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Abstract

Membrane proteins, due to their roles as cell receptors and signaling mediators, make prime 

candidates for drug targets. The computational analysis of protein-ligand binding affinities has 

been widely employed as a tool in rational drug design efforts. Although efficient implicit solvent-

based methods for modeling globular protein-ligand binding have been around for many years, the 

extension of such methods to membrane protein-ligand binding is still in its infancy. In this study, 

we extended the widely used Amber/MMPBSA method to model membrane protein-ligand 

systems, and we used it to analyze protein-ligand binding for the human purinergic platelet 

receptor (P2Y12R), a prominent drug target in the inhibition of platelet aggregation for the 

prevention of myocardial infarction and stroke. The binding affinities, computed by the Amber/

MMPBSA method using standard parameters, correlate well with experiment. A detailed 

investigation of these parameters was conducted to assess their impact on the accuracy of the 

method. These analyses show the importance of properly treating the non-polar solvation 

interactions and the electrostatic polarization in the binding of nucleotide agonists and non-

nucleotide antagonists to P2Y12R. Based on the crystal structures and the experimental conditions 

in the binding assay, we further hypothesized that the nucleotide agonists lose their bound 

magnesium ion upon binding to P2Y12R, and our computational study supports this hypothesis. 

Ultimately, this work illustrates the value of computational analysis in the interpretation of 

experimental binding reactions.
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Introduction

Membrane proteins provide a range of important functions as cell receptors, signaling 

proteins, transmembrane channels, and more. Their roles as receptors and signaling proteins 

make them particularly relevant as candidates for drug targets. However, the study of 

membrane proteins is more complicated than the study of globular proteins. Particularly, the 

presence of the membrane complicates structural studies, both experimentally and 

computationally. The presence of the membrane makes it more difficult to employ 

experimental techniques such as NMR and X-ray crystallography. For instance, the signal 

from the membrane must be disentangled from that of the protein when using NMR, and 

membrane proteins are notoriously difficult to crystallize. For computational studies, 

modeling of the membrane becomes an important consideration.

An active area of computational studies of proteins is the prediction of protein-ligand 

binding affinities. The Amber 161 and AmberTools 162 suites currently provide the 

capability of performing such calculations for globular proteins via the widely used 

MMPBSA module3-8. The consideration of solvation effects in these computational 

approaches is quite important. It is relatively common knowledge that solvent-solute 

interactions provide the primary driving force for producing and maintaining the properly 

folded structures of proteins9-11.

Inclusion of the solvent into a computational model or simulation can generally be classified 

into one of two different categories: explicit and implicit solvation. In explicit solvation, 

each atom or molecule of the solvent is modeled individually. While this is generally agreed 

to be the most accurate method, one is often not interested in the properties of the solvent 

itself, but rather in the behavior it induces upon the solute. Unfortunately, accurately 

capturing statistically meaningful characteristics requires sampling either from ensembles of 

trajectories or from a single very long trajectory. Implicit solvents provide an attractive 

alternative wherein the effects of the solvent are modeled as a continuum10-26. While the 

fine-grained details of individual solvent-solute particle interactions are lost, the relevant 

statistically averaged effects may still be captured when a properly parameterized and 

transferrable model is used. In addition, since the individual solvent molecules are no longer 

modeled directly, there are far fewer particles to simulate which reduces the sampling 

challenges in molecular simulations.
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In the case of membrane proteins, the membrane must also be included when modeling 

solvation effects27-33. In general, the molecules that make up a lipid membrane are much 

more complex than water or other small organic solvents, and this increases the 

computational expense of their inclusion. Thus, there has been much effort put into the 

development and testing of implicit membrane solvent models27-33. Implicit membranes 

have appeared in several recent computational studies as they can assist in finding the proper 

native fold of a membrane protein for structural studies and calculations34-36. 

