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Mechanism of Binding of Multivalent Immune Complexes to Fc Receptors. 
2. Kinetics of Binding? 

Steven K. Dower,* Julie A. Titus,t Charles DeLisi, and David M. Segal 

ABSTRACT: The kinetics of association and dissociation of 
affinity cross-linked IgG oligomers with Fc receptors on 
P388Dl cells have been studied at  0 OC. For dimers prepared 
with two different affinity cross-linking reagents (DIBADL 
and BDPE) and also trimers and a heavy oligomer fraction 
prepared with BDPE, monomeric IgG accelerates the rate of 
dissociation of bound oligomer from the cells. This observation 
is consistent with a binding mechanism in which monovalently, 
and multivalently bound species are in rapid equilibrium with 
one another on the cell surface and in which the rate of for- 
mation of the divalently bound species is faster than the dis- 
sociation of the monovalent species from the cells. As pre- 
dicted, the rates of dissociation of BDPE crass-linked oligomers 

I n  our previous paper [Dower et al. (1981) preceding paper 
in this issue], we presented an analysis of the mechanism of 
equilibrium binding of multivalent IgG model immune com- 
plexes to the Fc receptors on cells from the mouse macrophage 
line P388D1. While this yielded considerable insight into the 
mechanism of multivalent binding, it is unlikely that the 
binding of immune complexes by cells bearing Fc receptors 
reaches equilibrium in vivo. More probably, binding is a 
steady-state process which precedes other cellular events, such 
as internalization and degradation (Silverstein et al., 1977). 
In order to further our understanding of the adaptor role of 
antibodies in the processing of antigens by effector cells, we 
have, in this paper, characterized the kinetics of interaction 
of IgG oligomers with Fc receptors on metabolically inhibited 
P388DI cells. These studies provide support for the multivalent 
mechanism described in the .preceding paper in this issue 
(Dower et al., 1981) and define the rate-limiting processes in 
oligomer binding. 

Experimental Procedures 
Binding and Kinetic Measurements. The binding assay and 

the protein and cell samples used in these studies are described 
in the preceding paper in this issue (Dower et al., 1981). The 
association of lZ5I-labeled dimer with 51Cr-labeled P388D1 cells 
was initiated by adding cells to premixed protein solutions at  
0 OC. The average number of 7 s  IgG subunits bound per cell 
was determined at  various times by using the phthalate oil 
method (Segal and Hurwitz, 1977) but with the centrifugation 
time for the oil tubes reduced to 10 s. 

The dissociation of 1251-labeled oligomers from P388DI cells 
was measured by first equilibrating cells with the labeled 
oligomers at  0 OC. Cells were pelleted by centrifugation, and 
the supernatant solution was removed by aspiration. The 
dissociation was initiated by resuspending the cells at  0 "C, 

decrease with size, and dimers (cross-linked with DIBADL) 
which can self-aggregate on the cell surface dissociate more 
slowly than nonaggregating (BDPE) dimers. The association 
and dissociation of oligomers with P388D1 cells proceed by 
parallel fast and slow processes, even with cells that bind 
dimers with a single affinity. The origin of this heterogeneity 
is not known but could arise from a fraction of receptors in 
environments with limited accessibility to bulk solution. The 
fast component of the association reaction is second order, and 
the rate-limiting step of this process is the formation of the 
monovalently bound intermediate from solution-phase oli- 
gomer. 

either in medium alone or in medium containing unlabeled 
protein. Cell-bound 1251-labeled protein was then measured 
by the phthalate oil method with a 10-s centrifugation. The 
medium used in these experiments was balanced salt solution 
containing 2.5% BSA' and 0.2% sodium azide, pH 7.4. The 
average number of 7 s  subunits of oligomers bound per cell 
(r)  was calculated as described previously (Jones et al., 1979), 
and data were analyzed by using MLAB (Knott, 1979). 

