and termed the “medium” fraction. The supernatant of the 
above spin was centrifuged at 15 000 rpm (27000g) for 80 min. 
The resulting pellet was collected and termed the “small” 
fraction. All vesicle fractions were resuspended in PBS to a 
concentration of 0.25 pmol of lipid/mL, using the [14C]DPPE 
marker to determine the dilution factor. 

Increasing cholesterol concentration resulted in fewer ves- 
icles in the large fraction. At or at greater than 15 mol % 
cholesterol, no significant large fraction was obtained. Light 
microscopy revealed that the size distribution of vesicles 
containing > 15 mol % cholesterol in the medium fraction was 
similar to that of pure DPPC vesicles in the large fraction, 
indicating that the DPPC vesicles have a greater density, due 
to a greater lipid density and possibly also to a greater number 
of lamellae for DPPC. The yield of DMPC vesicles in the 
large fraction was consistently -60% of the large DPPC yield. 
See Table I and legend for further description of vesicles. 

Multilamellar vesicles (liposomes) were formed by drying 
a lipid mixture of some selected composition (1 pmol of total 
lipid) from 10: 1 chloroform/methanol (v/v) in a round-bottom 
flask on a Buchi rotary evaporator flushed with argon under 
partial vacuum at 37 O C  for 15 min. The dried film was 
hydrated with 1 mL of PBS under argon at 60 OC and swirled 
by hand to form liposomes of heterogeneous sizes. Cholesterol 
for cholesterol-containing liposomes was first purified by the 

I Abbreviations used: DMPC, dimyristoylphosphatidylcholine; DPPC, 
dipalmitoylphosphatidylcholine; NBD-PE, N-(4-nitrobenzo-2-oxa-1,3- 
diazoly1)phosphatidylethanolamine; PBS, phosphate-buffered saline; 
EDTA, ethylenediaminetetraacetic acid; Hepes, N-2-hydroxyethyl- 
piperazine-N’-2-ethanesulfonic acid. 

method of Humphries & McConnell (1979). 
All phospholipid vesicles and liposomes used in this study 

contained 1 mol % nitroxide spin-label phospholipid hapten, 
1 mol % NBD-PE, and varying compositions of DPPC, 
DMPC, and cholesterol. 

Antibodies. Antinitroxide IgG was prepared by immunizing 
rabbits according to a procedure described by Humphries & 
McConnell (1976), with the modification that an alum pre- 
cipitate of 100 pg of spin-labeled keyhole limpet hemocyanin 
was used in the boosting intravenous injections. The quantity 
and affinity of antinitroxide antibody varied greatly from 
rabbit to rabbit, so that it was necessary to identify two in- 
dividual “high responders” from a population of 10 New 
Zealand white females. 

Affinity purified specific antinitroxide antibody was pre- 
pared as described previously (Henry et al., 1978). A protein 
A purified IgG fraction was prepared as described previously 
(Esser et al., 1979). A Scatchard analysis as described by Rey 
& McConnell (1 976) was used to determine the specific an- 
tinitroxide antibody concentrations in each preparation. The 
single Fab binding affinity was estimated to be 5 X lo6 L/mol. 

Unless otherwise noted, the antibody preparations were 
centrifuged at 20 psi (1OOOOOg) for 20 min in a Beckman 
airfuge (to remove antibody aggregates) immediately prior to 
use. 

Macrophages. The RAW264 macrophage-related cell line 
was a gift of Dr. Peter Ralph. Properties of this cell line have 
been described in detail elsewhere (Ralph & Nakoinz, 1977). 
The RAW264 line was cultured and harvested as described 
by Lewis (1980). 

The adherent cells were incubated with PBS, 2 mM EDTA, 
0.1% glucose, and 5% (v/v) fetal bovine serum at room tem- 
perature for 30 min. At the end of the incubation period, the 
flask was sealed and shaken vigorously by hand to detach the 
adherent cells, and the resulting cell suspension was centrifuged 
at 250g for 3 min at 20 “C. The pellet was resuspended to 
3.3 X lo6 viable cells/mL in cell buffer [2.0 mM CaC12, 1.5 
mM MgC12, 5.4 mM KC1, 1 mM Na2HP04, 5.6 mM glucose, 
120 mM NaCl, and 0.2% bovine serum albumin (Calbiochem, 
fatty acid poor), pH 7.41. Cell viability was consistently >85% 
as estimated by trypan blue exclusion. 

Vesicle Binding Assay. Polypropylene vials (1.2 X 5.0 cm, 
E & K Scientific Products, Inc., Saratoga, CA) were used in 
the binding assay. (Lipid sticks to polystyrene.) Vesicles (100 
pL, 0.020 or 0.025 Mmol of total lipid suspended in 0.15 M 
NaCl) and antibody (previously diluted into 100 pL of cell 
buffer) were added as physically separate drops in each vial. 
From 15 to 30 min prior to incubation with macrophages, 
antibody and vesicles were thoroughly mixed by swirling the 
vials rapidly. Macrophages (1 X lo6) were added to each vial 
in cell buffer to bring the final volume to 0.5 mL, and the 
mixtures were incubated at 37 OC in a gyrotary water bath 
shaker (Model G76, New Brunswick Scientific Co., New 
Brunswick, NJ) at 170 cycles/min. After the indicated times 
the vials were removed and chilled in ice water. The content 
of each tube was layered with a polypropylene pipet tip onto 
0.5 mL of 10% Ficoll (Pharmacia, Uppsala, Sweden) in cell 
buffer in a 1 .O-mL polystyrene centrifuge tube (Fischer Sci- 
entific), capped, and spun at 500g for 20 min. The unbound 
vesicles at the interface and in the supernatant were drawn 
off with a Pasteur pipet, and radioactivity was determined by 
mixing the vesicles with 10 mL of ACS (Amersham Corp., 
Arlington Heights, IL) and counting in a liquid scintillation 
counter. The Ficoll precipitate formed in this mixture did not 
interfere with counting efficiency. 
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Binding was calculated as 
% binding = 

] x 100 
cpm(experimenta1) - cpm(background) 

[ l -  cpm(contro1) - cpm(background) 

where the control was either lipid incubated without macro- 
phages or, in the case of kinetic studies, macrophages and lipids 
mixed and maintained at 0 "C and then centrifuged on the 
Ficoll step density gradient and counted as described above. 
Control studies showed that RAW264 macrophages do not 
bind any of the antibody-coated vesicles while at 0 "C. In 
experiments designed to measure binding at early times, the 
macrophage pellet was also counted. In some experiments (cf. 
Figure 5 )  macrophages were sonicated in distilled water and 
ACS was added for counting. In later experiments (not de- 
scribed here in detail) the centrifuge tube containing the Ficoll 
step gradient was frozen and then cut to separate the pellet 
from the supernatant. The tip containing the pellet was thawed 
and then placed in a glass tube cut to fit the scintillation vial, 
and then 0.4 mL of tissue solubilizer (NCS, Amersham Corp.) 
was added and maintained at 50 "C for 45 min. Samples were 
neutralized with acetic acid, and 10 mL of toluene based fluor 
was added and mixed thoroughly. The scintillation discrim- 
inator was carefully set to eliminate counts from chemilu- 
minescence and phosphorescence. This procedure, although 
time consuming, proved to be highly reproducible. Results 
obtained by using this method were reproducible to within a 
few percent and can be accounted for quantitatively by the 
theoretical treatment given later. 