Implementation of an implicit membrane is currently available in packages such as APBS32, 

Delphi33, 37, and both the Amber 161 and AmberTools 162 suites. With the implementation 

of an implicit membrane model into the Amber/PBSA program38-42, the implicit membrane 

model can be more readily interfaced with the existing MMPBSA framework3-8.

One of the key features to consider in implicit solvent models is the modeling of 

electrostatic interactions. This is most readily accomplished by employing the Poisson-

Boltzmann equation (PBE)43-60. In cases where the electric field is weak and the ion 

concentration is relatively low (a few hundred millimolar or less), this equation may be 

approximated as the linear PBE:

(1)

where . Here ν denotes the solvent, and I = z2c represents the ionic strength of 

the solution. The PBE-based solvent models have many biological applications. For 

example, they have been applied to the prediction of pKa values for ionizable groups in 

biomolecules61-65, solvation free energies66, 67, binding free energies68-73, and protein 

folding and design74-83. Even in its simplified linear form, solving the PBE is a non-trivial 

endeavor. Due to its complexity, there is no general closed form solution; a numerical 

solution must be sought with the exception of very simplified 

geometries27, 38-40, 42, 48, 59, 60, 84-115. A semi-analytical Generalized Born (GB) equation 

was also developed to approximate the PBE solution and is quite popular in biomolecular 

applications.

In order to apply the PBE or GB frameworks to implicit membrane solvent models, an 

additional dielectric region must be added (see FIGURE 1). The appropriate dielectric 

constant of the membrane region is generally thought to be quite low relative to the bulk 

solvent dielectric constant that is typically set to be between 60 (mimicking SPC water 

models) and 80 (typical for TIP3P models)116-119. Various dielectric constant profiles were 

explored during the development of GB implicit membrane models116, 118, 120, and it was 

demonstrated that a simple two dielectric constant model can reproduce electrostatic free 

energies relatively well by modeling the membrane as a slab like region with a uniform 

dielectric constant of about 2. Models with 3 or more layers have been shown to improve the 

accuracy of the results; however, beyond three layers, the improvement was shown to be 

marginal118.
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A complete implementation of an implicit membrane under the Amber/PBSA program38-42 

requires implementation of appropriate membrane to protein non-polar solvation free energy 

terms121. While development of these terms is still underway, it is not expected to impact 

binding free energy calculations for protein-ligand systems in which the binding pocket is 

sequestered away from the membrane in the protein interior. Thus, such systems make good 

candidates for testing the electrostatic free energy calculations provided by the current 

implementation of the implicit membrane model within the Amber/PBSA program38-42.

While three-dimensional structures for globular proteins are quite abundant, such data is less 

prevalent for membrane proteins. To validate the Amber/PBSA program, and the MMPBSA 

framework for membrane protein applications, it is necessary to find a protein for which 

experimental binding affinities and structures of the associated protein-ligand complexes are 

both available. Recently, a study on the human purinergic platelet receptor (P2Y12R) was 

reported122, 123, providing crystal structures of the receptor bound to three different ligands 

and experimental measurements of dissociation constants for the wild type, several select 

mutants, and two additional ligands. Several antithrombotic drugs target P2Y12R to inhibit 

platelet aggregation for the purpose of preventing myocardial infarction and stroke. 

However, limitations of these drugs have motivated the development of a new generation of 

P2Y12R inhibitors124, 125. Thus, computational modeling, based on the latest structural and 

functional data, will further facilitate developmental efforts aimed in this direction.

This work documents both the development of an MMPBSA algorithm for membrane 

protein-ligand binding applications and the validation of the algorithm using P2Y12R 

complexes with nucleotide agonists and non-nucleotide antagonists. We analyze the 

sensitivity and the quality of predicted binding affinities with respect to several key polar 

and non-polar components in the MMPBSA framework. In addition, we also analyze the 

role of magnesium ions in the binding of nucleotide agonists to P2Y12R. Our results show 

the application of protein-ligand binding affinity prediction methods towards interpreting 

experimental binding affinities.