Theory 
In the preceding paper in this issue (Dower et al., 1981) we 

showed that the binding at  equilibrium of IgG oligomers to 
Fc receptors on P388D1 cells is described by a simple mul- 
tivalent mechanism. This mechanism also predicts charac- 
teristic features for the kinetics of interaction of IgG oligomers 
with these cells (DeLisi, 1978). For an IgG dimer, binding 
occurs in two sequential steps: 

( W  
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ki 

D + R f e D l  

Dl + R f e D 2  2k-2 (1B) 

In the first step, solution-phase dimer, D, at  concentration 
D (in molar units) reacts with free receptor, Rf, at concen- 
tration Rf (in cell surface concentration units) to form mo- 
nomerically bound dimer, Dl ,  at concentration D1 (in cell 
surface concentration units). The monomeric binding step has 
a second-order forward rate constant 2kl and a first-order 
reverse rate constant k-'. In the second step DI  reacts with 
another free receptor to form the dimerically bound species 
D2, with a second-order forward rate constant k2 and a 
first-order reverse rate constant 2k-2. The factors of 2 in 2kl 
and 2k-2 arise from statistical effects, which have been dis- 
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tion. If, however, the cross-linking rate is slow compared with 
the rate of monomer dissociation (Figure lB), the simulated 
dissociation pattern cannot be fit by a single exponential. In 
this case, however, the rate of dissociation is unaffected by 
changing the free receptor concentration. Since in all cases 
the behavior predicted by the model could be fit by no more 
than two exponentials, we analyzed our data with equations 
of the form 

Br = BAfe-kArt + B Be r -kg't 

Bf = BAf( 1 - e-h'f) + BBf( 1 - e-h't 1 

( 5 )  

( 6 )  

for dissociation reactions, and 

for association. The relationships between the empirical rate 
constants determined from fits to eq 5 and 6 with those of the 
model (eq 1 and 2) will be treated under Discussion. 

Equation 6 approximates the association reactions because 
the experiments described in this paper were done under 
pseudo-first-order conditions (i.e., D remained nearly constant 
during the course of the experiment). The pseudo-first-order 
rate constants obtained from eq 6 are related to the empirical 
second-order forward rate constant, Rf, and the first-order 
reverse rate constant E, ,  by eq 7 .  Values for kf and were 

kf = EfD + (7) 
determined from the slopes and intercepts of kf vs. D plots 
(Jencks, 1969). 

Results 
Kinetics of Interaction of BDPE Cross-Linked Dimer with 

P388D1 Cells at 0 OC. The association of radiolabeled BDPE 
dimer with P388D1 cells at 0 OC was initiated by adding cells 
to medium containing four different concentrations of 1251- 
labeled protein, and the amounts of cell-bound dimer were 
determined as a function of time by using the phthalate oil 
separation method. The results of such an experiment (Figure 
2) show that, at the lowest dimer concentration used (2.1 X 

M), the system reached equilibrium within 2 h. Since 
the free dimer concentrations did not decrease detectably (Le,, 
by more than 5%) as a result of binding to the cells, the 
experiments were performed under pseudo-first-order condi- 
tions. Quantitative analysis of the dimer association data in 
Figure 2 showed that these were poorly fit with one exponential 
but were well fit by two (eq 6) and that using three did not 
significantly improve the fit. Approximately 65% of the 
binding process occurred at the fast rate (Figure 2B). A plot 
of the observed rate constant against the free dimer concen- 
tration is shown in Figure 2C. The observed rate constant 
increases linearly with the dimer concentration showing that 
the fast phase of the reaction is second order. From the slope 
of the line in Figure 1C the forward rate constant for the fast 
phase is (1.2 f 0.1) X lo7 (M.rnin)-l, and from the intercept 
the reverse rate constant is 0.18 f 0.01 min-I (which is in good 
agreement with values determined in dissociation experiments, 
Table I).  Although all four data sets in Figure 2 require two 
exponentials to produce a good fit, the values of the rate 
constants for the slow phases are not determined with sufficient 
accuracy to apply an analysis like that of Figure 2C. However, 
the rate constants appear to be at most 10% of those of the 
fast phase. 