Results 
Binding as a Function of Antibody Density on the Vesicle. 

A measurement of specific antinitroxide rabbit antibody 
binding to liposomes composed of either DMPC or DPPC and 
1 mol % nitroxide spin-label phospholipid hapten (I) has shown 
that fewer antibodies (by a factor no larger than 2) bind to 
DPPC liposomes than to DMPC liposomes for densities of 
antibody on the surface of the liposomes less than a 1:l an- 
tibody/exposed hapten ratio. This difference diminishes as 
the antibody concentration is lowered. For example, 75 f 5% 
of the antibodies are bound to each membrane when the an- 
tibody/exposed hapten ratio is 1:81 at 37 "C (Humphries & 
McConnell, 1980). 

When the amount of antibody bound to hapten-containing 
phospholipid vesicles is approximately the same, more DMPC 
(fluid at 37 "C) than DPPC (solid at 37 "C) vesicles become 
associated with the RAW264 macrophages after 1 h of in- 
cubation at  37 "C. At an antibody/exposed hapten ratio of 
1:625 (antibody surface density = 27/pm2) 65% of the DMPC 
vesicles become associated with the macrophages as opposed 
to 5% of the DPPC vesicles (see Figure 1). [Table I gives 
values of antibody/exposed hapten ratios, antibody surface 
densities, and the number of antibodies per vesicle.] Exam- 
ination of the macrophages with a fluorescence microscope 
after the 1-h incubation showed that all of the vesicles were 
phagocytized; the internalized vesicles appeared to retain their 
shape and size after this period of time. Earlier studies by 
Lewis & McConnell (1 978) indicate loss of vesicle contents 
when vesicles are phagocytized by macrophages. The presence 
of 2 pg/mL cytochalasin B diminished the amount of I4C- 
labeled phospholipid associated with the macrophages only 
slightly (Figure 1). At an antibody/exposed hapten ratio of 
1:25, 2 pg/mL cytochalasin B completely inhibited the pha- 
gocytosis (but not binding) of DMPC phospholipid vesicles 
but only partially inhibited the phagocytosis of DPPC vesicles. 

I 0. 
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ANTIBODY EXPOSED HAPTEN 

FIGURE 1: Binding of vesicle lipids to RAW264 macrophages as a 
function of antibody/exposed hapten ratio. Binding was measured 
after a 1-h incubation as described in the text. The lipids employed 
were DMPC (fluid) and DPPC (solid) at  37 'C. The total amount 
of vesicle lipid was 0.025 pmol (50 wM), and the large vesicle fractions 
were used. Points A and A (and 0 and 0) refer to experiments without 
and with cytochalasin B (2 pg/mL) with DPPC (and with DMPC). 
Points designated T and I refer to theoretical calculations described 
in the text, using values for the parameters given in Table 11. 

Table I: Calculated Surface Densities of Antibodies 

calcd 
antibodies/ calcd IgG antibody 

expo sed densityb (anti- calcd antibodies/ 
haptenf bodies/pm2) vesicled 

1:3125 5.33 (8 .0 )C  16.7 
1:625 26.7 (40.0) 83.8 
1: 125 133.0 (200) 419.0 
1:25 667.0 (1000) 2094.0 
1: 5 3330 (5000) 10470 
1: 1 16670 (25000) 52400 

Exposed lipid haptens in these vesicles are estimated to be 30% 
of the total lipid hapten present (Esser et al., 1979); this determin- 
ation is based on an application of the chemical method of 
Schwartz & McConnell(l97 8). Antibody densities are based on 
an assumed area per lipid molecule of 60 K .  Numbers in paren- 
theses give calculated antibody densities for solid phase lipids, but 
these numbers are not used for subsequent calculations in the text. 
The numbers in parentheses are larger because the two-dimension- 
al surface areas of solid lipids are smaller. See Discussion. Ves- 
icles were assumed to have diameters of 1 pm based in part on 
freeze-fracture electron microscopy and also optical microscopy. 

Figure 2 gives two comparison fluorescence photographs 
following washing of the cells and vesicles. We have not 
eliminated the possibility that this differential behavior is due 
to cytochalasin B remaining associated with DMPC but not 
DPPC. Note that the effects of cytochalasin B on phagocytosis 
depend both on the macrophage cell line and on the object 
being phagocytized (It0 et al., 1979). 

When antibody-coated vesicles were mixed with macro- 
phages and examined under the fluorescence microscope, there 
was no apparent difference in the degree of vesicle-vesicle 
aggregation of DMPC and DPPC at the 1:25 antibody/ex- 
posed hapten ratio. In the presence of cytochalasin B (to 
prevent phagocytosis), DMPC hapten-sensitized vesicles in the 
presence of specific antibody (1 :25 antibody/exposed hapten 
ratio) were essentially uniformly distributed close to the plasma 
membrane of the macrophage and showed no evidence of 
antibody-induced vesicle aggregation. During a 1 -h incubation, 
all observed binding and/or phagocytosis was strictly antibody 
dependent, since no binding was detectable in the absence of 
antibody (see Figure 1). The lack of any antibody-independent 
binding in 1 h is probably due to the rapid swirling of the 
macrophages and vesicles in the incubation chamber, since 
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FIGURE 2: Fluorescence microscope photographs of RAW264 ma- 
crophages after treatment with 2 rg/mL cytochalasin Band specific 
antibody-coated lipid hapten sensitized vesicles composed of DMPC 
(a) and DPPC (b). prepared under conditions described in the text. 
The antibody/exposed hapten ratio is 1:25. The large vesicle fractions 
were used. The purpose of the photographs is to demonstrate that 
under these experimental conditions the vesicles show a specific an- 
tibody-dependent binding to the macrophage surface, but there is only 
observable phagocytosis in the case of the smaller of the DPPC vesicles 
(b). 
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FIGURE 3: Kinetics of the specific antibody-dependent binding of lipid 
hapten sensitized lipid vesicles to RAW264 macrophages. The total 
amount of vesicle lipid is 0.025 rmol, and the medium-size fractions 
of the vesicles were used. A, a. and 0 refer to DPPC, DMPC, and 
DMPC vesicles with antibody/exposed hapten ratios of 1 5 .  15.  and 
1:125. Points designated T, 1. and X refer to calculations for DPPC. 
DMPC, and DMPC with antibody/exposed hapten ratios of 15, 1 5 ,  
and 1:125, using values for the parameters equal to those in Table 
11 except for ko. Xo. and e which are 0.06, 6.90. and 2.07. 

antibody-independent binding and phagocytosis have been 
observed when large liposomes are allowed to settle on ma- 
crophage monolayers (results not shown). The minimum 
antibody/exposed hapten ratio required to produce detectable 
binding (and phagocytosis) of hapten-containing DMPC 
vesicles was found to be 1:3125. The minimum antibody/ 
exposed hapten ratio required to produce detectable binding 
(and/or phagocytosis) of haptenantaining DPPC vesicles was 
found to be fivefold higher (1:625) (see Figure I ) .  
In all experiments, there was no significant antibody-de- 

pendent binding of hapten-containing vesicles to macrophages 
a t  0 "C. This was true even if the macrophages and anti- 
body-coated vesicles were rapidly swirled. 

