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Appendix 

 

Cooperative agonist operational model 

A model of signal transduction by a receptor with nB binding sites is displayed in the 

equilibrium: 

(nB)A+ R
KA1 AR + nB-1 A

KA2 A2R + nB-2 A
KA3 A3R + nB-3 A⟺…⟺AnBR

   KE   
E 

 

Where KE is the value of AnBR that elicits half the maximal system effect and agonist affinity 

for each site can be described by the equilibrium dissociation constants: 

KA1 =	
[A][R]
[AR]

, KA2 =	
[A][AR]
[A2R]

, KA3 =	
[A][A#R]

[A3R]
, etc  

We see that 

KA1×KA2×KA3×⋯×KAnB= A nB R
AnBR

=KA
nB, where KA is the geometric mean of the individual 

equilibrium dissociation constants. 

For simplicity, the receptor is considered either empty (R) or fully occupied (AnBR): 

(nB)A + R 
KA

nB

 AnBR
   KE    E 

KA
nB = 

[A]nB[R]
[AnBR]

 

 

The total receptor concentration can be expressed as: 

R0 = R  +[AnBR] 

 

where  

R  = 
KA

nB[AnBR]
[A]nB  
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therefore 

[R0] = 
KA

nB[AnBR]
[A]nB  + AnBR  

[R0] =[AnBR] 
KA

nB

[A]nB +1  

[R0] =[AnBR]
KA

nB+[A]nB

[A]nB  

 

Receptor occupancy is thus denoted: 

[AnBR] = 
[R0][A]nB

KA
nB+[A]nB 

 

In accordance with the scheme of the operational model of agonism, the logistic function for 

the transduction of occupancy into response is: 

E=
Em[AnBR]nT

KE
nT+[AnBR]nT ;  

 

where nT is a logistic slope factor describing the transduction of agonist binding into a response 

(the transducer slope). 

 

Using the previous expression of [AnBR] gives: 

E=
Em

[R0][A]nB

KA
nB+[A]nB

nT

KE
nT+ [R0][A]nB

KA
nB+[A]nB

nT   
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Multiplying numerator and denominator by (KA
nB + [A]nB)nT gives: 

E=
Em[R0]nT[A]

nBnT

KE
nT KA

nB+[A]nB nT
+[R0]nT[A]nBnT

  

 

Dividing through by KE and redefining [R0]
KE

 as tA gives an operational model of agonism for a 

receptor with nB binding sites (Eq 2 in the main text): 

E=
EmτAnT[A]nBnT

KA
nB+[A]nB nT

+τAnT[A]nBnT
 

 

For use in Graphpad Prism or similar software, the above equation is described by the following 

notations, where nT or nB will likely need to be fixed to a known or theoretical value to fit real 

experimental data to this equation, and where a “Basal” response parameter is introduced to 

accommodate ligand-independent effects that deviate from zero: 

KA=10^LogKA 

A=10^X 

tau=10^Logtau 

Part1=(Em-Basal)*tau*(A^nB) 

Part2=tau*(A^nB)+(A^nB)+(KA^nB) 

Y=Basal+(Part1^nT)/(Part2^nT) 
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Operational model of allosterism with cooperative agonist binding 

In a ternary complex consisting of a receptor (lacking constitutive activity), an orthosteric 

agonist that binds nB binding sites, and an allosteric modulator, the stimulus-generating species 

are AnBR, BR and AnBRB. A model of ligand-receptor interactions in this ternary complex is 

displayed in the equilibrium: 

(nB)A+ R 
KA

nB

A$%R  ; B + R 
   KB    BR ; and 	AnBR + B 

   KB
α    

 AnBRB  

 

where 

KA
nB=

[A]nB[R]
[AnBR]

 , KB=
[B][R]
[BR]

 , and 
KB

α
=

AnBR [B]
[AnBRB]

	 

 

From the latter expression we obtain: 

α=
KB[AnBRB]

AnBR [B]
 

 

Assuming the pharmacological effect (E) is a function of the total stimulus (ST) arising from 

the sum of the stimuli generated from each individual ligand-bound receptor species, then: 

ST=SAnBR+SBR+SAnBRB 

 

It is further assumed that the stimulus (S) generated from each individual ligand-bound receptor 

species is proportional to the product of the intrinsic efficacy of the ligand (e) and the 

concentration of the ligand-bound receptor species, thus: 

SAnBR=εAnB[AnBR]; SRB=εB BR ;SAnBRB=εAnBB AnBRB ; and εAnBB=βεAnB  
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where ε&'(denotes the intrinsic efficacy of the orthosteric agonist, eB denotes the intrinsic 

efficacy of the allosteric modulator, and b is a coupling factor that describes the effect of the 

allosteric modulator on the intrinsic efficacy of the orthosteric agonist when the two ligands 

are bound to the same receptor. 

 

Thus, the effect (E) of an agonist in the presence of an allosteric modulator is processed through 

the following logistic equation 

E=
EmST

nT

KS
nT+ST

nT 

 

where Em denotes the maximum possible response, KS denotes a constant that governs the 

efficiency of stimulus-response coupling and nT denotes a logistic slope factor (the transducer 

slope). 

 

If we consider the total receptor concentration: 

[R0]= R + AnBR + BR +[AnBRB] 

 

where 

AnBR =
[R0][A]nB

[A]nB 1+ α[B]
KB

+KA
nB 1+ [B]

KB

	 ; 

 

BR =
[R0][B]

B 1+ α[A]nB

KA
nB +KB 1+ [A]nB

KA
nB

 

and 
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Part2=(A^nB)*KB+(KA^nB)*KB+B*(KA^nB)+alpha*(A^nB)*B 

Stim=Part1/Part2 

Y=Basal+((Em-Basal)*(Stim^nT))/((Stim^nT)+(1^nT)) 

 

For the purposes of the current study, the model has been simplified further to enable analysis 

of data when the orthosteric agonist is a full agonist. Therefore, equation 4 in the manuscript 

reduces to: 

E=
Em τA[A]nB KB+αβ B +τB[B]KA

nB nT

KA
nBnT KB+[B] nT+ τA[A]nB KB+αβ B +τB[B]KA

nB nT 

 
Dividing through by τA

nT, and defining [EC50]=KA/τA yields the following expression: 
 

E=
Em [A]nB KB+αβ[B] +τB B [EC50]nB nT

[EC50]nBnT KB+[B] nT+ [A]nB KB+αβ[B] +τB B [EC50]nB nT 
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