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Project 2 – G-protein Activation and De-Activation

Methods
For our analysis of the activation/de-activation of G-protein signaling, we refer to the diagram in Riccobene et al. (Figure 1) and the rate constants provided by FRET analysis. (1)
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Figure 1 – Model from Riccobene et al. of G-protein activation/deactivation cycle.

The following differential equations were entered into Madonna-Berkeley ODE solver and solved for various inputs of initial agonist/ligand (alpha-factor) levels, [L].
1. d[R]/dt = kr*LR - kf*L*R - kfr*R + kfr/Kact*Rstar

2. d[Rstar]/dt = kr*LRstar - a*kf*L*Rstar + kfr*R - kfr/Kact*Rstar

3. d[LR]/dt = kf*L*R - kr*LR + kfr/(a*Kact)*LRstar - kfr*LR

4. d[LRstar] = kfr*LR - kfr/(a*Kact)*LRstar - kds*LRstar + a*kf*L*Rstar - kr*LRstar

5. d[LRds]/dt = kds*LRstar - kr2*LRds + kf2*L*Rds

6. d[Rds]/dt = kr2*LRds - kf2*L*Rds

7. d[Gstar]/dt = ka*G*(LRstar + Rstar) - ki*Gstar

8. d[G]/dt = ki*Gstar - ka*G*(LRstar + Rstar)

The preceding four differential equations describe the kinetics of four variables: [R] = the amount of free/inactive receptor, [LR] = the amount of inactive receptor bound to ligand, [G] = the amount inactive G-protein, and [Gstar] = the amount of activated G-protein, [Rstar] = the active form of the receptor, [LRstar] = the active ligand-receptor form, [Rds] = the desensitized receptor, and [LRds] = the desensitized ligand-receptor complex. The input is the level of α-factor ([L]) and the output is the level of each of the preceding proteins given the varied input factor. The measured kinetic variables from the literature were as follows:  a, ligand-receptor affinity constant (= 10-4 – 10-6); kds, desensitization rate constant (= 0.0001 sec-1); kfr, the forward rate constant for conversion of R to Rstar (= 10 sec-1); Kact, equilibrium rate constant for R to Rstar conversion (= 0.0001); ka, activation rate constant for conversion of G to Gstar (=0.0000001 sec-1); ki, inactivation rate constant for Gstar (= 0.2 sec-1); L, varied ligand concentration (= 0.001 – 10-8 M); kf, ligand association rate constant (=84000000 M-1 sec-1); kr, ligand dissociation rate constant for R (= 0.37 sec-1); kf2, ligand association rate constant for Rds (= 84000000 M-1 sec-1); kr2, ligand dissociation rate constant for Rds (= 0.0046 sec-1). The time course studied was from 0 – 0.06 sec at 10-5 sec DT intervals.
Results