Kinetics o/ Vesicle Binding. At high antibody density, the 
rore at which phospholipid becomes associated with macro- 
phages does not depend strongly on phospholipid composition. 
Figure 3 illustrates that the kinetics of binding (and subsequent 
rapid phagocytosis) of DPPC vesicles at 1:5 antibody/exposed 
hapten ratio or DMPC a t  1 5  and 1:125 antibody/exposed 
hapten ratios are very similar. It will be noted that the results 
presented in Figures 1 and 3 are similar but not identical (at 
the 1-h time point). I t  is possible that these differences are 
simply experimental error or are due to real differences in the 
vesicle or cell preparations. As will be discussed later, our 
interpretation of these kinetic data make it understandable that 
small variations in experimental conditions can lead to large 
changes in observed binding kinetics. 

At lower antibody densities, however, DPPC vesicles become 
associated with macrophages a t  a much lower rate than 
DMPC vesicles. Figure 4 shows the rate a t  which hapten- 
containing vesicles of various phospholipid compositions be- 
come associated with macrophages at an antibody/exposed 
hapten ratio of 1:W. The addition of cholesterol to the DPPC 
vesicle membrane enhanced the binding to a value comparable 
to the DMPC vesicles. The addition of cholesterol to DMPC 
vesicles produced no significant effect on the binding rate. 

Experimentally, the binding rate is determined by measuring 
the amount of a I4C marker phospholipid which becomes 
associated with the macrophages. This binding rate is slow 
compared to the -3 min needed for phagocytosis of a bound 
DMPC vesicle, as estimated by optical microscopy, for an 
antibody/exposed hapten ratio of 1:400. Under these con- 
ditions, the experimentally determined "binding rate" appears 
to be limited by the number of vesiclecell collisions per unit 
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FIGURE 4: Effects of vesicle cholesterol on the kinetics of specific 
antibody-dependent binding of lipid hapten sensitized lipid vesicles 
to RAW264 macrophages. The total amount of vesicle lipid is 0.020 
pmol, and the medium-size fractions of the vesicles were used. The 
symbols A, 0, M, and A refer to DPPC vesicles containing 0, 7.5, 15, 
and 25 mol % cholesterol. The symbols 0 and * refer to DMPC 
vesicles containing 0 and 25 mol % cholesterol. The antibody/exposed 
hapten ratio is 1:400. Points designated T and I refer to theoretical 
calculations for DPPC and DMPC, without cholesterol, using the 
parameters given in Table 11. 

time which result in adhesion rather than the rate of phago- 
cytosis. Hence the experimentally determined rate is called 
a binding rate. At high antibody/exposed hapten ratios, the 
phagocytic rate increases markedly, being C1 s for an anti- 
body/exposed hapten ratio of 1 5  for DPPC. 

It is seen in Figure 4 that after 60 min, there is a low linear 
rate of vesicle binding independent of the lipid composition. 
This might be due in part to antibody-independent binding 
which results after the macrophages begin to attach to the 
walls of the incubation vessel. No antibody-independent 
binding is detected before 1 h, but as much as 30% binding 
has been observed after 3 h of incubation at  37 OC. As dis- 
cussed later, we believe that the decrease in the initial binding 
rate, which is most obvious after 30 min, is related to receptor 
depletion. 

The ordering of binding rates as a function of cholesterol 
content of the vesicles shows some variation from experiment 
to experiment. In the kinetic experiments shown in Figure 
5, the addition of cholesterol to the DPPC vesicles results in 
a steady increase in the binding rate at short times, such that 
DPPC vesicles with 50 mol % cholesterol bind at the rate of 
pure DMPC vesicles, or at an even higher rate. This result 
is different from that shown in Figure 4, where 25 mol % 
cholesterol in DPPC shows the maximum binding rate. Also, 
in Figure 4 the binding rates of DPPC with 7.5 or 15 mol % 
(or 50 mol %, not shown) cholesterol and the binding rates 
of DMPC with or without 25 mol % cholesterol are similar, 
in contrast to the spectrum of different binding rates shown 
in Figure 5. The cause of these discrepancies is unknown at 
present. 

Analysis of Binding Kinetics 
The kinetics of vesicle binding illustrated in Figures 3-5 have 

a distinctly non-first-order time dependence. Moreover, in all 
cases the fraction of vesicles that are bound and/or phago- 
cytized by the macrophages at long times is <loo96 of those 
available. Therefore, some factor other than exhaustion of 
the vesicle concentration must limit the binding rate. We 
suggest that depletion of receptors by phagocytosis or masking 
by membrane-associated vesicles is the limiting factor. A study 
of antibody-dependent loss of Fc receptors during phagocytosis 

5C % Cholesterol, Di’PC 
DMPC 

25 % Cholesterol. DPPC 

& 5  % Crolesteroi, DPPC 

7 5 %  Cholesterol, DPPC 

DPPC 
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FIGURE 5:  Early kinetics of specific antibody-dependent binding of 
lipid hapten sensitized lipid vesicles to RAW264 macrophages, as a 
function of lipid composition of the vesicles. The total amount of vesicle 
lipid is 0.020 pmol, and the medium-sized fraction was used. The 
antibody/exposed hapten ratio was 1:400. Points A, U, ., A, and 
V refer to DPPC vesicles containing 0, 7.5, 15, 25, and 50 mol % 
cholesterol. The points 0 refer to DMPC vesicles. Points designated 
T, X, and I refer to calculations for DPPC vesicles containing 0 
and 20 mol % cholesterol and for DMPC vesicles. The calculations 
employed the parameters given in Table I1 except for ko, &, and c 
which are 0.06, 9.66, and 2.41. The unusually large values for X, 
and c required to fit these data may be related to inefficient 14C-labeled 
lipid extraction from the macrophage (see Materials and Methods). 

has been reported by Schmidt & Douglas (1972). A recent 
study of inhibition of antibody-dependent rosetting of sheep 
red blood cells following antibody-dependent phagocytosis of 
haptenated vesicles by RAW264 macrophages also indicates 
loss of Fc receptors (Petty et al., 1980). An important question 
for the present study is the relationship between the loss of 
receptors and the loss of free vesicles. Two simple possibilities 
are reasonable a priori. (a) The number of Fc receptors in- 
ternalized by a vesicle is equal to or proportional to the number 
of antibodies on the vesicle surface. (b) The number of Fc 
receptors lost when a vesicle is internalized is some fixed 
number, independent of the antibody density when the anti- 
body density is above some lower critical value. The kinetic 
analysis of our results provides evidence that neither of these 
possibilities is consistent with our data. 