The dissociation of dimer from P388D1 cells was examined 
by the following procedure: cells were equilibrated with 
1Z51-labeled dimer, centrifuged, and resuspended without 
washing in either medium or medium containing monomeric 
IgG. This resulted in a 25-30-fold dilution of the unbound 
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FIGURE 1: Simulated dissociation of dimeric IgG in the presence and 
absence of monomeric IgG. The points were calculated from the 
differential equation model (eq 3A-D) in the absence (A) and the 
presence (0) of 2 X M monomer. The continuous curves are 
"best fit" by using one (-) or two (- - -) exponentials. Parameter 
values used in the simulation were k = 6 X lo6 M-I min-' and k-l 

cross-linking); in (B) k..2 = 0.019 m i d  and k2& = 0.25 min-' (slow 
cross-linking). r,,o/ro was set at 0.506 in all cases, where rl=o is the 
amount of dimer bound at time zero and ro is receptors per cell. 

cussed previously (Dower et al., 1981). 
A characteristic feature of this mechanism is that D1 can 

either dissociate from the cell surface with rate k-l or form 
D2 with rate k2RP The net rate of dissociation of dimer from 
the cell surface will therefore depend on Rf. In the experiments 
described in this paper, we have depleted free receptor by 
adding monomeric IgG to the medium in which cells bearing 
radiolabeled dimers were suspended. The binding of monomer 
is described by 

= 4.7 m i d ;  in (A) k-2 = 4.7 min- 1 and klRo = 62 min-' (rapid 

k 
M + R f I ' M ,  k-, (2) 

where M and M1 are the concentrations of solution phase 
monomer M and bound monomer M1, respectively. The ki- 
netic behavior of the system can be described by the set of 
differential equations: 

dD,/dt  = 2klDRf + 2k-zDz - k-lDl - ktDlRf (3A) 

(3B) 

(3C) 

2k-2D2 + k-lD1 + k-lM- 2klDRf- k2DlRf- k1MRf 
(3D) 

dDz/dt = k2DiRf - 2k-2D2 

dM,/dt  = k1MRf - k-lM1 

dRf/dt = 

The steady-state approximation dDl/dt = 0 with the additional 
constraints that D = 0 and D2 >> DI shows how the net rate 
of dimer release depends upon R f  

(4) 

where k, is the steady-state rate constant for dimer dissociation. 
Equation 4 shows that the rate of dissociation of dimeric ligand 
will increase as Rf decreases, provided that k2Rf > k-l. Thus, 
monomeric IgG will accelerate dimer release only when the 
rate at which D1 - D2 is greater than the rate at which D1 
dissociates from the cell. 

Simulations of the time dependence of dimer binding or 
dissociation using eq 3A-D produced curves which could be 
closely approximated with simple exponential functions. The 
results of one such simulation are shown in Figure 1. In 
Figure 1A the parameter values used were selected so that the 
cross-linking rate (D1 - D2) was faster than the rate of dimer 
dissociation from the cell surface (DI - D). It can be seen 
that under these conditions, the simulated points are closely 
fit by a single exponential, and the occupancy of receptors by 
monomeric IgG leads to an enhanced rate of dimer dissocia- 
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FIGURE 2: Association of BDPE dimer with P388D1 cells at 0 OC. Association was measured with 6.1 X lo6 cells/mL and (A) 2.1 X 
(0) 6.1 X and (A) 5.5 X lo-* M BDPE dimer. Cell viability by trypan blue exclusion was 89%. The continuous curves 
drawn in (A) and (B) were calculated from a sum of two exponentials, with parameter values determined by least-squares fitting. (A) Whole 
time course, showing the data for the late time points. (B) Initial 5 min, showing the region of (A) enclosed in the box, with the data points 
included. (C) Plot of the apparent rate constants kAf (min-') for the fast-equilibrating component [determined by least-squares fits of eq 6 
to the data in (A) and (B)] against the free dimer concentration. The error bars are the normal errors of the parameter values. The straight 
line shown was determined by least-squares fitting. 