The Madonna-Berkeley simulation showed defined changes in enzymatic levels upon variation of the initial alpha-factor concentration from 10-5 M to 5.0 x 10-6 M to 10-8 M at a constant ligand-receptor affinity (a) of 10-4. The results of the simulations for R, Rstar, LR, LRstar, Gstar, LRds, and Rds are given in Figures 1 – 7, respectively. For varying concentrations of L (alpha-factor) input, successive increases in [L] led to visible decreases in concurrent [R] and concurrent [Rstar]. Rstar (activated receptor) saw a rapid increase of activated receptor each peaking between 10-11 and 10-10 M; the decrease in alpha-factor led to a consequently higher maximum value for activated receptors in the simulation. Only a decrease in inactivate receptors were decreased throughout the batch runs. For LR (inactive ligand-receptor complex) and LRstar (activated ligand-receptor complex), increases in alpha-factor lead to subsequently higher concentrations of both LR and LRstar at coinciding times between the three trials. For the two higher concentrations of L, rapid increases in both inactive and active receptor-ligand were observed followed by the establishment of steady-state concentrations of 9.0 x 10-7 M and 9.0 x 10-9 M, respectively. For the lowest alpha-factor concentration (again, 10-8 M), no steady-state concentration of LRstar or LR was observed for the time course studied, only a constant/consistent increase in the relatively lower concentrations of both intermediates (to 4.4 x 10-10 M and 4.4 x 10-8 M respectively). Similar kinetic behavior was also observed for the concentrations of Gstar, the activated G-protein, and LRds, the desensitized ligand-receptor complex. As concentration of alpha-factor (stimulus) is increased, an increase in both Gstar and LRds is likewise observed. No steady-state concentration is reached for either intermediate at any ligand concentration; however, the data for each intermediate, at the two highest concentrations of ligand, show a parallel rate of increase in intermediate. Both data sets show a state of high variability in intermediate concentration when ligand concentration is at its lowest. Rds showed a non-linear correlation between initial alpha-factor and final concentration of desensitized receptor. As ligand is increased we observe a corresponding increase in desensitized receptor up to a certain ligand concentration (interpolated to approx L = 6.2 x 10-7 M corresponding to a maximum Rds of 2.1 x 10-18 M) after which only a corresponding decrease in Rds could be observed for subsequent increases in alpha-factor; see Figure 6. The overall amount of inactive G-protein [G] remained a constant 1.66 x 10-8 M throughout the time course for all concentrations of L.
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Figure 1 – Results for Madonna-Berkeley ODE solver simulation of the final concentration of R (inactive receptor) with respect to alpha-factor, [L], at constant receptor-ligand affinity of 10-4. A clear and rapid descending trend exists. All values for R and L are in M-1.
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Figure 2 – Results for Madonna-Berkeley ODE solver simulation of the final concentration of Rstar (activated receptor) with respect to alpha-factor, [L], at constant receptor-ligand affinity of 10-4.  A clear and rapid descending trend exists like that of R leading to a supposition that R and Rstar correlate directly. All values for Rstar and L are in M-1.
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Figure 3 – Results for Madonna-Berkeley ODE solver simulation of the final concentration of LR (inactive receptor-ligand complex with respect to alpha-factor, [L], at constant receptor-ligand affinity of 10-4.  A rapid increase in final LR concentration as alpha-factor is increased leading to the conclusion of a maximum steady-state concentration of inactive that can exist. The parameter plot shows LR reaching a constant 9.0 x 10-7 M concentration near a threshold of 2.0 x 10-6 M alpha-factor. All values for LR and L are in M-1.
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Figure 4 – Results for Madonna-Berkeley ODE solver simulation of the final concentration of LRstar (activated receptor-ligand complex) with respect to alpha-factor, [L], at constant receptor-ligand affinity of 10-4. An increase in final LRstar concentration as alpha-factor is increased leading to a maximum steady-state concentration of inactive LR complex that can exist. The parameter plot shows LRstar reaching a constant 9.0 x 10-9 M concentration near a threshold of 2.0 x 10-6 M alpha-factor. These results mirror those in Figure 3 for LR vs. L; all values for LRstar and L are in M-1.
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Figure 5 – Results for Madonna-Berkeley ODE solver simulation of the final concentration of Gstar (activated G-protein) with respect to alpha-factor, [L], at constant receptor-ligand affinity of 10-4. An increase in final Gstar concentration as alpha-factor is increased leading to the conclusion of a maximum steady-state concentration of activated G-protein that can exist. The parameter plot shows Gstar reaching a constant 8.7 x 10-25 M concentration near a threshold of 5.0 x 10-6 M alpha-factor. These results mirror those in Figure 6 for LRds vs. L; all values for Gstar and L are in M-1.
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Figure 6 – Results for Madonna-Berkeley ODE solver simulation of the final concentration of LRds (desensitized ligand-receptor complex) with respect to alpha-factor, [L], at constant receptor-ligand affinity of 10-4. An increase in final Lrds concentration as alpha-factor is increased leading to a maximum steady-state concentration of desensitized LR complex that can exist. The parameter plot shows LRds reaching a constant 5.2 x 10-14 M concentration near a threshold of 5.0 x 10-6 M alpha-factor. These results mirror those in Figure 6 for Gstar vs. L; all values for LRds and L are in M-1.
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Figure 7 – Results for Madonna-Berkeley ODE solver simulation of the final concentration of Rds (desensitized receptor) with respect to alpha-factor, [L], at constant receptor-ligand affinity of 10-4. The plot shows a maximum concentration of desensitized receptor that can exist; however unlike other intermediates, Rds has its maximum concentration value of 2.1 x 10-18 M when L = 6.2 x 10-7 M and no maximum steady-state concentration is ever reached All values for LRds and L are in M-1.
We next varied the levels of receptor-ligand affinity (a) to determine the effects. Our results show a distinct trait of concentration and reactivity increases for six of the measured components. When the affinity was varied in batch simulations between 10-4 and 10-6 (50 batches), we saw a distinct rise in levels of Lstar (active ligand-receptor), Lrds (desensitized ligand), Rds (desensitized receptor), and Gstar (activated G-protein) as displayed in Figures 3, 4, 5 and 6, respectively. 
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Figure 8 - We can see distinctly from this Madonna-Berkeley (MB) ODE simulation the effects of increased receptor-ligand affinity on the concentration of active ligand-receptor (LRstar) form. The curve represents the final Lstar concentration with normalized affinity factors (a) of 10-4 - 10-6. There is a clear trend of an increase in the concentration of activated ligand-receptor complex at distinct times and an increase in the final steady-state concentration of each batch with increases in ligand-receptor affinity. The initial agonist concentration was held constant at 10-5 M. Affinity factors are unit-less and LRstar concentrations are given in M.
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Figure 9 - We can see distinctly from this Madonna-Berkeley (MB) ODE simulation the effects of increased receptor-ligand affinity on the concentration of desensitized ligand-receptor (LRds) form. The curve represents the final LRds concentration with normalized affinity factors (a) of 10-4 - 10-6. There is a clear trend of an increase in the concentration of activated ligand-receptor complex at distinct times and an increase in the final steady-state concentration of each batch with increases in ligand-receptor affinity. The initial agonist concentration was held constant at 10-5 M. Affinity factors are unit-less and LRds concentrations are given in M.
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Figure 10 - We can see distinctly from this Madonna-Berkeley (MB) ODE simulation the effects of increased receptor-ligand affinity on the concentration of desensitized receptor (Rds). The curve represents the final Rds concentration with normalized affinity factors (a) of 10-4 - 10-6. There is a clear trend of an increase in the concentration of desensitized receptor at distinct times and an increase in the final steady-state concentration of each batch with increases in ligand-receptor affinity. The initial agonist concentration was held constant at 10-5 M. Affinity factors are unit-less and Rds concentrations are given in M.
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Figure 11 - We can see distinctly from this Madonna-Berkeley (MB) ODE simulation the effects of increased receptor-ligand affinity on the concentration of activated G-protein (Gstar). The curve represents the final Gstar concentration with normalized affinity factors (a) of 10-4 - 10-6. There is a clear trend of an increase in the concentration of activated G-protein at distinct times and an increase in the final steady-state concentration of each batch with increases in ligand-receptor affinity. The initial agonist concentration was held constant at 10-5 M. Affinity factors are unit-less and Gstar concentrations are given in M.