The problem of the relationship between the stoichiometry 
of receptor depletion and vesicle uptake can be formulated as 
follows. The rate of loss of vesicles from solution can be 
represented by the general equation 

Here Vis the number of free vesicles per unit volume, and koY 
is the number of collisions per minute between free vesicles 
and macrophages. R is density of Fc receptors on the ma- 
crophage membrane which are available to bind antibody, and 
A is the density of antibodies on the hapten-containing lipid 
vesicle. Note that this expression for the collision rate is an 
assumption, since the collisions between macrophages and 
vesicles are brought about by stirring (a theoretical diffu- 
sion-limited rate constant, 5 x min-’, is much smaller 
than the values of ko, -0.1 min-I, derived later from the 
experimental data). The expression F(R,A) is the fraction of 
the collisions that lead to binding. We have considered three 
models leading to different expressions for F(R,A).  In two 
of the simpler models, F(R,A) is expressed as a product of a 
function of R and a function of A .  

If we make assumption a above, the total loss of receptors per 
unit volume is 

where 2 is the macrophage surface area per unit volume, u 
is the effective surface area of a lipid vesicle as discussed later, 
A is the antibody surface density, and 6R is the variational 
change in the receptor surface density of a macrophage re- 

dV/dt = -koVF’(R,A) (1) 

F(R,A) = p ( R ) 4 4  ( 2 )  

Z6R = Au6V (3) 
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FIGURE 6: The fraction of vesicles bound to macrophages as a function 
of Qt and A, where Q is the rate constant defined in eq 9 and h is the 
receptor depletion parameter given in eq 10. Data points indicated 
by 0, W, and A refer to experimental kinetic binding data (from Figure 
4) using vesicles of DMPC, DPPC with 15 mol % cholesterol, and 
pure DPPC. The correspondin values of Q that best fit the data are 

containing 25 and 50 mol % cholesterol were 0.35 and 0.08 min-I, 
respectively. The antibody/exposed hapten ratio is 1:400 in all cases. 
The data for DMPC were taken on a different day; the value for Q 
for DMPC taken on the same day as the other data in this figure is 
Q = 0.1 m i d ,  and h remains equal to 6. Also given in this figure 
are calculated binding curves corresponding to a second-order reaction 
rate mechanism based on the stoichiometric relations of eq 4 and 7 
employing parameters equivalent to A = 1.67 (upper dashed curve) 
and h = 2.5 (lower dashed curve). For these dashed curves Qt is '/, 
the value given on the horizontal axis. These theoretical curves were 
positioned so as best to fit the experimental data. 

sulting from a variational change 6Vin the free vesicle con- 
centration due to vesicle uptake. For assumption b above the 
relation between SR and 6V is 

A third possibility is that the variation in receptor depletion, 
SR, with variation in vesicle concentration, SV, is proportional 
to R(t) itself rather than Ro, the initial receptor density at time 
t = 0. This could arise if the macrophage quickly replaces 
plasma membrane lipid lost during phagocytosis but not re- 
ceptors. In this case 

ZSR = RaSV (5) 
Equations 3-5 can be regarded as operational definitions for 
u, but in all cases it is presumed that u has a value on the order 
of magnitude of the surface area of a vesicle. The integrated 
forms of eq 3-5 are 

Q = 0.054,0.095, and 0.01 min- 7 , respectively. Values for Q for DPPC 

ZSR = RouSV (4) 

R = Ro - (aA/B)(Vo - V) 

R = Ro - (~Ro/2)(Vo - V) 

R = Ro e x ~ [ - ( ~ / ~ ) ( v o  - V)l 

( 6 )  
(7) 
(8) 

As discussed below, we have eliminated the stoichiometic 
relations given in eq 6 and 7 based on a comparison between 
observed and calculated vesicle binding curves, when p(R) is 
taken to be proportional to R. This essentially means that the 
disappearance of vesicles and receptors cannot be treated as 
a simple second-order reaction. Also, it will be seen that the 
disappearance of vesicles cannot be treated as a pseudo- 
first-order reaction. 

We now show the plausibility of the stoichiometric relation, 
eq 8. When the expression for R(t) from eq 8 is substituted 
into the differential equation eq 1, assuming the separability 
of F(R,A) as in eq 2, and p(R) is assumed to be proportional 
to R, p(R) = Rpo, the equation can be integrated to yield 

"0 exp [-o. V /  21 
d V =  Qt (9) 

Here f2 = kaopoa(A).  
The results of this integration are plotted in Figure 6 .  The 

left-hand member of the equation was evaluated for various 

FIGURE 7: Detailed kinetic model for antibody-dependent binding 
of antibody-coated vesicles (V) to macrophages (M). Four stages 
of macrophage-vesicle association are shown, having 0, 1, 2, and 3 
Fc-Fc receptor bonds; ko, k l ,  k2,  k3, do, d l ,  and d2 are kinetic 
parameters (see text for details). 

values of the lower limit V, corresponding to various values 
of the percent vesicle uptake, and for various values of A, where 

X = uV& (10) 

Thus defined, X is the initial total surface area of lipid vesicles 
that is effective in depleting macrophage receptors divided by 
the total macrophage surface area. The percent vesicle uptake 
was plotted as a function of the log of the value of the left-hand 
member of eq 9, for various values of A. Experimental data 
(from Figure 4) were then plotted on separate paper as percent 
vesicle uptake vs. log t .  The two plots on the two sheets of 
paper were then shifted laterally until the experimental and 
theoretical curves matched within reasonable limits. Such 
comparisons showed that for vesicles with antibody/exposed 
hapten ratios of 1:400, all the data fall reasonably well on the 
theoretical curves for X between 6 and 8 and for various values 
of Q,  as illustrated in Figure 6 .  The values of Q ranged from 
0.01 (DPPC) to 0.35 min-' (DPPC containing 25 mol % 
cholesterol). These results strongly support the validity of the 
stoichiometric relation in eq 5 and 8. The shapes of the solid 
theoretical curves in Figure 6 are not changed if p(R) is 
proportional to some power of R; for example, if p(R)  were 
proportional to R2, the solid curves in Figure 6 would be 
labeled X = 0, 1, 2, 3, and 4. Note that X = 0 corresponds 
to a pseudo-first-order loss of vesicles; pseudo-first-order ki- 
netics cannot possibly account for the experimental data. Note 
also that Figure 6 contains an illustrative calculation using 
eq 6 and 7 based on the second-order kinetic stoichiometric 
relations eq 3 and 4 (which are equivalent for fixed values of 
A) .  These calculated results are at variance with much of the 
experimental data in that they show a rather sharp break in 
vesicle uptake rate near the end of the reaction. The validity 
of the stoichiometric relation, eq 5 and 8, together with the 
kinetic analysis, implies a receptor redistribution and dilution 
by inserted lipid that is rapid compared to the uptake rate. 
It is likely that the stoichiometric relation of eq 5 and 8 is 
correct. It is also likely that the assumptions that F(R,A) is 
separable (eq 2) and that p(R) is simply proportional to R are 
oversimplifications. We have therefore considered a more 
detailed model but one that retains the stoichiometry of eq 
5 and 8. 