Methods

Preparation of the P2Y12R complex structures

Three separate crystal structures of P2Y12R122, 123, two complexed with agonist ligands: 2-

methylthio-adenosine-5′-triphosphate and 2-methylthio-adenosine-5′-diphosphate 

(2MeSATP and 2MeSADP respectively) and one with an antagonist ligand: AZD-1283 

(AZD), were downloaded from the protein databank. As was noted in the corresponding 

literature122, 123, each of the crystal structures contained several sequence gaps for which no 

structure could be resolved. The program Modeller126 was used to generate initial structures 

for these gaps. These homology models were then merged into the crystal structures using 

the Multi-SEQ127 module in the program VMD128. The single point mutation D294N was 

modeled in the Amber/LEAP program1, 2, 129.

In addition to the ligands obtained from the three P2Y12R crystal structures, two additional 

antagonist ligands, with reported binding affinity data122, were docked to the receptor from 

the P2Y12R-AZD crystal structure. The structure for Ticagrelor (TIQ) was extracted from a 
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previously published crystal structure130 (PDB ID: 5ALB). The structure for PSB-0739 

(PSB) was generated using MarvinSketch131 to produce a 2D structure file which was 

subsequently converted into a 3D structure file using the OpenEye toolkits132. The structures 

were independently docked to the receptor using AutoDock Vina/SMINA133.

The ligands in the three P2Y12R complex structures (2MeSATP, 2MeSADP, and AZD) were 

extracted to individual structure files for parameterization. Two additional ligands, PSB and 

TIQ, were obtained from the docking analysis documented above. The two agonists are 

simple derivatives of ATP and ADP, so their parameters were obtained from the literature134 

except for the atomic charges for the 2-methylthio-adenine group. For the rest of the ligands, 

the Amber/ANTECHAMBER135 program was used to generate force field parameters.

Preparation of the lipid membrane model

P2Y12R is found embedded within platelet outer membranes. The membrane environment 

for P2Y12R was modeled with an explicit all-atom model for the molecular dynamics (MD) 

simulation and with an implicit continuum model for the post-processing binding affinity 

calculation. Construction of the explicit all-atom membrane model was accomplished using 

the CHARMM-GUI membrane builder web server136. The membrane was constructed with 

a POPC, POPS, and POPE ratio of 3:2:3 and a cholesterol to lipid ratio of 2:5137. 

Sphingomyelin lipids were not included since their force field parameters were not yet 

available.

The aqueous phase of the P2Y12R membrane protein-ligand system was modeled using an 

explicit all-atom approach with the TIP3P model along with sufficient potassium and 

chloride ions to mimic a roughly 150 millimolar KCl concentration. The constructed 

membrane protein-ligand system was loaded into the LEAP1, 2, 129 program for the 

generation of simulation force field topology and coordinate files.

MD simulation protocol

Each system was first minimized using 500 steps of steepest descent followed by 500 steps 

of conjugate gradient optimization. All residues taken directly from the crystal structures 

were held fixed. Residues generated from homology modeling were left unrestrained, along 

with all solvent molecules including membrane lipids, water molecules, and ions. After 

minimization, heating was performed in two phases. In the first phase, systems were brought 

up to 100 K over 2500 time steps (5 ps) under the NVT condition using a Langevin 

thermostat with a collision frequency of 1.0 per ps. This was followed by heating from 100 

K to 303 K over 100 ps under the NPT condition with anisotropic pressure scaling using the 

Berendsen barostat with a pressure relaxation constant of 2.0 ps and a target pressure of 1.0 

atm. In both cases, a cutoff radius of 10 Å was used when computing non-bonded 

interactions. All these preparation simulations were performed using the MPI parallelized 

SANDER program from the Amber 16 suite1, 2, 129.