(0) 2.3 X 

Table I:  Analysis of BDPE Dimer Dissociation Dataa 

dimer subunits kAr kBr 
concn (M) bound at 0 time B A ~  (min-') B B ~  (min-I) 

(A) Dissociation in the Absence of Monomer 
1.5 X 1.95 X lo5 0.36 0.29 0.64 <1 X lo-' 
8.1 X 1.24 X lo5 0.42 0.19 0.58 <1 X lo-' 
3.1 X lomsb 7.16 X lo4 0.43 0.11 0.57 <1 X lo-' 
1.1 X 3.41 X lo4 0.31 0.077 0.69 <1 X lo-' 

(B) Effect of Monomer on Dissociation of Dimer 
0 1.95 X lo5 0.36 0.29 0.63 <1 X lo-' 
1.6 X lo-'' 1.95 X lo5 0.46 0.20 0.54 <1 X lo-' 
8.0 X lo-'' 1.95 X lo5 0.60 0.20 0.40 <1 X lo-' 
4.0 X 1.95 X lo5 0.58 0.47 0.42 <1 X lo-' 
2.0 X 1.95 X lo5 0.66 0.64 0.34 <1 X lo-' 

to the data of Figures 3 and 5A with eq 5. 
dimer in which the cells were preequilibrated. 
of monomer in which the cells were resuspended. 

a The parameter values were obtained by least-squares fitting 
Concentration of 

Concentration 

dimer. The kinetics of release of bound dimer from cells 
equilibrated and resuspended in medium are shown in Figure 
3. Good fits to the data were obtained with a sum of two 
exponentials (eq 5) and using three did not improve the fit. 
The relative amplitudes of the two processes (Table I) were 
similar a t  all dimer concentrations; the rate of the fast process 
decreased with decreasing initial receptor occupancy (the rate 
of the slow process is not accurately determined). In an 
equilibrium binding experiment (Figure 4), done with the same 
cells, the curvature in the Scatchard plot was almost entirely 
accounted for by multivalent binding of dimer to a single class 
of Fc receptors, unlike the preparations of cells used in the 
preceding paper in this issue (Dower et al., 1981). This 
suggested that heterogeneity in affinity was not the cause of 
the biphasic kinetics. Moreover, the ratio of the amplitude 
of the fast to the slow phase did not decrease systematically 
with decreasing initial levels of bound dimer, as would be 
expected if a high-affinity interaction gave rise to the slow 
release. In other experiments (data not shown), neither ad- 
dition of unsheared salmon sperm DNA, to increase the vis- 
cosity of the medium, nor increasing the mixing rate of the 
cell suspension had any effect on the dissociation kinetics, 
indicating that diffusion effects were not influencing the be- 
havior of the system. Further, since all the experiments were 
done a t  0 OC, internalization did not contribute to the inter- 
action of dimer with the cells (see below and Figure 6). 

The addition of monomeric IgG to the medium accelerated 
the dissociation of dimer in a concentration-dependent manner 
(Figure 5A). The effect of monomer on the rate of disso- 
ciation of dimer paralleled its ability to inhibit dimer binding 
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FIGURE 3: Dissociation of BDPE dimer from P388D1 cells at 0 OC. 
Cells (8.5 X lo6 cells/mL) were incubated 2 h at 0 OC with (A) 1.5 
X lo-', (0) 8.1 X lo", (0) 3.1 X lo", and (m) 1.1 X M BDPE 
dimer, centrifuged, and resuspended in medium at zero time. Cell 
viability was 85% by trypan blue exclusion at the end of the experiment. 
To facilitate comparison of the four curves, we plotted the data in 
the form of r/r,=o, where rfrO is the amount of dimer bound at zero 
time; rIs0 values are given in Table IA. The continuous curves were 
calculated from the parameter values given in Table IA by using eq 
5. 
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FIGURE 4: Equilibrium binding of BDPE dimer to P388DI cells at 
0 "C. Data were collected with the same cell preparation used in 
the experiments of Figures 3 and 5. The data are plotted in Scatchard 
form, and the continuous curve was calculated from the multivalent 
binding model described by Dower et al. (1981), by using best-fit 
parameter values K1 = 1.6 X lo6 M-', KzRo = 8.4, and ro = 4.1 X 
lo5 (mol/cell) and a small number of receptors (7 X lo3) binding 
dimer with much higher affinity. 

