
Text S1. Detailed kinetics of Env-CD4-CCR5 binding 
Reaction network

Here, we describe the reaction kinetics of the binding of Env on an effector cell to CD4 and CCR5 on a closely apposed target cell. Let the effector cell have E0 Env trimers and the target cell R0 CD4 and C0 CCR5 molecules, respectively, per unit area. Let Eij be the surface density (number per unit area) of Env trimers that are bound to i CD4 and j CCR5 molecules, respectively, where 
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. Thus, for instance, E00 are unbound Env trimers and E33 are trimers bound to the maximum of 3 CD4 and 3 CCR5 molecules. We recognize that CCR5 molecules can bind to gp120 only after CD4 binding so that . The reactions between Env, CD4 and CCR5 are summarized in the network below.  
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Here, the horizontal arms represent CD4 binding and unbinding, and vertical arms represent CCR5 binding and unbinding, respectively. CD4 and CCR5 are not shown for convenience.  The time evolution of the surface density of each of the species in the reaction network was obtained by solving the following rate equations
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Here, R and C are the surface densities of unbound CD4 and CCR5 molecules, respectively. 
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 is the association rate constant of CD4 and monomeric gp120 and 
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 is the dissociation rate constant of the gp120-CD4 complex. Similarly, 
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 is the association rate constant of CCR5 with a gp120-CD4 complex and 
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 is the dissociation rate constant of CCR5 from the gp120-CD4-CCR5 complex. We assumed that each of the gp120 monomeric units in an Env trimer interacts independently with CD4 and subsequently with CCR5. Thus, the rate constant for the conversion of E30 to E20, for instance, is 
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 because each of the 3 CD4 molecules bound to gp120 in E30 dissociates with the rate constant 
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. Further, we assumed that CD4 from a gp120-CD4-CCR5 complex dissociates after the dissociation of CCR5, which ensures 
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. The forward and backward rate constants of each of the reactions in the network are thus determined in terms of 
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, which we estimated as follows.

Determination of rate constants


We employed the analysis of Bell [1] to determine the reaction rate constants 
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 when the proteins are restricted to apposed membranes, given the corresponding rate constants when the proteins are freely diffusing in solution. Let ron​ and roff be the association rate constant of gp120 and CD4 and the dissociation rate constant of the gp120-CD4 complex, respectively, when gp120 and CD4 are in solution. Then, from Bell’s analysis, it follows that
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where 
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. Here, Ds(R) and Dm(R) are the diffusivities of CD4 molecules in solution and in the membrane, respectively, Ds(E) and Dm(E) are the corresponding values for Env, and RER is the encounter distance, the minimum proximity between Env and CD4 for bond formation.


Similarly, if con​ and coff are the association rate constant of CCR5 with the gp120-CD4 complex and the dissociation rate constant of CCR5 from the gp120-CD4-CCR5 complex, respectively, when gp120-CD4 and CCR5 are in solution, then
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where 
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. Again, Ds(C) and Dm(C) are the diffusivities of CCR5 molecules in solution and in the membrane, respectively, Ds(ER) and Dm(ER) are the corresponding values for the gp120-CD4 complex, and RERC is the encounter distance, the minimum proximity between gp120-CD4 and CCR5 for bond formation.


The rate constants in solution have been measured. Thus, ron​=6.72(104 M-1s-1 and roff=1.5(10-3 s-1 [2]. Further, coff/con= 4 nM (Kd) and t1/2=ln(2)/coff = 5.8 min [3], which yield con=5(105 M-1s-1 and
coff=2(10-3 s-1. The diffusivity of CD4 in solution, following the Stokes-Einstein equation, is Ds(R)=85 µm2s-1 [4]. We assumed the diffusivities of all the other proteins and complexes in solution to be equal to Ds(R). The diffusivities of CD4 and CCR5 as well as the gp120-CD4 complex on membranes have been measured; Dm(R)=52 µm2s-1 and Dm(C)= 45 µm2s-1 [5], and Dm(ER)= 0.05 µm2s-1 [6]. As an approximation, we set Dm(E)=Dm(R). With these parameter values and with RER=RERC=0.75 nm [1], we obtained 
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Kinetics of the Env-CD4-CCR5 interactions

We solved the above equations (Eq. 2) with the following initial conditions: E00(0)=E0=6.82 µm-2 (=G0/3, see manuscript), Eij(0)=0 for all i, j>0, R(0)=R0=207 µm-2 (corresponding to 65000 CD4 molecules/cell [7]), and C(0)=C0=16 µm-2 (corresponding to ~5000 CCR5 molecules/cell, see manuscript). We solved the equations using a computer program written in C.  The resulting time evolution of each of the proteins and complexes is presented in Fig. S1.
After the initiation of the reactions, E00, the surface density of unbound Env, dropped sharply (in ~0.05 s) and E10 and E11 rose, indicating binding of CD4 and CCR5 to Env (Fig. S1A). By ~0.1 s, E10 and E11 also dropped and made way for E20, E21, and E22, indicating continued CD4 and CCR5 binding (Figs. S1A and S1B). By ~0.3s, E20, E21, and E22 declined, with only E30, E31, E32 and ​E33 remaining in significant numbers (Figs. S1B and S1C). Thus, the reactions reached equilibrium in ~1 s (Fig. S1C), and at equilibrium all Env trimers were bound to 3 CD4 molecules. That CD4 was in large excess is indicated by the negligible drop in its surface density (Fig. S1D). CCR5 molecules, however, were not in excess (Fig. S1D); consequently, a distribution of Env trimers bound to 3, 2, 1, and no CCR5 molecules emerged. We derived analytical expressions for the surface densities of the complexes at equilibrium, which we present below.    
Reaction equilibrium with excess CD4 


With excess CD4, all gp120 molecules were bound to CD4 so that only CCR5 binding and unbinding to Env need be considered. The reaction network (Eq. (1)) then simplified to 
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At equilibrium, we therefore have
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where KC=
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.  In addition, species balance implies 
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Combining Eqs. (6) and (7) resulted in a quadratic equation in C, which we solved to obtain
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Eqs. (6) and (7) also imply
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Substituting Eqs. (8) and (9) in Eq. (6) then yielded the equilibrium surface densities of each of the complexes in Eq. (5).  The resulting predictions (dashed lines in Fig. S1C and D) are in agreement with the equilibrium surface densities predicted by the dynamical equations (Eq. (2)) above.


In summary, reaction equilibrium was attained rapidly (~1 s) compared to the time required for cell-cell fusion (~min).  Further, all gp120 molecules were bound to CD4 at equilibrium.  It follows that if each gp120 molecule were to interact independently with CCR5, then the reaction scheme in Eq. (5) may be simplified further by ignoring the trimeric nature of Env and considering the total surface density of gp120 molecules as available for interaction with CCR5.  The latter simplification is employed in the manuscript (Eq. (1)).   
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