After the initial heating was completed, it was necessary to equilibrate the membrane density 

prior to fully flexible MD runs. The MD runs utilized Amber's GPU accelerated PMEMD 

program that does not allow frequent updating of the box size1, 2, 129. Density equilibration 

was performed over 10 identical 500 ps NPT simulations at a constant temperature of 303 K. 
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As with heating and minimization, portions of the protein substructure containing 

coordinates from the crystal structure were held fixed. Afterwards, all restraints were 

removed, and a 20 ns equilibration run was performed to fully relax the system. Finally, a 10 

ns production run was used for the MMPBSA calculation, which was found to be sufficient 

to achieve the averaging required for free energy calculations (SI Figure S1). In order to take 

full advantage of the GPU accelerated code, a Monte-Carlo thermostat was employed 

instead of the Berendsen thermostat used during the previous simulation phases.

Binding free energy calculations

Binding free energies were computed using the SANDER/PBSA module in the Amber 2016 

release1, 2, 129. The production run trajectory was post processed with CPPTRAJ138 in order 

to remove the solvent, membrane, and counter ions from the receptor-ligand complex. 1000 

frames, taken at equal intervals over the 10 ns production run, were processed using 

SANDER/PBSA to compute molecular mechanics potential energies and solvation free 

energies.

The binding free energy for the protein-ligand complex was computed as the difference 

between the complex free energy and the sum of the receptor and ligand free energies as 

shown schematically in FIGURE 2 for the membrane protein-ligand system. The SANDER/

PBSA calculations were conducted either inside the implicit membrane/water solvent or the 

pure implicit water solvent according to the following thermodynamic cycle:

(2)

The solvation free energies were calculated using

(3)

where the electrostatic terms, , were calculated using the linearized PBE solver as 

implemented in PBSA38-42. The non-polar solvation terms, , were calculated using 

either the classical model or the modern model as documented previously139. It is worth 

pointing out that FIGURE 2 shows that the ligand-binding site of the protein is in the 

aqueous phase. This implies that the standard non-polar solvent models, optimized for 

solvation in water, are reasonable approximations. However, it is not unusual to observe 

binding cavities buried deep within the lipid bilayer. These binding reactions will require a 

recalibration of the non-polar solvent model, and this scenario will be explored in a future 

study.

The calculated binding free energies were then compared against the experimental 

results122. The experimental dissociation constants, Kd, were converted to appropriate 

binding free energies using the formula:
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(4)

where R is the gas constant, and T is the temperature.

Estimation of the free energy penalty upon the loss of Mg2+

It is well known that both ATP and ADP have a tendency to form a complex with a 

magnesium ion in solution140-142. However, in the crystal structures for 2MeSATP and 

2MeSADP bound to P2Y12R, magnesium ions were notably absent. Nevertheless, the 

experimental binding affinity data for 2MeSATP and 2MeSADP bound to P2Y12R was 

obtained in the presence of 10mM MgCl2122. When the experimental binding affinity 

measurements were carried out, the presence of magnesium ions in solution may have 

imposed an energetic penalty on the ligands 2MeSATP and 2MeSADP; if either compound 

was bound to a magnesium ion in solution, the bound magnesium ion would have to be 

removed before the ligand could bind to the P2Y12R active site in the same manner that was 

observed in the crystal structure.

In order to estimate the magnitude of this penalty, we modeled the removal of the bound 

magnesium ion from both 2MeSATP and 2MeSADP in solution as a binding affinity 

calculation. The overall reaction is given as:

(5)

where AXP = ATP or ADP depending on the ligand in question, and ΔG5 is the overall free 

energy change for this reaction. We can separate the removal of Mg2+ and the binding of the 

ligand to P2Y12R into two steps:

(6)

(7)

with the free energy change for equation (6) given as ΔG6 , and the free energy change for 

equation (7) given as ΔG7 . Following Hess's Law, we can sum equations (6) and (7) to 

recover equation (5), and similarly, we can obtain the overall binding free energy as:

(8)
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To carry out the free energy calculation for equation (6), the 2MeSATP and 2MeSADP 

ligands were isolated from their respective complex structures. The bound magnesium ion 

was placed above and in between neighboring phosphate oxygen atoms on the ligand using 

CHIMERA143. The MD simulation, and MMPBSA binding free energy calculation, was 

carried out as described previously.