Figure 7 depicts hypothetical succussive steps of Fc-Fc 
receptor bond formation and dissociation for macrophage- 
vesicle associations that have zero, one, or two bonds. I t  is 
assumed that if three bonds are formed, the association is 
permanent (additional bonds may be formed after the third). 
Note that the kinetic scheme depicted in Figure 7 is not a 
conventional scheme such as one might write for a sequence 
of chemical reactions. In other words, the back-reactions 
corresponding to k l ,  k2, and k3  have been omitted. This is 
based on our assumption that vesicles are more likely to be 
hydrodynamically stripped from the macrophage in the one- 
step dissociation process given by the rates do, d, ,  and d2 before 
the back-reactions can occur. Each of these dissociation steps 
yields a free vesicle. 
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in the plane of the vesicle membrane. Some of these antibody 
diffusion independent processes might involve translational and 
rotational diffusion of the vesicle, but, as will be discussed later, 
the large values of the parameters used to describe the antibody 
diffusion independent reaction mechanisms suggest that factors 
other than vesicle diffusion are required to account for the large 
rates of these processes. 

The diffusion-dependent mechanism of antibody-receptor 
bond formation presents a potentially difficult analytical 
problem because of the two-dimensional character of the 
diffusion. In two dimensions there is no time-independent 
diffusion-limited steady-state rate constant [see, for example, 
Razi-Naqvi (1 974)]. Since we are only interested in the initial 
capture rate, a simple lattice calculation can be used to obtain 
this rate. This rate constant kd is 

kd = 4DRAS (14) 
where D is the diffusion constant of antibodies bound to lipid 
haptens. This equation is derived in the Appendix. A rate 
constant approximately equal to that given in eq 14 has been 
employed by Bell (1 978, 1979) in calculations of receptor- 
ligand bond formation between two cell surfaces. Our values 
for D have been taken equal to the diffusion constants for the 
vesicle lipids, since antibodies bound to lipid haptens move as 
rapidly as the lipids themselves (Smith et al., 1979). 

Combining the antibody diffusion independent and diffusion 
dependent mechanisms gives the capture rates shown in eq 
11-1 3. Corresponding to the six first-order rate constants, 
there are four first-order coupled linear differential equations 
involving the instantaneous concentration of vesicles and 
macrophages and vesicle-macrophage complexes having 0, 1, 
2, or 3 bonds. 

In the course of fitting the various kinetic experiments to 
empirical values of these parameters, we have found by direct 
computation that the usual steady-state approximation for the 
reaction intermediates (complexes with 0-2 bonds) is valid. 
With this steady-state approximation for the intermediates, 
we obtain the expression eq 15 for the fraction of successful 
collisions, F(R,A), used in eq 1. A comparison of this ex- 

Table 11: Kinetic ParameterP 

k ,  = 0.10 min-’ 
kli = 606 pm4/min 
kZi = 90 pm4/min 

4DS = 1920 pm4/min for DMPC; 4DS = 2.4 pm4/min for DPPC 
do = 6.0 X lo6 min-’ 
d,  = 4.0 X lo6 min-‘ 
d ,  = 4.0 X l o3  min-’ 
h = A, + E [  1 - exp(-A/A,)] i fA  > R 
h = h , i f A  < R  
A ,  = 333 pm’2 
h,  = 3.68 for 0.02 pmol of lipid; h ,  = 4.60 for 0.025 pmol of lipid 
E = 0.83 for 0.02 pmol of lipid; e = 1.03 for 0.025 pmol of lipid 

a These kinetic parameters are based on the assumption that 
each macrophage has 2 x l o 5  Fc receptors for rabbit antibody and 
that the macrophage has a surface area of 1000 pmz. The esti- 
mated initial number of vesicles for each experiment is 6.9 x lo8 
for 0.02 pmol of lipid and 8.6 X lo8 for 0.025 pmol of lipid. 
Vesicles are assumed to have a diameter of 1 pm, and the lipids 
have an area of 60 A’. All parameters are assumed to be the same 
for fluid and solid lipid vesicles except for the terms proportional 
to the diffusion coefficients. t; S = 1 pmz. 

ks i  = 0 

We have further assumed that the bond-forming rate con- 
stants have the forms 

kl = RA[kli + 4DS] (1 1) 
(12) 

(13) 

k2 = [ ( R S -  l ) /S] [ (AS-  I ) /S ] [kz i  + 4DS] 

k3 = [ ( R S - 2 ) / S ] [ ( A S - 2 ) / S ] [ k , i  + 4DS] 
In these equations R and A are surface densities of macrophage 
receptors and vesicle-bound antibodies, respectively; S is the 
area of the macrophage membrane which is in contact with 
a single bound vesicle; D is the lateral diffusion coefficient of 
antibodies bound to the vesicle surface; and k l i ,  kli, and k j l  
are parameters which describe the “antibody diffusion 
independent” bond formation processes which are discussed 
later. The values for the parameters used in fitting the kinetic 
data are shown in Table 11. 

This model allows for the possibility that the first and second 
bond formation steps may occur by two mechanisms, one of 
which requires that an antibody on the vesicle diffuses in the 
plane of the vesicle membrane to an Fc receptor on the ma- 
crophage while the macrophage and vesicle are in contact. 
This process will be termed the “antibody diffusion dependent” 
mechanism. The other mechanism which can operate con- 
currently with the first but is independent of molecular lipid 
diffusion involves rapid local relative motions between the 
macrophage and vesicle which can bring antibodies and re- 
ceptors together. Equations 11 and 12 assume random dis- 
tributions of antibodies and receptors in the macrophage- 
vesicle contact region where Fc-Fc receptor bonds are formed, 
and, therefore, k l ,  k2, and k3 are proportional to the product 
of the number of free receptors and antibodies in the contact 
region. 

The first and second bond formation steps can occur by 
antibody diffusion on the vesicle membrane as well as by 
relative motions of vesicle and macrophage. It is assumed that 
the third bond formation step occurs only by the antibody 
diffusion dependent mechanism. In other words, k3i = 0 in 
eq 13. In making this latter assumption, it would appear that 
we have neglected receptor diffusion, which would be signif- 
icant if the receptor diffusion constant were larger than 
cm2/s. This point is discussed later. 

We shall use the terminology “antibody diffusion 
independent” reaction mechanisms to include all molecular 
motions that bring receptors and antibodies together, other 
than those that involve lateral diffusion of bound antibodies 

- - d2k2kl 
(d2 + k3)(d, + k2WO + k l )  

(A)( &)( &) (15) 

pression and eq 11-13 illustrates that F(R,A) is not separable, 
in general, as in eq 2. 

Values for the parameters that have been used in fitting all 
of the experimental data are given in Table 11, except for values 
of ko and A. Variations of ko in the range 0.06-0.10 min-’ 
were required to fit various kinetic data, as indicated in the 
figure legends. Values of the parameters shown in Table I1 
were chosen by the following protocol: since (1) increasing 
antibody concentrations do not increase the rate of vesicle 
binding once a critical surface density is exceeded and (2) the 
rates of vesicle binding, as the antibody density is increased 
above -666 antibodies/pm2 (1:25 antibody/exposed hapten 
ratio), become nearly independent of lipid composition, at early 
reaction times and high antibody surface density, the fraction 
of successful collisions, F(R,A) (eq 1 and 15), would be ex- 
pected to approach unity. In other words, under these con- 
ditions, the rate of vesicle binding is evidently limited by the 
rate of collisions. In this case the shape of the binding curve 
is determined by ko and A. The initial binding rate is then koV, 
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so that ko is determined by the early time points of the ex- 
perimental kinetic binding curves at high antibody surface 
densities. The relatively sharp asymptotic behavior seen in 
the binding of vesicles at high antibody densities (Figure 3) 
determines the appropriate parametric value of X, typical 
values of which are in the range 3.7-9.7. That is, at long times 
(e.g., 1 h) the percentage of vesicles bound determines the 
value of the parameter A. As will be discussed later, values 
of X at high antibody densities are larger than those at low 
antibody density by -20%. X is certainly not proportional 
to the antibody density. 