a t  equilibrium (Figure 5B). Both the rapidly and slowly 
dissociating components were affected by monomeric IgG; this 
appeared in the analysis as a progressive increase in the relative 
amplitude of the rapid process with increasing monomer 
concentrations (Table I) and increases in the rate constants 
for the fast process. Similar effects were observed with cells 
preequilibrated in 1.1 X lo-*, 3.1 X lo4 or 8.1 X lo-* M dimer 
(data not shown). 
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FIGURE 5:  Effect of monomeric IgG on dissociation of BDPE dimer from P388D1 cells at 0 O C .  (A) Kinetics of dimer release. The experiment 
was done with the same cell preparation as in Figures 3 and 4. The cells were preequilibrated with 1.5 X lo-’ M dimer, pelleted, and resuspended 
in (A) 0, (0) 1.6 X lo-’, (0 )  8.0 X lo-’, (0) 4.0 X lod, or (A) 2.0 X M monomeric IgG. The continuous curves were calculated from 
a sum of two exponential terms by using the parameter values given in Table IB. (B) Comparison of the inhibition of equilibrium binding 
(A) with the acceleration of dissociation of dimer by monomeric IgG (0). Inhibition of binding was measured by using 1.4 X 10” M dimer. 
Fractional inhibition was calculated relative to dimer binding in the absence of monomer, and the continuous curve was calculated from a 
simple bimolecular model. The acceleration of dissociation was calculated from the data of Figure 5A and a similar data set collected with 
cells preequilibrated with 8.1 X M dimer, as (rl  - r l c ) / r l ,  where r, is the amount of dimer bound in the absence of monomer at time t 
and rtc is the amount bound in the presence of a concentraton c of monomer. The points shown were averaged from data collected at 10, 60, 
and 120 min. 

SLICE NUMBER 

FIGURE 6: Polyacrylamide gel analysis of 12SI-labeled BDPE dimer. 
Electrophoresis was carried out on an 8-cm, 2-16% gradient slab gel 
in solution containing 0.2% sodium dodecyl sulfate. Individual tracks 
were sliced at 2-mm intervals and counted. Panels have been scaled 
to facilitate comparison. (A) Dimer prior to incubation with P388D1 
cells (1.8 X lo5 cpm applied to gel). (B) Membrane-bound dimer. 
Dimer (2 X M) was incubated with 6.8 X lo7 cells in 1 mL of 
medium for 4 h at 0 O C .  Cells were washed and lysed with NP-40, 
and the lysate was taken for analysis (3.41 X lo4 cpm applied to gel). 
(C) Released dimer. Cells from (B) were incubated in medium at 
0 O C  for 1 h and centrifuged. An aliquot of medium was then taken 
for analysis (3.5 X lo4 cpm applied to gel). 

At the highest monomer concentrations, >90% of the bound 
dimer dissociated from the cells, suggesting that the dimer had 
been neither internalized nor covalently linked to the cells. In 
order to determine the state of the bound dimer, we examined 
radiolabeled material bound to cells or eluted from cells by 
polyacrylamide gel electrophoresis under denaturing conditions. 
Migration patterns (Figure 6 )  showed that molecular weight 
distributions were similar for bound, released, and untreated 
dimer. Thus dimer was bound to the cells in an unaltered, 
releasable form. 

Effect of Size on Dissociation of BDPE Cross-Linked 
Oligomers from P388D1 Cells at 0 OC. Figure 7 shows the 
dissociation of BDPE cross-linked radiolabeled dimer, trimer 
and “Hmer” from P388D1 cells a t  0 O C  in the presence of 
sodium azide. The Hmer preparation is a mixture of pre- 
dominantly trimer (22.1%) and tetramer (44.0%) with - 15% 
each of monomer and dimer, determined by NaDodS04- 
polyacrylamide gel electrophoresis. The dimer and trimer 
preparations have been described in the previous paper (Dower 
et al., 1981). The protocol for the experiment shown in Figure 
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FIGURE 7: Dissociation of BDPE dimer, trimer, and Hmer from 
P388DI at 0 OC in the presence and absence of monomeric IgG. Cells 
(2.9 X lo7 cells/mL, 89% viable by trypan blue exclusion) were 
incubated with (A) 2.0 X M dimer, (B) 5.1 X lo-* M trimer, 
(C) 1.8 X lo-* M Hmer for 3 h, centrifuged, and resus ended in 
medium containing (A) 0, (0) 4.2 X (0) 2.1 X 10 , and (0) 
1 .O X M monomeric IgG. Data are expressed as the fraction 
of bound subunits relative to the number of subunits bound prior to 
centrifugation (rls0). Values for r,=o were 1.2 x IO5, 1.2 X lo5, and 
1.4 X lo5 (mol/cell) for dimer, trimer, and Hmer, respectively. 