Additional computational details

In each PBSA calculation, a grid spacing of 0.5 Å was used with a grid to solute dimension 

ratio (fillratio) of 1.5. The geometric multigrid solver option was employed with a 

convergence threshold of 1.0 × 10-3, and electrostatic focusing was turned off. All PB 

calculations were conducted using the periodic boundary condition in the PBSA 

program38-42 in the Amber 2016 suite1, 2, 129.

The solvation system physical constants were set up as follows. The membrane was modeled 

as a solid slab of 40 Å. The water relative dielectric constant (epsout) was fixed at 80.0. The 

water phase ionic strength (istrng) was set to be 150 mM. The lower dielectric region within 

the molecular solutes was defined using the classical solvent excluded surface model with a 

water solvent probe of 1.4 Å and a membrane solvent probe of 2.3 Å, which is used to 

account for the larger effective size of a lipid molecule when compared to a water molecule. 

Further details for extending the classical solvent excluded surface model to membrane 

systems will be discussed in a separate publication. The default weighted harmonic 

averaging was employed to assign dielectric constants for boundary grid edges to reduce 

grid dependence. Charges and radii were assigned using the same parameters as the 

simulation topology files.

The accuracy of the computed binding free energies was assessed by comparing the RMSD 

of the calculated versus the experimental values. The Pearson correlation coefficient (R), the 

slope, and the associated p-value of the linear regression were also analyzed. These were 

computed for both the absolute binding free energies (ΔG) and the relative binding free 

energies (ΔΔG) for two different P2Y12 receptors (wild type and mutant D294N) and five 

different ligands (2MeSATP, 2MeSADP, PSB, TIQ, and AZD).

Results and Discussion

Impact of the non-polar solvation model

While electrostatic interactions play a major role in PBE-based implicit solvent models, 

various non-polar interactions, such as cavity surface tension and dispersion must also be 

accounted for. The PBSA module of Amber currently provides two options for computing 

non-polar solvation energy terms. The first method (inp1) uses a linear function of the 

solvent accessible surface area/volume144. The second, more sophisticated, method (inp2) 

decomposes the non-polar contribution into separate cavity and dispersion terms for better 

transferrable modeling of the non-polar solvation effects121. To test the relative effectiveness 

of these two methods, two sets of computations were run using inp1 or inp2 with all other 

parameters set at their optimal values.
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FIGURE 3 shows the values of the Pearson correlation coefficient when inp1 or inp2 are 

used in the analysis. Additional metrics to assess the agreement are provided in TABLE 1. 

Using the classical method, inp1, the RMSDs are 59 and 8 kcal/mol (for ΔG and ΔΔG 

respectively) with the magnesium correction, and 62 and 11 kcal/mol without the 

magnesium correction. The modern method, inp2, yields RMSDs of 19 and 6 kcal/mol with 

the magnesium correction, and 23 and 10 kcal/mol without. The lower RMSD values 

indicate a better agreement using inp2. The same trend holds for the p-value of the 

correlation; inp1 gives p-values of 0.13 with the magnesium correction and 0.20 without the 

correction while inp2 yields p-values of 0.0067 and 0.061 respectively. In addition, the R 

values for inp1 are 0.51 and 0.44 with and without the magnesium correction respectively 

while the corresponding R values for inp2 are 0.79 and 0.61. In this case, the higher R values 

for inp2 indicate a stronger correlation. Taken together, the modern inp2 method clearly 

yields improved results over the classical inp1 method for our system.

Impact of the protein dielectric constant

At neutral pH, P2Y12R and all associated ligands except AZD and TIQ are non-neutral in 

solution. For neutral receptor and ligand systems, the protein dielectric constant is typically 

assigned to a relatively low value, such as 1 or 2. Charged systems often require a higher 

dielectric constant to be assigned to the protein in order to compensate for the lack of 

polarization treatment in typical MMPBSA calculations. To test the effect of the protein 

dielectric constant upon binding prediction efficacy, a series of calculations was performed 

with protein dielectric constants of 1, 2, 4, 6, 8, 12, 16, 20, and 24 while all other parameters 

were held at their optimal values.