The amount of inactivated receptor [R] saw analogous falls in concentrations between the various batches for the initial 0.001 sec of simulated time only to find the various levels of inactive receptors to settle out to varied steady state values (4.03 pM, 4.01 pM, and 3.98 pM for each of the three runs respectively); their initial value for [R] for all batches was 914nM. See Figure 12. This demonstrates the trend of a decrease in the long-term steady-state value for inactive receptor concentrations as affinity between receptor and ligand is increased; similar results were seen in the long-term steady state value for the active form of the receptor [Rstar]. Only the values of inactive G-protein, [G] stayed constant throughout the variation of the affinity factor between R and L. See Figure 13. The value for G-protein concentration stayed a steady-state 16.6 nM and did not see a change in this level throughout the simulation.
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Figure 12 - We can see distinctly from this Madonna-Berkeley (MB) ODE simulation the effects of increased receptor-ligand affinity on the concentration of inactive receptor (R). The curve represents the final R concentration with normalized affinity factors (a) of 10-4 - 10-6. There is a clear trend of a declination in the concentration of inactive receptor at distinct times and a decrease in the final steady-state concentration of each batch with increases in ligand-receptor affinity. The initial agonist concentration was held constant at 10-5 M. Affinity factors are unit-less and R concentrations are given in M.
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Figure 13 - We can see distinctly from this Madonna-Berkeley (MB) ODE simulation the effects of increased receptor-ligand affinity on the concentration of activated receptor (Rstar). The curve represents the final Rstar concentration with normalized affinity factors (a) of 10-4 - 10-6. There is a clear trend of a declination in the concentration of activated receptor at distinct times and a decrease in the final steady-state concentration of each batch with increases in ligand-receptor affinity.  The initial agonist concentration was held constant at 10-5 M. Affinity factors are unit-less and Rstar concentrations are given in M.
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Figure 14 - We can see distinctly from this Madonna-Berkeley (MB) ODE simulation the effects of increased receptor-ligand affinity on the concentration of inactive ligand-receptor (LR). The curve represents the final LR concentration with normalized affinity factors (a) of 10-4 - 10-6. There is a clear trend of a declination in the concentration of inactive ligand-receptor complex at distinct times and a decrease in the final steady-state concentration of each batch with increases in ligand-receptor affinity.  The initial agonist concentration was held constant at 10-5 M. Affinity factors are unit-less and LR concentrations are given in M.