7 was the same as that described for dimer. Briefly, cells were 
equilibrated with radiolabeled oligomer, centrifuged, and re- 
suspended without washing, either in medium alone or in 
medium containing unlabeled monomeric IgG. The data in 
Figure 7 show that for all three oligomers, the presence of high 
concentrations of monomeric IgG leads to a marked en- 
hancement in dissociation. This enhancement decreases with 
oligomer size; the concentrations of monomer required to 
produce half the maximal enhancement were 9.1 X lo-’, 1.2 
X M for dimer, trimer, and Hmer, re- 
spectively. The rates of dissociation of the oligomers, after 
dilution alone, also decreased with size. Comparison of the 
trimer and tetramer data, in particular, suggests that the 
tetramer component in the Hmer is barely released at all from 
the cells in 2 h. 

Comparison of Dissociation of DIBADL and BDPE 
Cross-Linked Dimers from P388D1 Cells at 0 OC. In the 
preceding paper in this issue (Dower et al., 1981), we suggested 
that DIBADL oligomers aggregate into larger noncovalent 
complexes on the cell surface. DIBADL dimer might, 
therefore, be expected to dissociate from the cell surface more 
slowly than BDPE dimer, which does not aggregate, since the 
rate of dissociation of an oligomer decreases inversely with the 
number of IgG subunits in it (Figure 7 ) .  The data in Figure 
8 show that this is the case. Here, cells were preequilibrated 

B 

and 1.8 X 
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FIGURE 8: Comparison of dissociation of (A) BDPE dimer and (B) 
DIBADL dimer from P388DI cells at 0 O C .  (A) Cells (8.5 X lo6 
cells/mL, 85% viable by trypan blue exclusion) were preequilibrated 
with 1.5 X M BDPE dimer at 0 "C, spun, and resuspended in 
(A) medium and (0) medium with 2 X 10" M monomeric IgG. (B) 
Cells (1.4 X lo7 cells/mL, 93% viable by trypan blue exclusion) were 
incubated with 3.8 X 10" M DIBADL dimer in the presence of lo4 
M Dnpcaminocaproate at 0 "C for 2 h, centrifuged, and resuspended 
in (A) medium containing IO4 Dnp-c-aminocaproate or the same 
medium with 2.8 X 

with either BDPE or DIBADL dimer, centrifuged, and re- 
suspended in medium alone or in medium containing a high 
concentration of monomeric IgG. Approximately 50% of the 
bound BDPE dimer was released within 2 h after the cells were 
resuspended in medium, but only 5% of the DIBADL dimer 
was released. Moreover, the DIBADL dimer dissociated less 
rapidly than BDPE dimer in the presence of a high concen- 
tration of monomeric IgG. Comparison of the data for DI- 
BADL dimer (Figure 8B) with those for BDPE Hmer (Figure 
7C) suggests that nearly all the cell-associated DIBADL dimer 
was in the form of tetramers (i.e., two noncavalently linked 
dimers) or larger aggregates. 

Discussion 
The binding of immune complexes to Fc receptors on en- 

docytic cells such as P388D1 is the first step in an irreversible 
sequence of processes leading to internalization and degra- 
dation. The whole endocytic process never reaches equilibrium 
under physiological conditions; hence, the rates of the indi- 
vidual steps are more biologically relevant than the equilibrium 
states. In this paper we have studied the kinetics of the initial 
step of endocytosis by metabolically inhibiting subsequent 
steps. Under these conditions the association of oligomers with 
receptors reaches a plateau (Figure 2 ) ,  and bound oligomer 
can be largely displaced from the cell surface in an intact form 
(Figures 5-8). Fc receptors on metabolically inhibited P388D1 
cells thus come into equilibrium with oligomers from the fluid 
phase, and the multivalent binding model which describes the 
equilibrium state (Dower et al., 1981) also predicts the be- 
havior of the system as it approaches equilibrium. 