FIGURE 4 and TABLE 2 show that a general improvement in the agreement with 

experiment can be obtained by increasing the protein/solute dielectric constant to about 

epsin=20. This is indicated by the lowering of the RMSD and p-values and an increase in the 

value of the correlation coefficient in comparison to these same metrics when measured at 

nearby epsin values. It is noted that raising the protein dielectric constant has a particularly 

profound effect on the agreement with heavily charged ligands such as 2MeSATP and 

2MeSADP in our system as often observed when modeling binding reactions involving 

charged ligands/active sites in globular proteins6, 8, 145, 146. The agreement is also expected 

given that the binding pocket of P2Y12R is still in the water-soluble region of the protein. 

However, it is worth noting that this finding may not hold for membrane proteins with 

membrane-accessible binding pockets. High quality structure and affinity data would be 

necessary to establish a standard practice for such cases.

Impact of the membrane dielectric constant

Currently, the implicit membrane model implemented in PBSA allows for only a single 

membrane region. While this may be extended with relative ease in the future, this study 

focuses on the single membrane dielectric constant protocol. This protocol follows the 

classical solvent excluded surface definition of molecular surface, in analogy to globular 

proteins. In doing so, it was reasonable to examine membrane dielectric constants of 1, 2, 4, 

and 7 with all other parameters set to their optimal values.
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From examination of FIGURE 5 and TABLE 3, it is evident that the accuracy of the binding 

affinity calculations is less sensitive to changes in the membrane dielectric constant in 

comparison to the differences observed when changing the non-polar solvation model and 

the protein dielectric constant. Although there is a detectable improvement in the RMSD, p-

value, and the correlation coefficient for epsmem=4, other epsmem values are comparable to 

each other. Again, the finding here may be attributed to the water-accessible nature of the 

binding pocket in P2Y12R. It is expected that membrane-accessible binding may behave 

quite sensitively to the membrane dielectric constant.

Effect of the magnesium correction

Finally, we address the effect of modeling explicit binding of the two nucleotide agonists to 

the magnesium ion. FIGURES 3-5 and TABLES 1-3 show that modeling the removal of a 

magnesium ion, as described in the Methods section, leads to much higher R values, lower p 

values, and lower RMSD values compared to the uncorrected data across the board. The 

effect of the magnesium correction can be seen most clearly in FIGURES 6 & 7 as the data 

points for 2MeSATP and 2MeSADP rise in free energy to improve the agreement with the 

linear trend established by the other less charged or neutral ligands. FIGURE 6 compares the 

absolute binding free energies (ΔG) between our calculated MMPBSA values and the 

experimental results while FIGURE 7 provides an analogous comparison using the relative 

binding free energies (ΔΔG). The large systematic bias inherent in MMPBSA binding 

affinity calculations manifests itself as both a large slope and a large y-intercept in FIGURE 

6. Using the relative free energy values in FIGURE 7 removes the large y-intercept while 

keeping the slope and overall correlation the same. It is clear that the rather large error in the 

uncorrected set is due to the binding data obtained from 2MeSATP and 2MeSADP. When 

the correction is applied, the agreement improves specifically because it counteracts the 

extremely favorable electrostatic interactions with these two ligands in the standard 

MMPBSA calculation. Note that this is so even when a very high apparent protein dielectric 

constant is used.