The determinations of the various parameters for low an- 
tibody densities are more intricate but are far from arbitrary. 
The considerations determining the choice of parameters are 
listed as follows: (1) values of SZ estimated by using the method 
of eq 9 and Figure 6 and the experimental data shown in 
Figure 1 show that the binding rate is approximately quadratic 
in the antibody density for DMPC at low antibody densities. 
This fact, coupled with the relative binding of DMPC and 
DPPC at the 1:625 antibody/exposed hapten ratio along with 
our placing of a plausible upper limit on the rates of the 
antibody diffusion independent processes, places severe con- 
straints on the values of the dissociation rates do, d l ,  and dZ. 
The dissociation rate d2 is then forced by the experimentally 
observed DPPC binding rates to be small, since the formation 
of the third antibody-receptor bond is assumed to occur only 
by the diffusion-dependent process. Given a small d2, the 
experimental quadratic dependence of SZ on A requires that 
do > k l  and dl > k2. This can be seen from eq 15. Therefore, 
if an upper limit is imposed on the antibody diffusion inde- 
pendent rates contained in kl and k2, all of the remaining 
parameter values are determined uniquely by features of the 
experimental data. 

In general, slightly larger values of X were required to fit 
the experimental data at high antibody densities than were 
required at low antibody densities. It can be postulated that 
the physical basis for this effect is related to the relative 
magnitudes of the antibody density on the vesicle surface and 
the receptor density on the macrophage surface. That is, when 
the antibody density exceeds the receptor density, additional 
receptors are apparently depleted. We have employed eq 16 
in our computer program to simulate this dependence of X on 
antibody density. This particular form can be regarded as 

X = Xo + c[l - exp(-A/A,)] if A > R 

(16) 
a computational convenience; A, characterizes the antibody 
density above which further increases in antibody density do 
not result in further depletion of receptors per veiscle bound. 
This is particularly important for the case of 1:125 anti- 
body/exposed hapten ratio for DMPC in Figures 1 and 3, 
where, during the course of the kinetic curve, A I R applies 
for short times and A > R applies for long times. This form 
assumes that the efficiency of capture of extra receptors when 
A > R is linear in the antibody density for small A but quickly 
approaches some upper limit measured by E ,  which is 22-30% 
of XO. Comparisons between calculations and experimental 
data are given in Figures 1, 3, 4, and 5. 

Discussion 
We have measured the specific antibody-dependent binding 

of haptenated vesicles to macrophages as a function of vesicle 
lipid composition. A number of conclusions can be drawn from 
a qualitative examination of the data. 

At low antibody densities, the binding kinetics are strongly 
vesicle lipid dependent, whereas at high antibody densities the 

X = X, if A I R 

binding kinetics are relatively independent of vesicle lipid 
composition (see, for example, Figures 1, 4, and 5 ) .  This 
observation is consistent with the idea that lateral diffusion 
of bound antibodies is important for binding and/or phago- 
cytosis at low antibody densities. Under the experimental 
conditions of Figure 1, the lateral diffusion coefficients of 
hapten-bound rabbit IgG antibodies are estimated to be 
cm2/s for DPPC vesicles and 8 X lo-* cm2/s for DMPC 
vesicles (Rubenstein et al., 1979; Smith et al., 1979). Of course 
one cannot rule out the possibility that vesicle membrane 
flexibility also plays a role in the enhanced binding of DMPC 
vesicles relative to DPPC vesicles. It will be noted in Figures 
4 and 5 that the inclusion of a small concentration of chole- 
sterol (7.5 mol %) in DPPC vesicles has a marked effect in 
enhancing the rate of the vesicle binding to macrophages. 
From other work it is known that at 37 OC the inclusion of 
this concentration of cholesterol produces parallel, ordered 
domains of fluid and solid lipid, the solid domains being pure 
DPPC (Copeland & McConnell, 1980; Owicki & McConnell, 
1980). If lateral diffusion of bound antibodies does limit the 
rate of binding of DPPC vesicles to macrophages, the en- 
hancement of this rate by low cholesterol content is readily 
understood. Note that the addition of cholesterol to fluid 
DMPC [which has only a minor effect on lateral diffusion of 
the lipid haptens (Rubenstein et al., 1979)] has no significant 
effect on the rate of vesicle binding to macrophages. 

In one experiment, not described here in detail, the binding 
rates of vesicles of widely differing sizes ( ~ O ~ l - l - p m  diameter 
based on sedimentation velocities) were compared. It was 
found that the small vesicles did not bind as well as the large 
vesicles. This effect cannot be responsible for the differences 
in DMPC and DPPC vesicle binding reported here since these 
vesicle populations were selected to have similar sizes. On the 
other hand, the inclusion of cholesterol in DPPC vesicles has 
a pronounced effect on bilayer density, and this makes difficult 
the selection of vesicles on the basis of size by differential 
sedimentation. Thus, there is some uncertainty concerning 
the vesicle sizes for DPPC-cholesterol mixtures, although they 
do have sizes similar to the l-pm DPPC vesicles used in most 
of our experiments. In any event, some caution is required 
in this respect in analyzing the cholesterol effects depicted in 
Figures 4 and 5. 

We have attempted a quantitative analysis of the vesicle 
binding kinetics, as described in the preceding section. This 
study has led us to the conclusion that macrophage Fc re- 
ceptors are depleted at an exponentially decreasing rate fol- 
lowing binding of successive antibody-coated vesicles. It thus 
appears that receptors are lost due to phagocytosis of vesicles 
and that there is a continuous redistribution of receptors on 
the macrophage surface, such that the vesicles binding to the 
macrophage at later times result in the depletion of a smaller 
number of receptors per vesicle. This vesicle-receptor stoi- 
chiometric relation is expressed in eq 5 and is manifest ex- 
perimentally in the shape of the kinetic binding curves. The 
conformance of some of the experimental data to this stoi- 
chiometry is illustrated in Figure 6 .  

The schematic, detailed kinetic model depicted in Figure 
7 is the simplest model that we have been able to devise that 
is consistent with all of our kinetic data. In addition to in- 
corporating the stoichiometric relation just discussed (eq 5 ) ,  
the model gives a quantitative expression for F(R,A), the 
fraction of successful collisions (cf. eq 15). In this model, for 
the parameters given in Table 11, the large differences in the 
rate of DMPC vs. DPPC vesicle binding arise in the larger 
antibody diffusion dependent rate for DMPC relative to DPPC 
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on clean glass surfaces in the absence of macrophages.) At 
the antibody/exposed hapten ratio of 1:625, where the binding 
of DPPC vesicles to macrophages is first detected (Figure l), 
the average nearest lateral center to center distance between 
antibody (on the vesicle) and receptor (on the macrophage) 
is estimated to be only on the order of magnitude of 100-200 
A, assuming a receptor density of 200-400 pm-* (Steinman 
et al., 1976; Segal & Hurwitz, 1977), so the distances over 
which rapid motions (parameterized by k l ,  or k2,) must take 
place are not large. 