The observation that the rate of dissociation of cell-bound 
oligomers is accelerated by adding monomeric IgG to the cell 
suspension (thus decreasing R f )  allows us to estimate some of 
the rate constants of eq 1 and to determine the rate-limiting 
process for association. Figure 1 and eq 4 show that in order 
for the acceleration of dimer release to occur, the rate at which 
monovalently bound dimer (D1) becomes divalently bound 
must be rapid compared with the rate at which D1 dissociates 
from the cell surface, i.e. 

In our association experiments (Figure 2 ) ,  the maximum 
concentration of free dimer was - 5  X M. The equilib- 
rium constant, K1, for the first step in dimer binding is - lo6 
M-' (Dower et al., 1981), and therefore 

2K1D C 0.1 (9) 

M monomeric IgG (0). 

k-1 C k2Rr (8) 
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Since K1 = k l / k - l  and from eq 8, it follows that 

(10) 
Because 2klD is the pseudo-first-order rate constant for the 
first step of dimer binding (D - D1) and k2Rf is the rate of 
the second step (D1 - D2), these inequalities demonstrate that 
in the association experiment (Figure 2), the first step is rate 
limiting. The rate constant determined for the rapid com- 
ponent (Figure 2C) is therefore equivalent to 2kl .  The cal- 
culated values for kl and k-l (determined from Kl) are 6 X 
lo6 (M.min)-' and 4 m i d ,  respectively, and, in addition, k2Rr 
must be at  least 40 min-' to account for the acceleration of 
dimer release by monomeric IgG. 

The reason that the first step in dimer binding is rate lim- 
iting most probably derives from the relative differences in 
ligand concentrations available to free receptors, when binding 
occurs from bulk solution (D - D1) or when binding occurs 
on the cell surface (D1 - D2). Cell surface concentrations 
of ligand may be several orders of magnitude greater than 
those in solution phase (Cohen & Eisen, 1977; Dower et al., 
198 1). Cross-linking rates should, therefore, be greater than 
the rates of forming the first bond with ligand from solution 
for most cases of multivalent binding. 

The binding of oligomers to the cells could be diffusion 
limited; this is, however, unlikely. The rate of diffusion of 
dimer from solution to the surface of a spherical cell 5 pm in 
diameter can be calculated from the relation kf = 4aDa 
(Noyes, 1961), where a is the cell radius and D is the ligand 
diffusion coefficient. Assuming a value of 5 X lod cm2 rnin-' 
for D, the diffusion-limited association rate is 10l2 (M-min)-'. 
The measured value [6 X lo6 (M.min)-l] is several orders of 
magnitude less than this. Similarly, by use of the relationship 
k, = 3D/a2 (Noyes, 1961), the calculated rate of diffusion of 
dimer away from the cell surface (assuming no rebinding; Berg 
& Purcell, 1977) would be 6 X lo3 mi&. Since the maximum 
estimated value (4 min-') is much less, k-l is also probably 
not limited by diffusion. Further, we found that neither al- 
tering the viscosity of the medium nor vigorous mixing of the 
cell suspension affected the kinetics of interaction of dimer 
with Fc receptors on P388D1 cells. This also indicates that 
diffusion in solution is not rate limiting in dimer binding or 
dissociation. 

Since the cross-linking step, D1 - D2, is not rate limiting, 
the rate of receptor diffusion in the plane of the cell membrane 
will not affect the dimer association rate. However, this step 
does influence the dissociation rates when k2Rf is large. The 
diffusion-limited rate of cross-linking, k2Rh calculated for a 
cell 5 pm in diameter containing lo5 free Fc receptors per cell 
with a two-dimensional diffusion coefficient of 10-lo cm2/s-l 
(Berg & Purcell, 1977; Dragsten et al., 1979), is 3000 min-'. 
From the kinetics experiments, we can only determine that 
k2Rf must be >40 min-'; hence its value must lie somewhere 
in the range 40-3000 min-'. 