Our hypothesis that the bound magnesium ion is lost upon 2MeSATP and 2MeSADP 

binding to P2Y12R is based on inspection of the complex crystal structures, and the fact that 

the binding assay was conducted in the presence of 10mM MgCl2122. This is supported by 

our computational modeling of the binding reactions, which utilizes standard setups of the 

widely used MMPBSA method. It should be noted that our binding affinity modeling was 

conducted without the normal mode entropy analysis. This analysis usually does not 

contribute favorably to the overall agreement with experiment due to the approximation 

used6, 8, 145. Additionally, it is possible that binding-induced conformational changes cannot 

be fully taken into account by the widely used single-trajectory approach. The more 

extensive multi-trajectory approach, or more high-end free energy simulation methods with 

enhanced sampling, will be explored in the future.

Nevertheless, additional structural analysis shows that P2Y12R is indeed an interesting case. 

FIGURE 8 compares the electrostatic potential at the binding site for P2Y12R bound to 

2MeSATP123 (FIGURE 8A, PDB ID: 4PY0) with two other proteins which have a 

magnesium ion bound to ATP in their binding sites: G protein-coupled receptor kinase 1, 
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GRK1147 (FIGURE 8B, PDB ID: 3C4X), and Flagella-related protein H, FlaH148 (FIGURE 

8C, PDB ID: 4YDS). It can be seen in FIGURES 8B and 8C that a negatively charged 

region (red) is present in both GRK1 and FlaH to stabilize the magnesium ion in the binding 

site. However, no comparable region appears that would stabilize a magnesium ion in 

P2Y12R as FIGURE 8A shows that the ligand binding site for P2Y12R is electropositive 

(blue). The electropositive nature of the P2Y12R active site might explain why the P2Y12R 

crystal structures, with bound 2MeSATP or 2MeSADP, were obtained without a magnesium 

ion to begin with.

On the other hand, it is also reasonable to question whether the binding poses observed in 

the crystal structures are the active forms in the binding assay. Indeed, the authors of the 

crystal structure study speculated that their P2Y12R-2MeSADP structure might be in an 

“agonist-bound inactive state” based on the positions of certain helices in comparison with 

other structures.123 However, the binding poses observed in the crystal structure active sites 

do make physical sense in that the electrostatic interactions between the highly negatively 

charged ligands and the many positively charged side chains in the P2Y12R active site are 

favorable for binding. Absence of additional reactants or additional experimental 

measurements (i.e. NMR), it is difficult to justify a mechanism that contradicts the binding 

poses observed in the existing high quality structural data.

Concluding Remarks and Future Directions

In this study, the widely used Amber/MMPBSA procedure was extended to model 

membrane protein-ligand binding affinities; in particular, it was used to model the binding of 

several ligands to the human purinergic platelet receptor, P2Y12R. A good agreement with 

experimental binding affinities was observed. A detailed investigation of simulation 

parameters was conducted to assess their impact on the accuracy of the MMPBSA results. 

The reported optimization procedure also illustrated the various details that should be 

considered while applying the MMPBSA method in studies of other membrane protein 

systems.

Testing of the non-polar solvent model indicates that the modern dispersion/cavity method 

(inp2), which separately models dispersion and hydrophobic interactions, yields improved 

agreement with experiment all around as compared with the classical, but simpler, linear 

response model (inp1). These results suggest that the modern approach is preferred when 

performing binding free energy calculations for membrane protein-ligand systems, or at least 

it is preferred for ligand binding cavities that are fully exposed to water, an observation that 

is consistent with studies of globular proteins8.

An investigation of protein dielectric constants led to an optimized value of 20. This is due 

to the highly charged and partially exposed nature of the active site of P2Y12R, and this is 

also consistent with many previous studies of globular proteins6, 8, 145, 146. The introduction 

of a higher protein/solute dielectric constant is a reasonable, but crude, treatment of the 

screening effect of electrostatic interactions due to polarization of electronic, orientational, 

and solvent-exchange origins. The screening effect reduces otherwise very favorable 
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electrostatic interactions, rendering these interactions comparable to hydrophobic 

interactions in most biochemical systems.