Discussion

In our analysis, we found that the simulated trends of the various intermediates, resulting from our model, could be justified given the mechanism by which G-protein activation occurs and the model that was utilized.

We first look at the simulations involving variations in the initial ligand (alpha-factor) concentration. We observed that increases in L would lead to decreases in final inactive receptor and activated receptor concentrations. While this may seem contradictory, we found these results justifiable. Naturally, an increase in ligand will decrease the concentration of stationary/inactive receptor as more ligand is available to bind and activate the G-protein cycle. We justify the results of the R* as being due to the very high propensity of Rstar to activate G-proteins and become desensitized; this is highlighted by the fast, experimentally measured rate constant, ka. The activated ligand-receptor (LRstar), the inactive ligand-receptor (LR), the desensitized ligand-receptor complex, and the activated G-proteins were observed to have increased in concentration as the level of alpha-factor is raised. The first three seem justifiable by one of the arguments made earlier: as more ligand is present, more ligand binds to the receptor and this – coupled with a high chemical affinity to quickly activate G-proteins and to rapidly become desensitized – leads to a substantial increase in LRstar, LR, LRds, and Gstar. Perhaps the most interesting of the fluxes in chemical concentration comes from observing the rate of desensitized receptor. We observed an altogether different parameter plot for Rds vs. L than other intermediates; however, the rapid increase and following decrease in Rds with increased ligand concentration can again be explained. At lower concentrations of ligand, there are enough inactive receptors such that the ligand introduced to the system binds to them. As ligand concentration is increased to a certain concentration (in this case, L = 6.2 x 10-7 M), all of the introduced ligand is occupied in the cyclic portion of the modular cell signaling system and the kinetics of G-protein activation center around this portion of the cycle. Prior the saturation of the enzymes in the cyclic portion of the mechanism, excess desensitized ligand-receptor is ejected from the system in an irreversible reaction leading to the observed increase LRds as ligand is increased. The reaction of desensitized ligand-receptor ( desensitized receptor + ligand kinetically favors the forward reaction as evidenced by the rate constant (kr2 – the ligand dissociation rate constant for the forward reaction – is 0.0046 sec-1 as opposed to kf2 – the ligand association rate constant for the reverse reaction – which is 84000000 M-1 sec-1). During the initial ejection of excess LRds from the cycle (just prior to saturation), the kinetically favorable ligand dissociation takes place and we observe a large increase in desensitized receptor. Following the increase of the ligand past the observed saturation point, we find that excess ligand accumulates in the system and begins to bind with desensitized receptor as the kinetically favorable dissociation reaction is overpower by the now present concentration gradient forcing the reaction towards ligand association; thus, we observe the decrease in desensitized receptor as displayed in Figure 7. 