For given values of the parameters k l ,  k2, and k3, the values 
of do, dl ,  and d2 are established, since F(R,A) is a function 
of the ratios k,/do, k 2 / d l ,  and k3/d2  and the form chosen for 
F(R,A) is required to fit the experimental data. A priori, we 
have no way of estimating the orders of magnitude of do, d l ,  
and d2. The low value of d2 compared to do and d ,  is consistent 
with the notion that two Fc-Fc receptor bonds stabilize the 
macrophage-vesicle complex compared to either one or no 
bonds. (In this model, three bonds are assumed to further 
stabilize the macrophage-vesicle complex to an extent suffi- 
cient to always allow the formation of whatever number of 
additional bonds are required for permanent binding.) In the 
following discussion of the uniqueness of this model, it is 
pointed out that these parameters need not represent true 
values of the rates at  which vesicles leave the surface of the 
macrophage but instead only rigorously characterize the rates 
of processes which compete irreversibly with Fc-Fc receptor 
bond formation. That is, these processes result in a state such 
that a vesicle no longer participates in bond formation without 
first leaving the macrophage surface and joining the vesicles 
free in solution. 

The experimental values for X (Table 11) have physically 
plausible orders of magnitude, in terms of the definition of X 
given by eq 10. As discussed earlier in connection with eq 3-5, 
u is expected to have a value on the same order as the vesicle 
surface area. The characteristic values of X used for fitting 
the experimental data fall in a range such that CT in eq 10 is 
1.7-4.5 times the calculated vesicle surface area. The effect 
of antibody density on the apparent value of X is small, and 
from this we infer that large numbers of receptors do not move 
from afar to the region of vesicle binding and so become 
depleted. 

Unfortunately, the number of Fc receptors which bind rabbit 
antibody have not been measured for the RAW264 cell line. 
For some macrophage cell lines which have similar properties, 
the number of receptors has been estimated by a Scatchard 
analysis of the binding of rabbit antibody trimers in solution 
(Segal & Hurwitz, 1977). However, the precise value for the 
initial number of receptors (or the initial receptor density) has 
no effect, in practice, on the fitting of the kinetic data to the 
model because any future correction in the initial receptor 
density given in Table I1 could always be absorbed in the 
parameters kl , ,  k2,, or S (eq 11-1 3). A similar argument is 
valid for variations in vesicle size, vesicle number, or macro- 
phage surface area, Note that the difference in lateral lipid 
concentration between the solid phase and fluid phase lipids 
(cf. Table I) has been ignored in deriving the parameters in 
Table 11. Such differences could also be incorporated with 
compensating small changes in the parameters kl , ,  k2,, or do. 

An important question concerns the uniqueness of our 
model. In other words, (a) how many other models can ac- 
count for the data, (b) with how many different physical 
pictures are our model parameters consistent, and (c) what 
latitude is there in the choice of the model parameters? In 
connection with question a, we have tried a number of other 

in all steps, and especially the last step-the antibody diffusion 
dependent formation of the third Fc-Fc receptor bond. The 
values of the parameters do, d l ,  d2,  k , ,  k2, and k3 determine 
the dependence of the vesicle binding rate on antibody con- 
centration as illustrated by the data in Figure 1. As mentioned 
earlier, this experimentally observed binding rate is quadratic 
in the antibody concentration when this concentration is very 
low, and this is accounted for by eq 15 if d2 is small, do >> 
k l ,  and dl >> k2. Since kl and k2 are very nearly proportional 
to the antibody density, the initial binding rate will become 
linear in A for intermediate antibody densities (antibodylex- 
posed hapten = 1:400; cf. eq 2 and 9 and Figure 6) and in- 
dependent of A for high antibody densities. [In a similar way, 
F(R,A) can show a complex and exponential dependence on 
the antibody diffusion constant D.] This argument is also true 
with respect to the receptor density, R, since the fraction of 
successful collisions, F(R,A) (eq 15), is symmetric in R and 
A .  

The mathematical form F(R,A) includes the possibility of 
receptor diffusion, in that the diffusion coefficient D in eq 
11-13 could be regarded as a mutual receptor-antibody 
diffusion coefficient, rather than the antibody diffusion 
coefficient itself. Thus we have neglected the receptor diffusion 
in the selection of parameter values only in the sense that we 
have assumed it to be small compared to antibody diffusion 
on DMPC and DPPC vesicles. It has been shown by com- 
putation that, if this latter approximation were not valid and 
the receptor diffusion were as high as cm2/s, there is, for 
example, only a 10% increase in the vesicle binding in 1 h when 
the antibody/exposed hapten ratio is 1:125. 

An important question concerning our model is the extent 
to which the model parameters (Table 11) are physically 
plausible. The pseudo-first-order rate constant ko = 0.10 min-’ 
given in Table I1 is -20 times larger than a theroretical 
(unstirred) diffusion-limited rate constant (5 X 1 0-3 min-I); 
this is consistent with the fact that our system is hydrody- 
namically swirled. On the other hand, the observed rate 
constant ko is consistent with any mixing process which is 
limited by a diffusion step through a small distance, 0.5 pm. 
We feel that this value of ko in Table I1 is physically plausible. 

The three ratios k l /do ,  k2 /d l ,  and k3 /d2  determine F(R,A) 
in eq 15. The absolute magnitudes of k , ,  k2, and k3 are set 
by the known values of the diffusion coefficients D ,  the an- 
tibody density A ,  the estimated receptor density R ,  and the 
antibody independent diffusion parameters kl , ,  k2,, and k3,. 
In our model these parameters have been included to represent 
all motions of vesicles relative to the macrophage that facilitate 
Fc-Fc receptor bond formation, except for lateral diffusion 
of antibodies in the plane of the vesicle membrane. The pa- 
rameter k3, is set equal to zero since it is plausible that with 
two Fc-Fc receptor bonds the vesicle is “anchored” so that 
the relative motions of vesicle and macrophage are inhibited 
to the extent that they cannot compete with antibody lateral 
diffusion in facilitating the formation of the third Fc-Fc re- 
ceptor bond. The magnitudes of k l ,  and k2i are quite large 
and difficult to explain by using any simple molecular model. 
Perhaps the simplest general idea is that the macrophage 
membrane has a lateral inhomogeneity and that the vesicle 
first binds nonspecifically with a certain “sticking” free energy. 
If this sticking free energy has a gradient in some direction 
it is entirely possibile that the vesicle may translate and rotate 
over distances that are so large as to significantly increase the 
likelihood of Fc-Fc receptor bond formation. (We have ob- 
served rapid, 100-1000 pm/s displacements of fluorescent- 
labeled lipid vesicles over distances on the order of microns 
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models that have failed to account for the results. In par- 
ticular, we have tried “catch and diffuse” models, in which 
a vesicle-macrophage “collision” results in one or more bonds 
by statistical geometrical overlap, followed by diffusion events 
that result in permanent binding. The one advantage of the 
model of Figure 7 that appears to make it successful is that 
it treats the antibody diffusion independent steps as kinetically 
competitive with the antibody diffusion dependent steps. Thus, 
the model considers the relative motions of vesicle and ma- 
crophage in bringing about Fc-Fc receptor bond formation 
in competition with antibody diffusion. The failure of our 
various (unpublished) catch and diffuse models implies that 
bond formation resulting from “one-hit’’ overlap of antibodies 
and receptors is an inadequate description of the antibody 
diffusion independent processes. 