A similar investigation of membrane dielectric constants led to an optimized value of 4. This 

is within the 1-4 range that is indicative of highly hydrophobic regions of membranes, and it 

agrees well with other values reported in the literature30, 117, 119, 149. It is worth noting that 

an epsmem value of 1, 2, or even 7 can be used without sacrificing much accuracy as the 

effect of changing the membrane dielectric constant is more subtle in comparison to changes 

in the protein dielectric constant. This result seems reasonable for our system. An active site 

exposed on the protein surface should be somewhat separated from the hydrophobic, non-

polar region in the surrounding lipid bilayer, and therefore, the effect of the membrane 

dielectric constant on the binding free energy should be more modest. Finally, it is worth 

noting that the magnesium correction had no influence on the trends observed in the analysis 

of simulation parameters. If the uncorrected data is analyzed on its own in FIGURES 3-5 

and TABLES 1-3, we see the same general trends that we see when we analyze the corrected 

data on its own.

We hypothesized that the bound magnesium ion is lost when 2MeSATP or 2MeSADP bind 

to P2Y12R. This was based on inspection of the complex crystal structures, and the fact that 

the binding assay was conducted in the presence of 10mM MgCl2122. This is supported by 

our modeling study of the binding reactions, which uses standard setups from a widely 

employed method. Additional structural analysis shows that P2Y12R is indeed an interesting 

case. The electropositive nature of its active site might explain why the P2Y12R complex 

structures were obtained without magnesium ions. Nevertheless, the approach we have taken 

above is just one possible way to resolve the anomaly in the 2MeSATP and 2MeSADP 

binding affinities. Another possibility is that the bound magnesium ion may remain in the 

P2Y12R binding site upon 2MeSATP and 2MeSADP binding. This is akin to reducing the 

net charges of the two highly charged ligands. However, in this situation the remaining 

charges of the ligands are still very high, and the electrostatic interactions remain highly 

favorable, even when a high apparent protein dielectric constant is used, leading to poor 

overall agreement with experiment (data not shown). Of course, this possibility also 

contradicts the magnesium-free binding of 2MeSATP and 2MeSADP observed in the 

P2Y12R crystal structures.
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Figure 1. 
Dielectric constant regions in the P2Y12R system. The protein/ligand is shown in yellow 

(dielectric: epsin), the implicit membrane is shown in red (dielectric: epsmem), and the 

surrounding implicit water solvent is shown in blue (dielectric: epsout).
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Figure 2. 
Thermodynamic cycle of the MMPBSA method for a membrane protein-ligand system. The 

membrane protein is depicted in yellow, the ligand is depicted in orange, the implicit 

membrane is shown in red, the water solvent is shown with blue, and the vacuum is shown 

with black. ΔG0 values are labelled for the various transitions from one state to another.
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Figure 3. 
Parameter optimization for the non-polar solvation model, inp (epsin=20, epsmem=4). The 

R value indicates the correlation for the data set at the given inp value.
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Figure 4. 
Parameter optimization for the protein dielectric constant, epsin (inp=2, epsmem=4). The R 

value indicates the correlation for the data set at the given epsin value.
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Figure 5. 
Parameter optimization for the membrane dielectric constant, epsmem (inp=2, epsin=20). 

The R value indicates the correlation for the data set at the given epsmem value.
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Figure 6. 
Absolute binding free energy (ΔG) correlation plots (inp=2, epsin=20, and epsmem=4). The 

plot that was corrected for the removal of the magnesium ion appears on the left while the 

plot that did not take into account the magnesium correction appears on the right.
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Figure 7. 
Relative binding free energy (ΔΔG) correlation plots (inp=2, epsin=20, and epsmem=4). The 

plot that was corrected for the removal of the magnesium ion appears on the left while the 

plot that did not take into account the magnesium correction appears on the right.
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Figure 8. 
Cross-sectional comparison of the ATP binding site for A) P2Y12R, B) GRK1, and C) FlaH. 

Blue and red coloring reflects a net positive or negative charge, carbon bonds are shown in 

cyan, phosphorus bonds are depicted in orange, and the magnesium ions are shown in green.
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