We now look at the results of the variation of the ligand-receptor binding affinity. Binding affinity involves the intermolecular forces between agonist and its receptor and, in general, higher affinity and longer receptor residence time result from higher intermolecular forces with the converse being true for lower intermolecular forces. In other words, from higher binding affinity we expect longer receptor residence and higher concentration of ligand-receptor intermediates. This claim is supported by Figures 8 and 9 whereby increasing binding affinity leads to an increase in a larger concentration in LRstar and LRds. Given this logic, the results for inactive ligand-receptor in Figure 14 might seem contradictory; however, the model is constructed such that the binding affinity influences the forward reaction of LR to LRstar. An increase in the binding affinity would, accordingly, result in a favorable shift of the reversible reaction towards LRstar, decreasing the concentration of LR; therefore, the results of Figure 14 are valid. We observed an increase in the concentrations of Gstar and Rds when we increased the affinity factor; these results are also justified. Again, due to the kinetic favorability on activating G-protein, a net increase in either Rstar or LRstar will result in an overall increase in the concentration of activated G-protein. Our results show, while there was a consistent decrease in Rstar as binding affinity increases, the decrease in concentration in Rstar is nearly 7 times smaller in magnitude than the change in concentration of LRstar – given its larger concentration. Therefore, the resulting shift caused by the increase in binding affinity favors the net activation of G-protein in Figure 11. The increase in Rds is justified by the fact that an increase in the amount LRstar due to increased affinity will result in a direct increase in Rds as LRstar to LRds is irreversible and the dissociation of the alpha-factor agonist is favorable. We observed that for an increase in affinity there was a corresponding decrease in Rstar, LR, and R. The decrease in inactive receptor concentration observed in Figure 12 stems from the fact that an increase in affinity warrants a longer ligand-receptor binding duration and, therefore, we expect a decrease in free/inactive receptors. The decrease in Rstar is a direct consequence of the decrease in inactive receptors, R; as fewer are left in monomer-inactive form, fewer R are left to become Rstar as shown in Figure 13. The decrease in LR observed in Figure 14 is a direct consequence of the binding affinity influencing the reversible reaction between LR and LRstar; LRstar becomes the more favorable product and therefore, LR (inactive ligand receptor dimer) decreases. 

In both cases of variation, G – the amount of inactive G-protein - was constant throughout the trials, even given its status as a free, differential variable of the system. This perhaps points to a mechanism by which G-protein is manufactured or whether the system corrects itself to prevent over-expression of the G-protein activation/de-activation pathway. For all of our simulations, the model proposed has been validated and the sum of data we can collect about the fluxes of intermediates, the kinetics of the mechanism, the flow of material through mechanism (e.g. R ( RL ( RLstar as opposed to R( Rstar ( RLstar) and the ending concentrations of our substrates and products can all be collected from our model.
Reference:

1. Riccobene, Todd A., Omann, Geneva M., Linderman, Jennifer J., “Modeling Activation and Desensitization of G-Protein Coupled Receptors Provides Insight into Ligand E7cacy” J. theor. Biol. (1999) 200, 207}222