Simulations using the complete set of differential equations 
describing the binding mechanism (eq 3) confirmed that under 
all conditions where monomeric IgG accelerates the rate of 
release of dimer, k2Rf must be greater than k-l. No simulated 
conditions could be found where both k2Rf was greater than 
k-l and the dissociation was biphasic. The observations that 
both association and dissociation occur by at least two pro- 
cesses and that monomeric IgG accelerates dissociation are, 
therefore, inconsistent with the simplest mechanism. The 
multiphase kinetics do not derive from heterogeneity in binding 
constants, since the cell preparation used in Figures 3 and 5 
exhibited no such heterogeneity (Figure 4), and the relative 
rates of fast and slow processes were largely independent of 

2klD C O.lk-1 < k2Rf 
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through the monovalent intermediate and dissociating from 
the cell. Oligomers should therefore reside on the cell surface 
for a longer average time than the monomeric protein, and 
this effect should increase with oligomer size and with self- 
aggregation. In physiological processes such as internalization 
of immune complexes or stimulation of exocytosis, the resident 
mean lifetime on the cell of multivalent immune complexes 
could be more important than the level of binding at equi- 
librium (Bergman & Hechter, 1978; DeLisi, 1981). 
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the concentration of dimer with which the cells were initially 
equilibrated, A plausible explanation for the biphasic kinetics 
of association and dissociation is that some of the Fc receptors 
are less accessible to the bulk medium than others. This could 
occur, for example, if receptors were temporarily sequestered 
in membrane folds. Such an effect would reduce both on and 
off rates of a fraction of the receptors, without necessarily 
producing heterogeneity in the equilibrium binding. In our 
experiments -65% of the dimer molecules associated with cells 
at  the fast rate, while only 35% dissociated rapidly. In an 
equilibrating system, however, the dissociation rate is likely 
to be higher than in the experiments illustrated in Figure 3, 
since free dimer in solution would accelerate the dissociation 
process. Multiexponential kinetics have been observed in 
several other cell surface receptor-ligand systems, and in these 
systems also, the origin of the complexity in the kinetics has 
not been fully accounted for (DeMeyts et al., 1973; Frazier 
et al., 1974: DeMeyts, 1976; Segal & Hurwitz, 1977; Boyd 
& Cohen, 1980; Landreth & Shooter, 1980; Mason & Wil- 
liams, 1980). 

The decrease in the rate of dissociation of the BDPE oli- 
gomers with increasing oligomer size (Figure 7) is also con- 
sistent with the cross-linking mechanism, since larger oligomers 
will bind to more Fc receptors (Dower et al., 1981) and, 
therefore, more ligand-receptor bonds will have to be broken 
in order for the oligomer to dissociate from the cell. Because 
self-aggregation increases the effective oligomer size on the 
cell surface, DIBADL dimers dissociate more slowly than those 
cross-linked with BDPE (Figure 8). Immune complexes, which 
can be large and self-aggregating might therefore be expected 
to remain cell associated for long periods of time if they should 
become cell bound in vivo. 

The data presented in this paper were collected at 0 OC in 
the presence of sodium azide in order to prevent internalization 
and degradation of the IgG oligomers by the P388D1 cells. 
Most probably, the rates of the processes measured here are 
slower than at 37 "C, the physiological temperature. However, 
several features of the system are likely to be the same at the 
two temperatures; in particular, the rate of the initial reaction 
between oligomers and cell surface Fc receptors will probably 
be rate limiting at 37 OC, and the rate of oligomer dissociation 
will decrease with increasing oligomer size and with self-ag- 
gregation. Physiological concentrations of IgG ( - 10 mg/mL; 
Spiegelberg, 1974) will greatly retard the rates of association 
of oligomers of all sizes with cells, by competing with the 
oligomers for free Fc receptors. Such competition will occur 
at both the initial monovalent binding step and at subsequent 
cross-linking steps. However, the second and subsequent 
subunits of bound oligomers should be able to compete ef- 
fectively with solution phase IgG for free receptors, because 
the local concentrations of these subunits relative to the re- 
ceptors will be higher. As a result, oligomers of all sizes will 
undergo several cycles of multivalent binding before passing 