Question b above is particularly important. As pointed out 
above, a clear interpretation of the parameters kli, k2i, k3i, do, 
dl, and d2 has not been possible. Part of this difficulty may 
be a lack of uniqueness in the physical processes that these 
parameters represent. For example, Figure 7 suggests that 
every bound vesicle leaves the surface of the macrophage at 
a rate do, etc. This may not be the case. It is entirely plausible 
that the relative macrophage-vesicle motion is such that an 
antibody reaches the region of an Fc receptor and has the 
relative probabilities k,/(kl + do) of being caught and do/(kl 
+ do) of not being caught by the Fc receptor. If a first an- 
tibody is not caught, the vesicle might move on to a steady- 
state pool of vesicles on the macrophage surface devoid of Fc 
receptors, from which it dissociates with a first-order rate much 
less than do. Thus, the particular scheme in Figure 7 is only 
a subset of a larger class of models described by the equations 
used. 

The third question (c) concerns the range of parameter 
variations that is consistent with the experimental data. The 
only significant parameter variations possible are upward 
variations in kIi and k2i and a compensating upward variation 
in do, dl, and d2. We have chosen values of kli and kzi close 
to their lower bounds. For example, the kli  term chosen for 
DMPC and DPPC is approximately one-third the value of the 
equivalent antibody-dependent diffusion term, 4DS, for DMPC 
(see Table 11). Of course there is also the possibility of 
changing parameter values if it is assumed that only some 
fraction of the surface of the macrophage contains Fc recep- 
tors. 

The fact that the 1-h binding of DMPC to the macrophage 
(Figure 1) is not greatly changed by cytochalasin B indicates 
that this substance does not greatly affect the quantitative 
relation between receptor depletion and vesicle uptake. That 
is, since cytochalasin B inhibits phagocytosis, one might expect 
a different relation between receptor depletion and vesicle 
uptake (from solution) in the presence and absence of cyto- 
chalasin B. Thus, for bound vesicles, the receptor-vesicle 
association must be irreversible on the time scale of the ex- 
periments, irrespective of whether binding is followed by 
phagocytosis or not. We suspect that in the presence of cy- 
tochalasin B the vesicles and Fc receptors may move into, or 
just below, the macrophage membrane surface, but no further. 

We feel that the principal strength of our model and the 
associated experiments is that they provide a convenient 
starting point for additional, more definitive experiments under 
conditions better suited to test models of macrophage-vesicle 
interactions. Studies of the type presented here are of par- 
ticular interest in connection with comparisons of the activation 
of other components of the immune system. For example, in 
a study of the kinetics of the antibody-dependent activation 

of the first component of complement by hapten-sensitized lipid 
membranes, DMPC is found to be more efficient than DPPC, 
in a manner that also suggests that lateral lipid diffusion is 
rate controlling in the case of DPPC. Further quantitative 
comparisons of this sort should be fruitful. 
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Appendix 
In the present work we have used a special approximation 

to calculate the rate at  which antibodies are captured by 
receptors, due to lateral diffusion of the antibodies in the plane 
of the vesicle membrane. We assume a two-dimensional 
square lattice, and antibodies and receptors are placed on 
lattice sites in proportion to their relative surface concentra- 
tions. It is further assumed that at  time t = 0 there is zero 
probability of there being any Fc-Fc receptor bonds. Let a 
receptor be located at x = y = 0 and neighboring lattice sites 
be located at x = 1 and -I when y = 0 and at y = 1 and -1 when 
x = 0. Let p be the probability that an antibody molecule be 
found at  x = I ,  y = 0 at time t = 0. Let 7-l be the site to site 
jump rate constant in the x direction for the antibody. Then 
the average rate that antibodies on a given site next to a 
receptor jump onto the receptor is ‘/zpr-’. For the one-di- 
mensional diffusion, the jump rate constant is related to the 
diffusion coefficient D by eq A1 (Davidson, 1962). Thus, the 

2 0  = r-’I2 (‘41) 
probability that an antibody from any one of the four nearest 
neighbors will jump onto the receptor is 41/2pr-’ which is 
4Dp/12. The probability that a lattice site will be occupied 
by an antibody is p = 12A. The number of receptors is RS. 
Thus the initial Fc-Fc receptor bond formation rate is 
(4Dp/I2)(l2A)(RS) = 4DRAS, which is the result given in eq 
14. 

The above calculation makes two important approximations. 
(a) The first approximation is that at time t = 0 when the 
vesicle-macrophage contact is first made, there is a negligible 
probability of having an Fc-Fc receptor bond. (b) During the 
course of the first three Fc-Fc receptor bond formations the 
antibody concentration gradients that are set up are negligible. 
Approximation a can be justified by noting that the antibody 
diffusion dependent Fc-Fc receptor bond formation rate, 
4DRAS, does not depend on the choice of the magnitude of 
the lattice spacing. If we take the lattice spacing to be small 
(e.g., 10 A), then for most experiments the probability of 
having an Fc-Fc receptor bond at t = 0 is negligible. Ap- 
proximation b is justified as long as the number of antibodies 
in the contact region is large compared to three. Under these 
conditions no significant concentration gradients are set up 
and the special mathematical problem of diffusion in two 
dimensions is avoided (see below). The approximation leading 
to the antibody diffusion dependent bond formation rate, eq 
14, is the same as that used before for the calculation of 
diffusion coefficients from steady-state spin-label paramagnetic 
resonance spectra (Sackmann & Trauble, 1972; Devaux et al., 
1973). An expression for receptor-ligand binding kinetics 
similar to but not identical with eq 14 has been given by Bell 
(1978, 1979). 

When the number of antibodies in the contact region is not 
large compared to three, then Fc-Fc receptor bond formation 
leads to large (ensemble average) concentration gradients in 
the contact region, which should in principle be treated by 
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using time-dependent ensemble average solutions of the two- 
dimensional diffusion equation. [ For relevant literature, see 
Razi-Naqvi (1974), Adam & Delbruck (1968), Galla et al. 
(1979), and Montroll (1969).] These more detailed calcula- 
tions should be employed, for example, for antibody/exposed 
hapten ratios of 1:3125 (-5 antibodies/pm*). We have found 
by numerical calculation that these exact treatments indicate 
that under such conditions of low antibody densities, eq 14 
overestimates the Fc-Fc receptor bond formation rate by no 
more than a factor on the order of 2. 
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